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P-I 

 

 
Prof. Vladimir Pavelyev 

Samara University, Samara, Russia 
 
 
Title: Control of characteristics of high-power terahertz laser beams by methods of 

diffractive optics 
 

 
 
 

Abstract 
 

Technologies for silicon and diamond transmissive diffractive microoptics have been developed [1-

6]. Silicon and diamond diffractive optical elements (DOE) for focusing terahertz laser beam [1-3] as well 

for formation of terahertz laser beam with predetermined mode composition [4] and polarization state [5] 

have been manufactured and experimentally investigated. Developed technologies are based on lithographic 

etching [1,4,5] and laser ablation [2,3]. The experiments were carried out at a wavelength of 130-150 μm 

using the Novosibirsk Free Electron Laser [6].  

The generation of power terahertz beams with pre-given characteristics paves the way for the 

development of new applications. In [7] it was shown that the diffraction of a generated Bessel beam [4] by 

a periodic two-dimensional grating in the Talbot planes results in the formation of periodic gratings of annular 

microbeams. Another application was demonstrated in [8], where beams with orbital angular momentum 

generated by the DOEs described in [4] were used to excite vortex surface plasmon polaritons propagating 

along a cylindrical conductor for a distance of up to 150 mm.  

In this talk, the fabrication of photonic elements for far terahertz and millimeter ranges is considered. 

Perspectives of 3D printing application [9] for the fabrication of photonic crystals in terahertz and millimeter 

ranges are considered. Besides, technologies for reflective terahertz free-form optics fabrication are 

considered [10]. 

The experiments were carried out at the Novosibirsk Free Electron Laser Facility, which is part of 

“the Siberian Synchrotron and Terahertz Radiation Center”.. 
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Prof. Igor Nabiev 

University of Reims Champagne-Ardenne, Reims, France 

National Research Nuclear University MEPHI, Moscow, Russia 
 

 

Title: Nanophotonic detection of tumor markers and micrometastases with 

conjugates of single-domaine antibodies and quantum dots 

 

 
 

Abstract 

 

To improve cancer prognosis, early detection of the disease is one of the main purposes in 

diagnostic approaches. In this regard, the rapidly progressing field of nanotechnology is considered a 

powerful tool in cancer diagnostic and therapeutic applications. The use of nanophotonic materials 

brings an improvement of signal-to-noise ratios in detection and greater penetration depths for the 

treatment of deep-seated tumours [1-3]. Quantum dots (QDs) with broad absorption spectra and 

narrow emission bands are the excellent nanophotonic labels for FRET applications. They have a 

quantum yield close to 100%; high single- and two-photon molar extinction coefficients, and 

photoresistance. To ensure cell specificity, QDs are normally bound to recognition molecules, such as 

antibodies, aptamers or peptides. Single-domain antibodies (sd-Abs) are the smallest antibody 

fragments capable of binding their antigens, they diffuse much better into tissues than full-size Abs. 

Because of these advantages, we have conjugated QDs to sd-Abs in a highly oriented fashion, with all 

antigen binding sites facing outwards, which considerably increases the nanoprobe sensitivity and 

possible therapeutic use in oncology and demonstrated their advantages in cancer cell imaging and the 

micrometastases detection [3]. 

The possibility of increasing the Forster resonance energy transfer (FRET) efficiency is 

emerging in sensing and diagnostics. Light–matter coupling in microcavities leads to the formation of 

two new “hybrid” light–matter (polaritonic) states, instead of the two original molecular and 

electromagnetic field energy states. A strong coupling between light and matter can be controlled by 

fine tuning the electromagnetic modes of the microresonator; it has been also demonstrated that strong 

coupling can modulate both distance and efficiency of FRET [4].  

We have developed an adjustable unstable λ/2 Fabry-Perot microresonator with a convex 

metal mirror [5] satisfying the flat-parallelism conditions at least at one point of the convex mirror and 

minimises the adjustable mode volume of the confined electromagnetic field with the nm-accuracy. 

The strong light-matter coupling between the optical modes of a tuneable microcavity and the 

excitonic transitions of two closely located donor and acceptor molecules have shown that the energy 

states and relaxation pathways of the systems with strong dipole–dipole interaction can be altered by 

strong coupling of their exciton transitions to the cavity photon [6]:  

(1) We have demonstrated a significant increase in the efficiency of energy transfer from the 

donor to the acceptor exciton reservoir, which tends to be unity inside the microcavity.  

(2) We have shown the polariton-assisted energy state inversion and energy flow alteration 

thus demonstrating the so-called “carnival effect”, where the donor and acceptor reverse their roles.  

We speculate that these findings will pave the way to new applications of strong coupling in 

optically controlled FRET-based sensing and diagnostics with the ultra-small conjugates of sdAbs and 

QDs.  



P-III 
  
Prof. Igor Vlasov 

Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, 

Russia 

 

 

Title: Diamond nanothermometer 
 

 

 

Abstract 
 
 
Future progress in studying intracellular thermodynamics needs an instrumentation revolution 

allowing local control of thermogenesis at micro/nanoscale, control of heat dissipation and heat 

energy conversion to other electrochemical energy types [1]. Nanodiamonds hosting temperature-

sensing centers constitute a closed thermodynamic system. Such a system prevents direct contact 

of the temperature sensors with the environment making it an ideal environmental insensitive 

nanosized thermometer. A new design of a diamond nanothermometer, based on a luminescent 

nanodiamond embedded into the inner channel of a glass submicron pipette is reported [2]. All-

optical detection of temperature, based on spectral changes of the emission of “silicon-vacancy” 

(SiV) centers with temperature, is used.  

Further, combining a heater and a thermometer in one unit allows one to implement ultra-local hot 

spot control inside living cells. For this purpose, we use a single polycrystalline diamond particle 

containing SiV centers. Due to the presence of amorphous carbon at its intergranular boundaries 

such a particle is an efficient light absorber and, when illuminated by a laser, becomes a local heat 

source. Thus, the designed device is capable of operating in two modes. At higher laser power, it 

operates as the local heater and thermometer simultaneously. At low laser excitation this device 

does not produce heating and operates solely as a thermometer. 

The first examples of successful application of a diamond nanothermometer/nanoheater are 

presented. In particular:  

(1) the possibility of measuring high temperature gradients (up to 20 oC/μm) with submicron 

spatial resolution is demonstrated [2];  

(2) the significant heat release of isolated mouse brain mitochondria (up to 22 oC) during total 

uncoupling of transmembrane potential is revealed [3]; 

(3) the local heating of 11-12 °C next to individual HeLa cells and neurons, isolated from the mouse 

hippocampus, is shown to change the intracellular distribution of the calcium ion concentration [4].  

This work was supported by Russian Science Foundation, grant No 23-14-00129 .   
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LM-I-1 

Laser-induced micro-plasma ablation 

recent progress and future prospects 
 

V.P. Veiko, A.A. Samochvalov, M.M. Sergeev, V.A. Rymkevich  

G.K. Kostyuk, A.A. Petrov, V.A. Shkuratova, R.A. Zakoldaev 

  
ITMO University, St. Petersburg, Russia, 

vadim.veiko@mail.ru 

 

     Scientific and applied interest in laser plasma (LP) has not faded away for a long time. LP is essentially 

a "converter” of laser energy into other radiation ranges, forms of matter and motion. This is confirmed 

by such LP applications as soft X-ray generation, laser jet propulsion, nanoparticles synthesis, deposition 

of thin films, impact hardening of metals, etc. However, in this work, the main attention is paid to a 

relatively new type of LP and its specific applications, namely, the plasma formed during laser ablation 

of a strongly absorbing target in a full contact with a solid medium transparent to a laser radiation.  

     This kind of LP will be called “compressed laser-induced microplasma ablation” (СLIMPA). CLIMPA 

is, in essence, a "focused" bunch of excited particles (electrons, ions, atoms and molecules), and its 

temporal and spatial parameters are completely determined by the parameters of the laser beam and the 

properties of the target substance and transparent medium, as well as the size of the gap between them. 

Transparent material, limiting the expansion of the LP, is under the influence of a controlled СLIMPA 

and it becomes possible for its precise and efficient processing. 

    Previously, the use of the СLIMPA methods for fabricating a number of optical elements on the surface 

of fused quartz, such as microlens arrays, diffraction gratings, phase optical elements (POEs) etc., has 

already been reported [1, 2]. At this stage, one of the most pressing issues in optics is the creation of 

structured light beams, which opens up new possibilities in various problems of optical measurements, as 

well as in a number of tasks in the processing of thin films. Structured light beams can be obtained using 

phase-polarization optical elements (PPOE) on birefringent materials. However, the CLIMPA method has 

not yet been applied to the processing of such crystalline materials, since they are subject to brittle 

thermomechanical fracture. 

      The report describes an essence of the CLIMPA method, its parameters, regimes, and examples of its 

application for fabrication of PPOEs, which provide generation and multiplexing of vortex beams. We 

used CLIMPA for multisectoral binary phase plates (MBPPs) and a birefringent spiral phase retarder 

(BSPR) fabrication. Fabricated on fused silica plates MBPPs successfully multiplexed Gaussian beam to 

the scalar vortex beam superposition. Fabricated on an Iceland spar plate BSPR was used to generate 

radially and azimuthally polarized vector vortex beams [3, 4]. High speed fabrication of MBPPs and BSPR 

was no more than 10 minutes to fabricate 8 mm2 samples. Fabricated components were tested in the 

schemes with He-Ne (633 nm) and fiber (1.06 m) lasers.  

The СLIMPA method has all advantages of laser processing - flexibility, accuracy, simplicity, single-

stage, ease of automation, etc., and it is able to provide energy-efficient and relatively simple production 

of POEs with high productivity. Extension of the СLIMPA method to new wavelengths of laser radiation 

(up to 10.6 μm in the IR region and up to 193 nm in the UV), to short pulse durations (up to psec and 

fsec), and the use of new targets, including chemically active ones , as well as a more detailed study of 

the СLIMPA mechanism, can significantly expand the range of processed materials and possible 

applications [5, 6]. 

 
[1]  Veiko V.P., Volkov S.A., Zakoldaev R.A., Sergeev M.M.,. Laser-induced microplasma as a tool for microstructuring 

transparent media // Quantum Electronics. – 2017. – V. 47. – №. 9. – P. 842-848.  

[2]  Zakoldaev R.A., Kostyuk G.K., Rymkevich V.S., Koval V.V., Sergeev M.M., Veiko V.P., Yakovlev E.B., Sivers A.N. Fast 

Fabrication of Multilevel Phase Plates Used for Laser Beam Correction // Journal of Laser Micro Nanoengineering - 2017, Vol. 

12, No. 3, pp. 281-285 

[3]  Shkuratova V.A., Rymkevich V. S., Kostyuk G. K., Sergeev M.M., Laser-induced microplasma as effective tool for phase 

elements fabrication on amorphous and crystalline materials // Journal of Laser Micro Nanoengineering. – 2018. – V. 13. – №. 

3. – P. 211-215.  

[4]  Kostyk G.K., Shkuratova V.A., Petrov A.A., Sergeev M.M. Birefringent phase masks for laser beams shaping during laser 

material processing at imaging plane, June 2022, Optical Engineering 61(06) 

[5]  Gresko V.R., Rymkevich V.S., Samokhvalov A.A.,Veiko V.P. et al, CO2 laser-induced micro-plume treatment of silicon: 

technique and application // Optical and Quantum Electronics - 2019, Vol. 51, No. 12, pp. 397 

[6] Rymkevich V.S., Sergeev M.M., Zakoldaev R.A. Laser microplasma as a spot tool for glass processing: focusing conditions 

// Journal of Materials Processing Technology - 2021, Vol. 292, pp. 117061 

 

https://www.researchgate.net/journal/Optical-Engineering-1560-2303?_tp=eyJjb250ZXh0Ijp7ImZpcnN0UGFnZSI6InB1YmxpY2F0aW9uRGV0YWlsIiwicGFnZSI6InB1YmxpY2F0aW9uRGV0YWlsIiwicHJldmlvdXNQYWdlIjoicHVibGljYXRpb25EZXRhaWwifX0


LM-I-2 

UVA Laser Diodes Radiation Coronaviruses Inactivation  
 

I. N. Zavestovskaya 

P.N. Lebedev Physical Institute of RAS, Leninsky pr. 53, Moscow, Russia 

 

zavestovskayain@lebedev.ru 

 

The COVID-19 pandemic caused by the SARS-CoV-2 coronavirus stimulated the search for 

effective methods for the eradication of pathogenic agents. SARS-CoV-2 virus is very contagious, it 

already has numerous mutations, and its transmission occurs by airborne droplets through water and 

surface [1]. The high efficiency of inactivation of a number of pathogenic agents under the influence of 

ultraviolet and visible radiation in various wavelength ranges is known (see, for example, [2]). The 

relevance of the study is determined by the search for safe for humans and environmentally friendly 

treatment of contact surfaces for the decontamination of viruses and bacteria attached to them, which will 

significantly prevent the global spread of infectious diseases.  

Recent results which we have in experimental investigation of β-coronavirus inactivation with 

using laser diodes radiation from safe for humans UVA spectral range (320-430 nm) were presented. The 

commercially available LEDs with different wavelengths in the UVA ranges and a small step along the 

radiation wavelength (5–20 nm) were used. At the first stage, experiments were carried out with bovine 

coronavirus, as a prototype of the causative agent of COVID-19, but with a lower degree of pathogenicity 

compared to SARS-CoV-2 [3]. At the second stage, based on the obtained data, SARS-CoV-2 

photoinactivation protocols were developed and experiments were carried out in the "red zone". 

Effective inactivation of β-coronaviruses (bovine and SARS-CoV-2) by UVA radiation for all 

wavelengths and a dose-dependent decrease in the infectious titer of the virus was shown. A threshold 

value of the radiation dose was established for all the wavelengths, which reduces the titer of bovine 

coronavirus by 2 orders of magnitude: from 0.4 J/cm2 at 270 nm to 7.8 J/cm2 at 385 nm. Full neutralization 

of the coronavirus was achieved for UVA 371 nm [4]. The possibility of inactivation of the SARS-CoV-2 

virus and a dose-dependent decrease in its infectious titer by UVA radiation in a wide wavelength range 

(343-405 nm) was also demonstrated [5]. A decrease in the titer of the SARS-CoV-2 virus by 2 orders of 

magnitude was achieved at an irradiation dose of 7.5 J/cm2 with a wavelength of 405 nm.  

To determine of the mechanisms of photoinactivation of coronaviruses, studies on changes in 

irradiated samples of the SARS-CoV-2 virus (RNA and proteins) as a result of exposure to UV radiation, 

were carried out. An analysis based on polymerase chain reaction showed that irradiation leads to 

degradation of viral RNA and a decrease in the amount of "whole" RNA by an order of magnitude, which 

leads to a loss of the ability for further virus replication in the cell and may be one of the mechanisms of 

action of irradiation. There was established using analysis of Raman spectra of proteins, that changing the 

bonds between molecules in the composition of structural proteins can directly reduce the ability of the 

virus both penetrating into cells and maintaining the integrity of the particles, as a result of which, they 

can lose their infectiousness. 

In accordance with the Recommendations of the Pharmacological Committee of the Russian 

Federation, with a decrease in the infectious titer of the virus ≥ 2.0 lg, UVA irradiation can be used as an 

antiviral agent. Respectively, irradiation of coronaviruses with UVA radiation at the human-safe range 

(370-405) nm, - 371 nm, 389 nm, 391 nm, 401 nm, is considered as an effective antiviral agent.  

 
[1] G. Kampf, D. Todt, S. Pfaender, E. Steinmann, Persistence of coronaviruses on inanimate surfaces and their inactivation with biocidal agents, 

Journal of Hospital Infection, 104, pp. 246-251 (2020). 
[2] L. Horton, A.E. Torres, S. Narla, A.B. Lyons, I. Kohli, J.M. Gelfand, D.M. Ozog, I.H. Hamzavi, H.W. Lim, Spectrum of virucidal activity from 

ultraviolet to infrared radiation, Photochemical and Photobiological Sciences, 19(10), pp. 1262-1270 (2020). 

[3] N. Yoshizawa, R. Ishihara, D. Omiya, M. Ishitsuka, S. Hirano, T. Suzuki, Application of a Photocatalyst as an Inactivator of Bovine 
Coronavirus, Viruses, 12 (12), p. 1372 (2020). 

[4] I. N. Zavestovskaya, V.A. Guschin, M.A. Nikiforova, A.E. Siniavin, L.I. Russu, E.A. Cheshev. A.L. Koromyslov, I.M. Tupitsyn, A.A. Fronya, M.S. 
Grigoryeva, Experimental investigation of the effect of uva radiation on the coronavirus infective properties, Bulletin of the Lebedev Physics 
Institute, 48(7), pp. 195-199 (2021). 
[5] I.N. Zavestovskaya, V.A. Gushchin, L.I. Russu, E.A. Cheshev, A.L. Koromyslov, I.M. Tupitsyn, A.A. Fronya, M.S. Grigoryeva, Inactivation of 
coronaviruses under irradiation by UVA-range light-emitting diodes, Quantum Electronics, 52(1), pp. 83-86 (2022). 
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LM-I-4 

Final surface and subsurface structures formed as a result of laser 

action 

 
N.A. Inogamov1-3, V.A. Khokhlov1, Yu.V. Petrov1,4, V.V. Zhakhovsky2,3, S.I. Ashitkov3, S.A. 

Romashevskiy3, D.S. Sitnikov3, K.V. Khishchenko3, Yu.R. Kolobov5, S.S. Manokhin5, I.V. 

Nelasov5, S.V. Fortova6, E.A. Perov3,6, V.V. Shepelev6 
1- L.D. Landau Institute for Theoret. Physics, RAS, 142432,Mosc. Reg., Chernogolovka, Ak. Semenova, 1A 

2- N.L. Dukhov All-Russia Research Institute of Automatics, 127055, Moscow, Sushchevskaya, 22 

3- Joint Institute for High Temperatures, RAS, 125412, Moscow, Izhorskaya st. 13 Bd.2 

4- The Moscow Institute of Physics and Technology, 141701, Mosc. Reg., Dolgoprudny, Institutskiy per., 9 

5- Institute of Problems Chem. Phys. RAS, 142432, Moscow Region, Chernogolovka, Ak. Semenova, 1 

6- Institute of Computer Aided Design of the RAS, 123056, Moscow, 2 Brestskaya st, 19/18 

nailinogamov@gmail.com 

The physics of processes caused by action of a laser is discussed. The influence of laser parameters on 

these processes is considered: pulse duration (fs [1-5], ps [1-5], subns [1,2], ns [1,2]), absorbed energy 

(~0.1-10 J/cm2 [1-6] appropriate to the technological applications), wavelength (from optical [1-6] to soft 

[7,8] and hard X-rays [9-11]), spot radius (0.1-103 µm [3,12-15]), metals and dielectrics. Conclusions are 

made concerning the characteristics of the plume (including during ablation into a liquid) [1,2,5,16,17], 

laser shocks [3,4,6,10,18-23], the random structures that arise on the surface [8,11,24] and in the volume 

(changes in crystalline structure [6]) of the target. Effects on homogeneous, film and layered objects are 

investigated. Typical initial plasma temperatures are ~ 1 eV for nanosecond pulses acting through liquid 

to metal or semiconductor [1,2,5] targets and up to ~ few tens of eV in the case of femtosecond pulses [6] 

acting through air near threshold (~ 10-100 J/cm2, ~ 1014-15 W/cm2) of optical breakdown of air. 

Applications related to laser shock peening [3,4,6,19-21], optoacoustics, and nanoparticle production 

[1,2,5,16,17] are described.      

 
[1] Petrov et al., Hydrodynamic phenomena induced by laser ablation of metal into liquid, Applied Surface Science, 492, 285-297, (2019). 

[2] Petrov et al., Condensation of laser-produced gold plasma during expansion and cooling in a water environment, Contrib. Plasma Phys., 

59(6), e201800180, (2019). 

[3] Shepelev et al., Attenuation and inflection of initially planar shock wave generated by femtosecond laser pulse, Optics and Laser Technology 

152, 108100, (2022). 

[4] Inogamov et al., Laser Shock Wave: The Plasticity and Thickness of the Residual Deformation Layer and the Transition from the 

Elastoplastic to Elastic Propagation Mode, JETP Letters, 115, 71-78, (2022). 

[5] Inogamov et al., Dynamics of Gold Ablation into Water, JETP, 127, (1), 79-106, (2018). 

[6] Khokhlov et al., Melting of Titanium by a Shock Wave Gener. by an Intense Femtosec. Laser Pulse, JETP Letters, 115, 523-530, (2022). 

[7] Inogamov et al., Hydrodyn. driven ultrashort laser pulse: simul. and opt. pump-X‑ray probe exper., Appl. Phys. B, 119, 413-419, (2015). 

[8] Ishino et al., Study of damage structure formation on aluminum film targets by picosecond soft X-ray laser ablation around threshold region, 

Applied Physics A, 124, 649, 8pp., (2018). 

[9] Albertazzi et al., Dynamic fracture of tantalum under extreme tensile stress, Sci. Adv., 3: e1602705, (2017). 

[10] Makarov et al., Direct imaging of shock wave splitting in diamond at Mbar pressures, arXiv:2207.01719 
[11] Kohmura et al., Nano-structuring of multi-layer material by single x-ray vortex pulse with femtosecond duration, Appl. Phys. Lett., 112, 

123103, (2018). 

[12] Inogamov and Zhakhovskii, Formation of Nanojets and Nanodroplets by an Ultrashort Laser Pulse at Focusing in the Diffraction Limit, 

JETP Lett., 100 (1), 4-10, (2014). 
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Pulsed laser ablation in liquids is a very powerful and versatile physical technique for the synthesis of 

colloidal nanoparticles (NPs), having a number of unique features including an exceptional purity of the 

NPs surface, high colloidal stability without using of any ligands and unusual surface chemistry. The 

method of laser ablation profits from a natural generation of nanoclusters under irradiation of a solid target 

by laser pulses in various liquids. Among many useful types of the laser-synthesized NPs, a class of light-

absorbing colloidal nanomaterials is especially interesting as it has lots of practical applications in 

biomedicine, renewable energy and photocatalysis. Here we present our recent results in laser ablative 

synthesis of NPs having high optical absorption in visible and near-infrared spectral ranges. Optical and 

structural properties of the laser-synthesized NPs based on alternative plasmonic materials (transitional 

metal nitrides and lanthanoid borides) and MXenes will be discussed. Moreover, an assessment of the NPs 

in photothermal therapy, photoacoustic visualization and solar energy harvesting will be also presented. 
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In recent years, development of plasma-assisted methods in liquids towards their application in material 

processing and nanotechnology has been a relevant topic of modern research. Among the plasma-

induced approaches, laser-assisted methods are among the most studied due to its simplicity and 

versatility as well as dependence of the nanomaterials characteristics on the laser parameters that opens 

up possibilities for the controlled formation of nanoparticles (NPs) of a given size and composition. 

Moreover, in plasma-liquid systems, plasma exists, as a rule, in a non-equilibrium state, contains various 

highly reactive particles, and thus is well suited for the synthesis of composite nanomaterials such as 

hybrid, alloyed, and doped ones. Apart from the controlled synthesis, of interest is also to develop the 

methods of assembly and deposition of the forming nanomaterials into ordered structures for their 

further practical application. In this paper, we discuss the capabilities of laser ablation plasma 

approaches for synthesis and assembly of multicomponent nanostructures with a control over their 

composition, structure and morphology. The relationship between the NPs structure and experimental 

parameters revealed in the present work allowed proposing several novel laser assisted schemes suitable 

for the synthesis of NPs of alloys (Ge-Sn) [1], compounds (SiC, ZnO, CuO) [2,3], doped (ZnO:Nd) [4] 

nanocrystals and hybrid (ZnO/C, Si-Ag, Si-Cu and Si-Ag-Au) [5,6] structures. Furthermore, several 

schemes for the one-pot synthesis and assembly of the forming NPs are discussed. As one of the 

promising approaches, application of the electric field to the target and substrate during laser ablation 

in liquids has been shown to be capable both of varying the nanoparticles morphology and of their 

simultaneous deposition into ordered hierarchical nanostructures on the counter electrode. The 

morphology variation has been shown to be achieved by the changing the polarity and strength of the 

applied external electric field. For example, ZnO nanoflowers or nanodiscs can be formed depending 

on the polarity of the electrical field applied to the target, while in the case of Cu ablation in water 

nanowires or nanorods were produced. Moreover, in the case of Cu ablation in water, changing the 

polarity allows also to vary the CuO:Cu2O ratio in the nanomaterial. The Raman, XRD and FTIR results 

proved the formation of metal oxides phases. For further formation of heterostructures, a two-step 

combined laser-discharge approach was developed shown to be capable of preparation of CuO/ZnO 

nanoheterostructures. In the proposed scheme, preliminarily, plasma assisted deposition of ZnO film on 

the ITO substrate was performed using the developed technique based on atmospheric pressure dc 

discharge plasma. The plasma-assisted electrolysis ensured the ZnO thin film electrodeposition with a 

good adhesion to the ITO substrate. The deposited ZnO/ITO sample was further used as a substrate for 

CuO deposition during electric field-assisted laser ablation in liquid. At this stage, the heterogeneous 

CuO/ZnO nanocomposite structures were formed. The achieved uniform nanomaterial distribution of 

the formed heterogeneous nanostructures as well as developed surface is beneficial for the different 

practical applications. 

The work was supported by the National Academy of Sciences of Belarus under project Convergence 

2.2.05 and by the Belarusian Foundation for Fundamental Researches under Grants F23RNF-156 and 

F22SRBG-008. 

 
[1] N.N. Tarasenka, N.V. Tarasenko, V.V. Pankov, Preparation of Germanium-Tin Alloy Nanoparticles by Laser-Assisted Techniques in Liquid, 

Intern. J. of Nanoscience, vol. 18, p.1940049 (2019).  
[2] N. Tarasenka, V. Kornev, M. Rzheutski, E. Lutsenko, S. Chakrabarti, T. Velusamy, D. Mariotti, N. Tarasenko Fabrication of luminescent 
silicon carbide nanoparticles by pulsed laser synthesis in liquid, Applied Physics A, vol. 128, (2022). 

[3] N. Tarasenka, E. Shustava, A. Butsen, A. Kuchmizhak, S. Pashayan, S. Kulinich, N. Tarasenko, Laser-assisted fabrication and modification 

of copper and zinc oxide nanostructures in liquids for photovoltaic applications, Appl. Surface Science vol. 554, 149570 (2021). 
[4] N. Tarasenka, V. Kornev, A. Ramanenka, R. Li, N. Tarasenko Photoluminescent neodymium-doped ZnO nanocrystals prepared by laser 

ablation in solution for NIR-II fluorescence bioimaging Heliyon, vol.8, p.e09554, (2022). 

[5] N. Tarasenka, et al Synthesis of ZnO/C Nanocomposites via Liquid-Assisted Laser Ablation in an Applied Electric Field for Supercapacitor 
Applications, ACS Appl. Nano Mater., vol.6, p.5918 (2023). 

[6] N. Tarasenka, et al Laser Synthesis and Optical Properties of Hybrid Silicon Nanostructures for Photothermal Conversion of Solar Radiation 
J. of Appl. Spectroscopy, vol 90, p. 253, (2023). 
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The field of silicon photonics is a rapidly developing area of research due to the fact that modern 

microelectronics are primarily based on silicon, making the development of photonic circuits in 

semiconductors crucial [1]. Silicon’s small band gap (~1.1 eV) and high number of free electrons also 

limit the use of commercially available lasers. Moreover, due to the presence of a sufficiently large number 

of free electrons, even when exposed to ultra-short laser pulses with a wavelength greater than 1100 nm, 

microplasma is efficiently generated, which effectively increases the laser impact area, leading to a drop 

in the deposited energy density (DED).  

In the first part of this study, the way to control and to increase the DED inside the silicon sample 

has been proposed. Mid-IR (more than 4 um) ultrashort laser pulse excitation is one the most convenient 

way to increase the deposited energy density which is enough for bulk microstructuring of silicon [2]. 

Two- and three- photon absorption cross section in silicon becomes negligible in mid-IR that leads to 

field-driven laser energy absorption localization in space.  

 
(a) 

 
(b) 

 
(c) 

Fig.1 (a) DED into the bulk Si as a function of laser energy of tightly focused (NA=0.86) mid-IR (=4,6 m) 

femtosecond (=160 fs) laser pulse. Blue dashed line indicates the DED threshold for micromodification 

formation. (b) DED into the bulk Si under two color excitation by a pair of tightly focused (NA=0.5) mid-IR 

(=4,6 m) and near-IR femtosecond laser pulses as a function of mid-IR laser pulse energy compared to single 

pulse mid-IR excitation. (c) Intensity map of changes in the frequency of coherent phonons in silicon, 

depending on the delay between the pump and probe mid-IR (=4,6 m) laser pulses. 

Using tightly focused (NA=0.86) mid-IR (=4,6 m) femtosecond (=160 fs) laser pulse 

excitation the DED more than 5 kJ/cm3 was achieved that allow to modify the bulk Si in single pulse 

regime (see Fig.1 a). It was demonstrated that adding the near-IR laser field at the wavelength of 1,24 m 

with the energy much less than the plasma formation threshold energy makes it possible to weaken the 

numerical aperture of the focusing optics down to 0,5 as well as to increase the DED value up to 8 

kJ/cm3(see Fig.1 b). 

Such a huge impact on the silicon makes it possible to create the extreme state of matter inside it 

and the phase transitions can be occurred. Thus, in the second part of this study the dynamics of the impact 

of mid-IR-range (=4.6 μm) femtosecond laser pulses on bulk silicon under tight focusing conditions (NA 

= 0.5) was reconstructed for the first time. Initially, the femtosecond pulse energy is absorbed by the laser-

induced plasma, with a lifetime of approximately 160–320 fs (depending on the laser pulse energy). The 

energy transfer from the plasma to the atomic subsystem occurs on a sub-ps timescale, which generates a 

shock wave and excites coherent phonons on a sub-ps scale. The shift of atoms in the lattice at the front 

of the shock wave results in a cascade of phase transitions (Si-X => Si-VII => Si-VI => Si-XI => Si-II), 

leading to a change in the phonon spectra of silicon [3] (see Fig.1 c). 

This work in part of phase transitions investigations was supported by Russian Science Foundation 

(Project № 23-73-00039) and Russian Foundation for Basic Research (Project № 21-32-70021) in part of 

research on phonons. 
[1] Bogaerts, W.; Chrostowski, L. Silicon Photonics Circuit Design: Methods, Tools and Challenges. Laser Photonics Rev. 12, 1700237 (2018). 
[2] Mareev, E.; Pushkin, A.; Migal, E.; Lvov, K.; Stremoukhov, S. Single-shot femtosecond bulk micromachining of silicon with mid-IR tightly 

focused beams. Sci. Rep. 12, 7517 (2022). 
[3] Mareev, E.; Obydennov, N.; Potemkin, F. Dynamics of the Femtosecond Mid-IR Laser Pulse Impact on a Bulk Silicon. Photonics, 10, 380 

(2023). 
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In this contribution, we discuss two aspects of light-matter interaction in optical microcavities: first – 

when microcavities are decorated with plasmonic nanostructures and used as biosensors; second – when 

microcavities are doped with fluorescent nanocrystals. 
First aspect is related to biosensing with optical microcavities. Light circulating in such cavities forms 

whispering gallery modes (WGMs), which have extremely high quality-factors. High Q-factors make such 

cavities unsurpassed instruments for single-molecule sensing. In this work, we developed the idea of 

whispering gallery modes for single-molecule biosensing via decorating them with plasmonic 

nanoparticles. Despite high Q-factors, WGMs have comparatively big effective mode volume reducing 

sensitivity; in turn, plasmonic structures can concentrate energy of WGMs in a tiny area; this leads to a 

better sensitivity of WGM biosensors. Conventionally, WGMs used for biosensing can be excited with 

lasers and prism couplers, typical power levels are ~0.01–0.1 mW. In our latest work we extended this 

range, that showed us that molecules attached to such biosensors may strongly interact with plasmonic 

nanoparticles, showing strong nonlinear response of the sensors; in addition, we proposed to use a newly 

discovered phenomena for single-molecule absorption spectrometers. 
In the second part of the talk, we will discuss light-matter interaction inside microcavities. Such cavities 

were made of polymers with added semiconductor nanocrystals via a microfluidics technique. Upon 

excitation of nanocrystals fluorescence in such cavities, there were observed its lifetime shorting by 100 

of times in comparison with fluorescence of same nanocrystals in solutions. This is discussed in terms of 

the Purcell effect. 
The second part of this work was supported by the Russian Science Foundation (Project 22-72-10057). 
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The field of materials science and nanoelectronics has been revolutionized by the ability to control 

conductivity through femtosecond laser pulse irradiation, presenting promising opportunities for progress 

in multiple disciplines. The capacity to induce rapid and transient alterations in the electrical properties of 

materials has unlocked a wide range of possibilities in optoelectronics, photonics, and information 

processing. The utilization of femtosecond laser pulses enables precise manipulation of material 

conductivity, providing exceptional control over their electronic characteristics. This technique offers a 

distinct advantage compared to conventional methods by allowing rapid modulation of conductivity 

within femtosecond time scale [1-3]. The ultra-fast timescale facilitates dynamic manipulation of electrical 

properties, opening the possibility to innovative applications in areas such as ultrafast electronics, high-

speed data processing, and advanced photonic devices. 

During this talk, we will highlight recent advancements in manipulating material conductivity through the 

use of femtosecond laser pulses, with a specific emphasis on the interesting phenomenon of photoinduced 

reduction of conductivity by targeting localized states with a specific pump photon energy [3]. We will 

focus in particular on incommensurate crystals, which are characterized by a lattice mismatch leading to 

the presence of localized states that affect the overall conductivity of the crystal. We will demonstrate how 

targeted excitation can selectively promote electrons to occupy these localized states, offering a means to 

control and reduce the conductivity of the crystal. 

The experimental findings are supported by Density Functional Theory calculations, together with a time-

dependent simulation using rate equations and a two-temperature model. These investigations reveal that 

the conductivity reduction occurs as photoexcited electrons become trapped in the localized energy state 

of vanadium clusters, which are formed due to the incommensurability of the layered crystal structure. 

 
 
[1]  G. Lantz et al., "Ultrafast evolution and transient phases of a prototype out-of-equilibrium Mott- Hubbard material." Nature Communications 

8, 13917 (2017).  
[2]  N. Yoshikawa et al., "Ultrafast switching to an insulating-like metastable state by amplitudon excitation of a charge density wave." Nature 

Physics 17, 909 (2021).  

[3]  M. Lejman et al., "Ultrafast photoinduced conductivity reduction by bonding orbital control in an incommensurate crystal." Submitted.  
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The use of high-power sources of terahertz radiation requires durable and highly efficient optics. 

Silicon diffractive optical elements have a low coefficient of thermal conductivity and high 

reflective losses (51%) in comparison with diamond elements. However, large plates of optical 

grade polycrystalline diamond are expensive for the fabrication of terahertz optics and, moreover, 

are difficult in direct precise processing, even if laser technologies are used for these purposes. 

In the case of using high-performance IR lasers, a breakdown occurs in the bulk of the diamond 

[1]. Here, we propose to use the so-called "black" diamond to create optical elements operating 

in the terahertz range. It is distinguished by transparency in the far infrared range and the presence 

of developed boundaries between crystallites, which should prevent self-focusing of laser 

radiation in the bulk. Usually this material is used as a heat sink, and also has a cheap production 

cost due to fast synthesis. 

In this work, we report on the fabrication of holographic axicon for powerful THz radiation by 

structuring of the surface of "black" diamond with the disk Yb:YAG laser (Dausinger + Giesen 

GmbH, λ = 1030 nm, τ = 1 ps, f = 200 kHz), which provides high productivity of ablation to 

create a maximum relief depth of about 100 µm on a plate with a diameter of 20 mm. Under the 

optimized irradiation condition, the necessary relief with piecewise continuous profile (fig. 1) 

was formed by the moving of the laser beam over the diamond surface by a galvanic XY scanner. 

The results of the testing of the fabricated axicon on the Novosibirsk free electron laser at a 

wavelength of 141 μm showed good agreement between experimental and calculated optical 

properties. The experimental and calculated cross sections of Bessel beam at the distance of 120 

mm from the axicon are shown in fig. 2a and c, respectively. The perfect beam, which is formed 

in the focal plane when Bessel beam is focused by a lens, demonstrates a homogeneous narrow 

ring (fig. 2b) according to the numerical calculation (fig. 2d). The obtained result demonstrates 

the high potential of the proposed approach for production of high-efficient complex optical 

elements based on the "black" diamond to control the powerful THz radiation. 

  
Fig.1. Optical image of the fabricated diamond axicon. Fig.2. Intensity distribution for Bessel beam: (a) experiment, (c) 

calculation. Perfect vortex beams: (b) experiment, (d) calculation. 

[1] T.V. Kononenko, P.A. Pivovarov, A.A. Khomich, R.A. Khmelnitskii, and V.I. Konov,  Effect of absorbing coating on ablation of diamond by 
IR laser pulses. Quantum Electronics vol. 48 (3), pp. 244-250, (2018). 
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Laser additive manufacturing (AM) is a promising area of production, allowing the creation of metal 

products of complex shapes through the local interaction of concentrated flows of laser energy and powder 

material. One of the continuing trends in the development of AM is the improvement of the products final 

quality and the expansion of the range of materials used. 

AM processes are characterized by specific thermal dynamics – the formed material undergoes rapid 

melting-solidification cycles with high temperature gradients and cooling rates, as a result of which 

conditions for the formation of non-equilibrium structures in it are provided. Thus, the use of duplex 

stainless steels in AM is associated with the formation of a predominantly ferritic structure in them, which 

is suboptimal for this class of materials and significantly reduces their potential [1]. In this case, in order 

to obtain an optimal ratio of austenite and ferrite 50/50, providing high strength, ductility and corrosion 

resistance properties, it is necessary to use additional heat treatment of grown parts. For example, in [2], 

specimens were fabricated from 25Cr super duplex stainless steel using selective laser melting (SLM), 

which contained almost 99% of the ferrite phase. When using laser metal deposition (LMD), the 

achievable volume of the austenitic phase is usually larger, for example, 28% of austenite was obtained in 

[3], but subsequent heat treatment is still required. 

A promising approach for expanding the range of materials used in AM is the addition of an auxiliary 

stage of laser remelting (LR), at which no material is added, and the laser exposure regime is chosen for 

reasons of ensuring the required thermal dynamics to form the necessary structure of the material [4]. 

In this work, the combined LMD+LR approach was used to create multilayer objects from the super 

duplex steel powder PR-03Kh25N7AMD (analog of UNS S32750). The microstructure of the obtained 

objects and its dependence on technological parameters at the LMD and LR stages were studied. The 

difference between the content of austenitic and ferrite phases is shown when using continuous and pulsed 

laser modes at the LR stage. The possibility of obtaining a close to 50/50 ratio of austenite and ferrite 

phases without additional heat treatment is shown. 
 
[1] Zhang, D., Liu, A., Yin, B., & Wen, P. Additive manufacturing of duplex stainless steels-a critical review. Journal of Manufacturing Processes, 
73, 496-517, (2022). 

[2] Hengsbach, F., Koppa, P., Duschik, K., Holzweissig, M. J., Burns, M., Nellesen, J., ... & Schaper, M. Duplex stainless steel fabricated by 

selective laser melting-Microstructural and mechanical properties. Materials & Design, 133, 136-142, (2017). 
[3] Salvetr, P., Školáková, A., Melzer, D., Brázda, M., Duchoň, J., Drahokoupil, J., ... & Novák, P. Characterization of super duplex stainless steel 

SAF2507 deposited by directed energy deposition. Materials Science and Engineering: A, 857, 144084, (2022). 

[4] Zavalov, Y. N., Dubrov, A. V., Rodin, P. S., Makarova, E. S., & Dubrov, V. D. Features of the combined technology based on laser metal 
deposition with layered laser heat treatment. In Journal of Physics: Conference Series, Vol. 2443, No. 1, p. 012003, (2023). 
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Laser welding is widely recognized as an advanced technology for joining materials using a high-power, 

high-density energy laser beam. Laser welding offers several advantages, such as high speed, high 

precision, a small heat-affected zone, no need for vacuum chambers, flexibility, and the ability to automate 

the process. The process of laser welding involves several physical phenomena, including the interaction 

of the laser with the material, multiple reflections of the laser radiation inside the vapor-gas channel, phase 

transitions, liquid and gas flow, and heat and mass transfer. In aerospace and rocket engineering, the main 

method for joining alloys is riveting, but this method has several disadvantages. Riveting technology is 

characterized by high labor intensity, and the process is accompanied by significant noise and vibration 

that can be harmful to humans, industrial buildings, and structures. 

Currently, riveting is being replaced by welding as a leading technology in the field. According to estimates 

by VIAM, the transition to third-generation Al-Li alloys with a replacement of riveted joints with welded 

ones will result in a weight reduction of aircraft structures (Il-112V, SSJ-New) up to 25% [1-2]. However, 

there is a problem related to the static-mechanical characteristics (tensile strength, yield strength, and 

elongation) of laser-welded joints, which are directly related to the structural and phase changes of the 

original material as a result of laser processing. These characteristics remain low, constituting only 50-

80% of the original alloy values [3]. The complexity of these processes is due to the simultaneous 

occurrence of a significant number of physical and chemical processes involving liquid, solid, and gaseous 

phases, as well as high temperatures and complex hydrodynamic and thermal flows. 

This work is for the first time aimed at solving a complex scientific problem associated with achieving 

maximum static mechanical characteristics of permanent laser welded joints new class of materials - Al-

Li alloys of the third generation. This became possible by controlling the structure and phase composition 

of the weld as a result of optimizing the process of laser exposure and for the first time used to control the 

evolution of the structural-phase composition of the weld of aluminum alloys, through the use of a modern 

independent diagnostic method: synchrotron radiation diffractometry, on a “megascience” class facility. 

The influence of the energy parameters of laser action on the change in the structure and phase composition 

of the weld material depending on the alloying system and the thermophysical properties of aluminum-

lithium alloys of the third generation is shown. It is also shown that the subsequent optimization of post-

heat treatment in the form of hardening and artificial aging makes it possible to obtain the strength of laser 

welded joints at the level of the strength of the base material. 

The research was carried out with the support of a grant from the Russian Science Foundation № 23-79-

00037, https://rscf.ru/project/23-79-00037/. 

 
[2] Malikov A., Orishich A., Bulina N., Karpov E., Sharafutdinov M. Effect of post heat treatment on the phase composition and strength of laser 

welded joints of an Al–Mg–Li alloy, Materials Science and Engineering A. 2019, vol. 765. Art. 138302 (8 p.). 
[3] Malikov A., Orishich A., Vitoshkin I., Bulina N., Karpov E., Gutakovskii A., Batsanov S., Ancharov A., Tabakaev R. Effect of the structure 

and the phase composition on the mechanical properties of Al–Cu–Li alloy laser welds,  Materials Science and Engineering: A. 2021, vol. 809. 

Art. 140947 (16 p.).. 
[1] Malikov A., Golyshev A., Vitoshkin I. Current Trends in Laser Welding and Additive Technologies (Review), Applied Mechanics and 

Technical Physics, vol. 64, pp. 36-59, (2023). 
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The studies results of the surface layers of tool carbon (W1-7, W1-9), alloyed (DIN 150Cr14) and heat-

resistant (M2, T8) steels performed by electrochemical analysis, Auger spectroscopy and XPS in 

combination with ion profiling after laser treatment in air are presented. For laser treatment (LT), an 

ytterbium quasi-continuous fiber laser with a power of up to 130 W and a pulsed Nd glass laser with a 

pulse energy of up to 70 J were used. The phase composition and structure of oxide films formed on the 

surface of multicomponent iron-based alloys after the LT were investigated, the structure of the oxide-

metal interface was established, the thickness of fully oxidized layers and the thickness of the transition 

layer located at the boundary with an basic steel volume was determined. For tool carbon steels, the 

transition layer containing FeO and iron atoms is located most deeply, then a layer of Fe3O4 oxide is 

followed and, finally, an outer layer consisting of a mixture of FeO and Fe2O3 oxides is located near the 

surface (Fig. 1). The thicknesses of fully oxidized layers for W1-7 and W1-9 steels reach 100 nm. The 

total thickness of the oxide layer together with the transition layer is 225.0 nm. For T8 alloy steel, iron 

oxides and oxide of alloying elements are present in the surface layer, with tungsten and vanadium oxides 

located closer to the surface. The maximum thickness of the oxidized surface layer of FeO is 126 nm, the 

thicknesses of the oxide layers WO3, V2O5, V2O3 are 97 nm, 90 nm,  126 nm, respectively. Selective 

enrichment of the surface with tungsten and vanadium atoms was found, leading to hardening of the 

intergrain boundaries and the appearance of a local hardened layer at a depth of 90 nm. 
 

  
Fig. 1. Location diagram and thickness of oxide layer on W1-7 and 

W1-9 steel surface 

Fig. 2. Wear rate U (μm/min) of a tool made of T8 steel:  

1 – without LT; 2 – LT in air; 3 – LT in the Ar medium 

 

It is shown that the presence of Fe2O3 and Fe3O4 oxides provides a higher wear resistance of the W1-9 

steel surface after LT during nanotribo tests. For high-speed steel T8, the presence of oxides on the surface 

after LT affects its frictional properties and determines the stable flow of the cutting process and the stable 

operation of the tool (Fig. 2). 

Kozakov A.T. is grateful for the financial support the Ministry of Science and Higher Education of the 

Russian Federation (State assignment in the field of scientific activity 2023 г. №FENW-2023-0014). 
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In this work two alternative approaches for development of polarization-dependent systems based on 

anisotropic ensembles of plasmonic nanoparticles were proposed. 

The first approach involves the phenomenon of longitudinal plasmon resonance of uniaxially oriented 

nanorod assemblies in polymer matrices. Polyvinyl alcohol is often chosen as a polymer matrix, since 

films are fairly easy to obtain with conventional drying, they are transparent in the visible range, have a 

low glass transition temperature, and the amount of possible stretching depends on the length of the 

molecules. The alignment of the nanorods in this case is carried out by heating the film to a softening 

temperature while simultaneously subjecting it to tensile stress. In this process, the nanorods in contact 

with the polymer chains interlock and reach the final orientational position parallel to the stretching 

direction. It turns out that the degree of orientation of the nanorods is directly proportional to the degree 

of stretching of the film. 

The second approach is proposed to obtain anisotropic metasurface by modifying thin metal layers using 

powerful linearly or circular polarized laser radiation. The method consists in spectral hole burning in the 

inhomogeneously broadened spectra of silver nanostructures. Under the action of laser radiation, resonant 

nanoparticles are heated and, depending on the intensity of heating, change their shape and/or size, and 

also lose mass due to evaporation. 

Both methods lead to corresponding changes in the absorption spectra (Fig. 1). The measured extinction 

spectra (Fig. 1a) confirm that unstretched composite films have isotropic optical properties, since both 

longitudinal and transverse modes can be excited regardless of the polarization state of the incident light. 

This is due to the random orientation of the rods, which averages their individual anisotropy. Stretched 

films, on the other hand, are optically anisotropic at the macroscale due to the uniform orientation of metal 

nanorods caused by stretching so the longitudinal and transverse surface plasmon resonance modes can 

only be excited by light polarized parallel and perpendicular to the stretching axis of the film, respectively. 

 
a    b 

Fig. 1. Extinction spectra of silver nanorods in stretched polymer film (a) and irradiated granular 

silver film by 532 nm pulsed laser (b) in polarized light.  
 

Laser irradiation of granular silver films also led to formation of metasurfaces with strong linear (Fig. 1b) 

or circular dichroism at the wavelengths close to laser wavelength depending on laser polarization. The 

action of polarized radiation on anisotropic particles depends not only on their size and shape, but also on 

their orientation. Therefore, the spectral dips after laser irradiation are not the same for different probe 

polarisation. The greatest changes are observed when the polarization of probe beam coincides with laser 

polarization. 

The study was supported by the Russian Science Foundation grant No. 21-72-10098, 

https://rscf.ru/en/project/21-72-10098/. 
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Carbon is one of the widespread materials having multiple allotropic forms. Carbon-based nanostructures 

include nanotubes, fullerenes, onion-structures, linear chains of carbon etc. The variety of nanostructured 

forms of carbon opens an opportunity to tailor electronic and optical properties of carbon-based devices for 

a variety of perspective applications. However, the mass production of nanostructured carbon for industrial 

applications would require technologies of controllable synthesis large volumes of specific carbon allotropes 

characterised by a high stability.  

Here we study stable elongated carbon chains synthesized by the laser ablation technique in a colloidal 

solution [1]. The mechanical stabilisation of carbyne is achieved due to the electron bonding of carbon chains 

to gold nanoparticles (NPs) [2]. When deposited on a substrate, the stabilized chains demonstrate straight 

parts whose lengths significantly exceed the theoretical limit for a free stable monoatomic carbon chain. The 

high-resolution transmission electron microscopy (HR TEM) of our samples shows straight linear carbon 

chains of the lengths that sometimes exceed 5 nm. The time-resolved photoluminescence (TRPL) spectra 

show that the radiative life-time of the observed transitions is of the order of 1 ns, that is similar to the data 

reported for excitons in CNTs. The exciton radiative lifetime decreases with the decrease of the length of the 

chain. We refer to the Su-Schrieder-Heeger model [3] to argue that the transition that dominates low 

temperature PL spectra is based on the edge electronic states that form the HOMO-LUMO pair in carbon 

chains stabilized by gold NPs.  

The study was carried out using the equipment of the interregional multispecialty and interdisciplinary 

center for the collective usage of promising and competitive technologies in the areas of development and 

application in industry/mechanical engineering of domestic achievements in the field of nanotechnology 

(Agreement No. 075-15-2021-692 of August 5, 2021). This work was also partially supported by the 

framework of the state task of VlSU FZUN-2020-0013 and RSF-grant 23-12-20004. 

 
[1] A. Kucherik, S.M Arakelian et al Two-stage laser-induced synthesis of linear carbon chains, Quantum Electronics 46, 627 (2016). 
[2] S. Kutrovskaya, I. Chestnov et al Electric field assisted alignment of monoatomic carbon chain, Scientific Reports 10(1) (2020) 

[3] W. P. Su, J. R. Schrieffer, and A. J. Heeger, Solitons in polyacetylene, Phys. Rev.Lett. 42, 1698 (1979). 
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Silver and gold metal nanoparticles find widespread applications in various fields such as targeted 

drug delivery, photothermal and photodynamic cancer therapies, optical coherence tomography, 

immunoassays, and biosensing. Extensive research focuses on the use of nanoparticles to investigate 

physiological structures and cellular functions both in vitro and in vivo. The interest in metal nanoparticles 

stems from their unique optical and catalytic properties, which are influenced by the size and shape of the 

particles obtained [1]. The optical properties of metallic nanoparticles are determined by the excitation of 

localized surface plasmon resonance. This phenomenon occurs when electromagnetic radiation interacts 

with collective vibrations of conduction electrons within the nanoparticle. Understanding the impact of 

physicochemical properties such as shape, size, surface charge, surface chemistry, and cytotoxicity of 

nanoparticles on endocytosis, cell uptake, and cell survival is crucial for diagnosing and treating various 

disorders in living systems [2, 3]. 

The optical properties of silver and gold nanoparticles were investigated through experimental and 

numerical approaches with a focus on endocytosis. The experimental study examined the impact of 

nutrient medium (RPMI 1640 and dMEM) on gold and silver nanoparticles produced via pulsed laser 

ablation and chemical methods. It was observed that silver nanoparticles obtained through laser ablation 

displayed certain solubility and stability, whereas nanoparticles synthesized chemically with citric acid 

exhibited instability and were prone to aggregation, resulting in the loss of their characteristic plasmon 

resonance peak. 

To simulate the vesicle formation during the endocytosis of plasmonic nanoparticles, a protein shell 

derived from bovine serum albumin (BSA) was utilized. The formation of the shell was validated by the 

displacement of the plasmon resonance towards longer wavelengths in comparison to pure nanoparticles, 

indicating the conjugation of the nanoparticle surface with the protein. In the case of silver nanoparticles 

obtained through both laser ablation and chemical methods, a maximum shift of 7 nm was observed, 

surpassing that of gold nanoparticles synthesized chemically (3 nm) or via laser ablation (5 nm). The 

experimental findings were further supported by numerically calculated results using COMSOL 

Multiphysics. 
This work was supported by the Russian Science Foundation (Project 22-72-10057) 

 
[1] Kelly K.L. et al. The optical properties of metal nanoparticles: The influence of size, shape, and dielectric environment // Journal of Physical 
Chemistry B. American Chemical Society , 2003. Vol. 107, № 3. P. 668–677.  

[2] Ding L. et al. Size, Shape, and Protein Corona Determine Cellular Uptake and Removal Mechanisms of Gold Nanoparticles // Small. Wiley-

VCH Verlag, 2018. Vol. 14, № 42. 
[3] Kettler K. et al. Cellular uptake of nanoparticles as determined by particle properties, experimental conditions, and cell type // Environ Toxicol 

Chem. 2014. Vol. 33, № 3. P. 481–492. 
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Optothermal traps are an actively developing manipulation technique [1]. In such traps, a sharply 

focused laser beam not only creates optical power, but also forms a temperature gradient and, 

accordingly, convection currents, due to which the capture and movement of microobjects occurs. The 

advantages of optothermal traps are the ability to use lower laser radiation powers (from tenths to 

several tens of milliwatts) compared to optical traps and to effectively capture objects of various 

morphologies, shapes, and sizes (from nanometers to tens of micrometers) from relatively large 

distances. 

The authors of [2] for the first time formed a structured optothermal trap in the shape of a light ring. 

We implemented optothermal traps of more complex shapes: triangle and square boundaries, 

Archimedes spiral, double contours, lattices of zeros, including those with a vortex component [3, 

4]. The report demonstrates the capabilities of structured optothermal traps for the formation of 

various configurations of micron and submicron objects, their dynamic rearrangement and fixing 

objects on a substrate. 

The scheme of the experimental setup included a DPSS laser with a wavelength of 0.53 μm, a spatial 

light modulator (SLM) HOLOEYE PLUTO-2-NIR-011, which forms a structured light beam. A 

microobjective (40x) focused the beam into a given plane, forming a structured (vortex) optical 

trap. The total observation power in the working area ranged from 10 mW to 100 mW. The 

convection component of the trap was formed by using an OC 13 light filter absorbing at a 

wavelength of 0.53 μm as the bottom of the cell with samples. As manipulation microobjects, we 

used latex microparticles from 2 to 6 µm, submicron silver particles, and yeast cells suspended in 

distilled water.  

The capture of micro- and nano-objects in determined configurations, the movement of micro-

objects along the boundaries of the light contour were demonstrated. It was found that the angular 

velocity of particles along light boundary of optothermal traps is significantly higher than in optical 

traps. 

SLM provides the ability to change the configuration of the generated intensity distributions in a 

given plane in real time due to the rapid replacement of one phase mask supplied to the modulator 

for another. In this way, the configurations of captured ensembles of particles can also be rearranged. 

We also proposed a simple efficient method for fixing micro- and nanoobjects in a given 

configuration at the bottom of a cell by adding albumin to the cell with samples and briefly 

increasing the laser power. Typical power values were 60-130 mW depending on albumin 

concentration. The technique may be of interest for fixing objects of biological origin. 

[1] P. Kollipara, Z. Chen, Y. Zheng, Optical Manipulation Heats up: Present and Future of Optothermal Manipulation, ACS nano, 17(8), 

pp. 7051-7063, (2023). 

 [2] E. Flores-Flores, S. Torres-Hurtado, R. Páez, U. Ruiz, G. Beltrán-Pérez, S. Neale, ... and R. Ramos-García, Trapping and 
manipulation of microparticles using laser-induced convection currents and photophoresis, Biomedical optics express, 6(10), 4079-

4087, (2015). 

[3] S. Kotova, A. Коrobtsov, N. Losevsky, A. Mayorova and S. Samagin, Manipulation of microparticles using combined optical traps, 
Journal of Quantitative Spectroscopy and Radiative Transfer, 268, pp. 107641, (2021). 

[4] S. Kotova, N. Losevsky, A. Mayorova, Y. Razueva, and S. Samagin, Structured Optothermal Traps, Bulletin of the Russian Academy 

of Sciences: Physics, 86(12), pp. 1434-1437, (2022). 
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In recent years, laser ablation in liquid (LAL) made a whole library of nanomaterials available for 

integration in green emerging technologies.[1-3] However, the achievement of a specific type of 

nanocrystals by LAL has been until now a rather empirical endeavour based on changing synthesis 

parameters and characterizing the products. Here we started from the bibliographic analysis on LAL of 

Cu-based nanocrystals, to identify the relevant synthesis features and lead to the predetermination of the 

optimal conditions for producing Cu-based nanoparticles with defined copper oxidation state. First, single 

features and their combinations were screened by linear regression analysis to find the best correlation 

with experimental output and identify an equation for predicting LAL results. Then, machine learning 

algorithms were exploited to unravel cross correlations between features which are hidden to the linear 

regression analysis. This approach is of general applicability to any other nanomaterial and can help 

understanding the origin of the chemical pathways of nanomaterials generated by LAL, ultimately 

providing a rational guideline for the conscious pre-determination of synthetic parameters toward the 

desired compounds. 

 
 
[1] V. Amendola et al., Room-Temperature Laser Synthesis in Liquid of Oxide, Metal-Oxide Core-Shells, and Doped Oxide Nanoparticles, Chem. 
Eur. J., 26, 9206 – 9242 (2020). 
[2] E.V. Barmina et al.; Laser ablation and fragmentation of Boron in liquids, Optics Laser Tech. 155, 108393 (2022). 

[3] A.A. Popov, Z. Swiatkowska-Warkocka, S.M. Klimentov,T.E. Itina, A.V. Kabashin et al.; Laser-Ablative Synthesis of Ultrapure Magneto-

Plasmonic Core-Satellite Nanocomposites for Biomedical Applications, Nanomaterials, 12, 649 (2022). 
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The development of new laser technologies and equipment for its implementation is aimed not 

only at increasing the resolution and productivity of the micro-/nano-processing, but also at 

increasing an accuracy, including both spatial localization and compliance with a given degree 

of transformation of the processed material, given parameters. Over the past decades, the IA&E 

SB RAS has been developing areas of applied research related to the fundamental and 

engineering foundations of precision laser technologies focused on the problems of optical 

instrumentation. 

To improve the quality and speed characteristics, a complementary scanning principle is used, in 

which a fast galvanoscanner with a short-focus lens and a small recording field is used to obtain 

a high scanning speed and a minimum point in focus, and a full recording field is obtained due 

to the precise movement of the microprocessing object and software-hardware docking fields. 

   The advent of pico- and femtosecond lasers with a high average power caused a sharp surge in 

research on the micromachining of various materials, including brittle ones, providing a new 

quality of processing. However, when trying to increase the productivity of processing at micron 

and more depths of micromachining by increasing the energy per pulse or the number of pulses 

in a pack, the resulting thermal and hydrodynamic effects significantly worsen processing object 

and software-hardware docking fields. 

    For processing fragile materials, such as glass, quartz, semiconductor materials, raster 

scanning technologies have been developed within the contour of the zone of the removed 

material, which take into account the length of the processing line, the overlap of focused spots 

and the pulse energy. When forming deep microchannels to obtain high-quality walls, the 

direction of microchannel processing is taken into account. The technology used has made it 

possible to increase the productivity of micromachining of brittle materials by several times and 

improve the quality of processing. the quality of processing materials with low thermal 

conductivity and a tendency to form microcracks. 

The technology of femtosecond laser modification of transparent materials makes it possible to 

perform precision surface micromachining of the surface of various optical elements, for 

example, to increase the transmission of nonlinear optical crystals with a high refractive index 

and high optical losses due to Fresnel reflection. We present the results on the development of 

antireflection microstructures on the surface of a GaSe crystal, demonstrating an increase in 

transmission from 65% to 80% in case of fs laser inscription of microstructures on one side and 

up to 94% in case of micromachining on both sides. Based on the surface profile of a single crater 

measured by atomic force microscopy, the transmission spectra for GaSe with the microstructures 

are numerically calculated that is in a good agreement with the experimental data. 

   The report also considered a technological complex created for piece and small-scale 

production of diffractive and micro-optical elements based on laser technologies in combination 

with vacuum-plasma technologies and optical methods of product control. The complex includes 

a system for magnetron sputtering of thin films, a circular laser system [1] for resistless 

thermochemical writing of microstructures on chromium films [2], an X-Y system [3] for laser 

lithography on a photoresist, reactive ion etching systems, optical profilometers and 

diffractometers. The experience of using this equipment for the manufacture of microstructured 

optical elements of various types is discussed. 
The equipment of the Central Research Center “Spectroscopy and Optics” of the IA&E SB RAS 
and Core Facilities VTAN NSU were used in the research. The work was supported by the 
Russian Science Foundation grant (No. 21-72-20162).  

[1] A.G. Poleshchuk, V.P. Korolkov, V.V Cherkashin, S. Reichelt, and J. Burge "Polar-coordinate laser writing systems: error analysis 

of fabricated DOEs", Proc. SPIE 4440, pp. 161-172 (2001). 

[2] V.P. Veiko, V.P. Korolkov, A.G. Poleshchuk, D.A. Sinev, E.A. Shakhno, Laser technologies in micro-optics. Part 1. Fabrication of 
diffractive optical elements and photo-masks with amplitude transmission, Optoelectronics, Instrumentation and Data Processing, 

vol. 53(5), pp. 474-483 (2017).  

[3] https://heidelberg-instruments.com/product/dwl-66-laser-lithography-system/

https://www.spiedigitallibrary.org/profile/Alexander.Poleshchyk-9426
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New optical materials on the base of amorphous fluorine-containing polymers are of great interest 

for integrated optics and photonics due to their high optical transparency, low refractive index, 

low index dispersion, chemical and environmental stability, manufacturability. We present the 

review of new results concerning synthesis of these materials using high-pressure (15 – 16 MPa) 

technique, development of advanced laser technologies for fabrication of various waveguide 

elements of integrated photonic circuits, new methods for measuring optical parameters of thin-

film polymer light-guiding structures, which were realized in the Federal Research Center 

«Crystallography and Photonics» recently. These elements include multimode and single-mode 

polymer waveguides, splitters and directional couplers, waveguide Mach-Zhender 

interferometers, narrowband waveguide filters with submicron Bragg gratings, optical 

multiplexers and demultiplexers for DWDM optical fiber networks as well as high – speed optical 

bus on printed circuit board (PCB) for microprocessor computing systems, Fig. 1. 

 

 a)  b) 

Fig. 1. Array of fluorinated polymer waveguides on PCB (a), electro-optical PCB with high-speed optical bus in computer frame (b). 

 

We report also the results concerning development of active photonic devices: high – speed 

optical waveguide modulators based on fluorine-containing polymer with electrooptic 

chromophores in the side-chain, and compact optical waveguide amplifiers for 

telecommunication C – band 1530 – 1565 nm. The amplifies include single-mode polymer 

waveguide with embedded fluorinated nanocrystals NaYF4/Yb/Er/Ce possessing enhanced 

photoluminescence in down-conversion around 1550 nm when pumped by 980 nm laser diode, 

Fig. 2.   
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Fig. 2. SEM microphotopraph of polymer waveguide with embedded NaYF4/Yb/Er/Ce nanocrystals on Si/SiO2 waver. Waveguide 

width is 8 m (a). Scheme for measuring optical gain. WDM – wavelength division multiplexer, 1 – array of polymer waveguides, 2 

- optical spectrum analyser (b). Gain coefficient in the waveguide amplifier of length L = 12 mm at  = 1535 nm versus 980 nm 
pump power Ppump. The inset shows the input (1) and output (2) signal spectra at 1535 nm for pump power 85 mW. 

 
The investigations were supported by the Russian Foundation for Basic Research. 
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The scheme of laser transitions of the proposed two-photon design is based on five 

electron levels. This design works due to electron tunneling from the injector level 1’ to the upper 

laser level 5, two sequential laser transitions (5 – 4 and 4 – 3) with an energy of 14.9 meV (3.6 

THz) and depletion of the lower laser level 3 due to tunneling to the extractor level 2 and resonant 

emission of an optical phonon. In this case, the "intermediate" level 4 simultaneously plays the 

role of the lower laser level for the first optical transition and the upper laser level for the second 

optical transition. The operating voltage on one active module is close to the sum of two radiation 

energies and the energy of a longitudinal optical phonon 2·ħωTHz + ħωLO. 

An optimized two-photon design was developed using the balanced equation method [1,2] 

and grown by MOVPE technique with 10 μm active region thickness. The fabricated QCLs with 

Au-Au double metal waveguide based on grown structures show an excellent growth robustness, 

as all MOVPE-grown structures (6 wafers) demonstrate laser generation. The maximum 

operation temperatures of fabricated lasers are equal to 90-100 K. The light-current 

characteristics have two shoulders in the experimental curves (see Fig. 1), which corresponds to 

the two-photon nature of the proposed design. The fabricated QCLs have a lasing frequency of 

3.6 THz (see Fig. 2), which completely coincides with the target frequency. At high currents the 

generation shifts to 3.7 THz. This effect can be explained by increasing the energy separation 

between lasing levels 5-4 (the first THz photon) at high electric fields. 

  

Fig. 1. Pulsed current-voltage and light-current characteristics of 
MOVPE-grown THz QCLs with two-photon design. 

Fig. 2. Emission spectra of MOVPE-grown THz QCLs with 
two-photon design. 

 

 This study was partially supported by the Russian Science Foundation project no. 21-72-30020 and the Ministry of Science and 

Higher Education of the Russian Federation in the scope of the government assignment (Agreement 075-03-2023-106 13.01.2023). 

[1] D. V. Ushakov, A. A. Afonenko, A. A. Dubinov, V. I. Gavrilenko, O. Yu. Volkov, N. V. Shchavruk, D. S. Ponomarev, R. A. Khabibullin, 

“Balance-equation method for simulating terahertz quantum-cascade lasers using a wave-function basis with reduced dipole moments of 
tunnel-coupled states,” Quantum Electronics, vol. 49, pp. 913–918, (2019). 

[2] D. Ushakov, A. Afonenko, R. Khabibullin, D. Ponomarev, V. Aleshkin, S. Morozov, A. Dubinov, "HgCdTe-based quantum cascade lasers 
operating in the GaAs phonon Reststrahlen band predicted by the balance equation method," Opt. Express, vol. 28, pp. 25371–25382, (2020). 
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Holographic security signs are an integral part of many industrial sectors, serving the purpose of 

protecting products against counterfeiting. However, the problem of counterfeiting is always relevant and 

requires improvement of protection methods. To effectively counter counterfeiters, the methods of 

protection must be ahead of the curve, anticipating fraudulent techniques and adapting to evolving 

technologies and counterfeit strategies. As the development progresses, the problem of creating security 

signs on products not only remains unresolved but also advances into the high technologies. This is 

because simple solutions are being circumvented and counterfeited through various methods. In terms of 

protective diffraction signs, computer calculation methods allow us to determine the necessary reliefs for 

the implementation of optical effects: both shape and color, kinematics, etc. However, there is a problem 

to achieve efficient writing that would enable to integrate all known identification features and new 

technical solutions into a single sign. These issues are addressed in detail in this report. The aim was to 

investigate the feasibility of creating high-quality holographic security signs by laser-induced periodic 

surface structures (LIPSS). The physical peculiarities of the LIPSS formation method and its application 

for creation of holographic protective signs of different degrees of complexity are discussed. Additionally, 

this work presents a set of visual security features for holographic signs implemented by LIPSS. 

The base of realization of holographic security signs is the diffraction of white light on the LIPPS 

matrix with different spatial directions. A new method is presented that makes it possible to achieve 

control by the orientation of the LIPPS by coordinated dynamic changes in direction and type polarization 

with the scanning trajectory of the laser beam. Coordinated parameter adjustments allow the formation of 

complex diffraction grating configurations. This method opens new possibilities for the direct laser writing 

of holographic protective signs, on metal products ensuring durability, visual appeal, and function. 
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Strong inhomogeneous evanescent electric fields generated above the surface of lithium niobate 

crystals due to photovoltaic effect are successfully used to realization of optical tweezers [1,2]. The 

advantages of photovoltaic tweezers over the other optical manipulators consist of possibility for repeated 

using of monocrystal substrates as well as in minimization of an overheating for captured objects at the 

expense of application the low-power radiation [3]. The lithium niobate crystals doped by photovoltaic 

impurities such as Fe [1,3] and Cu [2] are usually used in the capacity of substrate for the photovoltaic 

manipulation of nanoparticles. The surface character of evanescent electric fields used for realization of 

photovoltaic tweezers makes it attractive to apply diffusion doping of lithium niobate substrate by 

photovoltaic impurities [2,4].  

In this work we present the results of experimental realization of the technology of diffusion doping of 

X- and Z-cut congruent lithium niobate crystals by copper and the results of studying their photorefractive 

and photovoltaic properties, which determine the effectivity of aggregation of dielectric nanoparticles on 

the surface of the fabricated LiNbO3:Cu samples. The process of copper diffusion into the substrates 

involved deposition of the Cu films with thickness of 400 nm on the related polished surface by thermal 

evaporation in a vacuum. The diffusion carried out at temperatures of 1000 ºC and 600 ºC for the samples 

with X- and Z-orientation respectively during the time from 5 h to 9 h.  

To obtain the concentration distribution for copper ions existing in the LiNbO3 lattice in Cu+ and Cu2+ 

charge states the dependences of absorption coefficients on the depth from the X- and Z-surfaces for the 

light with the wavelengths of 532 and 808 nm respectively were experimentally investigated. It was 

established that these dependences characterized by nonmonotonic behavior. In addition, the positions of 

maxima for concentration of Cu+ and Cu2+ might be differ. Because of that, we have theoretically 

considered the formation of dynamic photorefractive gratings by a high-contrast interference pattern of 

writing laser beams in an X-cut plate of LiNbO3:Cu crystal with two different gaussian distributions for 

concentration of Cu+ and Cu2+ ions on the base of approach described in Ref. 4. The theoretical modeling 

for distribution of electric field of the photorefractive dynamic hologram on the depth from the X-surface 

in the crystal as well as of an evanescent field above the one is performed.  

The experimental study of time evolution for diffraction effectivity of dynamic photorefractive 

holograms in the LiNbO3:Cu crystal allow us to estimate of Glass constant of diffusion layer for laser 

wavelength of 532 nm as well as to determine the optimal conditions for aggregation of dielectric 

nanoparticle on its surface.       

This study was funded by the Ministry of Science and Higher Education of the Russian Federation in 

the framework of the state assignment for 2023-2025 (job-order FEWM-2023-0012).    
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Non-volatile photonic memory and neuro-inspired computing are promising technologies that can 

enhance data storage and processing capabilities [1]. Photonic memory devices offer high operational 

speed and non-volatility, while neuro-inspired computing integrates processing and storage into a single 

cell [2]. Phase-change photonics is the conjunction between phase-change materials (PCMs) and 

nanophononics, which enables integrated photonic circuits (PICs) with novel functionalities [3]. 

Chalcogenide alloys based on germanium telluride (GeTe, Ge2Sb2Te5) are the most mature and widely 

used materials for optical data storage and electric non-volatile memory devices. These alloys have rapid 

amorphization and crystallization rates, along with a distinct property contrast between their crystalline 

and amorphous phases [4]. 

The research presented in this study demonstrates stable multilevel reversible phase transitions in thin 

films of chalcogenide alloys, as well as an optical synapse prototype based on a planar waveguide with a 

chalcogenide cell [5]. The optical transmission and reflection coefficients of Ge2Sb2Te5 (GST) thin films, 

which change dynamics during nano- and femtosecond laser radiation-induced phase transitions, are 

studied. The authors propose a predictive model based on the thermokinetic approach, which allows the 

qualitative and quantitative determination of the of the crystalline phase and the depth of its occurrence in 

the GST film [6]. Experimental methods including Raman spectra, XRD and TEM were used to validate 

the model. The modelling and experimental results can be used to optimize the duration, shape and spatial 

distribution of laser pulses to control the state of PCM-based devices. 
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Metal halide perovskite materials have garnered significant attention from researchers owing to their 

exceptional optoelectronic properties and easy-to-implement, low-cost preparation processes. These 

materials showcase a diverse range of application potentials in optoelectronic fields, including the solar 

cells, LEDs, photodetection, and displays. Nevertheless, perovskite materials are susceptible to 

decomposition when exposed to harsh conditions including high humidity, temperature, intense light, and 

oxygen-rich environments. This vulnerability makes them unsuitable for traditional photolithography, 

etching processes, and renders them difficult to pattern and construct as array devices.[1] 

In recent years, we have developed a variety of large-scale photodetector arrays built on organic-

inorganic hybrid and all-inorganic perovskite materials. To address the challenge of achieving large-scale 

patterned growth of perovskite materials, we propose substrate surface modification and vacuum-assisted 

crystallization methods, leading to the patterned preparation of organic-inorganic hybrid perovskite 

materials and all-inorganic perovskite films. By combining with the electrochemical-assisted exfoliation 

method, we have constructed flexible and ultrathin photodetector arrays that could detect images on 

curved surfaces, such as retinas.[2-3] These arrays were then engineered with spatial restrictions and anti-

solvent-assisted crystallization, resulting in a large-scale preparation of perovskite single-crystal arrays 

that allow for precise control of the array patterns, dimensions, composition, and even the rotation angles 

of each single-crystal pixel, which possess exceptional crystal quality, demonstrating application 

possibilities in the low-threshold WGM mode lasers, and on-chip integrated photodetector arrays.[4] By 

further controlling nucleation and crystallization processes, this patterning technique has been extended 

to lead-free perovskite materials for the synthesis of controllable copper-based perovskite film arrays, 

displaying superior optoelectronic performance in the realm of flame detection and localization.[5] We then 

combined microfabrication techniques and perovskite materials by using ultrathin packaging-assisted 

photolithography methods, achieving the large-scale (48×48), high-resolution (317 ppi) integration of 

perovskite photodetectors.[6] 
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In this presentation we would like to familiarize our colleagues with current investigations of the 

development of NPs laser fragmentation model based on the theory of wave processes in soft matter. It is 

suggested that laser fragmentation of metallic nanoparticles in liquids leads to decrease of their size due 

to formation of capillary waves on the molten nanoparticle and their further interference with deformation 

waves. The dependencies of the size of secondary clusters and the degree of their size dispersion on the 

size of the initial nanoparticles are proposed. A minimal size of the initial particle which can be dispersed 

is determined. The necessary conditions for particle dispersion are formulated. The values of the most 

probable sizes of fragmentation particles and the dispersion of their size distributions are analytically 

obtained [1]. Experimental data on laser fragmentation of Au and Al [2,3] nanoparticles are corroborated 

by the derived model.  
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In this paper we present the results of various techniques for laser ablation and fragmentation of 

nanoparticles. Ablative synthesis was carried out on the developed experimental stands using liquid and 

gas media. During ablation in liquid media, the materials obtained were in the state of colloidal solutions. 

At the end of the ablation process, the target was removed from the resulting solution. If necessary, 

nanoparticles were selected, as well as fragmentation of the resulting material to achieve the necessary 

properties of the colloidal system (particle dispersion, chemical and phase composition) [1,2]. 

Materials obtained during ablation in a gas medium were deposited on the surface of the substrates 

under the action of an electrostatic or magnetic field [3]. To change the chemical composition of the 

compounds obtained, or to preserve the state of the initial substance, appropriate gas media were used, 

including with different percentages. The obtained nanoparticles MoS2, WS2, ZnS, ZnSe, Al2O3, Ti, Fe, 

Fe2O3 were analyzed using electron microscopy, Raman spectroscopy, X-ray diffraction analysis and other 

methods. 

The experiments were carried out on a laser robotic complex based on the Yb:KGW femtosecond laser 

system (Avesta Ltd.), generating pulses with a duration of 280 fs at a wavelength of 1030 nm with a 

repetition frequency of 10 kHz and a maximum pulse energy of 150 µJ. This complex has a modular 

structure, which allows the use of various additional nodes included in the optical schemes of exposure 

and processing of materials by femtosecond laser radiation. 

A complex of studies of the physicochemical properties of nanoparticles allowed us to evaluate their 

characteristics such as shape and size, morphology and surface composition. The optical properties of the 

obtained colloidal solutions were investigated by spectrophotometry. The obtained data are necessary to 

make a decision on the most appropriate ways of using nanoparticles and possible adjustment of the 

parameters of the method of production. Schemes for photothermal response of synthesized colloidal 

solutions have been developed. The dependences of temperature change on time during irradiation of 

colloidal solutions, as well as the change in the transmission of laser radiation by colloidal solutions during 

irradiation are presented. 

The study of the processes of formation of nanoparticles was carried out at the expense of the grant of 

the Russian Science Foundation No. 22-79-10348. Preparation and analysis of samples was carried out 

within the framework of the state assignment of the Ministry of Science and Higher Education of the 

Russian Federation, subject FZUN-2020-0013. 
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Now structured laser beams with predetermined intensity, phase, and/or polarization distributions are 

widely used for implementation of holographic optical tweezers (HOTs) - modifications of the 

conventional optical tweezers, for the invention of which Ashkin was awarded the Nobel Prize in Physics 

in 2018. The OT is an all-optical technology that allows one to three-dimensionally confine and guide 

nano- and microscale objects trapped at the focus of a laser Gaussian beam. HOTs made it possible to 

shape complex optical traps and allow one not only to carry out parallel trapping of a set of micro-objects 

[1] but also to carry out such types of optical non-contact manipulation as the rotation of micro-objects 

[2], moving them along the desired complex three-dimensional trajectories [3], as well as moving along 

linear trajectories in the direction of the laser source, i.e. allow realizing simple forms of pulling(tractor) 

laser beams [4]. It is the inhomogeneous structure of the intensity, phase, or polarization of such optical 

traps that makes it possible to carry out such types of manipulation. 

Here, we proposed new techniques for shaping of structured laser beams with the desired two and three-

dimensional structure of the intensity distribution. The techniques are based on the use of classical and 

diffractive optical elements. The shaped multiple optical traps, polygon laser beams, and clusters of 

rotating beams with autofocusing and transformation properties were used for demonstration of 

simultaneous trapping of multiple (up to a thousand) light-absorbing particles in air (see Figs. 1 and 2). 

The trapping of such particles is possible due to the so-called photophoretic (PP) forces pushing the 

trapped strongly absorbing particles away from areas of relatively high intensity [5]. The demonstrated 

HOTs do not require an active control of location or orientation of the generated optical traps for 

implementation of multiple laser trapping and guiding of the particles. Only a control of the initial power 

of the laser source generating optical traps is used in some cases. The proposed HOTs can be used for 

solving of the problem of passive all-optical sorting of airborne particles and their guiding along 

curvilinear trajectories. This work was supported by the Russian Science Foundation grant No. 22-12-

00041. 

 
Figure 1. Laser trapping of multiple light-absorbing particles in air with a polygonal laser beam. 

 
Figure 2. Laser guiding of a light-absorbing particle in air with a rotating laser beam: (a) transverse intensity 

distributions of the beam, (b) motion stages of the guided particle, (c) particle trajectory. 
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After their first demonstration sixty years ago, lasers were envisaged to be ideal tools for material 

processing. In 1967, Peter Houldcroft demonstrated the first experiments in gas-assisted laser cutting with 

a 300W CO2 gas laser. Since that, a lot of progress in the development and commercialization of laser 

material processing systems has been achieved, especially regarding the thickness of the processed 

samples and the processing velocity. Currently, structured laser beams are increasingly used for material 

processing. Structured laser beams are known as spatially amplitude, phase, and polarization modulated 

laser radiation shaped with the help of classical optical elements, diffractive optical elements, 

metasurfaces, or structured screens [1]. These laser beams make it possible to control the morphology of 

structures formed on the surface and in the volume of materials both at the nano- and micro-levels. For 

example, polarization makes it possible to set the orientation of laser-induced periodic surface structures 

(LIPSSs) [2]. Even more opportunities arise when using structured laser radiation in the processing of 

polarization-sensitive materials, such as various azopolymers and chalcogenide glasses (CGs) [3]. 

Multilayer structures based on CGs and azopolymers are promising optically sensitive materials used for 

dynamic systems of optical conversion and signal transmission, data recording, and storage. Such 

materials are able to change their structure under the influence of illuminating laser radiation - not only 

depending on the amplitude but also the polarization of the radiation. Recent studies have shown the high 

sensitivity of such materials to both transverse and longitudinal components of the light field. Their joint 

consideration should provide an unprecedented level of control over the profiles of nano- and 

microstructures formed in polymers, which is necessary for the creation of various elements of planar and 

three-dimensional micro-optics and components of nanophotonics. 

Here we demonstrate some examples of laser processing of thin metal and polymer films with vector laser 

beams with the predetermined polarization distributions (see Fig. 1). We use laser beams shaped with the 

help of such elements as q-plates of different orders and depolarizers. In addition, we demonstrate 

polarization-sensitive direct laser patterning of azopolymer thin films with vortex beams and the 

realization of spiral-shaped mass transfer. This work was financially supported by Russian Science 

Foundation (grant No. 21-79-20075). 

 

 
Figure 1. LIPSSs with radial symmetry formed on the surface of titanium films using cylindrically 

polarized laser beams with an intensity distribution in the form of a semicircle.  
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   Single-frequency fiber lasers are important for modern sensorics and optical telecommunications [1-3]. 

One of the ways to create such device is to fabricate a Bragg grating, containing a phase shift. When phase 

shift is equal to integer number of light waves plus one half, it favors to generation single longitudinal 

mode with. [4-6]. This results in a low level of phase noise and a narrow emission spectrum. 

   FBG can fabricated either by UV-light or femtosecond laser pulses. To form a phase shift, one needs to 

modify existing set-up or to do special post-processing. The latter usually demonstrates poor precision 

and therefore fabrication of phase shift simultaneous with inscription is preferred. Mask-based processes 

require careful design of the mask and limited to mask parameters [7]. Though some attempts to overcome 

this problem were made. Femtosecond point-by-point inscription is more flexible. To form a phase shift 

using additional piezo-positioner was suggested. Alternative way was to control the shutter of acousto-

optic modulator [8,9]. Both methods have good precision in single-pass mode, but struggle in multi-pass.   

   We demonstrate fabrication of phase-shift in controllable manner by modulating nanopositioner 

velocity. In combination with technology of synchronization with oscillator firing [10] it allows to 

fabricate FBG with phase shifts in multi-pass mode. We also present FBG with π-shift in erbium-doped 

fiber. A laser based on this resonator demonstrates linewidth less than 1 kHz. 
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Resonant coupling of optical radiation to specially designed nanostructures provides multiple pathways 

for realization of diverse chemo- and biosensors pushing forward development of highly productive and 

advanced fabrication technologies. Applications direct laser-assisted technologies for production of such 

functional nanostructures allows to addresses modern demands regarding morphology/composition 

controllability and fabrication yield. At the same time, fabrication of rationally designed hybrid 

nanostructures made of dissimilar materials such as typical plasmon-active metals and low-loss 

semiconductors is still challenging. Here, we summarize our resent efforts in production of such metal-

semiconductor nanostructures using two promising laser-assisted fabrication strategies: laser-induced 

period surface structuring (LIPSS) in functionalizing solutions and laser ablation in liquids (LAL). In 

particular, LIPSS patterning of monocrystalline Si with a visible-range femtosecond-laser pulses in 

isopropanol containing precursor noble-metal salts was found to yield in formation of deep-subwavelength 

nanograting with an extremely short period down to 70 nm  and high-aspect-ratio nano-trenches loaded 

with controllable amount of plasmonic nanoparticles [1]. In its turn, LAL technology with inexpensive 

nanosecond lasers was used to produce diverse hybrid Au@Si [2], Ag@Si [3] and Au@TiO2 [4] 

nanoparticles. Certain applications of the produced hybrid nanostructures for advanced optical 

nanosensing of molecular species and metal ions, light-to-heat conversion and labeling are also discussed 

[5].  

 This work was partially supported by Russian Science Foundation (grant. 21-79-20075) 

   

   

Fig .1. Schematically illustrated advanced laser technologies used for production of hybrid metal-semiconductor nanostructures: 

(a) laser-induced period surface structuring (LIPSS) in functionalizing solutions and (b) Laser ablation in liquids.  
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Today, lithium battery market is a crucial element for three major industries: automotive, portable 

electronics and energy generation/distribution. The fast-growing popularity of electric vehicles, 

renewables, and smart grids resulted in the boom of lithium battery gigafactories all around the world, 

raising the question of proper quality control tools ensuring the desired quality of the produced products 

at newly established production lines. Raman Spectroscopy is an industry-friendly, prompt, and 

inexpensive method to control the quality of various lithium battery materials. But since Raman 

spectroscopy uses laser irradiation and in the most cases the laser beam is focused on the spot with a sub-

micron diameter, the study of laser-induced processes became of the great value. 

In this work the laser-induced degradation for main electrode materials is reviewed in brief and discussed 

in details for LiFePO4 (LFP) [1] and Mn-doped Li4Ti5O12 (Mn-LTO) [2]. For popular cathode material 

LFP we have revealed the variation of the decomposition pathways and products. For anode material Mn-

LTO we report about fast and slow induced degradation processes, and laser ablation of degradation 

processes (Fig. 1). The obtained results let us to conclude about non-thermal amorphization and melting 

processes due to electronic system excitation by intraband transitions with the following covalent bond 

destabilization. The key role of imperfections in laser-induced decomposition is discussed. 

 
Fig. 1. SEM images of Mn-LTO particle before (first row) and after (second row) the repeated action of focused laser irradiation during Raman 

spectra measurements. The image is taken from [2]. 
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Enzyme-free electrochemical sensors are a rapidly advancing class of devices that hold significant 

potential for applications in biomedical diagnostics and environmental monitoring. These sensors offer a 

key advantage of high sensitivity, achieved through direct electron transfer from the analyte to the 

electrode's electrocatalytic active center, eliminating the need for mediators or enzymes. Notably, enzyme-

free sensors exhibit enhanced stability and reliability compared to their enzyme-based counterparts, 

overcoming limitations associated with enzyme denaturation and degradation, ensuring a longer shelf life. 

This study focuses on the development of laser-based approaches for synthesizing working electrodes 

specifically designed for enzyme-free detection of diverse analytes. Laser synthesis methods offer distinct 

advantages over traditional techniques, including scalability and precise localization, enabling the 

fabrication of electrodes with custom geometries on substrates of arbitrary shapes. The combination of 

laser synthesis with wet chemistry approaches allows for the creation of a wide range of composite systems 

with improved sensing characteristics, such as heightened sensitivity and extended detectable 

concentration ranges. 

Specific emphasis is placed on two methodologies: laser-induced deposition solution (LCLD) and laser 

activation of dielectric surfaces followed by copper deposition. These approaches enable the localized 

formation of metallic structures on dielectric surfaces. Optimization of laser exposure conditions, 

development of techniques for synthesizing materials with superior adhesion and electrical conductivity, 

and methods for surface modification to enhance electrochemical activity towards the target analyte are 

explored. 

The electrocatalytic activity towards the target analytes is evaluated using cyclic voltammetry and 

amperometry techniques. Additionally, the study comprehensively investigates the effects of common 

interfering impurities and examines the long-term stability of the sensory properties. 
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Local metallization of dielectrics is an important practical task; inkjet and laser sintering have been 

developed in industry today. Inkject printing allows to obtain very low electrical resistance by using Ag-

based inks, but it requires high-precision equipment and post-processing (annealing), moreover it has 

speed limitation of printing  and high cost of ink.[1]. 

The second method is laser sintering, this method is the simplest compared to others. Nanoparticles are 

sintered on the surface by laser action. The characteristics of the resulting structures depend on the laser 

parameters (power, scanning speed, focal spot diameter, etc.) and on deposited films containing 

nanoparticles. This method makes it possible to obtain conductors with low resistivity, but requires the 

preliminary synthesis of nanoparticles and ink creation, and substrate covering with thin film formation 

of inks [2]. 

We investigate laser induced chemical deposition method, it is a promising way to template-free 

metallization methods. The method makes it possible to create metal structures locally on the surface in 

the zone of laser radiation focus. The advantages of the method include simplicity, low consumption of 

reagents, the ability to control the shape and size of structures by an optical scheme, low cost of reagents, 

and environmental friendliness. The maximum scanning speed was 18 mm/s with a resistivity 0.5 Ω 

mm2/m. We have developed a new method for obtaining thin films of deep eutectic solutions, which made 

it  possible to achieve such results [3]. 

In this work, we have created films for various applications, such as: a heating element, a transparent 

conductive electrode, a large solid film, high-precision electrical circuit (Fig. 1). 

 
 

Fig 1. Examples of various applications Cu films. 
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Metal-organic framework (MOF) has gained tremendous interest in scientific and industrial communities 

thanks to its porous and uniform structure, tunable pore sizes and well-defined molecular adsorption site 

properties. MOF has been used in catalysis, gas storage, chemical sensors, biomedicine[1]. Flexible 

electronics allows to continuously monitor different parameters of human body. The intrinsically brittle 

and rigid attribute of MOFs is mechanically incompatible with flexible electronics, leading to potential 

challenges in constructing MOF-based flexible devices[2]. Laser technologies are one of the promising 

ways to create robust integration of MOFs into flexible polymer in designated patterns, which is critical 

for flexible electronics. Herein, we report the integration of zeolitic imidazolate framework (ZIF-8) into 

thermoplastic polyurethane (TPU) by laser irradiation. It has been found that after laser irradiation the 

sample color changed from white to black (see Fig. 1a) and sample became conductive with the resistance 

of about 300 𝛺. 

 

 
Fig. 1 a) The laser irradiation of ZIF-8 on TPU and sonication process, b) Optical image of ZIF-8 after laser irradiation, c) photoluminescence 

(PL) spectra of TPU substrate, ZIF-8 before and after laser irradiation. 

ZIF-8 is well integrated into TPU after laser irradiation because even after 10 mins of sonication, the 

unirradiated ZIF-8 was almost removed from the TPU surface, nevertheless the laser-irradiated ZIF-8 is 

still on the surface (see Fig. 1c). Interestingly, we found that ZIF-8 survived after laser ablation due to the 

presence of almost the same PL peak. Overall, we demonstrated that laser-irradiated ZIF-8 on TPU is 

promising material for robust flexible electronics. 
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The paper considers development of the new technology of direct thermochemical laser writing from the 

point of view of increasing the spatial resolution, reducing technological steps and simplifying the 

technology through the use of thin metal films coated with a thin capping layer of amorphous silicon. 

During laser action, the multilayer film material is heated to temperatures at which different phases of 

metal silicides are formed [1] , which have optical and chemical properties different from those of the 

metal oxide that is formed during thermochemical writing on a pure metal film. 

This new approach has been implemented for widely used chromium films [2, 3]. It is shown that the 

resulting chromium silicides compound layer is highly stable when treated with a selective chromium 

etchant based on K3Fe(CN)6 in comparison with chromium oxide, which is formed in the standard 

thermochemical technology. This provides several advantages of the proposed technology: firstly, an 

increase in the selectivity of etching makes it possible to reduce the effect of overetching on the quality of 

manufactured elements. Secondly, the proposed multilayer film material has a sharp writing energy 

threshold, which can be used for high-contrast writing of structures with a size smaller than the wavelength 

[4]. Third, during the formation of silicide, the reflection coefficient of a two-layer film increases 

monotonically with an increase in the beam power in a wide power range. This makes it possible to carry 

out high-precision control of the written structures before selective etching. This will significantly increase 

the yield of suitable products in practical applications. 
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Currently to create effective biologically similar electronic systems, a new architecture is being developed, 

called a neuromorphic system, with the ability to store a large amount of data and perform their parallel 

processing [1]. The main functional unit for such systems is a switchable resistive memory called a 

memristor. Memristors have a high switching speed from high-resistance to low-resistance state with low 

power consumption [2]. Non-volatile memristors with discrete resistance states act as biological synapses 

in neuromorphic systems [3]. Artificial neurons can be implemented using volatile memristors that 

simulate biological neurons when a threshold switching is triggered [4]. Niobium oxide is often used as 

the active region of memristors due to its complex electrically memristive behavior that can vary with film 

crystallinity, oxygen vacancy concentration in the film and electrical operating conditions. Adjusting the 

number of the oxygen vacancies in the active layer of the niobium oxide-based memristor makes it 

possible to achieve both a discrete change in the level of resistive switching, simulating a non-volatile 

behavior and a threshold resistive switching, simulating a volatile behavior [5]. 

The NbOx thin films fabricated from Nb metal targets by the droplet-free PLD showed the characteristics 

of analog resistive switching in planar geometry using two tungsten needles without the laborious 

lithography procedure and the creation of a memristor in cross-bar geometry. Controlled modulation of 

the memristive properties of the films was achieved by changing the film composition in the range from 

NbO2 to Nb2O5 by tuning the oxygen pressure from 0.7 to 8 Pa and the ablative laser wavelength (λ = 248 

nm or λ = 532 nm) during the film growth by the PLD. The composition change was confirmed by the 

XPS, electrical measurements and optical spectroscopy. The NbO2 film demonstrated the optical band gap 

that was two times smaller than that observed for Nb2O5 films. It has been found that when the films were 

deposited at the same oxygen pressure during the laser ablation with λ = 532 nm, the resistivity of the 

films was lower than that during the laser ablation with λ = 248 nm. The particle energy in the plume 

during the laser ablation with λ = 532 nm was higher, which contributes to the formation of 

nanocrystallites of the lower oxides Nb2O3, NbO2. The influence of the film thickness on the 

characteristics of the resistive switching was investigated. The study of the memristive properties of the 

NbOx films demonstrated the ability to perform not only threshold switching similar to the neuron 

function, but also synaptic behavior similar to the synapse function, emulating the memorization and 

forgetting processes. The NbO2 films deposited at the oxygen pressure of 1.3 Pa demonstrated the volatile 

memristive switching with a memory window of ON/OFF resistances ~ 101 after 500 direct current cycles 

at an operating voltage of 4.5 V. The Nb2O5 films obtained at the oxygen pressure of 4 Pa demonstrated 

the non-volatile memristive behavior - a gradual increase in the device conductivity during successive 

positive voltage sweeps with an amplitude of +5 V. Demonstrating the unique capability to perform the 

functions of synapses and neurons, the niobium oxide films can be applied to create neuromorphic 

systems, where different memristor functions (i.e., non-volatile and volatile) can be realized simply by 

using the NbOx thin films of different composition and crystallinity. 
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Europium doped yttrium oxide is one of the most efficient solid state red phosphors, whose 

photoluminescence quantum yield (QY) is close to 100 % for micropowders. Nevertheless, nowadays the 

demand for nanoscale phosphors is rapidly increasing since these materials can provide higher resolution 

for optical devices, bioimaging, temperature sensors and so on. However, the quantum yield of 

nanophosphors are much less compared to their microcrystalline analogues, which makes it difficult to 

the transition to their widespread commercial application. Therefore, the development of high efficient 

nanosized phosphors and the optimization of their properties remain the relevant task. 

In this study an approach to synthesis of Y2O3:Eu3+ nanophosphor with a high red luminescence 

efficiency by the laser vaporization method has been developed. This approach is based on a vaporization 

in an atmosphere with an optimal content of oxygen in a vaporization chamber. To determine the optimal 

addition of O2 to the main buffer gas (argon) laser synthesis of samples with the oxygen addition of 10, 

20, 30, 35 and 40 vol.% was carried out at a total pressure of 0.5 bar in the vaporization chamber. One of 

the samples was also obtained without O2 addition. Vaporization was performed by cw CO2-laser with 

power of 100 W. Nanopowders were produced at a rate of 2 g/h. A detailed description of the 

vaporization setup and synthesis conditions can be found in [1,2]. 

The XRD analysis revealed that all the obtained samples are represented predominantly by the 

monoclinic phase of Y2O3 with a small amount of the cubic phase. It was shown by SEM and TEM that 

the particle size in the series is ca. 20 ± 6 nm and it does not depend on an oxygen addition. 

Photoluminescence (PL) spectra of m-Y2O3:Eu3+ are represented by several series of bands in the 575-

725 nm region, which are caused by the intraconfigurational 5D0-7F1-4 transition in Eu3+. The PL intensity 

maximum corresponds to the band at 623 nm related to the 5D0-7F2 transition. It was found that adding O2 

during the synthesis significantly increases the PL intensity of m-Y2O3:Eu3+. The PL intensity of the 

sample obtained with the addition of 30 vol.% O2 more than 15 times higher compared to the sample 

prepared in argon. Nevertheless, when O2 is added above 30 vol.%, a decrease the PL intensity is observed, 

which is caused by technical limitations of the vaporization setup. 

Obtained values of absolute quantum yield show the same trend as the PL intensity. For the sample 

prepared in argon QY does not exceed 3%, while the addition of 30 vol.% O2 results in an increase of QY 

up to 53 %. To the best of our knowledge, obtained QY is one of the highest values for oxide Eu3+-

containing nanophosphors measured at direct excitation of the dopant and it is close to QY of 

microcrystalline phosphors. It is assumed that such significant growth of QY is caused by a decrease in 

the concentration of oxygen vacancies in Y2O3 matrix due to O2-enriched environment. Obtained color 

coordinates (0.67, 0.33) with high color purity (> 96%) and QY indicate promising prospects for using the 

synthesized nanophosphor for various luminescence applications. 

Thus, it has been shown that the addition of O2 during laser synthesis makes it possible to obtain of 

nanophosphors m-Y2O3:Eu3+ with record luminescence efficiency. It is expected that the obtained results 

will contribute further optimization of luminescent characteristics of nanosized Y2O3:Eu3+ and the 

developed approaches to synthesis will be considered as an effective way to control properties of 

functional nanomaterials.   
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In the theory of scattering of waves or particles, it is customary to divide the total field into the 

incident and scattered waves [1,2]. In accordance with this, the energy flux of the field, as well 

as the fluxes of any other field-quadratic conserved quantities (such as the helicity [3] or optical 

chirality [4] of an electromagnetic wave, see also [5]), is represented as the sum of the fluxes 

of incident and scattered waves, as well as the interference flux associated with overlapping of 

incident and scattered waves. Each of these fluxes is stored in the process of propagation in free 

space. There are various interpretations of conservation laws for these flows in the literature 

[6,7]. Usually they are all combined under the name of the optical theorem. Meanwhile, in the 

presence of a source and a scatterer localized in space and non-overlapping, the conservation 

laws for the source, for the scatterer and for the source-with-scatterer system have different 

physical meanings. The visual interpretation of this is especially difficult in the case of a 

monochromatic field, when an stationary regime with formally non-obvious cause-and-effect 

relationships is considered. The purpose of this methodological work is to clarify this issue, 

which should facilitate the use of conservation laws in a variety of applications. As examples, 

we consider the transition from the local energy conservation law to the usual optical theorem 

for a plane incident wave and its generalization for beams when there is no strict definition of 

the concept of forward scattering, conservation of energy near the source, describing the 

occurrence of the Purcell amplification factor associated with scattering "back" to the source, 

and a special case of electron energy-loss spectroscopy with non-emitting currents [8] that 

create a stationary field distribution for which there are no radiation losses in the absence of a 

scatterer. 
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Semiconductor magnetic materials are of interest for spintronic, for example, MnxSi1-x, whose thin films 

retain magnetic properties at temperatures above room temperature [1] and demonstrate a high spin 

polarization of carriers, which manifests itself in the anomalous Hall effect [2]. The time-of-flight method 

using a Langmuir probe was used to study the dynamics of a laser plume during ablation of a MnxSi1-x 

target in an He atmosphere at pressures from 10-6 to 10-1 mbar. The time-of-flight (TOF) curves of the 

probe signal were obtained by ablation of the MnxSi1-x target by the Nd:YAG laser (λ = 532 nm). The 

dependence of the amplitude of the probe signal on the pressure of the buffer gas was established (Fig. 1). 

A range of buffer gas pressures is found for which the signal delay is constant and the signal amplitude 

increases. As the pressure of the buffer gas in the chamber increases, the delay in the arrival of the probe 

signal increases. The delay value of the probe signal is uniquely related to the average value of the energy 

of the plume particles, which makes it possible to control the energy spectrum of deposited particles. The 

amplitude of the TOF curves of the probe signal is determined by ionization in collisions with target ions 

and scattering by buffer gas particles. By varying the pressure of the buffer gas in the chamber, it is 

possible to change the energy of the plume particles, which makes it possible to choose the necessary 

conditions for film deposition. 

  
Fig. 1. (a) Dependences of the delay between the target ablation pulse and the onset of the signal on the TOF curves on the gas pressure in the 

chamber. (b) Dependence of the probe TOF curves amplitude on the pressure of the buffer gas in the chamber. Various buffer gases are shown 
for clarity 

 

MnxSi1-x films (x ≈ 0.5) were deposited by the PLD method at an energy density on the target of 7.5 J/cm2 

with a change in helium pressure from 10-5 mbar to 2∙10-2 mbar [3]. After deposition the films resistance 

was measured in the temperature range from 10 K to 300 K. All films showed metallic conductivity. The 

resistivity of the films at a helium pressure from 10-5 mbar to 2∙10-3 mbar ranged from 9∙10-5 Ω∙cm to 

4.7∙10-3 Ω∙cm, respectively, at a temperature of 10 K. The buffer gas significantly changes the electrical 

characteristics of MnxSi1-x (x ≈ 0.5) films. 

 
[1] V. V. Rylkov, E. A. Gan’shina, O. A. Novodvorskii, S. N. Nikolaev, A. I. Novikov, E. T. Kulatov, V. V. Tugushev,4, A. B. Granovskii and V. 

Ya. Panchenko, Defect-induced high-temperature ferromagnetism in Si1−xMnx (x = 0.52–0.55) alloys, Europhysics Letters, Vol. 103. № 5. P. 

57014, (2013). 
[2] K.Yu. Chernoglazov, S.N. Nikolaev, V.V. Rylkov, A.S. Semisalova, A.V. Zenkevich, V.V. Tugushev, A.L. Vasil’ev, Yu.M. Chesnokov, E.M. 

Pashaev, Yu.A. Matveev, A.B. Granovskii, O.A. Novodvorskii, A.S. Vedeneev, A.S. Bugaev, O. Drachenko, S. Zhou, Anomalous Hall effect in 

polycrystalline MnxSi1-x (x ≈ 0.5) films with the self-organized distribution of crystallites over their shapes and sizes, JETP Letters, Vol. 103, № 
7, pp. 476-483, (2016). 

[3] O.A. Novodvorsky, L.S. Parshina, O.D. Khramova, D.S. Gusev, A.B. Drovosekov, A.S. Barkalova, V.A. Mikhalevsky, E.A. Cherebilo, V.V. 

Rylkov, Laser synthesis of thin MnxSi1-x films (x ~ 0.5) on c- and r-Al2O3 substrates at different laser energy densities at the target, Chaos, 
Solitons & Fractals, Vol. 142, p.110457, (2021). 

 
 

mailto:dagiet04@gmail.com


LM-O-17 

Fundamental and applied aspects of radiation degradation in solid 

state electronics materials in the light of modern radiation physics 

concepts  

 
B. L. Oksengendler1,2 

 
1Institute of Materials Science, Academy of Sciences of the Republic of Uzbekistan, Tashkent, 

100084 Uzbekistan 
2Institute of Physics and Technology, Ural Federal University, Yekaterinburg, 620078, Russia 

 

e-mail: oksengendlerbl@yandex.ru 

 

Radiation physics and related technologies of the 21st century, combining both phys-chemical and 

structural properties of materials and objects with strong non-equilibrium, demonstrate the manifestation 

and interpretation of many unusual non-linear effects (see Fig.). This is especially evident in the case of 

high-intensity irradiation of various nature under the conditions of radiation in a special energy spectrum 

(synchrotron, lasers, high-current electron accelerators, et. al.). Accounting for five different channels of 

energy transfer from radiation to matter (elastic scattering, ionization, heat release, elastic and shock 

waves) makes it difficult to see the number of new unusual combinations of radiation response, the study 

of which at the present stage, however, is possible using the concept of “COMPLEXITY”. Among the 

various characteristics of irradiated objects, the hierarchy of their structure plays a very special 

significance, which is fundamentally important for objects of both inanimate and living nature. The 

peculiarity of including objects of a hierarchical structure in the analysis of radiation effects leads to a 

new situation - the involvement of the ideas of cybernetics in radiation physics. The solution of these 

problems required both new theoretical approaches and modification of traditional Radiation Solid State 

Physics schemes. This range of issues has received a certain solution in relation to objects of inanimate 

and living nature in a series of our publications, some of which are given below [1-5]. It is essential that 

all the considered effects  radiation degradation of materials and devices, Corona virus inactivation, laser 

materials degradation, radiation segregation, Fobos-Grunt space vehicle failure and others) fit well within 

the framework of only three paradigms ( see fig.) 

 

 
                                                  
Figure. Generalized scheme for the concept of “Complexity” 
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Additive manufacturing (AM) represent one of the fastest growing technologies nowadays [1]. Various 

methods and materials for additive manufacturing are created every year. 

Defining parameters that characterize the physical processes occurring during additive manufacturing 

allows to control the behavior of the melt pool. It was shown in [2] that by controlling the geometry of the 

melt pool, one can directly establish the relationship between the specified parameters and the 

microstructure and, thus, formulate analytical equations that can be used in optimizing the additive 

manufacturing process. Introducing dimensionless parameters into these equations using the Π-theorem 

simplifies physical models and reveals dependencies between physical quantities. This method has been 

successfully applied in hydrodynamics, biology, biomechanics [3], nuclear physics [4], and laser 

technologies [5-6]. 

Introduction of variable combinations into analytical equations allows, firstly, to reduce the number of 

parameters that need to be studied when using AT, and secondly, to more accurately determine the 

processes occurring during AT. [7]. 

In this work, the direct metal deposition (DMD) method of laser cladding is used. This method involves 

feeding the deposited powder mixture through a nozzle coaxially to the laser beam. 

During the experiments, a powder mixture of titanium alloy Ti64 and silicon carbide (SiC) with different 

ceramic concentrations of 0%, 10%, and 20% by weight was deposited. Single tracks were formed from 

the metal-ceramic powder mixture with SiC concentrations of 0%, 10%, and 20% wt. at different laser 

parameters. It was shown that the geometric dimensions of the tracks, regardless of the ceramic 

concentration, are determined by two dimensionless parameters - normalized enthalpy B and Peclet 

number Pe - and can be described by a single dependence. It was demonstrated that the found laws are 

valid both when depositing onto a metallic substrate and onto a metal-ceramic layer (Ti64 - 10% wt. SiC). 

 

The research was carried out with the support of a grant from the Russian Science Foundation № 21-79-

10213, https://rscf.ru/project/21-79-10213/. 
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The interaction of bichromatic laser radiation with the media of alkali atoms under certain conditions leads 

to the appearance of the effect of coherent population trapping [1, 2]. This phenomenon is resonant in 

nature with respect to the frequency difference between the two radiation components. The width of such 

resonances turns out to be much smaller than the width of the natural absorption line, which largely 

determines the possibility of using this phenomenon in such areas as quantum frequency standards, optical 

magnetometers, high-resolution spectroscopic devices, devices for recording and storing quantum 

information, and the development of lasers without inversion. 

Recently, the method of detecting CPT resonances by means of pulsed pumping (the Ramsey method) has 

become widespread [3]. The width of the resonances, with this method, is determined solely by the 

temporal characteristics of the pulse sequences and can be made much smaller than the width of the CPT 

resonance detected by continuous radiation. 

The cause of the CPT phenomenon is the destructive interference of two quantum excitation channels. For 

this reason, in the theoretical description of this phenomenon, simple three- and four-level models of atoms 

are often used [4, 5]. However, it is known that taking into account the “real” multilevel structure of alkali 

atoms in describing CPT excitation under certain conditions leads to significantly different qualitative 

results [6]. 

In this work, on the basis of the semiclassical theory of the interaction of light and matter using the density 

matrix method in the Wigner representation with respect to the translational degrees of freedom of atoms, 

a mathematical model of the interaction of pulsed bichromatic laser radiation with the resonant medium 

of alkali atoms is constructed, taking into account the non-zero temperature of the ensemble and the real 

(magnetic) structure of atomic levels . Based on this model, the contours of CPT resonances detected by 

two pulses separated in time by a dark pause are calculated. The calculation results are compared with 

experiments [7, 8]. The dependence of the shape of the resonances on various parameters of the atomic 

medium and laser pumping is analyzed. 

This work was financially supported by the Theoretical Physics and Mathematics Advancement 

Foundation “BASIS” (Leader grant no. 21-1-1-36-1) and the Russian Science Foundation (grant no. 21-

72-10004). 
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A process of laser gas atomization has been developed [1] to obtain a spherical metal powder with a 

particle size of 30-100 μm using laser beams of conical geometry. 

A process is presented for obtaining a spherical powder in a wide size range of 50 nm - 100 μm, in which 

a continuous  optical discharge in laser cavity [2] with a temperature of 20 kK is formed using conical 

laser beams in an inert gas flow, into which the material is introduced in the form of a wire or a powder 

flow. Particle condensation is strongly and rapidly quenched by the inert gas flow, resulting in high 

supersaturation.  

 

                              
 
                                   a                                                                                                       b 

 
     Fig.1   a - System for  laser gas atomization; b-   Productivity of the powder production process depending on the power density of laser 

radiation.  - evaporation  of eight 1 mm  wires; -optical atomization of 2 mm wire. 

 

 

The efficiency of the proposed laser method for producing powders is up to 0.5 kg/kWh at an electric 

power of 16 kW, while the existing, most efficient methods of plasma and gas spraying provide an 

efficiency of no better than 0.1-0.25 kg/h kW. The method can be used to obtain powders from various 

materials - metals, ceramics, plastics, suspensions. 

The process of formation of nanoparticles by means of inert gaseous condensation of metal vapors 

obtained by laser evaporation of a micropowder flow of 40–60 μm with a particle concentration of 104–

106 cm–3 has been studied. The resulting nanoparticles with a size of 20-50 nm are collected in the form 

of conglomerates up to 100 nm in size. The productivity of the process reaches 0.2 kg/kWh. 
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The interaction of high-power laser radiation with matter is represented by a complex of processes, such 

as absorption of light by electrons, diffusion of hot electrons, thermionic emission, heat transfer by hot 

electrons to the lattice, heating of the crystal lattice, detachment of atoms or ions from the lattice, 

interaction of radiation with detached particles, cooling and recrystallization [1,2]. Taking into account all 

the processes leads to difficulties in the creation of a universal laser ablation model, and the effects caused 

by the above mentioned processes are often studied separately [3]. 

The laser ablation of a silicon (Si) target was widely studied because of the great practical importance of 

Si-based nanomaterials [4–6]. The modeling has been mostly performed for single-crystalline Si (c–Si), 

while interaction with a nano- structured substrate, such as porous silicon (PS), may be of particular 

interest. In this work, we simulated the ablation of PS substrates with various degrees of porosity and pore 

size under laser radiation with wavelengths in ultraviolet (UV), visible and infrared (IR) spectral ranges 

and various fluences using a one-temperature molecular dynamics model. The number of ablated atoms 

and ablation threshold are calculated. 

It is found that for UV and visible irradiation an increase of the porosity to 80% leads to a 1.5-3 times 

decrease of the ablation threshold compared to the bulk silicon. For IR irradiation, the maximum drop in 

the ablation threshold was observed for the porosity of 60-65%. In addition, a decrease of pores size from 

5 to 1 nm leads to the ablation threshold drop almost 40%.  

Despite the reduction of the ablation threshold, the ablation rate of PS substrates is significantly lower 

than that of crystalline targets. Reducing the ablation threshold can be important in the laser ablation 

synthesis of nanoparticles due to lowering the laser requirements for the ablation. However, a decrease in 

the ablation rate with an increase in porosity leads to the need to optimize the treatment regimes and the 

initial porous target for each specific synthesis process. 
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Optical breakdown in liquids is quite complex process which includes a number of fast dynamic 

components: from the formation of a dense nonequilibrium plasma to cavitation. In solutions, suspensions, 

and even in pure liquids the chemically “pure” synthesis of various nanomaterials and nanocomposites 

can be realized at laser intensity exceeding ~1013 W/cm2. Physical and chemical rearrangement of the 

structure of molecules proves possible due to the highest degree of the liquid ionization (up to 1022 cm-3 

and higher), which initiates many new effects from laser exposure. 

The experiments presented are stimulated by a study of laser synthesis of linear carbon chains in liquid 

hydrocarbons. We describe the main laws of the formation and evolution of a cavitation bubble, which 

inevitably occurs during an avalanche optical breakdown in liquid hydrocarbons (in hexane and in ethyl 

alcohol). The main attention is paid to the effects of interplay of this bubble with the laser beam and the 

features of cavitation that develops when using laser sources with a high pulse repetition rate (up to 500 

kHz), which, in turn, is caused by the need to increase the productivity of laser synthesis of polyines. 

The ionization and breakdown of liquids were carried out in a cuvette using intense picosecond (~10 ps) 

radiation emitted by a Huaray Olive-1064-40 laser (wavelength of 1064 nm). The focusing aperture was 

NA=0.27. Using optical microscopy, the cavitation process was traced  (Fig. 1a). At pulse repetition rates 

>~10 kHz, a tendency was found for formation of single relatively large (up to ~100 μm) superbubble 

instead of multiple microbubbles (Fig. 1b). An even more interesting effect is that the formed superbubble 

remains for a long time (up to minutes) inside the beam caustic (in front of the laser waist), thus blocking 

the light focusing and stopping laser synthesis. Possible mechanisms of the described processes are 

discussed. 

 

  
Fig. 1. Optical microscopy of laser cavitation in hydrocarbons: a)  “normal” cavitation; b) formation of 

superbubble. The light was propagating from left to right, red lines indicate an approximate boundaries of 

the laser caustic. 
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Silicon nanoparticles (NPs), due to their high biocompatibility and non-toxicity, are widely used in 

biomedical technologies [1, 2]. In this case, it is crucial to utilize homogeneous colloidal solutions of 

nanoparticles with controlled properties. The laser ablation method has emerged as a powerful technique 

for nanoparticle synthesis. However, controlling the size distribution of the resulting particles has proven 

challenging [3]. Therefore, subsequent fragmentation of NPs using pulsed laser radiation is often 

employed to achieve the desired particle characteristics. Nevertheless, the understanding of the underlying 

mechanisms involved in this process is severely limited. In our work, we use molecular dynamics (MD) 

modeling to study the mechanism of silicon NP fragmentation under the action of short-pulse laser 

radiation. 

We conducted large-scale parallel MD simulations of the interaction between a 270 fs laser pulse and 

the colloid solution model at an incident fluence of approximately (1 – 10) J/cm2, with a wavelength of 

800 nm. The irradiated volume was represented by a water cube measuring (100 x 100 x 100) nm, in 

which three solid or three porous nanoparticles of sizes (30, 20, 10) nm were submerged. The simulation 

accounted for the complete absorption of a Gaussian laser pulse by the NPs, as well as subsequent 

processes including heating, phase transition, vaporization, nucleation, and aggregation. 

We present the kinetics of dispersion of primary NPs and condensation of silicon atoms into secondary 

NPs. The fragmentation thresholds for solid and porous NPs are estimated and compared. We also discuss 

the features that can occur during laser ablation of NPs in colloidal solutions of high concentration. The 

study aims to contribute for revealing the mechanisms involved in laser fragmentation of NPs and to 

develop experimental conditions for generating NPs with desired properties. 

This work was financially supported by Ministry of Science and Higher Education of Russian 
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The numerical method combining Molecular Dynamic (MD) with Two Temperature Model (TTM) [1] is 

used to describe ps laser pulse interaction with thick Al film. Thus, the MD-TTM method described the 

laser-induced non-equilibrium phase transition with atomic precision, whereas accounts on the effect of 

free carriers (conduction band electrons) in the continuum. The Al target heating due to 30 ps laser pulses 

is simulated up to the states where the pressure recoil Pr can probably exceed the critical pressure Pc for 

liquid-vapor phase transition. However, this exceeding does not necessarily exclude surface evaporation 

or subcritical explosive boiling processes since pressure Ps and temperature Ts at the irradiated surface can 

be lower than its critical values. The performed investigations shed light on the real critical parameter’s 

values for Al (and most of metals) that are not yet well defined experimentally and theoretically. 

 
Fig. 1:Evolution of pressure at 200 nm depth below the surface for a range of fluences.  

From Fig.1 one can see how small vaporization peak appears  on  the thermoacoustic pressure signal 

maximum and grows at higher fluence E with displacing at earlier times. Another somewhat delayed 

pressure peaks visible at t = 200 ps, 195 ps and 245 ps for E = 500 mJ/cm2, 950 mJ/cm2 and 1000 mJ/cm2 

are due to the cavitation effect which is well known for longer time scales [2] and is probably responsible 

[3] for the delayed effects  mentioned in [4,5]. The situation  needs further investigation as well as  the 

problem of metal-dielectric transition during laser ablation [3]. 
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The determination of the temperature field during the hardening treatment of parts by a moving laser 

source was realized by the finite element method (FE) in a 3D-formulation using the ANSYS Workbench 

software product and Moving Heat module. The developed parametric mathematical model makes it 

possible to describe the laser treatment (LT) of samples of various sizes made of materials with different 

thermo physical properties, using laser radiation (LR) of various power levels, beam diameter and 

scanning speed of the laser beam. The type of analysis is Transient Thermal with automatic selection of 

the number of sub–steps. The size of the FE mesh for the basic material was set to 0.5 mm, for the LT 

zone – 0.05 mm with a gradient decrease of the size of the FE. The depth of the laser hardening zone 

(LHZ) in the model was estimated taking into account the fact that the temperature of the end of the 

austenitic transformation shifts to higher temperatures [1]. For the class of steels under consideration, the 

temperature shift is assumed equal to 110С. The heating source was modeled by supplying a Heat Flux 

in the form of a round spot of LR with a normal radiation intensity distribution. In the model, this was 

realized in the form of three circles nested into each other, with the ratio of intensity of LR in them 

corresponding to the normal distribution. To reduce the calculation time, the property of symmetry with a 

plane of model symmetry along the trajectory of LR motion was used. The verification of model was 

conducted with the following fixed parameters: the beam diameter was 1.7 mm; the intensity distribution 

of LR was constructed as follows: 68.26 % of the LR power was distributed in the area of a circle with a 

diameter of 0.56 mm, 27.18 % – in a circle with a diameter of 1.12 mm, 4.28 % – in a circle with a diameter 

of 1.7 mm. 
 

  
on the left - the result of measuring the depth of the LHZ in the cross section, on the right - the results of the calculation 

Fig. 1. Comparison of the LHZ depth according to metallography data and according to the FE method calculation for  

the AISI A290C1M steel after LT (P=100 W; V=5 mm/s) 

 

The developed FE model of calculating the temperature field during laser heating by a moving 

concentrated source was used to calculate the temperature field for the laser treatment of AISI E3310, 

A290C1M, 4140, 5135 steels and chrome vanadium cast iron at variations in the power and scanning 

speed of the laser beam (Fig. 1). The discrepancy between the experimental and calculated values of the 

LHZ depth at the laser treatment does not exceed 14 %. 

Thus, the FE model of calculating the temperature field of the LHZ of structural steels can be used to 

predict the LHZ depth and to develop a technology of hardening laser treatment from the point of view of 

assigning of a specific material's LT mode. 

 
[1] A.G. Grigoryants, I.N. Shiganov, A.I. Misyurov. Technological processes of laser processing (Publishing House of Bauman Moscow State 

Technical University, 2006) 
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Titanium-based materials are highly valued in industries that require a combination of strength and light 

weight. For components requiring increased wear resistance (such as drills, gears, knives, pistons, etc.), 

surface hardness and strength are required, while the core requires toughness and ductility, although 

increasing the hardness of an alloy often reduces its toughness and ductility. In many cases, the 

simultaneous achievement of high hardness and ductility is not required for the entire structure. This 

balance of mechanical properties can be achieved using laser technology to form structures with various 

chemical compositions and microstructures. 

During laser irradiation, the heated area on the metal surface is quickly cooled down by the surrounding 

cold metal, which contributes to efficient heat removal and rapid cooling. This specific approach to laser 

processing involves complex thermal cycling and rapid solidification, resulting in certain structural 

features. 

Numerous hardening methods, including laser surface modification [1,2] and laser cladding [, https://doi 

.org /10.32620/act.2020.6.07] were used to increase the hardness of titanium materials. 

In this work, the main attention is paid to the study of the dependence of the microstructure on laser 

exposure during the formation of structures of different sizes. The results obtained establish a correlation 

between the laser parameters and the resulting microstructure, which makes it possible to optimize and 

control its characteristics. 

This study reveals aspects of the dependence of the microstructure on laser exposure during the formation 

of structures of different scales. The relationships found between laser parameters and microstructural 

characteristics make it possible to optimize and control the desired microstructural features. Thus, the 

results are expected to be applied to industry, helping to improve production efficiency, create materials 

with individual properties and develop innovative products. 

This research was supported by Priority 2030 Federal Academic Leadership Program. The authors also 

express their gratitude to the Faculty of Physics and Technology at ITMO University for supporting 

students' scientific and research projects. 
 
[1] H. Soyama and F. Takeo, Effect of Various Peening Methods on the Fatigue Properties of Titanium Alloy Ti6Al4V Manufactured by Direct 

Metal Laser Sintering and Electron Beam Melting, Materials, 13 (10), 2216, (2020). 
[2] M. Jamesh, S. Kumar, T.S.N. Sankara Narayanan, Effect of Thermal Oxidation on Corrosion Resistance of Commercially Pure Titanium in 

Acid Medium. J. of Materi Eng and Perform 21, 900–906 (2012). 

[3] H. Zhao, C. Zhao, W. Xie et al, Research Progress of Laser Cladding on the Surface of Titanium and Its Alloys. Materials.16 (8), 3250, (2023). 
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    The ejected liquid droplets, spatter, can  be seen during the selective laser melting process  in many 

cases. This is not considered as a deviation from the technological regime and it is perceived as inevitable. 

But it is not so. Particulate emissions lead to defects in the layers, the outer surface geometry violations 

and may even cause damage of the power optics because the particles have velocities of several meters 

per second.  At keyhole regime [1] (q>= 3MW / cm2) , under intense evaporation, the main cause of spatter 

is vapor recoil pressure [1]. But as experiments show, particle emissions are also observed in the absence 

of evaporation [2,3] in conduction regime . In addition some instabilities of  the melting  process also lead 

to defects and catastrophic decline in the accuracy and quality of products.  

Process of melting  of the thick metal powder  layers in the absence of an evaporation was investigated 

under  temperature control. Ejection of dispersed particles from the overheated  melt has been observed 

and investigated. Also ejection of very fine green powder particles can be observed [3,4] due to gas heating 

in the porous structure before melting . Mechanisms  of the melt penetration into loose powder bed have 

been determined. Instability of the contact surface between the melt and powder  revealed by in experiment 

has been studied  and is defined as the Rayleigh - Taylor instability [5] of the boundary between the 

powder layer and the melt layer. 

Numerical simulation of the Rayleigh - Taylor instability  suggest that instability develops starting from 

small scale passing to the large-scale structure. 

         

 

 

 
                                                                                            0.05        0.10           0.15         0.20            0.25      
 t,s 

                                                                                               ______   0,3 mm 

                             a                                                                   b 

 
Fig.  1  (a) Image of the melting  process when scanning with droplet release . Powder CoCr . P= 80W ,. Scan speed – 100 mm/s. 

            (b) - The development of   Rayleigh Taylor instability for 0,3 mm mode, viscosity of powder – 0.5 Pa s. 

 

ReferenceS.  

                    1.Ly, A.M. Rubenchik, S.A. Khairallah, G. Guss, M.J. Matthews, Scientific Reports 7(1),4085 (2017) 
2.Chivel Yu., Petrushina M., Smurov I., Appl. Surf. Sci. , 254, 820 (2007)  
3.Chivel Yu. , Physics Procedia , 41, 897 (2013) 

4.Gusarov A. ,Smurov I. ,Proceedings SMT - 26; Lyon, 51(2012). 

5.Chandracekhar S., Hydrodynamic and Hydromagnetic Stability,  Oxford Press( 1961) p.505. 

 
 



LM-P-4 

Femtosecond laser modification 

of ZnO:Ag thin films  
 

V. Gresko1, V. Smirnova1, M. Sergeev1, A. Dolgopolov1 

1- ITMO University, St. Petersburg, Russia 

 

vrgresko@itmo.ru 

 

ZnO thin films due to their physical properties are often used as photosensitive elements and layers 

of various optoelectronic devices, including photodetectors [1]. The addition of silver nanoparticles to the 

composition of films can significantly increase the sensitivity of sensors in a certain spectral wavelength 

range due to the phenomenon of localized plasmon resonance, as well as increase the conductivity of the 

material [2]. Laser radiation is a very convenient tool for a fast, highly efficient and at the same time easily 

implemented method of local modification of film properties with the possibility of their correction in real 

time. By selecting the radiation parameters, it is possible to influence the ZnO matrix itself or the metal 

nanoparticles contained in it. Thanks to this, it is possible to observe various mechanisms of laser action, 

as well as the properties of the modified material. 

 In this work, we studied the effect of femtosecond laser radiation on the optical and electrical 

properties of composite ZnO films with silver nanoparticles. The radiation wavelength (515 nm) was close 

to the plasmon resonance of nanoparticles. The surface of the samples was processed at different values 

of the pulse duration, radiation power, pulse repetition rate, and radiation polarization. The optical and 

electrical characteristics of the films have been studied. A change in the position of the plasmon resonance 

peak was observed, as well as a change in the electrical conductivity of the material. 

 This work was supported by the Russian Science Foundation (project no. 19-79-10208). 
 
[1] Ahmed A. A. et al. Eco-friendly ultrafast self-powered p-Si/n-ZnO photodetector enhanced by photovoltaic-pyroelectric coupling effect 
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Pulsed laser ablation in liquid (PLAL) method makes it possible to create metal-carbon 

nanostructures if organic solvents are chosen as liquids, which are an ideal  carbon source  for the 

formation of carbon layers. However, experimental studies often lack data on the absorption of a colloid 

in the UV region, although due to σ-σ* and π-π* electronic transitions, carbon nanoparticles may have 

absorption bands in the ultraviolet part of the spectrum [1]. 
The aim of this work is to identify absorption bands in the UV region of the spectrum responsible 

for the absorption of carbon in a colloid of gold nanoparticles during laser ablation of a Au target by 

Nd:YAG laser radiation in a tetrahydrofuran (THF) medium, as well as to consider the subsequent 

interaction of the colloid with 266 nm radiation. 
PLAL method  by Nd:YAG laser radiation with a pulse duration of 250 ps was used to obtain gold 

nanoparticles (NPs) in THF. Single pulse energy is 0.3 mJ. Laser fluence on the surface of the samples was 

~ 1.0 J/cm2. Subsequent irradiation of the colloid was carried out through the side of a 10 mm quartz cell 
with unfocused radiation from an LCS_DTL-382QT laser with a wavelength of 266 nm, a repetition rate 

2 kHz, a pulse duration and energy of 7 ns and <4 μJ, respectively. A gold (99.99%) plate 0.5 mm thick 

was exposed to irradiation in H2O and THF media. The liquid layer thickness above the sample surface is 

20 mm. 
Picoseconds Nd:YAG laser ablation of a gold target in THF leads to the formation of two 

absorption bands in the UV, visible, and near-IR regions of the spectra (Fig.1 green line). The absorption 

band with a maximum around 280 nm is characteristic of the carbon particles formation, while the shift 

to 570 nm and broadening of the SPR band of gold NPs indicates the deposition of carbon particles around 

the metal core.  

 
Fig. 1. Dynamics of changes in the UV-Vis THF Au NPs colloid absorption spectra  under irradiation at 266 nm. Irradiation time 137 

minutes.  
 
Subsequent interaction of the Au NP colloid, obtained by PLAL in THF, with 266 nm radiation 

leads to a shift of the absorption band in the UV region  from 280 up to 312 nm, which may be due to the 

process of absorption of modified solvent molecules on the surface of carbon-metal particles (Fig. 1. red 
line). 

 
[1] Llamas-Jansa; C. Jäger; H. Mutschke; Th. Henning. Far-ultraviolet to near-infrared optical properties of carbon nanoparticles 

produced by pulsed-laser pyrolysis of hydrocarbons and their relation with structural variations, Carbon 45(7), pp. 1542–1557, (2007)  
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In this paper, we present the results of measuring the photosensitized properties of colloidal solutions of 

nanoparticles based on substoichiometric molybdenum oxide. These solutions were obtained using the 

techniques of femtosecond laser ablation and fragmentation of molybdenum disulfide in liquid [1, 2]. The 

experiments were carried out on a laser robotic complex based on the Yb:KGW femtosecond laser system 

(Avesta Ltd.), generating pulses with a duration of 280 fs at a wavelength of 1030 nm with a repetition 

frequency of 10 kHz and a maximum pulse energy of 150 µJ.  

Measurement of the photosensitivity properties of colloidal systems was carried out on this laboratory 

stand. We used laser radiation from a continuous diode laser source with a wavelength of 800 nm and an 

average laser radiation power of 1 W. The use of this laser radiation source is determined based on the 

spread of application in the areas of therapy, in view of the good permeability of body tissues by radiation 

with a wavelength of about 800 nm. A collimated laser beam with a cross section in the form of a 

parallelepiped with sides of 1x3.5 mm was directed to the surface of a quartz test tube for 

spectrophotometry of the QS grade, 5 ml in volume, with a wall thickness of 1 mm. The investigated 

colloidal solution was contained inside the quartz test tube. The attenuated laser beam leaving the test tube 

was measured with a power meter. Registration of thermal processes was carried out by a thermal imaging 

camera from the surface of the wall of a quartz test tube. The spectral sensitivity range of a thermal 

imaging camera is 8-12 µm. Measurement of photosensitivity characteristics was carried out during the 

time required to reach the maximum temperature in the zone of exposure to the laser beam. During the 

measurement, the time to reach the maximum temperature was recorded, as well as the transmitted laser 

radiation. 

 

 
Fig. 1. Time dependence of temperature change during irradiation of colloidal solutions by cw IR laser (805 nm, P = 0.88 W); image with 

thermal imaging camera; absorption spectra of colloidal solutions obtained by laser fragmentation for 30 and 50 minutes in ethanol (black and 

blue lines) and after IR laser irradiation for 10 minutes (805 nm) (pink and red lines). 

 

The study of the processes of formation of nanoparticles was carried out at the expense of the grant of the 

Russian Science Foundation No. 22-79-10348. Preparation and analysis of samples was carried out within 

the framework of the state assignment of the Ministry of Science and Higher Education of the Russian 

Federation, subject FZUN-2020-0013. 
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[2] Chernikov A.S., Tselikov G.I., Gubin M.Y. et al. Tunable optical properties of transition metal dichalcogenide nanoparticles synthesized by 
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In non-Hermitian physics, systems with parity-time (PT) symmetry are of interest, since this type of 

symmetry, under certain conditions, preserves the integrals of motion, in particular energy. This discovery 

belongs to Bender [1]. This fields of research is of great interest in photonics, quantum mechanics, and 

topological protected states [2]. Photonic crystals can used as a convenient platform for studying the 

properties of PT-symmetric systems. Photonic crystals are inhomogeneous optical materials, which are 

presence of spatial periodic modulation of the permittivity with a period of the order of the wavelength of 

light. Topological photonics doing the possibility of realizing stable transport phenomena, which, together 

with non-Hermitian physics, could cause new effects. It has been observed that dimerization results in 

improved light retention in the defective waveguide [3]. 

Consider a photonic crystal with modulation of the real and imaginary parts given by the following 

expression [4]: 

𝜀(𝑥, 𝑧) = 𝑈0(cos(Λ(z)𝑥) + 𝑖𝛾sin(Λ(z)𝑥)),                                             (1) 

here 𝑈0 and 𝑈0𝛾 – is modulation amplitudes of gains and losses in a photonic crystal, Λ(𝑧) – is modulation 

period of the photonic crystal lattice, which depends linearly on the z coordinate as 

Λ(z) = Λ0(1 + 𝑎𝑧)                                                                 (2) 

This PT-symmetry photonic crystal are shown in Fig.1а. The type of spatial modulation of the permittivity 

is shown in Fig. 1b.  

 
Figure 1 – (a) Sketch a PT-symmetry photonic crystal with a slow increase in the period of the crystal; (b) the shape of the permittivity of photonic 

crystal; (c) The shape of the intensity distribution over the photonic crystal; (d) the spectrum of the signal at the output of the photonic crystal, 
according to the x-coordinate wavenumbers kx; (e) The shape of the intensity distribution over the photonic crystal at the output of the photonic 

crystal. 

When the PT-symmetry is broken, the transmission spectrum of the photonic crystal (in the direction 

of modulation, i.e. along the x-axis) becomes asymmetric, see Fig.1d (which implies unidirectional light 

propagation). The asymmetry of the transmission spectrum leads to the fact that for the Gaussian pulse, 

the wave components directed towards the best signal transmission prevail over the -kx component. This 

leads to the propagation of the wave energy towards the negative gradient of the imaginary part of the 

permittivity, i.e. arise x-component Poynting vector. For a transversely incident modulation pulse of a 

photonic crystal, a secondary wave arises when the PT symmetry is broken. It spreads at an angle to the 

main signal. The tangent of the angle of this wave is determined by the ratio of the gradients of the 

propagation constants of the x and z components. For the case of modulation according to the relation (2), 

the secondary wave propagates along a more difficult trajectory. Moreover, if the secondary wave in the 

usual case a = 0, see Fig. 1e, is weak compared to the main signal, then when incident at an angle such 

that the x-component of the wave vector of the secondary wave falls into resonance with the transmission 

spectrum of the photonic crystal, then it will be amplified many times over and will even dominate the 

main signal, see Fig.1e. 
[1] Bender C M, Boettcher S Phys. Rev. Lett. 80 5243 (1998). 
[2] Mandal S. et al. Nonreciprocal transport of exciton polaritons in a non-Hermitian chain. PRL. – 2020. v. 125.  №. 12. – P. 123902. 

[3] T. Eichelkraut, R. et.al., Mobility transition from ballistic to diffusive transport in non-Hermitian latticesNat. Commun., 4, 2533. 

[4] Makris K. G. et al. Wave propagation through disordered media without backscattering and intensity variations //Light: Science & 
Applications. – v. 6. – №. 9. – P. e17035-e17035. 2013. 
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The development of advanced techniques for the production of metallic conductive structures on dielectric 

substrates is crucial for a wide range of applications, including flexible electronics, sensors, and modern 

devices. This necessitates the fabrication of prototypes and complex conductive structures, sometimes 

with three-dimensional morphology. In this study, a novel approach employing laser deposition of metals 

from deep eutectic solvents (DES) is investigated, replacing traditional aqueous or alcoholic solutions. 

DESs are mixtures of substances with a lower melting point than the precursors, enabling efficient metal 

deposition [1]. 

By incorporating DES in the laser-assisted metal deposition method, significant improvements have been 

achieved. The deposition rate has been notably enhanced, simplifying the technique by eliminating the 

need for cuvettes. This advancement has demonstrated the capability to rapidly and effectively metallize 

a broad range of metals. Figure 1a illustrates the schematic representation of the single-step method, while 

Figures 1b and 1c depict photographs and an image, respectively, of the fabricated nickel electrodes. 

To showcase the applicability of the resulting metal micropatterns, electrochemical studies were 

conducted. These structures were utilized as working electrodes for non-enzymatic glucose sensing and 

the detection of other biologically important analytes, as demonstrated in Figure 1d. 

 

 
Figure 1. a) Process scheme, b) Electrode photographs c) SEM images of electrodes d) samples CV  

regarding the enzyme-free determination of dopamine and paracetamol. 
 
[1] E. L. Smith, A. P. Abbott and K. S. Ryder, Chem. Rev., 2014, 114, 11060–11082  

[2] Khairullina E. M. et al, New J. Chem, 45, 46, 21896, 2021; 

[3] Levshakova A. S. et al, Mater. Lett., 308, 131085, 2022. 
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One of the most important reasons for application of the ferroelectric crystals in nonlinear optics is related 

to creation of precise stable periodical domain structure for efficient frequency conversions based on 

quasi-phase matching. The irradiation by femtosecond laser is the only method which allows to create the 

periodical domain patterns both, at the surfaces and in the bulk [1,2]. 

The crystals of lithium niobate LiNbO3 family are the most popular objects of the domain engineering due 

to their outstanding electro-optical and nonlinear optical properties. The MgO-doped lithium niobate 

(MgO:LN) is the most attractive due to higher optical damage threshold and lower value of the threshold 

field for polarization reversal as compare to usual congruent LN. 

Here we used Yb-doped fiber laser system TETA-10 (Avesta, Russia) emitting pulses in TEM00 mode at 

the 1030 nm wavelength with energies from 0.7 to 6.7 µJ in filamentation regime, duration 240 fs, 

repetition frequency 100 kHz. The 1-mm thick plates of single-domain MgO:LN cut perpendicular to the 

polar axis were mounted at the motorized table to carry out point-by-point irradiation focused at depths of 

200-800 µm below Z- polar surface. 

Three methods have been used for imaging of the microtracks and domains: (1) optical microscopy 

(Olympus BX-61, Olympus, Japan), (2) confocal Cherenkov-type second harmonic generation 

microscopy (CSHG) (Ntegra Spectra, NT-MDT, Russia) and (3) scanning electron microscopy (EVO LS 

10, Carl Zeiss, Germany) after selective chemical etching. 

It was shown that the irradiation led to formation of ferroelectric domains localized at the microtracks 

represented the modified crystal areas in the crystal bulk (Fig. 1a). In proper range of the pulse energy the 

domains grew from the microtracks to the polar surface towards the irradiation source (Fig. 1b, c). The 

typical for LN hexagonal shape was obtained for domains which reached the polar surface. The domain 

growth is attributed to polarization reversal under the action of pyroelectric field during the sample cooling 

after termination of pulsed irradiation [3,4]. 

 

Fig. 1. 3D reconstructions by CSHG of ferroelectric domains in the bulk: (a) depth 400 µm, pulse energy 2.7 µJ; (b) depth 200 µm,  
pulse energy 4 µJ; (c) depth 800 µm, pulse energy 6.7 µJ. 

The obtained results can be used for development of the domain engineering methods without application 

of the electric field in various ferroelectric crystals. 
 
This research was funded by the Ministry of Science and Higher Education of the Russian Federation (Ural Federal University Program of 

Development within the Priority-2030 Program). 
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Currently, the problem of unwanted surface’s fouling in aquatic environment is widespread in industry. 

Various methods of protection against biofouling exist, including hydropneumatic cleaning, application 

of antifouling coatings and laser microstructuring. The last one of the methods is an environmentally 

friendly preventive treatment that does not require additional resources.  

This paper examined the influence of surface wettability characteristics and surface geometry parameters 

on the quantitative level of biofouling of stainless steel samples placed in a dynamic aquatic environment. 

A fiber ytterbium nanosecond laser source with a wavelength of 1064 nm was chosen as the processing 

tool, as steel has an absorption peak at the specified wavelength and this laser system is commercially 

available. Optical and scanning electron microscopy, profilometry, and the lying-drop method were used 

to evaluate the morphology of structures and wettability state. The quantitative level of biofouling was 

assessed using chemical indicators based on resazurin and resorufin. In the process of hydrophobization 

of the investigated surfaces for the adsorption of organic compounds after laser treatment, the samples 

were preserved for a long time in air under normal conditions. 

In this paper, we studied the biomimetic structure of the rose formed by laser radiation parameters that 

conform to the treatment mode above the evaporation limits, and also the structure of which the laser 

radiation parameters are in the range of values below the evaporation limits. During the experiment, 

samples were placed in aquariums with a dynamic aquatic environment created by electric immersion 

pumps. The water for placing the samples was taken at the place with the highest proportion of 

microorganisms in the Leningrad region[1]. The samples were in the dynamic environment for 1-4 weeks, 

after which their surfaces  were investigated for level of biofouling and wettability. 

This study tested the hypothesis of changes in the level of biofouling depending on the obtained relief and 

surface wettability state. A decrease in the level of biofouling was revealed in samples with hydrophobic 

periodic relief obtained by laser structuring and prolonged exposure to air. 

 

This research was supported by Priority 2030 Federal Academic Leadership Program. 
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It is well known that in the interferometric approach widely used for recording of surface relief gratings 

(SRGs) the interference of two laser beams creates light filed with periodically changed intensity 

distribution. The polarization distribution of the generated light field is also periodical. For example, in 

the case of right-handed and left-handed circular polarizations of the interfering laser beams, the 

polarization vector of the formed light field continuously rotates from 0 to 180 degrees. However, a 

Gaussian or uniform laser beam with such a non-uniform polarization distribution can be shaped without 

any interferometric setup. The so-called depolarizers, patterned microretarder arrays can be used for 

transformation of the polarization distribution of a linearly polarized Gaussian laser beam and allow one 

to generate complex vector beams. In our recent work [1], we showed a possibility of fabrication of SRGs 

in chalcogenide glasses (CGs) thin films using the structured laser radiation formed with a liquid crystal 

polymer (LCP) depolarizer transforming uniform linear polarization distribution into space variant 

polarization distribution. The photoionization process underlying the processing of such materials strongly 

depends on the local polarizations of the transversal and the longitudinal laser electric field components 

[2]. The photo-induced mass transport, a lateral redistribution of amorphous material under illumination 

by the near-bandgap light, is one of the fundamental physical phenomena used for laser patterning of CGs 

[3]. 

In this work, we propose to use two depolarizers to control the period of the polarization modulation of 

the transformed light field. The angle of the fast axis of each depolarizer is increased by 2 degree and the 

retardation has a periodic variation between 250 nm and 300 nm across each consecutive 25 µm strip [4]. 

The period is controlled by turning the axis of one depolarizer relative to the axis of the other. This allowed 

us to change the period of the fabricated SRGs in the range from 1 to 3 µm (see Fig. 1). This work was 

financially supported by Russian Science Foundation (grant No. 22-79-10007). 

 

 
Figure 1. Examples of SRGs fabricated with the help of two depolarizer with different orientations 

of thier axes. The atomic force microscopy images and the cross-sections of the fabricated reliefs for 
period of 1 (a) and 3 (b) µm are shown.  

 
[1] A.P. Porfirev, S. N. Khonina, N.A. Ivliev, D.P. Porfirev, Laser processing of chalcogenide glasses using laser fields with a spatially varying 
polarization distribution, submitted to Optics and Laser Technology (2023). 

[2] J. Wätzel, J. Berakdar, Spatiotemporal delay in photoionization by polarization-structured laser fields, Phys. Rev. A, vol. 103, pp. 063107 

(2021). 
[3] E. Achimova, A. Stronski, V. Abaskin, A. Meshalkin, A. Paiuk, A. Prisacar, P. Oleksenko, G. Triduh, Direct surface relief formation on As2S3–

Se nanomultilayers in dependence on polarization states of recording beams, Opt. Mater., vol. 47, 566-572 (2015). 

[4] https://www.thorlabs.com/newgrouppage9.cfm?objectgroup_id=8043 
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The behavior of pressure pulses generated in a metal during picosecond laser ablation is analyzed. The 

contribution to the formation of such pulses is due to the thermoacoustic and evaporative mechanisms, as 

well as possible explosive boiling or metal-insulator transition and accompanying hydrodynamic effects. 

For shorter pulses in this range, the main role is played by the thermoacoustic mechanism, which is 

realized at a subcritical change in the density of the condensed medium. Analytical and numerical 

estimates show that, for a certain duration of picosecond exposure, the stationary evaporation regime can 

be achieved in the region where the evaporation pressure does not yet exceed the contribution from the 

thermoacoustic mechanism. In this case, in contrast to the nanosecond exposure [1], the change in the 

main mechanisms of pressure generation with increasing laser intensity may not be accompanied by a 

sharp change in the pressure increase due to surface evaporation. This behavior is compared with the 

experimental data obtained on monitoring the recoil pressure in lead and aluminum targets irradiated with 

30 ps laser pulses (λ=532 nm) in the intensity range I<90 GW/cm2.These data do not show noticeable 

manifestations of delayed effects  after the action of a laser pulse, which were discussed in [2-5] for 

different laser pulse duration and materials. Questions about observing the effects of explosive boiling or 

metal-dielectric transition in such a regime of exposure and monitoring also remain open, in particular, 

due to the limitations of the resolution of pressure sensors. To detect and study such effects, the 

nanosecond exposure mode is more optimal. Revealing the features of laser ablation of metals due to the 

presence of a critical liquid-vapor transition point is necessary to clarify the possibility of their use in order 

to obtain experimental information about the parameters of this point, which continue to be poorly defined 

for most metals. 

 
[1] A.A. Samokhin, P.A. Pivovarov, Effect of the Metal–Nonmetal Transition on the Pressure Pulse in Laser Ablation of Mercury. Phys. Wave 
Phen. 30, 364–369 (2022).  

[2] A.V. Pakhomov, M.S. Thompson, D.A. Gregory, Laser-induced phase explosions in lead, tin and other elements: microsecond regime and 

UV-emission, J. Phys. D: Appl. Phys. 36, 2067 (2003). 
[3] V.I. Vovchenko, S.M.Klimentov, P.A. Pivovarov, et al. Effect of submillisecond radiation of the erbium laser on absorbing liquid, Bull. Lebedev 

Phys. Inst. 34, 325–328 (2007). 

[4] A.A. Samokhin, P.A.Pivovarov, , E.V. Shashkov, et al. On the Metal–Nonmetal Transition under Nanosecond Laser Ablation, Phys. Wave 
Phen. 29, 204–209 (2021). 

[5] A.A. Samokhin, N.N. Il’ichev, A.V. Sidorin, P.A. Pivovarov, Delayed effects in laser ablation, Abstract book of International Conference on 

Advanced Laser Technologies (ALT) (2022) 
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The field of nanotechnology plays an increasingly important role in the development of new 

diagnostic and therapeutic approaches for cancer treatment. Among them, targeted photothermal therapy 

(PTT) and related photoacoustic imaging (PAI) are among the most promising methods. These techniques 

are based on the selective heating of nanoparticles (NPs), localized in tumor, by external light radiation. 

Plasmonic nanomaterials and especially gold (Au) NPs are widely used in PTT and PAI. One major 

drawback of the classical plasmonic NPs is related to the spectral position of their plasmonic feature. For 

example, small spherical Au NPs (5-50 nm) have plasmonic peak around 520-540 nm, which is far from 

the biological tissue transparency window located between 650 and 950 nm. This spectral mismatch 

problem can be solved by using an engineered Au-based nanostructures, which however have several 

major limitations. There is another solution to the plasmonic mismatch problem, which implies application 

of alternative plasmonic materials, such as TiN, ZrN, HfN, etc. These NPs look much more promising for 

PTT than traditional plasmonic materials due to several factors, including spectral position of their 

plasmonic peak in the window of relative tissue transparency combined with their low cost and high 

availability. 

However, synthesis of colloidal solution of these NPs, suitable for biomedical applications, is 

challenging. Traditional synthesis methods are based on approaches of colloidal chemistry, which often 

results in NPs surface contamination and related reduced biocompatibility. An alternative laser-based 

technology for the colloidal nanomaterials synthesis is pulsed laser ablation in liquids (PLAL). This 

method makes possible synthesis of stable colloidal solutions of clean NPs with controllable physico-

chemical properties. The unique surface purity of the laser-synthesized nanomaterials, as well as the high 

productivity and simplicity of this method, have led to a wide application of PLAL-synthesized NPs in 

multiple biomedical applications. 

Here, we present our recent results on laser synthesis of alternative plasmonic NPs based on TiN 

and ZrN, their surface modification and biological assessment as sensitizers of PTT and contrast agents 

for PA imaging. 

 

This study was supported by the Russian Science Foundation (project no. 22-72-00015). 
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Recently, both scalar and vector vortex beams have been actively studied [1, 2]. A scalar vortex beam 

is commonly understood as a laser beam that carries orbital angular momentum and has a helical (spiral) 

wavefront structure and an annular intensity distribution in the far field [2]. In addition to the above 

properties, a vector vortex beam is characterized by a special state of polarization, which varies over the 

beam cross section [1]. At present, considerable attention is paid to the multiplexing of scalar and vector 

vortex beams [3, 4]. The generation and multiplexing of such beams require the development of various 

elements and schemes. Spatial light modulators and phase optical elements (POEs) are mainly used for 

these purposes [1–4]. Existing methods for fabrication of POEs are complex and multistage [3]. This also 

applies to photolithography and ion etching, etc. 

 An urgent task is to find a new modern method for creation of structured light beams with phase and 

polarization singularities features. A promising alternative to such methods in fabrication of opaque media 

could be a laser processing. However, direct transfer of a laser processing to transparent materials is, for 

obvious reasons, impossible. 

We propose a new method for processing transparent media by laser-induced micro-plasma (LIMP) 

[5]. The LIMP means a plasma produced by laser ablation of a highly absorbing target fully contacting 

(or with a small gap) with a transparent solid medium. The LIMP method (fig. 1a) has all advantages of 

laser processing – flexibility, accuracy, simplicity, single-stage, ease of automation, etc., and it is able to 

provide energy-efficient and relatively simple production of POEs with high productivity like microlens 

array, diffractive phase grating, etc. [5, 6]. 

 
Figure 1. LIMP process (a). Fabricated POEs testing: initial laser beam (b), with MBPPs formed on fused silica (c) and BSPR formed on 

Iceland spar (d, f) 

The report describes an essence of the LIMP method, its parameters and examples of its application. 

We used LIMP for multisector binary phase plates (MBPPs) and a birefringent spiral phase retarder 

(BSPR) fabrication. Fabricated on fused silica plates MBPPs successfully multiplexed Gaussian beam to 

the scalar vortex beam superposition. Fabricated on an Iceland spar plate BSPR was used to generate 

radially and azimuthally polarized vector vortex beams. High speed fabrication of MBPPs and BSPR was 

no more than 10 minutes to fabricate 8 mm2. 

Fabricated MBPPs were tested in the scheme with fiber laser (1.06 m). Fabricated BSPR were tested 

in the scheme with He-Ne laser (633 nm). The test results are showed in fig. 1b for MBPPs and in fig. 1c 

for BSPR. 
 
[1] K. Zhang et al. A review of orbital angular momentum vortex beams generation: from traditional methods to metasurfaces, Applied Sciences, 

vol. 20, N. 10, (2020). 
[2] Y. Bai et al. Vortex beam: generation and detection of orbital angular momentum, Chinese Optics Letters, vol. 20, N. 012601, (2022).  

[3] L. Zhou et al. Directly writing binary multi-sector phase plates on fused silica using femtosecond laser, High Power Laser Science and 
Engineering, vol. 6, N. e6, (2018). 

[4] S. Khonina et al. Formation of hybrid higher-order cylindrical vector beams using binary multi-sector phase plates, Scientific Reports, vol. 8, 

pp. 1-11, (2018). 
[5] V. Veiko et al. Laser-induced microplasma as a tool for microstructuring transparent media, Quantum Electronics, vol. 47, pp. 842-848, (2017). 

[6] V. Shkuratova et al. Laser-induced microplasma as effective tool for phase elements fabrication on amorphous and crystalline materials, 

Journal of Laser Micro Nanoengineering, vol. 13, pp. 211-215, (2018).  
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Laser shock peening is an enough well-known technology of surface material treating. The treated surface 

is previously covered by non-transparent layer (paint) and transparent layer (water). The energy of the 

laser pulse is absorbed by the non-transparent layer, which leads to its heating, evaporation and the 

formation of a high-temperature plasma bounded on one side by the surface of the material, and on the 

other, by a transparent layer that restrains the spread of the plasma temperature. Due to the limited volume, 

the gas pressure rises sharply to high values and passes into the metal, creating a shock wave in it, which 

leads to the appearance of compressive stresses in the material. If these stresses exceed the elastic 

Hugoniot limit, then the material plastically deformed. Residual stress states strengthen the surface layer 

of radiated metals. 

The non-transparent layer serves as protection against direct contact of the sample surface with laser-

induced plasma, and also helps to match the surface properties for interaction with laser radiation, 

regardless of the actual properties of the sample. Direct interaction of the sample surface with plasma 

leads in most cases to the formation of a metal melt on the surface. That is why when making peening it 

is important to control the absorption of paint on the surface and, in the same time, to study fractions and 

chemical elements migration in the laser action zone. 

The paper describes the study of chemical composition of the steel and aluminum alloys before and after 

laser shock peening. The samples were treated with Nd:YAG-laser (λ=1.06 µm), pulse repitition rate 25 

Hz, speed 900 m/s, power 24 W. Three types of paints were used and different number of peening passes. 

The estimation of chemical composition of surface was studied by LIBS-method (laser induced 

breakdown spectroscopy). The diffusion of paints and migration of elements of the substrate was observed 

layer-by-layer way with the aid of scanning sampling – three times from the same sampling path. 

It was found out that the very surface layer is always depleted with Mn. This trend ia common for almost 

all the studied samples metals and paints. At the same time Ti shows local maximum for some paints. 

Some other trends and their comparative analysis are presented in the work. 
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The purpose of this work is to develop a technology for creating a thin-layer hardening layer from a finely 

dispersed tungsten carbide powder. 

Along with many advantages, stainless steel also has disadvantages, such as insufficient wear resistance 

and hardness. One way to solve this problem is to create a hardened layer using laser processing. This 

process is one of the most effective methods for restoring coatings with increased wear resistance. Laser 

cladding consists in applying a coating to the surface of the workpiece by melting the base and filler 

material. Since the base does not melt much, the properties of the coating mainly depend on the properties 

of the filler material. Finely dispersed tungsten carbide powder with a fineness of 1 μm, which is widely 

used in various industries, was chosen as the deposited filler material[1,2]. 

To conduct the study, a plate made of stainless steel grade 12X18H10T with a size of 150 × 20 mm was 

used as a prototype. A layer of graphite paste was applied to the surface of the sample to create a bonding 

layer, over which a layer of fine tungsten carbide powder about 100-200 micrometers thick was spread. 

For the experiments, a RAYLOGIC V12 6040 laser unit was used. This unit has a continuous radiation 

method, the active element is carbon dioxide CO2, and the power is 30 W. 

During the experiment, the surface treatment modes were changed, the main ones being the radiation 

power, processing speed, and line density. 

To study the surface of the samples before and after processing, the PMT-3M hardness tester was used to 

study the microhardness of the surface and spectral analysis using the Spektr-2000 installation. 

The results of measuring the microhardness showed that the upper layers of the surface of the samples 

were strengthened by 2-3.5 times from the initial microhardness index. When conducting a qualitative 

spectral analysis, a significant increase in the content of tungsten in the structure of the surface of the 

samples at a depth of up to 60 μm was revealed. 

 
[1] Krasnova E.V., Morgunov Yu.A., Saushkin B.P., Shandrov B.V. Development of applied scientific research in mechanical engineering in 
Russia. Ekonomika v promyshlennosti = Economics in industry. 2021;14(3):274–287. (In Russ.) 

[2] Kolomiytsev E.V. Corrosion-fatigue resistance of tee joints of steel 12Kh18N10T and methods for its challenge. Avtomaticheskaya svarka = 

Automatic welding. 2012;(12): 41–43. (In Russ.
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Gold and hybrid SiO2@Au / Au@SiO2 nanoparticles are widely used in laser biomedical applications as 

photothermal, sensoric, bioimaging, and therapeutic agents due to their favorable near-field and far-field 

optical properties based on localized plasmon resonance (PR). However, laser radiation can cause a change 

in the shape and size of plasmonic nanoparticles thus resulting in an unwanted reduction of their 

photothermal and photodynamic efficiency due to a drastic alteration of optical properties. Most 

previously reported experiments were carried out with bulk colloids where different particles were 

irradiated by different numbers of laser pulses thus making it difficult accurately evaluate the laser power 

photomodification (PM) threshold. Here, we examine the one-shot nanosecond laser-pulse PM of bare 

and silica-coated gold nanoparticles moving in a capillary flow [1]. Four types of gold nanoparticles, 

including nanostars, nanoantennas, nanorods, and SiO2@Au nanoshells were fabricated for PM 

experiments. To evaluate the changes in the particle morphology under laser irradiation, we combine 

measurements of extinction spectra with electron microscopy. A quantitative spectral approach is 

developed to characterize the laser power PM threshold in terms of normalized extinction parameters: 

PMfactor = [q(0) - q(F)]/[q(0) - q(Fmax)], q(F)=A(F, PR)/A(F, 550), where A(F, PR) is the extinction of 

particles at PR wavelength after PM treatment with the fluence value F; A(F, 550) is the extinction value 

at the wavelength of the short-wavelength maximum in the region of 500-600 nm (if it exists), or is the 

extinction value at the wavelength of 550 nm, if there is no maximum in this region. The experimentally 

determined PM threshold increases in series: nanorods, nanoantennas, nanoshells, and nanostars. An 

important observation is that even a thin silica shell significantly increases the photostability of gold 

nanorods (Fig. 1). The developed methods and reported findings can be useful for the optimal design of 

plasmonic particles and laser irradiation parameters in various biomedical applications of functionalized 

hybrid nanostructures. 

 

 

Fig. 1. Scheme of pulsed laser irradiation of nanoparticles moving in a capillary (a) and photomodification factor as a function of fluence for 

bare (b) and silica-coated (c) gold nanorods. A 30-nm silica coating increases the 90%-PM fluence threshold from 200 to 2000 mJ/cm2. 

 

This work was supported by the Russian Scientific Foundation (project No. 19-14-00077). 
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Silicon nanoparticles (SiNPs) are successfully used in various biomedical applications due to their low 

toxicity and biodegradability [1, 2]. 

In this paper we study the possibility of employment of laser-ablated SiNPs in biophotonics. The 

particles are formed by femtosecond (1250 nm, 150 fs) and picosecond (1064 nm, 34 ps) laser ablation 

of monocrystalline and porous silicon targets in various liquids: water, ethanol, liquid nitrogen, and 

aqueous ethanol solution with silver nitrate. In the latter case, it is possible to decorate the SiNPs surface 

with silver particles of several nanometers in size (Si/Ag) [3]. 

As a result of the ablation, SiNPs suspensions were fabricated with the nanoparticles mean size varying 

from 25 to 120 nm depending on the parameters of laser pulses (energy, duration, and number), the 

targets used, and the buffer liquids. 

An analysis of the measured values of the scattering and absorption coefficients of the prepared SiNPs 

suspensions showed that such nanosystems have high potential as contrast agents in optical coherence 

tomography. This assumption was confirmed by experiments on contrasting structural inhomogeneities 

of agar gel with the embedded SiNPs. 

A numerical experiment of a photohyperthermia process with the SiNPs embedded into a human 

subcutaneous basal cell carcinoma showed that it is possible to select irradiation parameters (633 nm, 

60–200 mW) that provide hyperthermia of the entire tumor without significant overheating the 

surrounding healthy tissues. A real experiment on heating was carried out with a phantom simulating 

the optical properties of human skin and made on the basis of agar gel, lipofundin, and red ink. It was 

confirmed that the adminisration of the SiNPs on the phantom increases its heating under equivalent 

irradiation conditions (660 nm, 410 mW/cm2) compared with the phantom without nanoparticles. 

Additionaly, the decorated Si/Ag nanoparticles are of interest for further research as agents for 

photohyperthermia, since the silver inclusions, according to the analysis of spectrophotometric data, 

provide resonant Mie absorption in the spectral range near 435 nm and may increase heating without 

increasing the mass concentration of the agents. 

In vivo monitoring of the reaction of laboratory mice after adminisration the SiNPs was carried out 

using the "Open field" test, which makes it possible to estimate the general (locomotor) and exploratory 

animal activities. Low toxicity of SiNPs was shown for oral and topical administration, however, an 

increase in the stress level in the experimental groups relative to the control ones was revealed. 

Thus, the biocompatible SiNPs formed by laser ablation in liquids are of undoubted interest for solving 

problems of biological tissues theranostics. 
 
[1] M. d'Amora, M. Rodio, G. Sancataldo, et. al., ACS Appl. Bio Mater., Laser-fabricated fluorescent, ligand-free silicon nanoparticles: 

scale-up, biosafety, and 3D live imaging of zebrafish under development, 2(1), 321–329, (2019). 
[2] S.V. Zabotnov, A.V. Skobelkina, E.A. Sergeeva, et al., Nanoparticles produced via laser ablation of porous silicon and silicon nanowires 

for optical bioimaging, Sensors, 20(17), 4874, (2020). 

[3] S.O. Gurbatov, V. Puzikov, E. Modin, et al, Materials, Ag-вecorated Si microspheres produced by laser ablation in liquid: all-in-one 
temperature-feedback SERS-based platform for nanosensing, 15(22), 8091, (2022). 
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Photodynamic therapy (PDT), has the potential to cure cancerous tissue with minimal side effects [1]. 

However, conventional PDT mostly uses visible (VIS) light range with the application of hydrophobic 

photosensitizers (PSs), which may not be sufficient in clinical practice, especially for deep-seated cancer 

cells, due to poor penetration of VIS wavelengths.  

Upconversion nanoparticles (UCNPs) with unique optical properties are considered a promising platform 

for creating tumor markers that provide real-time optical visualization of tissues with high sensitivity and 

contrast, enabling them to be used for intraoperative diagnostics [2,3]. UCNPs are also promising 

platforms for enhancing the therapeutic response of cancer cells to PDT [4]. When coupled with UCNPs, 

the PSs in PDT are indirectly activated by near-infrared (NIR) excitation allowing for deeper tissue 

penetration and reduced attenuation. To achieve maximum performance, the up-converted emission peak 

of the UCNPs and the absorption band of the PSs must overlap significantly. However, the spectral 

mismatch between the up-converted emission maximum of UCNPs (predominantly in the green) and the 

absorption maximum of most available PSs (in the red) severely limits the therapeutic efficacy of current 

UCNP-PDT platforms. 

In this paper, we present data on stable surface coating of the UCNPs with human serum albumin (HSA) 

and PS. The choice was based on the overlap of the NP luminescence and PS absorption bands. 

We have been carried out studies on the visualization of nanoparticles in sections of rat organs and tumors 

by direct registration of a luminescent image. Samples of skin, organs and tumors were obtained surgically 
from rats with model liver cancer after intravenous injection of the NaYF4:Yb,Er –HSA-PS complex.  

Nanoparticles embedded in biological tissue are displayed as light spots whose size of which is determined 

by the size of the diffraction spot formed by the optical system. The images show a significant number of 

nanoparticles, both single and aggregated. UCNPs accumulate mainly in the spleen, as confirmed by 

histopathological analysis data. When the particles are injected intravenously twice, their maximum 

accumulation occurs in the tumor tissue. In general, no significant damage to organs, tissues, and 

erythrocytes was observed during particle accumulation. It can be concluded that the studied particles do 

not cause a pronounced toxic effect, and any changes that occur on the background of their introduction 

are reversible and not persistent.  

We have proposed a promising complex for photodynamic therapy.  

The study was supported by a grant Russian Science Foundation No. 21-72-10057, 

https://rscf.ru/project/21-72-10057/ 
 
[1] B. Güleryüz, U. Ünal, M. Gülsoy, Near infrared light activated upconversion nanoparticles (UCNP) based photodynamic therapy of 

prostate cancers: An in vitro study, Photodiagnosis Photodyn Ther., vol. 36, pp. 102616 (2021). 
[2] A. Nadort, V. K. Sreenivasan, Z. Song, E. A. Grebenik, A. V. Nechaev, V. A. Semchishen, V. Y. Panchenko, A. V. Zvyagin, Quantitative 

imaging of single upconversion nanoparticles in biological tissue, PLoS One, vol. 8, no.5, pp. e63292-1-13 (2013). 

[3] G. Dumlupinar, S. K. V. Sekar, C. N. Guadagno, J. S. Matias, P. Lanka, C. K.W. Kho, S. Andersson-Engels, Solid optical tissue 
phantom tools based on upconverting nanoparticles for biomedical applications, J. Biomed. Opt., vol. 28, no.3, pp.036004-1-12 (2023). 

[4] S. He, N. J. J. Johnson, V. A. N. Huu, Y. Huang, A. Almutairi, Leveraging Spectral Matching between Photosensitizers and 

Upconversion Nanoparticles for 808 nm-Activated Photodynamic Therapy, Chem. Mater., 30, 12, 3991–4000 (2018). 
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Malignant and benign neoplasms of the skin and mucous membranes are the predominant forms of cancer 

in the world [1]. For example, more than 640 thousand new cases of various forms of skin cancer are 

detected annually in Russia [2], which is 14% of all annually registered cancers.  

Cancer screening plays a vital role in the non-invasive diagnosis, staging and monitoring of various types 

of skin cancer and typically involves dermatoscopic RGB analysis or even more sophisticated optical 

tools: optical coherent tomography(OCT), photoacoustic imaging (PAI), hyperspectral imaging (HSI). 

However, the depth of visualization of skin tumors using OCT is usually limited to 1 mm, and HSI and 

OCT demonstrate very similar accuracy for skin cancer detection. Raman spec-troscopy (RS) methods 

actually implement the tissue “optical biopsy” by identifying the chemical features of the tumor based on 

spectral data. The application of machine learning (ML) makes it possible to ensure high accuracy of RS 

diagnostics of malignant neoplasms (more than 90%), however, it has the same disadvantages of pinpoint 

biopsy, reduced efficiency in multiclass diagnostics, and a relatively long duration of measurement (> 1 

sec) preventing real-time RS-imaging of the tumor. A natural step in the development of more accurate 

methods of skin cancer optical diagnostics was the transition to multimodal diagnostics, combining RS 

and imaging (OCT or HSI) methods [3], which allows to unite spectral and morphological features of 

tumors for their recognition. In particular, the accuracy of OCT-RS skin cancer detection is higher on 7-

8% compared to RS-diagnostics, but almost equal to the results of skin cancer RS-diagnostic with ML 

framework based on convolution neural network (CNN). CNN allows more exactly extract cancer features 

from the data (convolutional layer), reduce the complexity for key features of cancer types (pooling layer) 

classification in the fully connected layer.  

Our pilot studies shows that the application of complex neural network classifier combine spatial (HSI) 

and spectral (RS) tumor features into an artificial intelligence multimodal system with the accuracy of 

diagnosing malignant tumors higher than 93% for all skin cancer types. 
 
[1] Siegel, RL, Miller, KD, Fuchs, HE, Jemal, A. Cancer statistics, 2022. CA Cancer J Clin. 2022. doi: 10.3322/caac.21708 (2022). 
[2] A.Barchuk et.al. History and current status of cancer registration in Russia, Cancer Epidemiology, V.73, 2021, 101963, Doi: 

10.1016/j.canep.2021.101963 (2021). 
[3] Multimodal optical diagnostics of cancer, Editors Tuchin V.V., Popp J, Zakharov V., Springer Nature Switzerland AG 2020, doi: 10.1007/978-

3-030-44594-2 (2020) 
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Diffuse reflectance spectroscopy (DRS) is based on illuminating biological tissue with broadband light 

in the visible (VIS) and/or near infrared (NIR) spectrum region and detecting backscattered light at a 

given distance from the source. The recorded spectrum contains information on the absorption of various 

tissue chromophores (oxy- and deoxyhemoglobin, melanin, water, lipids), the concentration of which 

can be reconstructed by solving an inverse problem. One of the key points of successful reconstruction 

of tissue chromophores is taking into account the instrumental characteristics of the DRS system. 

Traditional ratiometric (or single-slope) approach based on the measurements with two source-detector 

distances (one source and two detectors or two sources and a single detector) allows for compensation 

of detector spectral sensitivity and the source brightness variations [1], but it does not allow 

compensating all transient functions of the source and detector. The self-calibrating approach proposed 

in [2] is based on symmetrical multi-distance measurements (at least four measurements with two 

sources and two detectors) and makes it possible to compensate for the instrumental contributions of the 

source and detector channels. Additionally, it is less sensitive to changes in the optical coupling between 

the optical sensor and tissue [3] in comparison to single-distance and single-slope approaches. In this 

paper, we present an experimental setup for VIS-NIR DRS with a fiber optic probe using a self-

calibrating approach. To our knowledge, this is the first application of the self-calibration approach for 

the 460–1030 nm ultra-wideband (VIS-NIR) DRS. The stability of the self-calibrating and traditional 

single-slope approaches to instrumental perturbations were compared in phantom and in vivo studies on 

human palm, including attenuations in individual channels, fiber curving, and introducing optical 

inhomogeneities in the probe–tissue interface [4] . The self-calibrating approach demonstrated high 

resistance to instrumental perturbations introduced into the source and detection channels, while the 

single-slope approach showed resistance only to perturbations introduced into the source channels. The 

developed experimental setup has been employed successfully in the in vivo studies on rats to reveal the 

differences in dynamics of allo- and autografts physiological parameters (blood and water content, and 

oxygenation) [5]. 

 

There are many applications of DRS in biomedicine, among them the study of brain hemodynamics, 

diagnosis of skin diseases, assessing the tumor boundaries of various localizations, and many other 

applications.  

 

The study was supported by Center of Excellence «Center of Photonics» funded by The Ministry of 

Science and Higher Education of the Russian Federation, Contract No. 075-15-2022-316   
 
[1] F. Scholkmann, A. J. Metz, and M. Wolf, "Measuring tissue hemodynamics and oxygenation by continuous-wave functional near-infrared 

spectroscopy—how robust are the different calculation methods against movement artifacts?," Physiological measurement 35, 717 (2014). 
[2] D. M. Hueber, S. Fantini, A. E. Cerussi, and B. B. Barbieri, "New optical probe designs for absolute (self-calibrating) NIR tissue 

hemoglobin measurements," in Optical tomography and spectroscopy of tissue III, (SPIE, 1999), 618-631. 

[3] A. Sassaroli, G. Blaney, and S. Fantini, "Dual-slope method for enhanced depth sensitivity in diffuse optical spectroscopy," JOSA 
A 36, 1743-1761 (2019). 

[4] V. Perekatova, A. Kostyuk, M. Kirillin, E. Sergeeva, D. Kurakina, O. Shemagina, A. Orlova, A. Khilov, I. Turchin, VIS-NIR Diffuse 

Reflectance Spectroscopy System with Self-Calibrating Fiber-Optic Probe: Study of Perturbation Resistance, Diagnostics,  13, 457 (2023). 
[5] I. Turchin, V. Beschastnov, P. Peretyagin, V. Perekatova, A. Kostyuk, A. Orlova, N. Koloshein, A. Khilov, E. Sergeeva, M. Kirillin, M. 

Ryabkov, Multimodal Optical Monitoring of Auto- and Allografts of Skin on a Burn Wound, Biomedicines, 11, 351 (2023). 
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In solvents, molecules of which do not contain hydrogen atoms, the lifetime of singlet oxygen is known to 

reach several tens of milliseconds. Therefore, the use of these solvents is exceptionally efficient for 

studying the properties of singlet oxygen and measuring the intrinsic IR phosphorescence of singlet oxygen 

at 1270 nm, which is known to be the most reliable method for singlet oxygen detection. However, for 

phosphorescence measurements in these solvents, one needs a special equipment that allows recording 

slowly decaying phosphorescence under a very low rate of generation of singlet oxygen. We have recently 

succeeded in constructing such spectrometers for steady-state and time-resolved phosphorescence 

measurements that are based on the use of cw and pulsed diode lasers and LEDs [1]. For kinetic 

measrements, the methods of time-resolved photon counting and time-correlated single photon counting 

were apllied with the accumulation and averaging of a phosphorescence signal after  hundreds of thousands 

of exciting laser (LED) flashes. These set-ups open up new amazing research opportnities, some of which 

will be presented in our talk. For instance, the lifetimes of singlet oxygen have been measured in a range 

of solvents, in which hydrogen atoms are replaced by clorine, fluorine or iodine. It was shown that in 

aerated solvents of this type singlet oxygen is quenched by dissolved triplet oxygen molecules and the 

quenching rate constants were determined. The spectrometers are very efficient for excitation of 

photosensitizers absorbing light in violet, blue and near ultraviolet regions. In particular, this allowed us 

to reveal the ability of phytofluene, which is the universal precursor of all natural colored carotenoids, to 

efficiently generate singlet oxygen. It was found that colored C40 carotenoids that are usually considered 

as strong quenchers of singlet oxygen, photosensitize its formation upon photoexcitation. 

Application of these spectrometers to studies of chlorophylls and bacteriochrorophylls, which are rapidly 

destroyed under light will also be discussed.   

      This work was partially supported by the Russian Science Foundation, Project # 23-65-10005.      

 
 [1] A. Krasnovsky, A. Benditkis, A. Kozlov. Biochemistry (Moscow), vol. 84, pp. 153-163 (2019) doi: 10.1134/S0006297919020068 
[2] A. Ashikhmin, A. Benditkis, A. Moskalenko, A. Krasnovsky, Biochemistry (Moscow), vol. 85, pp. 773-780 (2020) doi:    
     10.31857/S0320972520070052 
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The application of kinetic spectroscopy and thickness measurements has been widely used to evaluate the 

diffusion properties of optical clearing agents (probe molecules) in tissues under treatment with solutions 

of different osmolarity [1]. Such methodology can be useful in various fields, such as dermatology, 

cosmetics or cryopreservation of organs and food products [2]. By performing those measurements from 

human colorectal mucosa tissues, in addition to discriminated diffusion properties in normal and 

pathological (adenocarcinoma) mucosa, it was possible to evaluate a higher mobile water content in the 

diseased tissue [3]. Since both the discriminated diffusion properties and different mobile water content in 

normal and diseased tissues can be used in diagnostic procedures, human kidney tissues, both normal and 

with chromophobe renal cell carcinoma (CRCC) were submitted to those measurements when under 

treatment with glycerol or sucrose solutions. It was found in this study that the characteristic diffusion 

coefficient of glycerol was 4.8510-7 cm2/s in the normal kidney and 3.1610-7 cm2/s in the CRCC kidney, 

while the characteristic diffusion coefficient of sucrose was 4.6310-7 cm2/s in the normal kidney and 

3.3110-7 in the CRCC kidney. Apart from the discriminated diffusion properties of glycerol and sucrose 

in both tissues, it was also found that the CRCC kidney contains about 5% more mobile water than the 

normal kidney. Now that such difference in the mobile water content was found for two different cancers, 

it will be interesting to evaluate it as a function of cancer progression.  

 

 

 
[1] I. Carneiro, S. Carvalho, R. Henrique, L. Oliveira and V. Tuchin, A robust ex vivo method to evaluate the diffusion properties of agents in 
biological tissues, J. Biophotonics, vol. 12, pp. e201800333 (2019). 

[2] L. Oliveira and V. Tuchin, The Optical Clearing Method: A New Tool for Clinical Practice and Biomedical Engineering (Springer), Chapter 

6, (2019). 
[3] S. Carvalho, N. Gueiral, E. Nogueira, R. Henrique, L. Oliveira and V. Tuchin, Glucose diffusion in colorectal mucosa – a comparative study 

between normal and cancer tissues, J. Biomed. Opt., vol. 22, pp. 091506 (2017). 
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The objective of this work is comparative studies of the effectiveness of radiation of various 

wavelengths of the blue spectral region on cancer and untransformed cells in vitro, comparing the level of 

concentrations of endogenous photosensitizers and reactive oxygen species (ROS) in cells of these types, 

elucidation of the mechanism of antitumor activity of blue light and the reasons determining the higher 

sensitivity of cancer cells to the action of blue light.  

The performed studies have shown the ability of radiation from laser and LED sources with a 

wavelength in the range of  = 405-465 nm, in the range of energy doses of 1-15 J/cm2 to influence the 

metabolic activity of cancer cells (epithelioid carcinoma of the cervix HeLa) and normal untransformed 

cells (African green monkey kidney cells BGM). Comparative studies performed using semiconductor 

lasers and LEDs with a wavelength of 405 and 445 nm revealed the absence of fundamental differences 

in the biological effect of monochromatic radiation from laser sources and quasi-monochromatic radiation 

from LEDs. The most pronounced effect on the metabolic activity of cells is exerted by radiation with  

= 405 nm. The photobiological effect initiated by exposure to radiation with  = 445 nm is significantly 

lower; radiation with  = 465 nm has the least pronounced effect. Depending on the intensity of radiation 

and the energy dose, the light of the blue region of the spectrum can both stimulate the metabolic activity 

of cells (which is observed in a fairly narrow range of energy doses) and inhibit it. Moreover, the inhibitory 

effect increases with an increase in the energy dose of light exposure. At low energy doses of light 

exposure, the decrease in the metabolic activity of cells is not explained by their death, but is due to a 

change in the duration of individual phases of the cell cycle. However, at high energy doses, cell death, 

realized by the mechanism of necrosis and apoptosis, makes a significant contribution to the decrease in 

metabolic activity.  

The main conclusion that follows from the performed studies is that at the same energy dose, the 

inhibitory effect of blue light is significantly more pronounced in relation to tumor cells than in relation 

to normal untransformed ones. It has been established that the biological effect of blue light is caused by 

reactions initiated by ROS due to the excitation of endogenous photosensitizers. The addition of ROS 

quenchers to the nutrient medium of cells before their irradiation can block the photobiological effect. It 

was shown for the first time that the contribution of various types of ROS (singlet oxygen, hydrogen 

peroxide, etc.) to the effects of cell inactivation depends on the time after the cessation of irradiation, 

which is associated with the launch of a wave of massive secondary ROS production in cells, and, above 

all, hydrogen peroxide. If, immediately after the cessation of exposure, the main intermediate determining 

the course of photobiological reactions in cells is singlet oxygen, then a day after the cessation of 

irradiation – hydrogen peroxide. 

Using stationary and kinetic spectrofluorimetry methods, porphyrin components were registered for 

the first time in the fluorescence spectra of a suspension of living cells along with the flavin component. 

It has been shown that the level of porphyrin photosensitizers is approximately 2.5 times higher in tumor 

cells than in untransformed ones. The higher concentration of endogenous photosensitizers in cancer cells 

is the reason for the higher rate of their inactivation compared to normal cells. Based on a comparison of 

the absorption characteristics of flavin and porphyrin sensitizers, as well as data from chemiluminescence 

analysis and the biological effects of radiation with  = 405 and 445 nm, it is concluded that the 

determining contribution to the formation of singlet oxygen in cells when exposed to radiation with  = 

405 nm is made by endogenous porphyrins, characterized by the most intense absorption in this area. The 

contribution of flavins is more pronounced under the action of radiation with  = 445 nm, corresponding 

to the maximum in their absorption spectrum and the minimum absorption of endogenous porphyrins. 
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The progress of laser medicine is associated not only with the development and implementation of new 

laser sources, but also with the search for new modes of operation of already known lasers. In this regard, 

it is very promising to use several wavelengths to action on biological tissues. For example, in 

neurosurgery, a dual-wavelength surgery system to resect brain tumors is very promising, where a 

continuous wave (CW) thulium (1.94 μm) laser applied before/during/after μs-pulsed Er:YAG ablation 

to maintain a blood free zone while retaining the high efficiency of Er:YAG ablation [1]. In dermatology, 

when vein sclerosis is used, the multiwave effect of pulsed dye and Nd:YAG lasers is used, in which the 

effect of dye laser radiation (0.585 μm) leads to an increase in the absorption of Nd:YAG laser radiation 

(1.064 μm) by the dermis, as a result of which the efficiency of destruction of veins by radiation of this 

laser increases [2]. In laser drug delivery, multiwave laser action can also be used, in which one 

wavelength, for example, an Er:YLF laser (2.81 μm) is used for biotissue microporation and drug 

delivery, and the other (0.656±10 μm) for photodynamic effect on the drug [3]. 

In this study, the problems of optical and thermophysical modeling of multiwave laser action in 

dermatology with laser treatment of blood vessels and in neurosurgery with laser interstitial therapy of 

malignant tumors will be touched upon. We will also represent experimental results of photodynamic 

treatment of fungus Candida Albicans by radiation of different visible wavelength. 

Numerical optical and thermophysical models of human skin with and without telangiectasia have been 

developed. The possibility of using laser radiation with one wavelength to heat the skin with 

telangiectasia in order to convert hemoglobin in the blood of the vessel into methemoglobin and thereby 

control the optical properties of the skin, followed by exposure of the vessel to laser radiation with a 

second wavelength in order to coagulate it, is considered. The effect of methemoglobin concentration 

on the extinction coefficient and the degree of optical clearing of the skin was studied by numerical 

methods. It has been established that methemoglobin in the composition of the skin leads to its greatest 

optical clearing at wavelengths near 0.441 μm and 0.578 μm and maximizes the extinction coefficient 

at wavelengths near 0.629 μm and 1.105 μm. It has been demonstrated that the replacement of 

hemoglobin with methemoglobin leads to a change in the absorbed optical power in the skin layers, 

which can be used to control the optical properties of the skin when creating laser systems and 

technologies for the treatment of skin diseases, including laser sclerosis of telangiectasias. 

Numerical optical and thermophysical models of a human brain tumor have been developed. The 

features of the effect of laser radiation with a wavelength of 0.98 μm and 1.56 μm on brain tumor 

(glioma) tissues are considered. It has been demonstrated that the combined effect of multiwave action 

on a brain tumor makes it possible to increase the efficiency of laser coagulation of the tumor. 

In an experiment on a daily culture of the fungus Candida Albicans, the antimycotic activity of chlorine-

containing photosensitizing drugs "Chloderm" and "Chloderm with hyaluronic acid" (Russia) was 

evaluated when exposed to radiation with wavelengths of 0.405, 0.450 and 0.656±10 µm. The high 

antimycotic activity of the studied drugs was demonstrated. The main mechanisms of the effect of 

radiation with the investigated wavelengths on the biotissues are discussed. 

The research was supported by Russian Science Foundation (project No. 22-25-00468). 
 

[1] N. Katta et al. Laser brain cancer surgery in a xenograft model guided by optical coherence tomography, Theranostics, vol. 9, No. 12, pp. 
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[3] A. V. Belikov, S. N. Smirnov and A. D. Tavalinskaya, Laser Delivery and Spectral Study of a Chlorine-Containing Drug for the Treatment 
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Currently, laser methods for the treatment of skin diseases are widely used and actively introduced 

into clinical practice due to the pronounced selectivity of the effect [1]. Pigmented nevi (PN) are 

pathological benign skin formations consisting of accumulations of melanocytes, cells containing the 

pigment melanin. The group of congenital giant pigmented nevi (СGPN) is a special psychological and 

medical problem associated with extensive damage to the skin and changes in the patient's appearance [2].  

The existing numerous methods of treating СGPN are not effective enough or are accompanied 

by significant damage to tissue structures, and therefore are not always applicable due to the large amount 

of skin lesions with pigment formation [2]. 

The purpose of this work is to improve the results of treatment of CGPN by experimentally 

substantiating the possibility of using laser radiation with a wavelength (λ 450 nm) and developing a 

method for their effective removal in order to achieve a good clinical and aesthetic result of treatment. As 

a radiation source, we used a laser device based on the convergence of laser diodes with a total power of 

up to 10 W, a spot diameter of 0.6 to 1.5 mm, generating continuous and pulsed "blue" laser radiation 

λ=450 nm.   

An in vivo experimental study was performed on the pigmented, black-brown skin of living 

laboratory rats. The skin was exposed to laser radiation in continuous and pulsed (0.5 sec) modes, with a 

distance between pulses of 0.5 sec, 0.25 and 0.1 sec, with a constant speed of a single scan of 0.5 cm per 

1 second over the surface of the object. We used variable radiation power modes: 3.0 W, 6.0 W, 10.0 W.  

During the experiment, visually determined macroscopic changes in the impact zones on the 

surfaces of these samples were studied, followed by a histological examination immediately after 

irradiation, as well as on days 4, 12, 30, and 90. Based on the results of an experimental study, a method 

for removing CGPN was developed based on the selective absorption of laser radiation with a wavelength 

of λ= 450 nm by pigmented tissues, predominantly containing melanin and hemoglobin, which makes it 

possible to predict the depth of layer-by-layer removal of pigmented tissues and minimize damage to the 

underlying tissue structures, including the elements of the skin appendages located there. The optimal 

modes of "blue" (λ= 450 nm) laser radiation for effective removal of CGPN were determined. A 

preliminary clinical study of the use of this method determined the prospect of its application. 
 
[1] A. A. Sirotkin et al., "Optimization of selective photodestruction by laser radiation of the yellow-green range of capillary angiodysplasia of 

the skin," 2018 International Conference Laser Optics (ICLO), St. Petersburg, Russia, 2018, pp. 602-602, doi: 10.1109/LO.2018.8435420 [2] 

Podurar S.A., Gorbatova N.E., Zolotov S.A., et al. Pigmented nevi in children, necessity and optimization of their treatment, Russian Journal of 
Pediatric Surgery. 2023; 27(1, Supplement): p. 142     
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Minimally invasive surgery (MIS) is a rapidly evolving field that requires the development of new 

technologies to provide diagnostic information about the condition of the organs being operated on. 

Optical spectroscopy methods offer information on metabolic processes, perfusion and morphological 

structure of tissues and can be combined with standard surgical instruments. 

The team of the R&D Center of Biomedical Photonics (Orel State University) has been engaged in the 

development and implementation of optical spectroscopy devices for MIS for several years. This work 

presents the application of the developments for MIS in preclinical and clinical practice. 

The techniques were developed to differentiate between healthy parenchyma of the liver and tumor during 

liver percutaneous biopsy using an optical fine needle probe compatible with standard Chiba 17.5G biopsy 

needles. Two optical biopsy systems were proposed: 1) multimodal optical percutaneous needle biopsy 

system including fluorescence spectroscopy (FS) and diffuse reflectance spectroscopy (DRS) channels 

[1]; 2) fluorescence lifetime optical biopsy based on a TCSPC approach [2]. In preclinical and clinical 

studies, high diagnostic accuracy was achieved in differentiating between healthy liver and tumor. The 

sensitivity and specificity of the multimodal biopsy system reached 0.90 and 0.95, and those of the 

fluorescence lifetime optical biopsy system reached 0.90 and 1.0 respectively. Parameters such as the 

fluorescence lifetime of metabolic co-enzymes of free NADH and protein-bounded NAD(P)H have great 

potential for distinguishing different types of cancer. 

Obstructive jaundice is a group of diseases of the biliary system characterized by obstruction of the bile 

ducts leading to hepatocyte dysfunction and impaired functional state of the liver. The optical 

percutaneous needle biopsy system allows to record FS spectra of the liver of patients with obstructive 

jaundice during preoperative biliary drainage. Clinical studies demonstrated a statistically significant 

increase in the contribution of NAD(P)H, bilirubin, flavins and vitamin A fluorophores in the liver tissue 

of patients with obstructive jaundice. These parameters may be used as promising prognostic markers for 

determining the development of liver failure [3]. 

Laparoscopic myomectomy is the method for surgical treatment of symptomatic uterine myomas. A 

special probe was developed to record FS and laser Doppler flowmetry signals through laparoscopic 

accesses. We found that myomas have different blood supply and fluorescence levels depending on their 

growth intensity and size. The ability of laser Doppler flowmetry to assess endometrial perfusion is also 

demonstrated to investigate the effect of myomas of different types on endometrial tissue blood supply. 

The results obtained can be used to provide a better understanding of pathological processes in uterine 

leiomyomas, thus helping physicians to select treatment strategies [4].  

Optical spectroscopy provides a wide range of diagnostic capabilities for clinical applications in a variety 

of MIS fields. 

The study was supported by the Russian Science Foundation (project 21-15-00325). 
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Biomedical optical imaging techniques provide powerful tools for observing biomedical tissue structural 

and functional information. However, the high scattering of biological tissues limits the penetration of 

light, and decreases imaging resolution and contrast as light propagates deeper into the tissue. Fortunately, 

novel tissue optical clearing technique provide a way for solving the above problem. This presentation 

will introduce some progress in tissue optical clearing imaging, i.e., in vitro tissue optical clearing methods 

for whole organs imaging; in vivo skull/skin optical clearing window for imaging structural and functional 

of cutaneous / cortical vascular and cells. 
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Laser speckle contrast imaging (LSCI) is widely used for mapping the blood flow speed of biological tissue. 

Since multiple speckle images are usually required to reconstruct a high-resolution and high SNR blood flow 

map, LSCI is highly sensitive to the motion artifacts. The blood flow perfusion obtained by LSCI during 

tissue motion is a mixture of the artifacts due to inter-frame image misalignment and intra-frame image 

blurring. It is of urgent importance to minimize the impact of motion when LSCI is put into practical use. 

Previous studies have mainly focused on correcting either the inter-frame or intra-frame artifact of global 

rigid motion. However, in practical biomedical applications, owing to the flexibility of biological tissues, the 

subjects often produce many non- rigid, spatially non-uniform movements, such as respiration, heartbeats, 

peristalsis of digestive organs. Such artifacts cannot be well corrected only with an estimation of global 

movement of tissues and rigid registration. In order to solve this problem, it is essential to accurately detect 

the heterogeneous local movements of biological tissues in the field of view and perform non-rigid 

registration. It is difficult to correct the local non-rigid motion only by using granular raw speckle images, 

especially in the tissue dominated by small blood vessels. We proposed a dual-wavelength imaging system to 

solve the problem that laser speckle images with graininess are difficult to be directly registered. Laser speckle 

images and corresponding tissue structure images are acquired simultaneously by a color CMOS camera under 

the illumination of 660 nm laser diode and a 470 nm light-emitting diode. The registration matrix is extracted 

from the tissue structure images registration process, which is then used to register the corresponding laser 

speckle images [1]. Considering the graininess of the speckle images, the application of the nearest neighbor 

interpolation method is proposed during registration to preserve the original speckle information, so as to 

avoid the overestimation of the blood flow speed. To further address the problem of overestimation of blood 

flow due to non-rigid tissue motion during the exposure of a single frame, we proposed a method that 

combines the strategy of heterogeneous regression analysis with the above dual-wavelength imaging, enabling 

the extraction of the true blood flow signal from the measured mixture LSCI signal.  

  
[1] X. Liu, J. Wei, L. Meng, W. Cheng, X. Zhu, J. Lu and P. Li. Motion correction of laser speckle contrast imaging of blood flow by simultaneous 

imaging of tissue structure and non-rigid registration, Optics and Lasers in Engineering, Vol. 140, pp.106526, (2021) 
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During the last few years, we have been developing new methods of quantitative assessment of microrheologic properties 

of blood, microcirculation parameters and endothelium function (EF). These methods include diffuse light scattering, 

laser tweezers, digital capillaroscopy and tonometry [1-3]. Currently we work on combining these methods with laser 

speckle contrast imaging (LSCI) technique, which we use for mapping the blood flow speed so far in the laboratory 

small animals [4-5]. Microcirculation parameters are studied using the Kapilyaroscan-1 device (Russia) implementing 

artificial intelligence for digital image processing, which allows for estimating the number of red blood cells (RBC) in 

the capillaries [6]. Arterial stiffness and EF are determined by pulse tonometry using the Angiochek device (Russia). We 

characterize the microrheologic properties of blood by the intrinsic properties of RBC to reversibly aggregate and to 

deform in shear flow by measuring such parameters as aggregation index, aggregation rate, hydrodynamic strength of 

aggregates, paired aggregation and disaggregation forces, RBC deformability indices as functions of shear stress [7]. 

These measurements are performed in vitro in the samples of blood freshly drawn from healthy donors or patients 

suffering from socially important diseases. Digital capillaroscopy, tonometry and LSCI measurements are performed in 

vivo. Three groups of patients were formed for the study with the main diagnoses of atrial fibrillation (AF), coronary 

heart disease (CHD), and chronic heart failure (CHF). Statistical differences in parameters for different groups of patients 

were analyzed using the nonparametric statistical Mann-Whitney test (p<0.05). The correlation between capillary blood 

velocity (CBV) with the number of RBC aggregates in the capillaries was calculated according to the Pearson coefficient 

of linear correlation. The results of the study showed a statistically significant correlation of measured parameters for 

the AF and CHF groups of patients. In percentage terms, the ratio of CBV in capillaries without aggregates to CBV in 

capillaries with aggregates for different groups of patients equals to 39.6% (AF); 46.9% (CHD); 46.4% (CHF). Based 

on these data we can conclude that there is a significant correlation between the presence of aggregates in the capillaries 

and a decrease in CBV in the examined patients. The analysis of the relationship between the number of aggregates in 

capillaries and EF in patients suffering from AF and CHD has showed that the impairment of EF is associated with an 

increase in the number of RBC aggregates in the capillaries of patients of both groups. 

 

The study was financially supported by the Russian Science Foundation grant № 23-45-00027. 
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Despite the development of medicine, cancer remains one of the most dangerous diseases nowadays. Many 

recent technological innovations have used physics principles, such as optics and coherent photonics, to 

improve early diagnostic and therapeutic procedures to reduce cancer incidence and mortality. In this study, 

the development of technologies for biomedical imaging of skin cancer is presented. Modern optical 

technologies combined with optical clearing of tissues based on reducing light scattering in tissues by 

partially replacing interstitial fluid with biologically compatible hyperosmotic immersion agents, increase 

the effectiveness of optical cancer diagnostics methods. 

The study involved 60 neoplasms in 38 volunteers of both sexes (benign neoplasms was 13 and BCC was 

47). A combination of high–resolution ultrasound examination and optical methods (Raman spectroscopy, 

optical coherence tomography (OCT), and backscattered diffuse reflectance spectroscopy) with 

biocompatible optical clearing agents was used for the study of basal cell carcinoma (BCC) and benign 

neoplasms in humans. 

Texture analysis of pixel brightness changes within the area of interest in OCT images allowed us to 

differentiate various types of BCC, melanoma, and benign neoplasms (Fig. 1). 

a b c d 

e f 
Fig. 1. OCT images of several types of BCC: a) Infiltrative-ulcerative, b) Superficial, c) Pigmented, and d) Morpheaform, and differentiation of 

these types using statistical parameters of texture analysis of OCT images:: e) Skewness and Mean and f) Entropy and Homogeneity. 
 

Our results demonstrated the ability of these modalities to quantitatively assess tissue biochemical, 

structural, and physiological parameters that can be used to determine tissue pathology. This work was 

supported by the grant of RFBR # 20-52-56005. 
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The spectral interferogram of Fourier domain Optical Coherence Tomography (FD-OCT) incorporates 

a direct current term (DC), an autocorrelation term (AC), which signifies the mutual interference from 

reflectors at varying depths of the sample [1], and a cross-correlation interference term (CC). Generally, 

the reference spectrum is subtracted from the interference spectrum, which acts as the background, in 

order to mitigate the DC and AC terms. These terms typically cause low frequency noise near the zero-

delay line [2,3]. Moreover, balanced detection has been extensively utilized in Time-Domain OCT (TD-

OCT) and Swept-Source OCT (SS-OCT) employing balanced photodetectors, providing a more 

effective approach to remove the DC and AC terms [4,5]. 

Recently, several balanced detection Spectral Domain OCT (BD-SD-OCT) techniques have been 

proposed. However, these come with drawbacks such as limited imaging speed, bulky and complex 

setups, signal loss, and an additional imbalance between the two channels [6,7]. 

In this study, we have developed a cost-effective and structurally simple dual balanced detection 

spectral-domain optical coherence tomography (SD-OCT) system. It uses a 4096-pixel single line-scan 

camera to both reduce auto-correlation (AC) artifacts and improve the signal-to-noise ratio (SNR) in 

SD-OCT. The system simultaneously detects two interference spectra—each in opposed-phase and 

incident on the spectrometer at different angles—using 2048 pixels per channel. 

The developed dual balanced detection SD-OCT system demonstrated a direct current (DC) term 

suppression of 10 dB, an AC term suppression of 5-10 dB and SNR enhancement of 5.4 dB in 

comparison to unbalanced detection configuration. 

In vivo imaging of human nail fold and retina also exhibited that the balanced detection SD-OCT 

technique proposed in this paper is able to suppress AC noise in in vivo imaging and acquire deeper 

layers of the tissue with more details. 

The technique allows for a relatively simple structure, taking advantage of the high acquisition rate of 

the line-scan camera, and avoids crosstalk between the balanced detection spectra. 
 
[1] M. Wojtkowski, R. Leitgeb, A. Kowalczyk, T. Bajraszewski, and A. F. Fercher, In vivo human retinal imaging by Fourier domain optical 
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Express, 11(8), 889-894 (2003). 
[3] S. H. Yun, G. J. Tearney, J. F. de Boer, N. Iftimia, and B. E. Bouma, High-speed optical frequency-domain imaging, Optics Express, 11(22), 
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An idea of using exhaled air and a carrier of important information for medical diagnostics is 

very attractive because such diagnostic method is fast, noninvasive, comfortable for patients. 

But implementation of this idea requires applications of effective methods of spectral data 

analysis, including a preprocessing, informative features extraction, and predictive data model 

creation and validation.  

We plan to present results of application of machine learning methods [1], including deep 

learning [2] in every step of spectral data analysis pipeline presented above.   

   
The research was carried out with the support of a grant under the Decree of the Government of 

the Russian Federation No. 220 of 09 April 2010 (Agreement No. 075-15-2021-615 of 04 June 

2021). 
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Many important biological phenomena, such as heartbeat, blood flow, organelle interactions, etc., often 

require rapid and high-resolution observations in 4-dimensional time-space. Current fluorescence 

microscopy imaging techniques are difficult to solve such challenges due to limited spatiotemporal 

resolution (limited optical throughput), and the measurements are either fast but inaccurate, or accurate 

but not fast. This presentation will describe how we combined new design in imaging optics with cutting-

edge deep learning to increase the throughput of 3D fluorescence microscopy by 2 orders-of-magnitude 

and achieve ultra-high spatiotemporal resolution observations at both the tissue and single-cell levels. Our 

deep learning-enhanced light field and light-sheet microscopy techniques realize three-dimensional high-

resolution imaging of millisecond-level biological dynamics, such as heartbeat and neural behavior, in 

freely-moving samples, as well as super-resolution visualization of the 3D interactions between various 

organelles in a living cell. 
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In modern world practice, promising diagnostic methods are emerging, such as "optical biopsy" [1] and 

"liquid biopsy" [2], which are used for specific diseases biomarkers detection in biological tissues and 

fluids. Optical methods have the potential to overcome the limitations of traditional methods of clinical 

analysis. One of the most promising methods of optical analysis (and optical biopsy) is a Raman 

spectroscopy, which can contribute to understanding of molecular basis of diseases and creation of new 

bioanalytical tools for the diagnosis of diseases. Since each type of biological tissue and biofluid has an 

individual molecular composition and, thus, a unique spectral profile resulting from the transition of a 

molecule from one vibrational-rotational state to another, a set of such individual states of functional 

groups of nucleic acids, proteins, lipids and carbohydrates makes it possible to characterize component 

composition of tissues, which ultimately makes it possible to isolate disease markers [3]. Along with 

the use of optical biopsy methods, it is possible to apply a supersensitive technique for analyzing 

biofluids based on surface-enhanced Raman spectroscopy, which will be most effective for detecting 

low concentrations of disease markers in biological fluids. In the last decade, the development of 

nanotechnology has led to the creation of promising tools for solving new problems in the study of 

various human diseases, which is especially important for effective and targeted treatment and a deeper 

fundamental understanding of the biochemistry of diseases [2]. 

In this study we demonstrate application of conventional Raman spectroscopy for the analysis of skin 

tissues and application of SERS for serum analysis to determine the presence of non-communicable 

diseases. In this study, the in vitro analysis of human serum was performed for more than 400 subjects, 

and more than 300 skin samples were analyzed in vivo for the detection of chronic heart failure (CHF), 

chronic heart failure and other non-communicable diseases. Analyzed groups separation based on deep 

learning was implemented using a separate one-dimensional convolutional neural network (CNN). 

Application of Raman spectroscopy to investigate the forearm skin has yielded the accuracy of 0.96, 

sensitivity of 0.94 and specificity of 0.99 in terms of identifying the target subjects with kidney failure. 

When classifying subjects by the presence of kidney failure using the PLS-DA method, the most 

informative Raman spectral bands are 1315 to 1330, 1450 to 1460, 1700 to 1800 cm−1. The performed 

study demonstrates that for in vivo skin analysis, the conventional Raman spectroscopy can provide the 

basis for cost-effective and accurate detection of CHF and associated metabolic changes in the skin. 

The results of the SERS data for CHF demonstrates that CNN significantly outperforms standard 

methods of analysis as projection on latent structures and allows for detection of CHF with 95-100% 

accuracy. By means of multivariate analysis, the informative spectral bands associated with the CHF 

during disease progression were identified. In addition, the analysis of the correlation between the serum 

spectral characteristics and urea, creatinine has made it possible to determine the spectral bands 

correlated with levels of creatinine and urea into the complex spectral characteristics of serum. In 

general, the reported approach may form the basis for monitoring the health status of CHF patients and 

find application in studying other pathological conditions of the human body [3]. Raman-based optical 

and liquid biopsy may be promising in non-communicable diseases identification, as it provides fast and 

rapid diagnosis. 
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Flow cytometry is routinely used in biochemical and biophysical studies of cells, as well as in medical 

diagnostics. The mainstream modality is using fluorescent marker for selective labeling of cell structures 

and specific proteins, which allows for phenotyping, status assessment etc. In this context, 

autofluorescence is a non-desirable background signal, which should be avoided when analysing the 

cytometry data. On the other hand, autofluorescence contains information about endogenous 

fluorophores in cells, some of which are involved in important biochemical processes. Thus, potentially, 

autofluorescence analysis in flow cytometry experiments could yield important data for cells analysis. 

In this report, we will address the possibilities of autofluorescence in cells analysis using the flow 

cytometry setup. 
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Various strategies for imaging living cells altered by genome editing with CRISPR/Cas9 system have 

been implemented since discovery [1]. Catalytically inactive Cas9 (dCas9) has multiple applications 

with the most useful being the activation/repression of transcription [2]. The use of dCas9 may assist in 

mapping of genes within chromatin structure at the level of individual cells and intact tissue. The goal 

of our study was in developing and testing of dCas9 orthologs expressed under an inducible promoter 

to ensure regulated expression of chimeras in cells and in tumor animal models. 

All chimeric constructs were cloned into 3d-generation lentiviral (LV) transfer vector FU-tet-o-hOct4 

with Tet-On doxycycline (Dox) -regulated gene expression. dCas9 orthologs from S. thermophilus (Stt) 

and N. meningitides (Nm) and fluorescent proteins (FP) were fused with 2 NLS at 1:1 ratio. A pair 

EGFP and mCherry were selected as FPs due to their potential to engage in emissive FRET. The 

obtained transfer vectors (FU-Tet-o-SttdCas9-EGFP and FU-Tet-o-NmdCas9-mCherry) were used for 

LV particles production and HEK293T and A549 cells transduction for establish clones expressing 

double chimeras (SttdCas9-EGFP and NmdCas9-mCherry, E9). Tumor xenografts were maintained in 

athymic mice that were given doxycycline via gavage followed by fluorescence imaging using a planar 

system. 

Cells expressing Stt1 dCas9-EGFP and Nm dCas9-mCherry showed normal morphology with 

predominantly nuclear dual fluorescence. Before FP chimera induction with Dox there was no 

fluorescent signal noted in cells showing tight regulation of chimera expression. FP expression in vivo 

was observed 1 day post induction and fluorescent signal underwent a decrease during the course of 4-

5 days if Dox was withdrawn. It was shown that the highest fluorescence signal in tumor xenografts was 

registered on the 3rd day after induction of chimeric protein expression. Subsequently fluorescence 

detection was carried out on the 3rd day. To improve the contrast, a 0.7 M solution of gadobutrol was 

used according to [4]. FI of red chimera expressed in tumor xenograft was amplified two-fold in vivo 

by applying 0.7 M gadobutrol due to the optical clearing (OC) of the skin. The MRI study reflected the 

perfusion of the tumor and coincided with the area of fluorescence. 

Соnclusion 

The use of optical clearing approach enabled high-contrast imaging of dual (red and green fluorescent) 

chimeric dCas9- based proteins  expression in tumor xenografts have been demonstrated. MR contrast 

agent gadobutrol  improved both the intensity and contrast of FI as well as mapping of tumor perfusion 

by MRI. 
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Hemoglobin (Hb) is the main protein in the human blood, responsible for oxygen transport in the body, 

thus, the assessment of the total Hb concentration in the patient’s blood is of high importance. Especially, 

correct estimation of Hb blood concentration is important to detect the decreased level of total 

hemoglobin (anemia), as it affects approximately ~30% of woman and children [1], while undiagnosed 

or improperly treated anemia can lead to adverse outcomes and significant reduction of the life quality 

[1].  

The gold standard of total Hb blood quantitation is an invasive blood sampling followed by the analysis 

using flow-cytometry-based or staining-based procedures. This method is time-consuming (on the order 

of several hours), requires qualified medical staff for blood sampling, and could be painful for the 

patient, so non-invasive methods of blood Hb level assessment are in high demand. 

It was recently demonstrated [2], that the Hb level could be assessed with ~15 g/L error (the Hb normal 

range is 130–160 g/L for adult males and 120–150 g/L for adult females) using simple RGB-imaging 

with a smartphone camera by the analysis of the color of fingernails. Indeed, fingernails are a promising 

tissue site for the optical Hb non-invasive assessment, as it does not contain any other visible 

chromophores, such as melanin, and are easily accessible to any imaging technique. Yet, the estimation 

error in the non-invasive Hb assessment using RGB-imaging does not meet clinical standards to readily 

translate this method to a clinic.  

Here we explore whether advanced imaging techniques, such as spatial frequency domain imaging 

(SFDI), can superior simple RGB-imaging in the accuracy of Hb non-invasive assessment. As SFDI 

allows one not only to estimate relative changes in optical signal but quantitatively determine the values 

of the absorption and reduced scattering coefficients of tissues at the imaging wavelength, it surpasses 

the accuracy of other optical techniques and is a promising method for non-invasive Hb level 

assessment. 

The work was supported by the Russian Science Foundation (grant No. 22-25-00759). 
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The phenomenon of localized surface plasmon resonance (LSPR) is caused by collective oscillations of 

conduction band electrons in the metal nanostructures under the influence of irradiating light. At present, 

this effect, which leads to a significant enhancement of the field in the vicinity of irradiated nanoparticles 

at resonant wavelengths, attracts increased attention of researchers and has found a wide variety of 

applications [1], ranging from technologies of local hyperthermia and plasmon photocatalysis to SERS 

and plasmon-enhanced fluorescence (PEF). Developing the study of the PEF of plasmon-protein 

fluorescent complexes [2], we present the results of calculations of the near-field enhancement in the 

vicinity of nanospheres synthesized from various materials - silver, gold, and copper. The solution of the 

problem of the distribution of the electric field during the irradiation of the nanosphere with an 

electromagnetic wave was carried out using both an analytical model (electrostatic approximation) and a 

finite element method implemented in the COMSOL software environment. The calculation models were 

verified in [3,4]. 

Since the fluorescence radiation power is proportional to the flux of exciting photons [5], it is of practical 

interest for the synthesis of efficient plasmon-protein fluorescent complexes to know the integral of the 

field amplification factor Is in the vicinity of nanospheres. A comparative analysis of the obtained spectral 

dependences of Is has shown that these dependences for nanospheres synthesized from various materials 

under study differ qualitatively and quantitatively from each other. However, their common feature is a 

certain correlation of Is with the corresponding absorption cross section spectra of Cabs nanoparticles. As 

a result of the studies, it was found that for a certain combination of factors (optical properties of the metal, 

size of the nanosphere, wavelength of the incident radiation), such a correlation between the amplification 

of the excitation field of the fluorophore and the resonant absorption of radiation by the nanoparticle can 

play a negative role. This is due to the fact that the heating induced by light absorption in the vicinity of a 

nanoparticle can lead to an undesirable effect of fluorescence quenching, which was experimentally shown 

in [6]. In our work, we propose a composite criterion for assessing the quality of plasmon-protein 

fluorescent complexes, taking into account the influence of the induced temperature field, and present the 

results of evaluating the effectiveness of complexes focused on the use of fluorophores in the range from 

UV to near IR. The prospects for the use of complexes based on silver nanospheres are shown, and the 

conditions for the competitiveness of complexes based on cheap copper nanospheres in comparison with 

traditional complexes based on gold nanospheres are determined. 

The research was carried out within the state assignment of Ministry of Science and Higher Education of 

the Russian Federation (theme No. 121022000123-8). 
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Ensuring the health of individuals is a key imperative highlighted in the 14th Five-Year Plan for National 

Development. How to meet this demand presents a formidable challenge for scientists engaged in 

information science and related fields. Currently, the field of biomedical photonics has emerged as a 

branch of rapidly advancing information science, while also serving as an integral component of optical 

engineering and medical imaging. The rapid advancement and breakthroughs in this field are attributed 

to the support of optical imaging technology, particularly optical microscopic imaging technology. 

In the past two decades, optical microscopic imaging technology has undergone rapid 

development and constant breakthroughs, providing a crucial tool for real-time dynamic 

observation of life systems and facilitating the transformation of optical microscopy from 

scientific research to clinical application. However, in the face of rapid technological 

development and increasing demand, it remains imperative to continuously explore and develop 

novel methods and technologies for addressing bottleneck issues encountered during practical 

applications of optical microscopic imaging, such as limited resolution, information 

acquisition, and imaging speed. 

 Our research group has conducted fundamental and applied research in the development and 

application of optical microscopic imaging technology for over a decade. The content 

encompasses a range of nonlinear optical microscopic imaging techniques, including 

fluorescence lifetime, two-photon excited fluorescence, second harmonic generation, 

stimulated Raman scattering, and others. These techniques enable imaging characterization at 

various levels spanning from molecules to cells, tissues, and in vivo. This report primarily 

presents the recent research endeavors of our research group in utilizing nonlinear optical 

microscopy imaging technology for biomedical applications. 
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Disease progression is associated with subtle changes in both cellular metabolism and extracellular 

matrix organization [1-3]; therefore, sensitive detection of these changes can lead to a better 

understanding of diseases. In this work, we use two-photon excited fluorescence (TPEF) and second 

harmonic generation (SHG) to acquire images from cells and collagen fibers, respectively, without the 

need for any exogenous labels. Based on these images, we have developed quantitative, multi-

parametric measures, including optical redox ratio and mitochondrial clustering corresponding to 

cellular metabolic activity, as well as a series of metrics to represent collagen fiber orientation and 

organization. A combination of these quantitative metrics can provide systematic investigations of 

correlation between cells and matrix during progression of diseases. 

Figure 1 shows representative feature maps of collagen fibers, including orientation, waviness, 

alignment (represented by the variance metric) and local coverage within normal, benign and malignant 

cervical tissues. Different hues in maps among these three groups of samples are observed, indicating 

that the tumor progression alters the spatial characteristics of collagen fibers. 

 
Figure 1. Representative maps of collagen fibers from normal, benign and malignant cervical tissues, 

revealing fiber features including orientation, waviness, alignment and local coverage.  

 

Overall, this label-free, multi-parametric, high-resolution imaging method of biological tissues provides 

complementary insights into the functional and structural alterations in diseases, and offers opportunities 

to study interactions between cells and extracellular matrix as disease progresses. 
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Optical diffuse spectroscopy (ODS) is an efficient tool for non-invasive evaluation of biotissue 

chromophore content. Being based of reflectometry principles, it consists in wideband or wavelength-by-

wavelength biotissue probing and calculation of basic chromophores concentrations from the 

reconstructed biotissue absorption and/or scattering spectra. For reconstruction of absorption and 

scattering spectra from the registered reflectance spectra one requires to employ a model of light 

propagation in tissue. Traditionally, for fast reconstruction, an analytical solution of the diffuse 

approximation of the radiative transfer equation in infinite medium is employed [1,2]. However, this 

approach suffers from it marginal applicability, especially for relatively small source-detector separation. 

Account for semi-infinite medium allows one to significantly increase the accuracy of the diffuse 

approximation model [3], however, such approach may provide some deviation at relatively small 

distances. Moreover, one should account that due to strong dispersion of the biotissue optical properties 

in the visible and NIR ranges, wideband measurements may result in different probing depth for different 

probing wavelength adding additional uncertainty to the measurement results. Moreover, generally one 

should account for different transfer functions of the different channels in the measurement setup, however, 

this problem could be overcome using so-called dual-slope method, that uses ratiometric approach to 

diminish the effect of channel transfer functions [2].  

This paper considers application or the analytical and numerical models in order to enhance the 

reconstruction in ODS. A refined analytical model is proposed based on diffuse approximation solution in 

a semi-infinite medium, which provides higher accuracy as compared to currently employed model [3]. 

The model was verified by the comparison with the results of extensive Monte Carlo simulations for 

source-detector separations corresponding to a real existing system [4,5] and biotissue optical properties 

typical for human skin. The effect of the superficial layer with different optical properties, mimicking 

stratum corneum and skin, is discussed, since it may affect the results obtained using model for a uniform 

medium. The Monte Carlo simulations for multi-layer geometry were also employed for estimation of 

typical probing depth spectra for different source detector separations, which also affects the accuracy of 

the chromophore content reconstruction [6]. 

 

The good agreement of the developed analytical model with the results of Monte Carlo simulations 

provides an ultimate opportunity for creating large datasets of synthetic data the could be successively 

employed for machine-learning based algorithms for chromophores concentrations reconstruction. 
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Digital pathology aims to assist pathologists during diagnostic process through the digitization 

of pathological slides followed by extraction of the diagnostic information. Mueller matrix microscopy 

is an emerging optical imaging method that is label-free and non-invasive, capable of revealing 

microstructural details at subcellular scale. It provides invaluable diagnostic information to 

pathologists that is otherwise unavailable through other non-polarization optical microscopy 

techniques.   

Here we report a label-spreading method based on evaluating super-pixels from Mueller 

matrix microscopic images to represent their polarization features and propagating the pathologist’s 

initial manual label of cancerous region to the entire field of view in finer detail, highlighting regions 

that share the same microstructural characteristic with pathologist’s labeled region. A human-in-the-

loop design is adopted which allows the pathologists to play a crucial role in supervising the label-

spreading process by controlling essential model parameters and providing feedback on the label-

spreading quality. After sufficient iterations, the label-spreading technique predicts all the potential 

candidates of cancerous regions and leads to substantial reduction in the diagnostic workload of 

doctors. In the meantime, the label-spreading process generates a vast amount of high-quality labeled 

image patches that will serve as invaluable data for other downstream tasks, particularly deep learning 

feature extractions of high resolution images in whole slide imaging (WSI). This technique is a key 

step towards realizing the assisted diagnostic application based on Mueller matrix microscopy, 

expanding the possibilities for other prospective applications in the future.  
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The most commonly occurring malignant brain tumors are gliomas [1]. One reason for the poor outcome 

of glioma is a late-stage diagnosis, since most of the existing methods of noninvasive diagnostics, such 

as magnetic resonance imaging and computer tomography, are ineffective for diagnosing small-size 

tumors [2]. Tissue biopsies can be taken to study cellular and molecular composition. It is an invasive 

and traumatic procedure. Liquid biopsy provides the opportunity to detect cancer instead of a standard 

biopsy [3]. Control of glioma molecular markers in body fluids has a potential to become equivalent to 

studying glioma tissues [4]. It is important that similar molecular markers can appear in biofluids at the 

early stage, opening a way to an early diagnosis [5, 6].  

Previously, we studied Raman spectra of mouse blood serum in the dynamics of the experimental 

glioblastoma U87 development [4, 7]. Groups of patients with glioma, with skull craniectomy defects 

(SCD), and healthy donors were studied. We used an inVia Reflex Raman spectrometer (Renishaw, 

UK), excitation wavelength 785 nm. A machine learning pipeline was used to analyze the Raman spectra 

of blood plasma and cerebrospinal fluid samples. It consists of the following main steps: 1) background 

subtraction and data normalization (dividing by the maximum value for proper comparison of spectra 

intensities); 2) principal component analysis was used to lower data dimensionality and remove noise; 

3) support vector machine, random forest and XGboost methods were used to build predictive models; 

4) ten-fold cross-validation procedure was applied to test models; 4) informative features selection and 

analysis.  

It was shown that constructed prognostic models allow separating patients with glioma from healthy 

donors and from patients with SCD by the Raman spectra. The AUC is more than 0.9. The informative 

Raman shifts in the range of 1156-1200 and 1524-1584 cm-1 make the greatest contribution to the 

separation of groups. Thus, this study showed that Raman spectroscopy of human blood plasma and 

cerebrospinal fluid can be used for the diagnosis of glioma and allowing to monitor changes in the state 

of brain tissue during the development of glioblastoma. 

The work was carried out within the framework of the budget project of the Institute of Automation 

and Electrometry SB RAS. The data analysis by D.V., Yu.K. was supported by the Ministry of Science 

and Higher Education of the Russian Federation (V.E. Zuev Institute of Atmospheric Optics of Siberian 

Branch of the Russian Academy of Sciences) and agreement № 075-15-2021-615 from 04.06.2021. 
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Viscosity, a reciprocal of fluidity, plays an important role in the functioning of living cells.  

The microviscosity of the plasma membrane determines the activity of transporters and receptors, 

biosynthesis and catalytic activity of membrane enzymes, permeability to substances and the rate of 

diffusion, and much more. Microviscosity of cell membranes depends primarily on their lipid 

composition, specifically on cholesterol content, the ratio of saturated and unsaturated fatty acids and 

the length of the phospholipid tails. Despite the multiple roles of the microviscosity in cells, its 

significance for the response to chemotherapy is not fully understood. 

Here, we developed methodology to measure microviscosity of cancer cells membrane in vitro and 

in vivo and investigated the changes in microviscosity and lipid composition upon chemotherapy and 

acquisition of drug resistance. 

Plasma membrane viscosity was monitored in live cancer cells and tumor xenografts using two-

photon excited fluorescence lifetime imaging microscopy (FLIM) using the viscosity-sensitive probe 

BODIPY 2 [1, 2]. The probe is a fluorescent molecular rotor that possesses sensitivity to a local viscosity 

due to conformational mobility. Viscous environment restricts conformational change of the rotor, 

which results in the increase of its fluorescence lifetime. The lipid profile of membranes was analyzed 

using time-of-flight secondary ion mass spectrometry (ToF-SIMS). The effects of different clinical 

cytotoxic agents were examined, including oxaliplatin, 5-fluorouracil and paclitaxel. 

Our results indicate that chemotherapy affects the state of the plasma membrane irrespective of the 

mechanism of the drug action. For example, oxaliplatin induces increase of microviscosity of 

membrane, while paclitaxel decreases it. In both cases, the changes are associated with alterations in 

lipid composition [3, 4]. The acquisition of chemoresistance was accompanied by modification of 

membrane lipids in ways that preserve the viscous properties unchanged upon further treatment. 

Therefore, we conclude that the ability of cancer cells to tightly control microviscosity of the plasma 

membrane and maintain it at a constant level is crucial for cell survival upon chemotherapeutic 

interventions. 

The study was supported by the Russian Science Foundation (Project No. 20-14-00111, 

continuation). 
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Abstract: Chemotherapy, radiotherapy and surgery are the main treatments in the field of tumor therapy, 

but they all have their own limitations. Phototherapy, including photodynamic therapy (PDT) and 

photothermal therapy (PTT), which relies on the conversion of light energy into chemical and thermal 

energy by phototherapeutic moieties to kill tumors, has been widely used in clinic as a non-invasive 

oncologic therapeutic modality. Besides, the biological effects in vivo of phototherapy can be combined 

with other strategies to achieve the purpose of synergistic treatment. In this study, we constructed a 

nanobiomaterial drug carrying system for multimodal combined precision treatment of solid tumor, 

which combined immunotherapy, gene therapy, chemotherapy and phototherapy to make each treatment 

cooperative and enhance tumor treatment including effective inhibition of tumor development, 

metastasis and recurrence.  In vitro and in vivo experiments have shown that these tactics may provide 

a promising and pragmatic platform for clinical applications. 

 
 

 [1]Yuewen Zhai, Xiaorong He, Ying Li , Ran Han , Yuying Ma1, Peng Gao , Zhiyu Qian , Yueqing Gu*, Siwen Li*. A splenic-targeted 
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Nano, 2020, 14(3): 3414-3425.  
[3] Yuying Ma, Jinnan Zhang, Yalan Rui, Rolle Janiqua, Tian Xu, Zhiyu Qian , Yueqing Gu*, Siwen Li*. Depletion of glioma stem cells by 

synergistic inhibition of mTOR and c-Myc with a biological camouflaged cascade brain-targeting nanosystem. Biomaterials, 2020, 268, 

120564. 
[4] Yuying Ma, Yanqin Zhang, Ran Han, Ying Li, Yuewen Zhai, Zhiyu Qian , Yueqing Gu*, Siwen Li*. A cascade synergetic strategy 

induced by photothermal effect based on platelet exosome nanoparticles for tumor therapy. Biomaterials. 2022, 282: 121384. 

[5] Ran Han, Luting Yu, Chenxuan Zhao, Ying Li, Yuying Ma, Yuewen Zhai, Zhiyu Qian , Yueqing Gu*, Siwen Li*. Inhibition of SerpinB9 

to enhance granzyme B-based tumor therapy by using a modified biomimetic nanoplatform with a cascade strategy. Biomaterials. 2022, 

288 :121723.  

[6] Ying Li, Chunjiao Wu, Yuewen Zhai, Ran Han, Ruoyu Gu, Yuying Ma, Peng Gao, Zhiyu Qian, Yueqing Gu*, Siwen Li*. Palliating the 
escalated post-PDT tumor hypoxia with a dual cascade oxygenation nanocomplex. Applied Materials Today. 2022, 26:101287. 
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Combining remarkable properties, such as high hardness, mechanical strength, biocompatibility, 

chemical inertness, thermal resistance, high thermal conductivity at cryogenic temperatures, and high 

optical transparency in visible and near infrared ranges, sapphire can be applied for manufacturing of 

medical instruments for laser therapy and diagnosis, as well as for tissue resection and cryodestruction 

[1-4]. Different techniques for sapphire shaped crystal growth [5-7] provide significant expansion of 

opportunities of thus made instruments, since enable manufacturing of small crystals, with internal 

capillary channels, used for the accommodation of optical fibers, which can be connected with light 

sources and detectors. Therefore, such crystals allow performance of diffuse reflectance measurement, 

which opens perspectives for in situ diagnosis using compact sapphire medical instruments.  

This work describes application of diffuse reflectance measurements made by sapphire scalpel and 

probes for cryosurgery and tissue condition monitoring. The scalpel combines analysis of fluorescence 

and diffuse reflectance intensities detected right on the scalpel blade [8]. This analysis allows for finding 

of tumorous tissue and estimate its margins with the resolution around 2 mm. Sapphire cryoprobe was 

developed enabling the modality of spatially resolved frequency-domain or stable-state diffuse 

reflectance measurements [9]. This probe can be applied for monitoring of tissue freezing depth during 

cryosurgery as well as for estimation of tissue optical properties that serves as a marker of cryo-necrosis. 

Another compact sapphire probe was tested for monitoring of circulatory disorder in muscle tissue. 

Using diffuse reflected intensity this probe can detect the alteration of the extinction coefficient of 

damaged tissue. This instrument can be further used for intraoperational noninvasive monitoring of 

tissue transplantation.  

The problems of manufacturing of these instruments, theoretical aspects of estimation of tissue 

properties and particular examples of the applications of these instruments are discussed in the present 

work.  

 

This work was supported by the Russian Science Foundation (RSF), research project # 19-79-10212. 
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Methods based on the use of diffuse elastic light scattering and diffractometry are widely used to 

measure several parameters that characterize the microrheological properties of blood [1]. The state of 

human organism essentially depends on the microrheological properties of red blood cells (RBC) and 

platelets aggregation as well as RBC deformability. The importance of monitoring these properties is 

determined by the need to correct them with the use of various drugs or with the help of drug 

plasmapheresis procedures. The procedure of therapeutic plasmapheresis is a method of extracorporeal 

hemocorrection aimed at changing the qualitative and quantitative composition, correcting the 

physicochemical state of the blood, removing pathogenic substances from the circulating bloodstream, 

normalizing the immune response. So far there is no information about the effect of plasmapheresis on 

blood microrheological properties. The paper demonstrates the physical foundations of the used laser-

optical methods and their application for estimating the effect of the plasmapheresis procedure on the 

blood microrheology and microcirculation.  

All measurements of deformability and aggregation of RBC were performed using the commercially 

available Rheoscan system (Rheomeditech, Korea). The essence of laser diffractometry is in obtaining 

and subsequent analysis of the obtained diffraction pattern from a highly diluted suspension of RBCs at 

rest and shear flow. Analysing the obtained diffraction patterns one can calculate the deformability index 

dependence on shear stress that characterise the ability of RBC to elastically deform in the flow. The 

light scattering (laser aggregometry) technique allows for assessing the parameters characterizing the 

ability of the RBCs to reversibly aggregate in large ensembles of the cells. It allows to register the 

kinetics of the spontaneous aggregation (time dependence of light intensity forward scattered from a 

sample of whole blood at rest) and shear-induced disaggregation (shear stress dependence of light 

intensity backscattered from a sample of whole blood under shear flow) of RBC for obtaining the 

characteristic time of aggregates formation (aggregation rate), aggregation index as well as 

hydrodynamic strength of aggregates. Platelet aggregation parameters were assessed using the laser 

aggregometer of platelets “Biola” (BIOLA LLC., Russia) implementing the turbidimetry technique. 

Light transmission kinetics and optical density fluctuation during the platelet aggregation process 

induced by adenosine diphosphate (ADP) was registered in platelet-rich plasma with subsequent 

calculations of the aggregation index and rate as well as the aggregate size. All these techniques are 

convenient, fast and relatively simple for in vitro measuring with EDTA- or sodium citrate-stabilized 

human blood samples drawn from patients before and after the procedure of plasmapheresis.  

The results of in vitro measurements in blood of a group comprising 10 pregnant women, the indices 

of RBC deformability, aggregation of RBCs and platelets, hydrodynamic strength, characteristic time 

of RBC aggregates formation before and after the procedure of plasmapheresis are presented. A 

significant increase in platelet aggregation, a decrease in RBC aggregation, and a slight decrease in the 

deformability of RBCs were found.  

This work was supported by the grant of Interdisciplinary Scientific and Educational School of 

Lomonosov Moscow State University «Photonic and Quantum technologies. Digital medicine» (grant 

No. 23-Ш06-03).  
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Multiphoton microscopy (MPM) allows observation of cellular and subcellular dynamics and functions 

in deep live tissue within highly complex and heterogeneous environments, providing critical in situ and 

in vivo information for biological studies. In past decades, we have witnessed the striking development 

of MPM which has significantly revolutionized biomedical research. In this talk, I will first briefly 

review the recent advances of MPM and then focus on our new development of MPM techniques. A 

time- and spectral- resolved detection system was used in our home-made MPM system to provide the 

capability for detecting fluorescence lifetime and fluorescence spectra simultaneously. Furthermore, a 

short wavelength femtosecond fiber laser was used to extend the excitation source. To demonstrate the 

versatility of our novel MPM system, we carried out MPM imaging of endogenous fluorophores in live 

cells and tissues.  
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Fluorescent metal clusters, featured by their subnanometer size, good quantum yield and photostability, 

low toxicity, high extinction coefficients, large Stokes shift, tuneable emission spectrum, and 

unobtrusive blinking on all relevant time scales, fill a void between organic dye and much larger 

semiconductor-based probes. Herein, we prepared several kinds of metal clusters and used for 

superresolution microscopy, two-photon microscopy and correlated microscopy, respectively. 

Furthermore, the metal clusters were also been applied for ferroptosis Therapy. 

First, we prepared an aptamer functionalized silver clusters for STED microscopy. Specifically, the 

aptamer functionalized silver clusters were constructed by linking the anti-proliferative G-rich aptamer 

AS1411 with a single stranded CCCTTAATCCC DNA oligomer. Figure 1 clearly shows that the AS1411 

functionalized silver clusters can bind to the Hela cells. Nucleolin protein distribution in Hela cells 

demonstrated in STED microscopy with resolved resolution, proving that the aptamer functionalized Ag 

cluster is a promising probe for STED microscopy. 

Further, near-infrared emitting bi-metallic gold/silver nanoclusters with an excellent large Stokes shift 

around 330 nm were manufactured through one-pot synthesis. The gold/silver nanoclusters exhibit 

strong NIR fluorescence due to the silver effect, and can be applied as a two-photon fluorescent contrast 

agent for in vivo imaging. Figure 2 showed the two-photon fluorescence imaging at different depths of 

the mouse rear paw. 

 

 
Figure 1: Confocal and STED images of AS1411-A5-AgNCs labeled Hela cells. STED power is 80 mW. 

 

 
Figure 2: Two-photon confocal fluorescence images of the rear paw of a mouse at different depths. 
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In this study we investigate diagnostic capabilities of optical coherent elastography (OCE) using 

visualization of osmotically induced slow deformations (tens of minutes) in porous water-saturated 

polymers and biological tissues [1,2]. Diffusion of hyperosmotic liquids and optical clearing agents 

through these materials is accompanied by subsurface strains, spatio-temporal evolution of which 

(amplitude, sign and rate) can be monitored in real time by OCE. It has been shown that the analysis 

of the dynamics of osmotically-induced deformation can be used to diagnose the presence of 

pathologies, such as the degradation of proteoglycans in cartilage tissue. The rate and amplitude of 

osmotically induced shrinkage and dilatation in polyacrylamide gels have been found to be 

dependent on the degree of their crosslinking [3]. Some possibilities of observing the development 

of crosslinks in tissues under the action of cross-linkers, such as glutaraldehyde, in real time have 

also been demonstrated. It is discussed how the formation of crosslinks depends on the initial 

composition and concentration of the used solution. 

The study was supported by the Russian Science Foundation grant No. 22-12-00295 
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Two in vivo flow cytometry systems were created - a photoacoustic flow cytometer with a tunable laser 

wavelength and a light sheet-based cytometer with the possibility of magnetic separation of objects from 

the bloodstream. For a minimally invasive analysis of the presence of circulating tumor cells in the 

bloodstream, a photoacoustic flow cytometer was mainly used. For circulating melanoma tumor cells, 

after inoculation of B16-F10 cells into the thigh of a C57BL/6 mouse and injection into internal organs 

(liver, kidney, spleen), the number of formed circulating tumor cells (CTCs) was studied in the large 

vessel of animal limb. At the same time, the spread of metastasis in internal organs was studied using 

photoacoustic tomography. Using the technique of photoacoustic flow cytometry, it was shown that 

these models form a large number of CTCs in large vessels of the limb of a laboratory animal. The 

complete study of the process of metastasis was carried out by in vivo flow cytometry, photoacoustic 

imaging, cryosection analysis, and histological analysis. The number of circulating objects in the 

bloodstream was obtained for several weeks of tumor growth. 

This work was supported by RSF project 18-19-00354 and Russian government project (megagrant)  

number 075-15-2021-617. 

 
 



B-I-38 

Microstructural waveguides in the paradigm of biosensor 

technologies 
Julia S.Skibina*, Anastasiya A. Zanishevskaya* **, Svetlana S.Konnova* **, Pavel A. Lepilin* **, 

Alexey Yu. Gryaznov*, Shuvalov A.A.* 

 

*SPE LLC "Nanostructural Glass Technology", 410033, Saratov, pr-t 50 let Oktjabrja 101 

** Saratov State University, 410012, Astrahanskaya 83 
 
The report will present a broad aspect of the application of microstructured waveguides as biological sensors. 

Will be demonstrated possibility of creating devices for monitoring human blood parameters. 
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The functioning of large central and small peripheral vessels is regulated by different physiological 

factors that determine peripheral hemodynamics. There are various non-invasive methods for 

monitoring peripheral microvasculature, among which laser Doppler flowmetry (LDF) and 

photoplethysmography (PPG) are the most accessible and popular. It is known that in type 2 diabetes 

mellitus (T2DM) thermoregulation is impaired, which may lead to decreased skin vasodilation of 

extremities due to the development of neurovascular dysfunction. Analysis of changes in mechanisms 

of skin hemodynamics regulation in response to local heating in T2DM patients may be an indicator of 

early microvascular dysfunction in noninvasive diagnosis. The aim was to assess changes in spectral 

components and phase relationships between tissue blood volume dynamics and skin blood flow 

oscillations in upper and lower extremities of healthy volunteers and T2DM patients in response to local 

heating. 

Twenty-two T2DM patients (5 males and 17 females) and twenty-two healthy volunteers (8 males and 

14 females) participated in the study. Measurement procedures were conducted in a quiet room at 23 ± 

1°C after a 15-minute adaptation period. All subjects were in supine position during registration. Four 

35-minute records were recorded simultaneously for each subject - tissue blood volume dynamics of the 

right index finger pad (PPGfg) and the right second toe pad (PPGtoe), as well as skin blood flow 

dynamics from the outer surface of the right forearm (LDFfm) and of the right foot (LDFft). The local 

heating was performed by heating both skin sites from 32 to 38 0С in the area where LDF probes were 

placed. For each participant, two 15-minute fragments of the entire 35 min signals analyzed: the initial 

15 minutes without heating (rest) and the last 15 minutes of probe (heating). Amplitude-frequency 

spectra were analyzed using adaptive wavelet transform, as well as phase interactions between pairs of 

analyzed signals were assessed by the value of wavelet phase coherence (WPC) function. Statistical 

analysis was performed using Wilcoxon tests for independent samples, significance differences were 

considered reliable at p < 0.05. 

Amplitudes of respiratory oscillations (~ 0.3 Hz) of forearm blood flow (as measured by LDF) were 

higher at rest and during heating in patients versus healthy subjects. In comparison with controls the 

amplitudes of myogenic (~0.1 Hz) oscillations of foot blood flow were lower at rest and the amplitudes 

of cardiac (~1 Hz) oscillations - under local heating. No significant differences in spectral components 

of finger and toe tissue blood volume oscillations (as measured by PPG) were found between patients 

and healthy participants neither at rest nor under local heating. In patients WPC values for myogenic 

(~0.1 Hz) oscillations of LDFfm - LDFft and PPGfg - PPGtoe signal pairs were lower as compared to 

controls. The results obtained can provide the basis for development of methods for early noninvasive 

diagnosis of microvascular disorders and ways of their therapeutic correction in various socially 

significant diseases, including T2DM. 

This study was supported by the Russian Science Foundation [grant number # 22-15-00215]. 
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Multimodal optical coherence tomography (OCT) is a modern biological tissues imaging 

method. OCT allows studying the structure, functional state, mechanical and optical properties of 

biological tissues. OCT technology can be used in routine clinical practice in neurosurgery, oncology, 

abdominal surgery, gynecology and other medical fields. OCT is a non-invasive real time and label free 

imaging that provides 3D images of subsurface tissues with a spatial resolution of 10-20 µm at a depth 

of 1-2 mm.  

The multimodal OCT with the assessment of microstructure and microcirculation was used to 

diagnose and control photodynamic therapy of vulvar lichen sclerosus. Original algorithms for 

quantitative processing of OCT parameters were applied.  

Unconditional OCT signs of normal vulva were formulated. At an early stage of lichen 

sclerosus, no changes were found in the connective tissue, but the number of blood and lymphatic 

vessels changed slightly. The severe stage of lichen sclerosus is characterized by the formation of 

sclerosis and hyalinosis of collagen fibers, which is manifested on OCT images by the absence of 

lymphatic vessels, a decrease in the number of blood vessels, and a change in their architectonics. A 

decrease in the density of the network of lymphatic vessels in the upper layer of the dermis was revealed 

at an early stage in the development of lichen sclerosus, which indicates that changes begin to develop 

directly under the epithelium. At a severe stage in the development of lichen sclerosus, the density of 

both the blood vessels and lymphatic vessels networks decreased to almost zero values in all layers of 

the dermis.  

The restoration of the microstructure and microcirculation in the vulvar tissue for a period of 1-

3 months after photodynamic therapy is shown to be almost to the level of normal tissue. This was 

accompanied by the absence of clinical manifestations of the disease and symptoms. In the case of 

partial recovery of vulvar parameters for a period of 3 months, all patients had a recurrence at 6 months 

after PDT.   
  

 This work was supported by the Russian Science Foundation grant 19-75-10084. 
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Malignant neoplasms of the brain cause more than 250 000 deaths worldwide each year [1]. The 

combined treatment of brain tumors includes surgical resection, chemo- and radiotherapy. Intraoperative 

study of the white matter morphology in the perifocal zone of the tumor is necessary to accurately 

determine the boundaries of tumor resections. However, it must be understood that in the case of re-

resection of the tumor, the white matter tissue can be damaged not only due to tumor growth, but also 

due to the use of radiation therapy [2], which causes more difficulties in distinguishing between tumor 

and normal brain tissues. Thus, there is a need to develop new methods for diagnosing white matter 

changes that occur during radiation therapy that could be used during surgical intervention. Optical 

coherence tomography (OCT) is a promising tool for study the white matter morphological features in 

brain tumors based on its scattering properties [3,4]. That is why the aim of the study was to evaluate 

the effect of ionizing radiation on the scattering properties of the white matter of the brain using OCT. 

The study was performed on Wistar rats divided into control group and the group exposed to X-Rays 

(once at a dose of 15 Gy per region of the right hemisphere of the brain). At 7 time points since the 

experiment had started (each 2 weeks), the animals were euthanized, followed by an OCT study and an 

immunohistochemical study of the frontal sections of the brain. Numerical analysis of OCT data was 

carried out by calculating the attenuation coefficient and building of en-face color-coded optical maps. 

The corpus callosum was chosen as the region of interest. 

As a result of the study, we discovered statistically significant decrease of attenuation coefficient values 

in corpus callosum at 3 time points. At 2 weeks after irradiation, we registered changes of attenuation 

coefficient values in the irradiated hemisphere, while at 6 and 12 weeks after the X-Rays exposure the 

attenuation coefficient values were decreased both in the irradiated and contralateral hemisphere. The 

detected changes were confirmed histologically: at the stage of 2 weeks after irradiation, a moderate 

edema occurred only in the area of the irradiated hemisphere, while at the stage of 6 and 12 weeks it 

was also found in the contralateral hemisphere and was characterized by significant severity, which 

indicates the spread of the process along the course of myelinated nerve fibers. 

Thus, in the course of this study, morphological changes in the corpus callosum resulting from exposure 

to ionizing radiation were recorded, which were characterized by a decrease in its scattering properties, 

detected by OCT. The study was financially supported by the Russian Science Foundation, grant No. 

23-25-00118. 
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Optical coherence tomography (OCT) is a fast non-invasive method which is used to visualize the internal 

structure of tissues [1]. OCT has found its application in various clinical fields, including neurosurgery [2-

5]. An intraoperative diagnosis of brain tumors is one of the most urgent and challenging problem of 

modern neurosurgery [6-8]. Existing methods of the intraoperative neurodiagnosis of tumors are plagued 

with limited sensitivity or still rather expensive. Thus, a development of novel intraoperative diagnostic 

methods of brain gliomas, aimed at demarcation of tumor boundaries is one of the most important tasks of 

medicine, physics, and engineering sciences.  

 

In our research, aimed at the application of OCT for the diagnosis of brain gliomas of different grades, we 

obtained OCT signals for ex vivo samples of brain glioma of various grades and intact brain tissue. In 

particular, we proposed a set of features for tissue differentiation, namely, the attenuation coefficient and 

its variance within the sample, and the local brightness fluctuations in OCT speckle patterns, obtained by 

means of the wavelet analysis. Then we applied the linear discriminant analysis to compare the advantages 

and weaknesses of particular features for distinguishing different tissue types. The results of this study 

confirmed the perspectives of combined attenuation-speckle signal analysis for neurosurgical purposes.  

 
Fig. 2. An example of obtained results: (a) OCT images of glioma grade 3; (b) representative HE-stained histological image;  

(c), (d) distribution of the attenuation properties 𝝁 and 𝝈𝝁 for glioma grade 3, cortex and white matter, respectively;  

(e), (f) distribution of speckle properties 𝑷𝒂 and 𝝈𝑷𝒂 for glioma grade 3, cortex and white matter, respectively. 
 

This work was supported by the Russian Science Foundation (RSF), research project # 19-79-10212. 
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Endometrial cancer ranks 5th among all oncopathology, and its affect the reproductive function of 

woman [1]. Different clinical diagnostic tools are used to identify endometrial cancer: ultrasound and 

magnetic resonance imaging make it possible to measure only the endometrium thickness, and 

hysteroscopic assess can visually determine localization of tissue area suspected of pathology. For 

morphological verification of endometrial cancer and differential diagnosis from other endometrial 

hyperplastic processes, diagnostic curettage of the uterine cavity is performed. This diagnostic procedure 

is characterized by high trauma and negatively affects the reproductive function. Therefore, there is a need 

for a new diagnostic tool for highly accurate and minimally invasive morphological assessment of 

endometrial tissue. 

We present our study on the adaptation of Compression Optical Coherent Elastography (C-OCE) for 

the morphological diagnosis of endometrial pathologies. C-OCE allows label-free study of biological 

tissue heterogeneous structure based on differences in the elastic properties of morphological components 

with a resolution up to 40 µm [2]. The ability of C-OCE imaging of breast [3] and colon [4] tissue to 

determine the topography and morphomolecular status of pathology has been demonstrated previously. It 

has been shown that C-OCE can identify even small clusters of cancer cells [5], which can allow targeted 

biopsy sampling of endometrial cancerous tissue areas. Here, the main goal was to study the elastic 

properties of endometrial tissue in normal conditions and in various pathologies using C-OCE. 

During ex vivo assessment of surgical samples, the elastic properties of tissue morphological 

components of the uterine cavity were determined in normal conditions (endometrium and myometrium); 

with typical endometrial hyperplastic processes; with low- and high-grade endometrial cancer (cancer 

cells and stroma). Higher stiffness values (more than 400 kPa) for cancerous tissues and lower stiffness 

values (less than 400 kPa) for non-cancerous tissues were established by C-OCE. The established 

differences in elastic properties indicate the possibility of endometrial pathologies diagnosis [6]. Future 

research will focus on developing an approach to in vivo C-OCE hysteroscopic assessment of endometrial 

tissue. 

The study was funded by the Russian Science Foundation, grant No. 23-25-00405. 
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Gold nanoparticles are widely used in laser-based biomedical applications due to the presence of localized 

surface plasmon resonance. Effective use in applications such as photothermal therapy, photoacoustic 

imaging, surface-enhanced Raman spectroscopy, etc. often requires spectral tuning of the plasmon 

resonance of nanoparticles to a given wavelength, usually coinciding with the wavelength of laser 

irradiation. In this case, gold nanostars compare favorably with particles of other shapes in that their 

plasmon resonance can be tuned in a wide wavelength range from 650 to 1900 nm. This range includes 

the so-called first, second and third biological penetration windows - spectral regions with the maximum 

depth of light penetration through biological tissues. Another feature of nanostars is sharp spikes on the 

surface, which can also be effectively used, for example, as "hot" spots for SERS applications. 

The purpose of this work was to analyze the available literature data and perform an additional 

experimental study of the dependence of the morphological and optical properties of gold nanostars on 

the concentrations of reagents added during synthesis. Using transmission electron microscopy and 

extinction spectroscopy, we studied nanostars synthesized using two different seed-mediated methods: 

surfactant-free protocol developed by T. Vo-Dinh group [1] (Fig.1a) and Triton-based protocol developed 

by P. Pallavicini [2] (Fig. 1b). 

It was found that the main factors affecting the shape and optical properties of nanoparticles are the 

concentrations of silver nitrate, seeds and hydrochloric acid. The results obtained can be used to create 

gold nanostars with the necessary morphological and optical parameters for specific applications. 

 

 
Fig. 1. TEM images of gold nanostars synthesized according to (a) surfactant-free and (b) triton-based protocols. 

 

The work was supported by a grant from the Russian Science Foundation No. 23-22-00354, 

https://rscf.ru/en/project/23-22-00354/.  
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Excitation of dielectric nanoparticles highly doped with rare-earth (RE) ions by intense laser radiation can 

lead to their significant heating and, as a consequence, “white” emission [1–3]. This effect can be used to 

enhance the thermal effect of laser radiation on biological tissue. In [3], by means of in-vivo experiments (on 

rats), we demonstrated the fundamental possibility of using particles based on ytterbium-doped zirconium 

dioxide to enhance the thermal effect of radiation with a wavelength of 980 nm. In [4], we studied the 

possibility of using particles based on zirconium dioxide doped with various RE ions (Ho3+, Tm3+, Yb3+, Er3+) 

to enhance the heating of biological tissue by laser radiation of various wavelengths (457, 532, 980, 1550, 

1940 nm). In-vivo experiments have shown that the effect is most pronounced for ytterbium-containing 

particles and radiation with a wavelength of 980 nm. 

The purpose of this work was to study the possibility of using ytterbium-containing particles when they are 

excited by laser radiation with a wavelength of 970/980 nm for the treatment of subcutaneous neoplasms. In-

vivo experiments were carried out (on mice of the BALB/c line). The tumor strain of melanoma B16-F10 was 

used for the study. Tumor-bearing animals were divided into four groups of six each. In the first group, animals 

with a tumor did not receive any treatment. In the second group, on the seventh day from the moment of tumor 

implantation, the animals were intratumorally injected with a suspension of ZrO2-30 mol.% Yb2O3. In the 

third group of animals, a thick suspension of ZrO2-30 mol.% Yb2O3 powder in distilled water was applied to 

the skin covering the tumor site. Animals of the second and third groups twice with an interval of 48 hours 

were exposed to the tumor node and adjacent areas with a laser with a wavelength of 970 nm and a power of 

1 W. Animals of the fourth experimental group received a double heating of the tumor node to 60°C using 

laser radiation with a wavelength of 970 nm. In-vivo experiments have shown that therapy with a suspension 

of ZrO2-30 mol% Yb2O3 particles (cutaneous or intratumoral location) has an antitumor effect against B16 

melanoma cancer. In this case, a more effective therapeutic effect is achieved with intratumoral 

administration. 

Experiments with the animals were carried out in accordance with the rules for working with animals 

formulated by Directive 2010/63/EU of the European Parliament and of the Council of the European Union 

on the protection of animals used for scientific purposes and were approved by the local ethics committee at 

the Medical Institute of National Research Mordovia State University, approval date: 9 May 2020, approval 

code: 88. 

The transmission electron microscopy structural studies were conducted on equipment of the Materials 

Science and Metallurgy Joint Use Center with State financial support from the Ministry of Education and 

Science of the Russian Federation, Grant No. 075-15-2021-696. This work is financially supported by a grant 

from the Russian Science Foundation (Project 23-72-01099). 
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Poly(L-lactide) (PLLA) is biocompatible and biodegradable thermoplastic, which has the highest world 

consumption volume among bioplastics. PLLA has numerous applications, for example, as filament 

material in 3D printing, in production of ecologically friendly short-life consumer goods, including food 

wraps and disposable tableware. Also PLLA is widely used in medicine, in particular, as bioresorbable 

suture materials. PLLA-based copolymers, composites and blends have great potential for novel 

applications in production of bioresorbable medical implants, scaffolds and nanocarriers for targeted 

drug delivery with controlled release of active substances. Thus, analysis of the structure and 

degradation mechanism of various PLLA-based materials is of significant interest. In this work we 

applied Raman spectroscopy to study copolymers of L-lactide (LA) and ε-caprolactone (CL) with the 

aim to evaluate the relative contents of the comonomers and the degree of crystallinity. 

 

   
Fig. 1. Raman spectra of semicrystalline (the degree of crystallinity is 86%) and amorphous PLLA in the most informative spectral regions. 

In each region the intensity of the spectra was normalized to the intensity of the most intense band. The spectra were recorded using Bruker 
Senterra II Raman microscope with the spectral resolution of 1,5 cm-1 and laser excitation with wavelength of 532 nm. 

 

We showed that the degree of crystallinity of PLLA areas in the LA/CL copolymers can be evaluated 

from measurements of the ratio of intensities of the PLLA bands at 411 and 874 cm-1 (Fig. 1A). These 

bands were assigned to the deformation vibrations of O-C(H)-C(H3) groups and the symmetric 

stretching vibrations of C-O-C bonds on the base of quantum chemical calculations. The range of the 

C=O stretching vibrations (Fig. 1B) is not convenient to use in the analysis of the LA/CL copolymers 

because of the strong influence on this region of both copolymer chemical composition and the degree 

of crystallinity. The relative contents of comonomers in the LA/CL copolymers can be measured using 

the intensities ratio of the bands at 2947 and 2914 cm-1, related to the symmetric stretching vibrations 

of CH3 groups of PLLA monomeric units (Fig. 1C) and the symmetric stretching vibrations of CH2 

groups of poly(ε-caprolactone) monomeric units. Our Raman data on the contents of the comonomers 

and the degree of crystallinity of the PLLA areas are in good agreement with the results of X-ray 

diffraction study of these copolymers. 

This study was supported by the Russian Science Foundation under the grant № 23-22-00347, 

https://rscf.ru/en/project/23-22-00347/. 
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Iron oxide nanoparticles (IONPs) are promising for diagnosis and therapy: they can be coated with a 

photosensitizer for photodynamic therapy, laser or magnetic heating of IONPs can be used for controlled 

drug release or phototherapy [1]. Temperature measurement for cell organelles containing NPs during 

phototherapy is important, but complex and challenging. Fluorescent thermometers are reliable tools for 

measuring temperature fluctuations in nano-volumes, given their advantages such as fast response, high 

sensitivity and spatial resolution, ease of use and non-destructive detection [2].  

In this work we performed an experimental study of the emergence of "hot spots" of IONPs ensembles of 

different sizes and shapes during laser scanning with the estimation of heat distribution over the cell 

volume using the fluorescence thermometry based on rhodamine B (RhB) lifetime measurement. In order 

to interpret the experimental data obtained, numerical simulations of the scattering and absorption cross 

sections of the studied IONPs and their ensembles, as well as the field enhancement and heating during 

the interaction with the excitation electromagnetic radiation were performed using the finite-difference 

time-domain method. 

Depending on the IONPs shape and their location in space, a significant change in the spatial distribution 

of the EM field near the IONPs surface was observed. The local heating of IONPs in an ensemble reaches 

sufficiently high values; the relative change was about 35°С for Fe2O3 NPs. Nevertheless, all the studied 

IONPs water colloids showed heating by no more than 10°C. The heating temperature of the ensemble 

depends on the thermal conductivity of the medium, on which the heat dissipation depends.  

When capturing IONPs inside the cell into lysosomes - lipid sacs with lower thermal conductivity, the 

situation was different. As a result, so-called “hot spots” with temperature over 100°С can appear inside 

cells around the accumulation of IONPs in vesicles. The distribution of "hot spots" determines the thermal 

response of the entire biosample. It should have a certain effect on the cell death mechanism through 

hyperthermia and the lysosomes destruction response.  

 

The work was supported by the RFBR, grant 21-52-12030.   
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Two-photon lithography, also known as multiphoton laser lithography, is a technique that allows direct 

laser writing in a volume with a resolution of less than 100 nm. When exposed to a near-infrared laser, the 

source material photopolymerises in the focal volume region to form complex micro- and nanostructures. 

Two-photon lithography is used in bioelectronics [1], labs-on-a-chip [2], and cell and tissue engineering 

[3,4].  

Most synthetic photoresists and photoinitiators are not used in biological applications due to their 

cytotoxicity. To create a biocompatible structure, polysaccharides and proteins, which are the main 

elements of the extracellular matrix, are usually used. We chose bovine serum albumin (BSA) as a 

biopolymer because of its wide availability and well-studied properties, elasticity and enzymatic 

degradation. The organic dye riboflavin mononucleotide was used as the photoinitiator. 

Despite their excellent biocompatibility and wide availability, natural polymers have inferior physical and 

chemical properties compared to synthetic photoresists. Therefore, single-walled carbon nanotubes 

(SWNTs) "TUBALL" were added to the material to improve the mechanical properties and provide 

electrical conductivity. The tubes have an average outer diameter of 16 nm and a length of more than 5 

µm. The carbon nanotubes were dissolved in 5 g/l distilled water. BSA, riboflavin and SWNTs were 

dissolved in phosphate buffer saline (pH = 7.4) to avoid rapid aggregation of the protein. 

The structure was formed using a femtosecond pulsed Ti:sapphire laser. The irradiation wavelength was 

736 nm, the pulse duration was 140 fs, the repetition frequency was 80 MHz and the irradiation power 

was 30 mW. An OAGP-10-S optical attenuator with a Glan prism was used to control the irradiation 

power. The laser beam was focused on the sample using a optical microscope with 60x magnification (NA 

= 0.65). The samples were moved under the radiation using an XY 8MTF motorised scanning stage at a 

scanning speed of 5 µm/s. 

The average dimensions of the nanostructures formed were 40 µm x 40 µm, with a height of 15 µm. The 

mechanical properties of the nanostructures were investigated by indentation using a Nanoscan-4D 

Compact nanohardness tester. Measurements were made using a Berkovich trihedral pyramid indenter, 

with Poisson's ratio set at 0.3. The average modulus of elasticity of the BSA samples with SWNTs was 

5.9 GPa and the hardness was 0.26 GPa. While for a BSA sample the value of Young's modulus was 0.86 

MPa, the hardness was 75.16 MPa. The results showed that the addition of SWNTs improved the 

mechanical properties of the structures compared to the BSA material without filler. The nanotubes also 

ensured the electrical conductivity of the nanostructure. The addition of SWNTs reduced the resistance to 

30 kΩ compared to BSA alone (1 GΩ). The studies were carried out using the Van der Pauw method. 
 
[1] Dadras-Toussi O., Khorrami M., Abidian M. R., Femtosecond Laser 3D-printing of Conductive Microelectronics for Potential Biomedical 

Applications, 43rd Annual International Conference of the IEEE Engineering in Medicine & Biology Society (EMBC), pp. 1197-1200, (2021). 
[2] Sima F. et al., Three-dimensional femtosecond laser processing for lab-on-a-chip applications, Nanophotonics, vol. 7, pp. 613-634, (2018). 

[3] Maciulaitis J. et al., Customization of direct laser lithography-based 3D scaffolds for optimized in vivo outcome, Applied Surface Science, 

vol. 487, pp. 692-702, (2019). 

[3] Ovsianikov A. et al., Two‐photon polymerization technique for microfabrication of CAD‐designed 3D scaffolds from commercially 

available photosensitive materials, Journal of tissue engineering and regenerative medicine, vol. 1, pp. 443-449, (2007). 
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Nowadays the Photopharcology is an urgent area of research. The main players of 

photopharmacology are ‘photoswitch-pharmacore’ couples that change biological activity because of light 

irradiation. Photopharmacological agents of a new generation can be used to treat various diseases, 

including Alzheimer's disease [1]. It is important, that practical implementation of photopharmacology is 

closely related with spatial control of medicinal treatment zone. Thus, demonstration of substances that 

meet all the listed requirements would determine the directions of breakthrough research in the coming 

years. 

The purpose of this study is to develop photopharmacological agents that combine a number of 

functions – biological activity, the ability to change it under the influence of light and visualization of the 

zone of drug exposure. 

In this study, we present for the first time CQDs@phosphonate nanohybrid that is conjunction of 

biocompatible and nontoxic luminescent carbon quantum dots (CQDs) with photoswitchable phosphonate 

compound possessing inhibition of butyrylcholinesterase (BChE) – prognostic marker of numerous 

diseases [2]. The study of the obtained nanohybrids using absorption spectroscopy, luminescence, FTIR 

spectroscopy and IPC –micro neurotoxins amperometric analysis revealed a pronounced effect of laser 

radiation on the optical and biological properties of new objects. CQDs@phosphonate hybrids demonstrate 

step increase of butyrylcholinesterase inhibition from 38% up to almost 100% and simultaneous 

luminescence decrease after laser irradiation with wavelength 266 nm. The all the listed Hybrids properties 

were demonstrated not only for in vitro experiments, but for complex biological sample – chicken breast. 

The uncovered photosensitivity and bioactivity of new phosphorylated phosphonates makes them 

promising compounds for clinical therapy as photopharmacological agents. 
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Surgical liver resection remains the most effective treatment of liver tumors [1]. However, in the presence 

of hepatic pathologies, the regenerative potential of the liver is significantly reduced [2]. Standard clinical 

methods do not allow predicting the function of the liver remnant. Modern label-free methods of 

multiphoton microscopy with fluorescence lifetime imaging microscopy (FLIM) and second harmonic 

generation (SHG) allow to determine the criteria for reducing the regenerative potential of the liver with 
concomitant hepatic pathology.  

A series of experiments were carried out on Wistar rats. Toxic liver fibrosis was induced by CCl4 injections 

and steatosis was induced by 60% high-fat diet. At different stages of the pathology, we induced liver 

regeneration by 70% hepatectomy. Using multiphoton microscopy, we analysed the structure of the liver 

tissue on 3rd and 7th day after hepatectomy, and also determined the intensity of NAD(P)H autofluorescence 

in the zones of low and high signal. Using FLIM, we determined the fluorescence lifetime contributions 

of the free and bound forms of NADH and NADPH. Morphological analysis and a standard biochemical 

blood test were performed as controls.  
As a result, we revealed the features of the structural and functional state at different stages of liver 

regeneration with steatosis and fibrosis. In case of steatosis, we identified zones with a reduced NADH 

autofluorescence intensity, corresponding to lipid infiltration or fibrosis. The area of zones with a reduced 

NAD(P)H autofluorescence intensity increased with the development of steatosis. We also showed a 

decrease in the contributions of the bound form of NADH and NADPH already in the early stages of 

steatosis. During regeneration with the presence of steatosis, there was no sharp increase in the 

contributions of the bound form of NADH and NADPH on the 3rd day after hepatectomy, due to 

mitochondrial dysfunction of hepatocytes. In case of fibrosis, we also identified zones with a reduced signal 

of NADH autofluorescence intensity, which corresponded to fibrosis. The area of zones with a reduced 

NAD(P)H autofluorescence intensity increased with the development of fibrosis. There was sharp a 

decrease in the contributions of the bound form of NADH and NADPH in the early stages of pathology, 

followed by an increase in these parameters in the later stages. Such changes are associated with 

mitochondrial dysfunction in the early stages and the progression of compensatory processes in the later 

stages of pathology. 

The work was supported by the Grant from the Russian Science Foundation №19-15-00263. 
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Lipofuscin of retinal pigment epithelium (RPE) cells is a complex of chromophores accumulating as 

intracellular granules during the cell’s lifespan. Being exposed to light, lipofuscin becomes a source of 

oxidative stress. It significantly complicates the course of various age-related eye diseases and without 

proper control may lead to the irreversible loss of the vision. Modern clinical routine utilizes fundus 

autofluorescence (FAF) imaging to assess the lipofuscin concentration in RPE. However, since FAF is 

based on the measurements of the intensity of lipofuscin fluorescence, very often this method does not 

allow to diagnose the pathology on the early stage. As a possibility to increase the sensitivity, the usage of 

the time-resolved measurements of lipofuscin fluorescence is being proposed. The aim of the work was to 

assess the lifetime of autofluorescence of lipofuscin, incorporated in vitro into RPE cells, with and without 

photooxidation in order to estimate lifetime as a diagnostic parameter. Additionally, we measured how 

administration of carotenoid antioxidant zeaxanthin via protein-mediated mechanisms affects lipofuscin 

fluorescence lifetime. 

Lipofuscin granules (LG) were incorporated into RPE cell line culture ARPE-19 obtained from Koltzov 

Institute of Developmental Biology of RAS (Moscow, Russia). Fluorescence lifetime imaging (FLIM) was 

performed in the time-correlated single photon-counting (TCSPC) mode using the confocal system 

installed on the Eclipse Ti2 (Nikon, Tokyo, Japan) microscope. Excitation was performed by a 473 nm 

picosecond laser (30 ps impulse duration, 50 MHz repetition rate) synchronized with detector HMP-100-

40 via board SPC-150 (Becker&Hickl, Germany). The detection was performed using a cutting-band filter 

at 530 nm with 40 nm band width (Thorlabs, USA). The photooxidation of cells enriched with LG was 

performed in CO2-incubator by 18h-illumination with a custom LED array (light intensity 0.3 mW/cm2). 

Zeaxanthin was administered into ARPE-19 cells in complex with Bombyx Mori Carotenoid-Binding 

Protein (BmCBP-ZEA) at 200 nM concentration (calculated by the protein). The description of BmCBP 

production, as well as its abilities to bind various carotenoids, and demonstration of its antioxidant 

properties, are available in our previous work [1]. 

The analysis of the FLIM data of ARPE-19 cells, enriched with LG, revealed that autofluorescence of 

intact lipofuscin was characterized with mean lifetime τmean = 275±45 ps. Irradiation of cells led to the 

massive photooxidation, and the significant increase in lipofuscin fluorescence lifetime (375±37 ps) was 

detected. Supplement of cells with BmCBP-ZEA resulted in lower values of the lipofuscin fluorescence 

mean lifetime after illumination (310±23 ps), demonstrating the suppression of the photooxidation due to 

the antioxidation effect. For more details please refer to our work [2]. 

Basing on the obtained results, we conclude that time-resolved diagnostics of lipofuscin 

autofluorescence is sensitive to the photooxidation processes, as well as to the effects of carotenoid 

antioxidants. Thus, it can be proposed as a part of fluorescence imaging ophthalmoscopy technique. 

The present work was supported by Russian Scientific Foundation grant № 22-25-00183. 
 
[1] N. Sluchanko, Y. Slonimskiy, E. Maksimov et al., Silkworm carotenoprotein as an efficient carotenoid extractor, solubilizer and transporter, 

International Journal of Biological Macromolecules, vol. 223, pp. 1381-1393 (2022). 
[2] A. Semenov, E. Maksimov, N. Sluchanko et al., Protein-Mediated Carotenoid Delivery Suppresses the Photoinducible Oxidation of Lipofuscin 
in Retinal Pigment Epithelial Cells, IJMS, vol. 12 (413), pp. 1-19, (2023). 

 
 



B-O-12 

Studies on the structure and biocompatibility of multilayer laser 

formed material based on nanotubes and biopolymers for 

myocardial regeneration  
 

U. Kurilova1,2, D. Murashko2, A. Kuksin2, Yu. Vasilevskaya2, K. Khorkov3,  

A. Gerasimenko1,2  

1 - Sechenov First Moscow State Medical University, 8 Trubetskaya str., Moscow 119991, Russia 

2 - National Research University of Electronic Technology MIET, 1, Shokin Square, Zelenograd, Moscow 124498, 

Russia 
3 - Vladimir State University, 87 Gorky str.,Vladimir 600000, Russia  

 

Main author email address: kurilova_10@mail.ru 

 

Currently, cardiovascular diseases are the leading cause of mortality. Researchers efforts are focused on 

improving the regeneration of damaged cardiac tissue in coronary heart disease with tools of tissue 

engineering, where the patient's own cells form living tissue after cultivation on biocompatible scaffold of 

proper structure.  

One of the promising classes of materials used for regeneration of damaged myocardium is composite 

materials with nanoparticles and biopolymers [1,2]. The multilayer biomaterial based on carbon nanotubes 

and proteins (collagen and albumin) and chitosan, obtained by layer-by-layer laser formation, is a good 

option for these purposes. Each of the biopolymer layers has specific properties for the best mechanical 

support and successful cell adhesion and proliferation. Laser treatment forms a strong electrically 

conductive scaffold of carbon nanotubes in the volume of the material, biopolymers ensure the necessary 

surface characteristics and high biocompatibility.  

The obtained samples were analyzed using microscopy, vibrational spectroscopy and X-ray 

microtomography. The micro- and nanoarchitecture of the layers of the multicomponent structure for 

regeneration of myocardium tissue was evaluated with a scanning microscope. The albumin-based layer 

with single-walled nanotubes has a porous surface with the presence of elevations, which contributes to 

the adhesion of the cell culture. The chitosan and SWCNT layer is characterized by a porous grid, with 

nanotubes evenly distributed across the surface. Individual nanotubes and their bundles formed fine pores 

from 1 to 5 μm under the action of laser radiation. The layer based on collagen and SWCNT has a high 

degree of porosity, networks of individual nanotubes are observed inside the pores.  

The X-ray microtomography data revealed that the samples had a homogeneous structure. The porosity of 

the layers increases with increasing power of laser radiation during formation process. Open pores prevail 

in all the experimental samples, which provides the possibility of blood vessels ingrowth into the material 

structure. Chitosan and SWCNT layer had the highest porosity. Vibrational spectroscopy made it possible 

to assess the influence of laser radiation on the organic components of the layers of the multicomponent 

structure for regeneration of myocardium tissue and prove the process of nanotube structurization, as it 

was seen on the microscopy images. Among the proteins, collagen was the most resistant to heating by 

radiation, because the characteristic bands were found on the spectra. Chitosan was the most laser-resistant 

of all the studied organic materials.  

Cellular studies showed improved cell proliferation on the samples compared to the control. In the process 

of laser treatment, a grid was formed on the surface of the samples, the cells were aligned along the lines 

of laser structuring. The morphology of the cultured cells did not differ from the morphology of the cells 

in the control samples, which indicates the absence of toxicity. 

This work was financed by the Ministry of Science and Higher Education of the Russian Federation within 

the framework of state support for the creation and development of World-Class Research Centers "Digital 

biodesign and personalized healthcare" № 075-15-2022-304. 
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Quantum chemical modeling is a powerful tool to study the conformational composition and the vibrational 

spectra of organic molecules. In particular, such modeling allows to identify the most probable molecular 

conformations, assign IR and Raman bands to the particular vibrations and determine the general 

regularities in dependences of the vibrational spectra on the chemical structure and the conformational 

composition of molecules. 

 
Fig. 1. Optimized structure of L-lactide decamer in the conformation of helix 103 (program PRIRODA, OLYP/4z). 

 
Fig. 2. Optimized structure of ε-caprolactone octamer in the all-trans conformation (program PRIRODA, OLYP/4z). 

In this work, we used density functional theory (DFT) to study the structure and Raman spectra of L-lactide 

(LA) and ε-caprolactone (CL) oligomers with the aim to identify the Raman bands, which depend on the 

length and conformation of sequence of the monomeric units. This information is necessary for Raman 

evaluation of microstructure of LA/CL copolymers chains. These copolymers are very important as 

bioresorbable and biocompatible materials with adjustable degradation profile for novel applications in 

medicine. 

We showed that the most probable conformation of LA oligomers is helix 103 (Fig. 1). The conformation 

of helix 31 is much less probable. If we do not apply any constraints during geometry optimization 

procedure, it easily transforms to the conformation of helix 103. 

The DFT calculations showed that the most probable conformation of CL oligomers is all-trans 

conformation (Fig. 2). For both LA and CL oligomers the simulated Raman spectra describe well the main 

bands of poly(L-lactide) and poly(ε-caprolactone). 

This study was supported by the Russian Science Foundation under the grant № 23-22-00347, 
https://rscf.ru/en/project/23-22-00347/. We are grateful to the Joint Supercomputer Center of the RAS 
for the possibility of using their computational resources for our calculations. 
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Among the optical methods for studying biological tissues, the method of Raman spectroscopy is widely 

used in solving biomedical problems. This method can also be used to diagnose diseases and assess the 

course of the disease. 

The main method of analysis was the Raman spectroscopy method implemented by the experimental stand 

that included Raman probe RPB-785, combined with the laser module Luxx Master LML-785.0RB-04 and 

the high-resolution digital spectrometer Shamrock sr-303i providing spectral resolution of 0,15 nm with 

the build in cooling camera DV420A-OE.  

The spectra were normalized using the Extended multiplicative signal correction (EMSC) method [1]. 

Smoothing method - Maximum Likelihood Estimation Savitzky-Golay filter (MLE-SG) [2] with the 

parameter σ = 4. 

To eliminate the contribution of autofluorescence in the Raman spectrum, was used a modified method of 

subtracting the fluorescence component by polynomial approximation Improved Modified Multi-

Polynomial Fitting (I-ModPoly+) with a polynomial degree of 9. 

To increase the information content of the obtained Raman spectra, we decomposed into the sum of spectral 

asymmetric Pseudo Voigt lines 

- The possibility of using the method of Raman spectroscopy for non-invasive express evaluation of the 

effectiveness of treatment in periodontitis by changing the spectra of dental cement is shown. 

The obtained results of the research will contribute to the adjustment of the treatment of patients with 

periodontitis and the exclusion of ineffective stages of the complex treatment of inflammatory periodontal 

diseases in dental practice. 

 
Fig. 1. Averaged Raman spectra of individual samples: 1 - normal bone tissue, 2 - bone tissue with periodontitis 

 

It has been shown that the spectral characteristics of bone tissue samples in periodontitis differ significantly 

from the characteristics of the normal bone tissue spectra (fig.1). The greatest difference is seen in the 

Raman lines ~1741 (C=O ester group, phospholipids (Lipid assignment)), ~1419, 1443 cm–1 (CH2 

deformation), ~1387 (CH3 band), 1403 (Bending modes of methyl groups (one of vibrational modes of 

collagen)). Also, the spectra of group 2 (with periodontitis) are distinguished by the presence of a 

pronounced line ~1318 cm-1 Amide III (a-helix). 

The cross-validated accuracy of the classifying model based on logistic regression was 84 ± 9%. 
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Carotenoids are organic pigments, produced by plants, algae, a number of bacteria and fungi. They are 

involved in numerous vitally important biochemical processes in living nature, including crucial for 

humans provitamin, antioxidant and antiaging activities. Human organism cannot synthesize carotenoids 

and can get it only with food, dietary supplements and carotenoid-containing creams or ointments. 

Carotenoid properties strongly depend on both the chemical structure and isomeric composition. Thus, it 

is important to distinguish various types of carotenoids as well as various isomers of carotenoids in 

biological tissues and the sources of carotenoids for humans. 

Due to very low photo-, thermal and oxidation stability of carotenoids in their pure form, density functional 

theory (DFT) analysis of these pigments is of great importance. In this work, we present DFT calculations 

of the structures and Raman spectra of cis-isomers with one cis-bond for zeta-carotene, neurosporene, 

spheroidene, lycopene, spirilloxanthin, beta-carotene, and lutein. All these carotenoids are involved in 

various branches of biosynthesis of carotenoids in plants and bacteria. 

 

 
Fig. 1. Calculated Raman spectra of zeta-carotene molecule in trans-form and with one cis-bond at different positions in the polyene chain. 

 

Analysis of this set of carotenoids allowed us to establish the dependence of Raman spectra, including the 

most informative C-C and C=C stretching bands, on the conjugation length (in the range from 7 to 13 

conjugated C=C bonds), the structure of the end groups and position of cis-bond in the polyene chain. In 

particular, we have found a number of features in the Raman spectra that ambiguously relate to the 

vibrations of the cis-bond at a certain position in the carotenoid molecule. For example, Raman spectra of 

15-cis-isomers of all the carotenoids under study contain a band near 1250 cm-1, which refers to the 

stretching vibrations of C-C and C=C bonds around the cis-bond. As an example, Fig. 1 shows the 

calculated Raman spectra of various isomers of zeta-carotene, including 15-cis-isomer with the 

characteristic band at 1254 cm-1. The results of our DFT analysis are in a good agreement with our spectra 

and published experimental Raman spectra of the carotenoids. 

We are grateful to the Joint Supercomputer Center of the RAS for the possibility of using their 

computational resources for our calculations. 
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It is well known that from 30% to 51% of urinary calculi are infected or have a bacterial origin. Modern 

lithotripsy approaches are based on crushing stones into small fragments that can be removed/washed out 

through small diameter accesses. In the case of infected stones, large amount of toxins and bacteria are 

inevitably released during fragmentation. Antimicrobial photodynamic therapy is considered to be an 

alternative to the antibiotic treatment of localized infectious processes. The purpose of the study was to 

evaluate the antibacterial efficacy of photodynamic therapy against human antibiotic-resistant bacterial 

uropathogens. 

Uropathological microorganisms were isolated from renal calculi. It was found that 78.7±5.2 % of renal 

calculi were contaminated. Testing the sensitivity of the isolated strains to 10 antibiotics of different 

mechanisms of action showed that the studied strains have a high antibiotic resistance. The interaction 

between photosensitizer and urapothogenic microorganisms was analyzed. Since the samples were washed 

from free molecules of photosensitizer, the fluorescence was only detected from the photosensitizer that 

had penetrated into cells and/or was bound with cell wall. The photosensitizer accumulation was estimated 

to be dependent on both incubation time and concentration. The fluorescence intensity was found to be 

higher for Gram-negative strains than for the Gram-positive ones regardless of the photosensitizer 

concentration. The strains of Enterococcus faecalis and Staphylococcus aureus demonstrated the 

enhancement of the fluorescence intensity in a time-dependent manner with the maximal value at 60 min. 

Escherichia coli and Proteus mirabilis had the maximal value of fluorescence intensity after 30 min and 

that significantly decreased by 60 min. The optimal incubation time was found to be 30 minutes. However, 

this technique is planning to use during laser lithotripsy for sanitation, where the time is a limiting factor; 

therefore, 15 min of incubation was chosen. The concentration of the photosensitizer was selected to be 50 

µg/mL. After 15 minutes of incubation in the dark followed by 15 minutes of manipulation (dilution, 

inoculation) at ambient light, no colony of S. aureus and E. faecalis was detected on the plates. The 

treatment of either Gram-positive or Gram-negative bacteria by laser light only did not induce significant 

reduction of CFUs. The survival rate of P. mirabilis for antimicrobial photodynamic therapy (aPDT) was 

power-dependent. The number of viable bacteria was decreasing from 65% to 10% with an increase in 

power from 50 mW to 150 mW. The maximal bactericidal effect was reached at 150 mW. 

Next, the aPDT was adapted for Gram-negative species. The efficacy of aPDT of E. coli incubated with 

photosensitizer and Triton X-100 achieved 52.5%. It was found that washing of the extracellular 

photosensitizer led to loss of the aPDT efficacy. The high sensitivity of P. aeruginosa to aPDT with 

extracellular photosensitizer significantly reduced after washing of the photosensitizer. The efficacy of 

aPDT of P. mirabilis did not change after washing of the extracellular photosensitizer. It was demonstrated 

that the aPDT efficacy depended on laser power in all studied species, excluded K. pneumoniae. The 

efficacy of K. pneumoniae treatment did not exceed 93%. The irradiation of other bacteria species with a 

power of 450 mW provided an aPDT efficacy of 99.99%. To test the efficacy of the developed aPDT 

technique, urine cultures of the patients were incubated with a photosensitizer and Triton X-100 for 15 

minutes in the dark. Then, the unwashed samples were illuminated by a continuous wave laser at 450 mW 

of output power. The efficacy of the aPDT of infected urine cultures was not less than 99.996%. 

This work was supported by the Russian Science Foundation, project №21-15-00371. 
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To date, there is an active search for new approaches for the treatment of oncological diseases, in particular, 

the development of methods for influencing tumors that are in a state of hypoxia, which are difficult to 

treat. A promising minimally invasive method of treating oncological diseases is photodynamic therapy. 

This method is based on use of photosensitizer (PS), which is selectively accumulated in tumor and 

irradiation with light. The PS absorbs the light and can then even transfer the energy to molecular oxygen 

and create singlet oxygen (type II photochemical reaction) or participate in electron-transfer reactions 

initiating formation of hydroxyl radicals and hydroperoxides and radical-induced damage in biomolecules 

(type I photochemical reaction) [1]. Most of clinically approved PS are prone to the type II photochemical 

reaction. However, the type I photochemical reaction may be preferable for therapy of hypoxic tumors [2]. 

One of the actively studied PS is methylene blue (MB). Depending on the environment (solvent, ionic 

strength, pH value, etc.), it can form both singlet oxygen and other reactive oxygen species [3]. In this 

work, we studied the interaction of MBs with cell membranes using spectroscopic methods and evaluated 

the efficiency of generation of singlet oxygen (by measuring the oxygen content in erythrocyte solution 

with MB by the hemoglobin oxygenation level) and reactive oxygen species (using fluorescent sensors) in 

order to determine which mechanism is prevalent under in vitro and in vivo conditions. In the investigated 

range of concentrations, the singlet oxygen generation efficiency was low, the existence of other reactive 

oxygen species in cells has been demonstrated. This indicates the tendency of MB to the type I 

photosensitization mechanism rather than to the type II mechanism, which is presumable attributed to MB 

binding to negatively charged cell membranes and aggregation. 

 

The study was funded by a grant from the Russian Science Foundation (project N 22-72-10117). 
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Experiments aimed to create closed ecosystems for the purposes of both fundamental and applied science 

have been performed for many years. This kind of research is especially interesting for certain research 

including studying life in space and attempts to create fully or partially autonomous ecosystems that will 

be able to create and regenerate the environment suitable for existence of humans, animals or other 

organisms. The nature of such experiments implies long-term absolute isolation from the usual Earth 

conditions.  We can collect data on the processes occurring in the isolated systems without any risks of 

losing of hermetic isolation either using data loggers put inside or using outer devices. In that case, we lose 

almost any possibility to repair, modify or replace the device without breaking the isolation of the 

ecosystem, besides we become limited by the size of the container and data gathering device. 

We have performed a series of experiments that allowed us to get the information on the key members of 

the ecosystems such as photosynthetic organisms inside the intact hermetically sealed container, using the 

atomic excitation and registration of the fluorescence through its walls. 

Spectrofluorometer with the excitation in the near-UV wavelength region of the electromagnetic spectrum 

(light-emitting diode, central wavelength 365 nm) was used [1]. The fluorescence was registered as a set 

of colored images, thus, the shape and color of the fluorescent areas could be observed.  

 
Fig 1. A – Poa pratensis, living leaf, B – Poa pratensis, dead leaf, 7 days, C – Poa pratensis, dead leaf, 10 days, D – Moss Bryum sp. living 

active plant, E – Bryum sp. living inactivated (dessicated) plant, G - Bryum sp. dead plant, H – Halophilic green algae Dunaliella (no cellulose 

cell wall), I,J – Living cyanobacteria, K – Cyanobacteria dead for a period of 12 months, L – Green algae Trebouxia sp. (cellulose cell wall), M - 

sea-buckthorn (Hippophae sp.) carotenoid oil extract 

 

As a result, we can conclude that the method and the designed device can be applied for remote data 

gathering without any risk of breaking of the isolation of a closed ecosystem that includes oxygenic or 

anoxygenic photosynthetic organisms. It can be used for flexible long-term monitoring of condition of 

experimental semi-artificial ecosystems. 

 
[1] Нигматулин, И.Р. Панорамный флуориметр [Текст] / И.Р. Нигматулин, В.Н. Гришанов - Актуальные проблемы радиоэлектроники и 
телекоммуникаций: материалы Всероссийской научно-технической конференции (г. Самара, 15.05 – 17.05.2018) / Под ред. А.И. 

Данилина. - Самара: Изд-во ООО «Офорт», 2018. – С. 194 – 195. 
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Despite the promising results currently achieved in stimulating liver regeneration using small bioactive 

molecules, there is still a problem of the lack of an effective method for their delivery with a controlled 

release period, their accumulation and excretion [1]. Such a technology based on complexes of 

nanoparticles and bioactive molecules is especially relevant due to the high risk of liver failure after liver 

surgery. The most promising methods for assessing the state of living liver cells seems to be multiphoton 

fluorescent microscopy with second harmonic generation (SHG) and time-resolved FLIM microscopy. 

These methods are non-invasive, label-free and allow intravital monitoring at the cellular level. In addition, 

the use of the model of precision-cut liver slices made it possible to screen several types of nanoparticles, 

excluding the individual contribution of the animal organism, simplifying the analysis and interpretation 

of the results. 

Vibrating microtome 7000 cm3-2 was used to obtain liver slices using the protocol of Pearen et al. [2], and 

were placed in separate wells of a 12-well plate with a standard CO2-conditioned form of DMEM 

supplemented with 0.1 μm of dexamethasone and 10% FBS. Next, cultivation was carried out in DMEM 

medium with the addition of nanoparticles at a concentration of 50 and 100 mg/ml and incubated for 3, 24, 

and 48 hours. All obtained tissue explants were preincubated for 1 h in DMEM medium on an orbital 

shaker (90 rpm). Gold nanoparticles with a size of 100-120 nm in the form of nanorods were synthesized 

using a standard protocol based on seed mediated mechanism. The synthesis of SiO2 nanoparticles with a 

size of 20-100 nm was carried out using the sol-gel method. Polylactide (PLA) nanoparticles with a size 

of 100 nm are tested by single-emulsion solvent extraction. All nanoparticles were modified with a Cy 5 

fluorescent label. Liver slices were stained with LysoTracker Yellow HCK-123 and Phalloidin FITC. 
Using multiphoton microscopy, we assessed the tissue structure of liver slices. Using FLIM, we analyzed 

the metabolic state of hepatocytes based on fluorescence lifetime contributions of the free and bound forms 

of NADH and NADPH. 

As a result, it was shown that SiO2 nanoparticles were practically not accumulated by liver cells and show 

low cytotoxicity. Gold nanoparticles showed effective accumulation in liver cells, however, its had strong 

cytotoxic effect on liver cells. Finally, polylactide nanoparticles accumulated most effectively in liver cells, 

mainly in the cytoplasm of hepatocytes. Using FLIM, we revealed low cytotoxicity of PLA nanoparticles, 

due to the relative contributions of fluorescence lifetimes of bound form of NADH and NADPH did not 

differ significantly from control values. Thus, PLA nanoparticles seem to be the most promising for further 

development of a strategy for stimulating liver regeneration using nanoparticles modified by bioactive 

molecules. Based on the obtained data, we will select the appropriate miRNAs that stimulate liver 

regeneration. 

The work was supported by the Grant from the Russian Science Foundation №23-15-00421. 
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Abuse with hepatotoxic agents is a major cause of acute liver failure. The search for new criteria 

indicating the acute or chronic pathological processes is still a challenging issue that requires the selection 

of effective tools and a research models. Modern label-free methods of multiphoton microscopy with 

fluorescence lifetime imaging microscopy (FLIM) and second harmonic generation (SHG) expand the 

possibilities of studying the structural and functional state of liver tissue at the cellular level [1]. 

Multiphoton microscopy with second hamonic generation (SHG) and fluorescence lifetime imaging 

microscopy (FLIM) are modern label-free methods of optical biomedical imaging for assessing the 

metabolic state of hepatocytes, therefore reflecting the functional state of the liver tissue. Using precision-

cut liver slices model (PCLSs) allows to preserve of the key intercellular interactions and cellular 

components of pathological changes caused by most widely used hepatotoxic agents - acetaminophen 

(APAP), carbon tetrachloride (CCl4), and ethanol.  

Vibrating microtome 7000 cm3-2 was used to obtain liver slices using the protocol of Pearen et al. 

[2], and were placed in separate wells of a 12-well plate with a standard CO2-conditioned form of DMEM 

supplemented with 0.1 μm of dexamethasone and 10% FBS, and incubated at 37 °C on orbital shaker (90 

rpm). To induce APAP toxic damage, the liver slices were placed for 3 h in a 10 mM solution of APAP 

diluted in DMEM. To induce ethanol toxic damage, liver slices were placed for 3 h in 25 mM ethanol 

diluted in DMEM. For the CCl4 model the liver slices were incubated for 3 h with 2 mL standard culture 

medium, and a piece of filter paper soaked in 10 µL of CCl4 was attached to the lid of the 12-well plates. 

As a control, we used liver slices cultivated in DMEM without toxins. Monitoring were performed after 3 

h, 24 h and 48 h of incubation. Using FLIM, we analyzed the metabolic state of hepatocytes based on 

fluorescence lifetime contributions of the free and bound forms of NADH and NADPH. 

We have determined characteristic optical criteria for toxic liver damage, and these turn out to be 

specific for each toxic agent, reflecting the underlying pathological mechanisms of toxicity. Using 

multiphoton microscopy, we identified liver cells with both high and low NAD(P)H autofluorescence 

intensity, indicating cell damage. Interestingly, APAP-induced toxic damage was characterized by an 

increase in the contribution of the bound form of NAD(P)H, while exposure to ethanol and CCl4 showed 

a significant decrease in the contribution of the bound form of NAD(P)H, which reflects differences in the 

mechanisms of damage by each toxic agent. The results obtained are consistent with standard methods of 

molecular and morphological analysis. Thus, our approach, based on optical biomedical imaging, is 

effective for intravital monitoring of the state of liver tissue in the case of toxic damage or even in cases 

of acute liver injury. 

The work was supported by the Grant from the Russian Science Foundation №22-25-00098. 
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Еhe formation of an inhomogeneous volumetric "grid" of phthalocyanine was observed, the 

color of which changed from blue to green (which can be explained by the formation of a 

complex of copper phthalocyanine with ferric chloride) when studying the optical properties of 

a mixture of solutions of sulfonic substituted copper phthalocyanine (SO
3

Na)4CuPc (10-5 mol/L) 

and ferric chloride FeCl3 (10-5 mol/L) after 24 hours. After another day, this formation 

concentrated in the lower part of the cell, preserving the mesh structure. 

The results of optical microscopy showed a three-dimensional mesh structure of the released 

fraction consisting of individual agglomerates with an average characteristic size of about 5 

microns. 

For copper sulfonic substituted phthalocyanine, oxidation does not occur when interacting with 

ferric chloride due to the insufficient oxidizing ability of ferric chloride (E1/2 (Fe3+/Fe2+) = 

+0.771 B, E1/2 (SO3NaPcCu/SO3NaPcCu+) ≈ + 0.85 B), therefore, there is no decrease in the 

intensity of the Q-band in the absorption spectrum however, there is a decrease in absorption in 

the region of 580-620 nm and an increase in the region of 700-750 nm, which indicates a change 

in the structure of the formed (SO3Na)4CuPc associates, accompanied by a decrease in the 

number of H-type aggregates and an increase in the number of J-type aggregates (which can 

then form microstructures that assemble into a "volumetric grid") [1]. A change in the type of 

aggregation leads to a change in the absorption spectra (as well as photoluminescence) in the 

Q-band region. [2]. 

It is assumed that ferric chloride influences the rearrangement of aggregates with the formation 

of phthalocyanine-iron clusters, however, this assumption requires similar spectral studies in the 

absence of ferric chloride, i.e. studying the evolution of absorption spectra (SO3Na)4CuPc in 

an aqueous-ethanol medium. Comparison of the obtained results will allow us to evaluate the 

contribution of FeCl3 to the formation of nano- and microstructures based on SO3Na4PcCu, 

and associates of copper phthalocyanine with ferric chloride form aggregates at the boundaries 

of water-alcohol clusters [3], which explains the observed uniformity of the size of aggregates. 

 

 
[1]. V. P. Kulinich, G. P. Shaposhnikov, R. A. Badaukaite, Sulfonaftoxisubstituted phthalonitriles and phthalocyanines based on them, 

Macroheterocycles 2010 3(1) 23-29. 
[2]. Xian-Fu Zhang, Qian Xia and Jing Zhao, Fluorescent and triplet state photoactive J-type phthalocyanine nano assemblies: controlled 

formation and photosensitizing properties, J. Mater. Chem., 2010,20, 6726-6733. 

[3]. T. R. Aslamazova, V. A. Kotenev, A. Y. Tsivadze, On the aggregation of carboxyl-containing phthalocyanine, Molecular and 
supramolecular structures on interfacial surfaces, 2015, volume 51, No. 4, pp. 392-401. (in Russian). 
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Optical methods are increasingly being used for new scientific developments in medicine due to a 

number of advantage [1]. One of these methods is Raman spectroscopy, which makes it possible to carry 

out a quantitative and qualitative chemical analysis and to evaluate changes in the conformation of 

molecules [1, 2]. However, the use of optical methods, in particular, Raman spectroscopy, for working with 

biological tissues has limitations, such as, the high power of the radiation used and the low probing depth. 

To increase the efficiency of these methods, the use of optical clearing can be prospective [3]. This pilot 

study demonstrates the use of optical clearing technology for the oral mucosa of volunteers in the study 

using Raman spectroscopy. The effect on tissue of optical clearing agents, such as a solution of 40% 

glucose and mixtures based on sorbitol, propylene glycol and water, on the tissue was investigated. 

For example, the Raman spectra of the oral mucosa from the inner cheek before and after exposure 

to 40% glucose solutions are shown in Figure 1. 
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Fig. 1. Raman spectra of an area of the oral mucosa of a volunteer before and after exposure to a 40% 

glucose solution. 
 

The effect of a 40% glucose solution on the oral mucosa shifted the lipid band from 786 cm–1 to 797 

cm–1 and the amides/proteins band from 1661 cm–1 to 1671 cm–1. A significant increase in intensity is 

observed for glucose at 420 cm–1 and the saccharide bands at 842 cm–1 and 872 cm–1, which may indicate 

the interaction of proteins with glucose [4]. Glucose peaks at 1071 cm-1 and 857 cm-1 refer to C–O–H 

deformation stretching and C–C stretching vibrations and, according to the literature data, may indicate 

the interaction of glucose with tissue proteins and the formation of hydrogen bonds [5, 6]. 
 

The study was supported by RSF grant no. 23-14-00287, https://rscf.ru/project/23-14-00287/. 
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Red blood cells (RBC) play a variety of roles in human body. Besides gas exchange function there are 

roles in immune response and hemostasis [1]. One of the important properties of RBC is their spontaneous 

aggregation, i.e. ability to reversibly form linear or more complex aggregates. RBC aggregation 

significantly impacts blood rheology by changing the blood viscosity and its alterations in some diseases 

may cause pathological complications [2]. RBC aggregation depends on different factors: from blood 

plasma osmolarity to protein concentration. One of these factors is the concentration of signaling molecules 

in the blood flow. Nitric oxide (NO) is a signaling molecule from gasotransmitters class. Its main target in 

blood flow are smooth muscle cells, NO causes vasorelaxation and systemic decrease in arterial pressure. 

The main sources of nitric oxide in the blood flow are endothelial cells, that produce NO from L-arginine 

by endothelial nitric oxide synthase (eNOS). There is evidence of NO changing RBC properties, in 

particular, their deformability and aggregability [3]. 

In this work, RBC aggregation in presence of endothelial cells monolayer was studied by laser tweezers 

technology. To stimulate NO production endothelial cells were treated with L-arginine solution. 

Measurements were taken in a microcuvette with the height of 300 µm and volume of 300 µl. On the 

bottom of the cuvette a monolayer of endothelial cells was placed, then cuvette was filled with human 

plasma containing a small number of RBC (0.1 % hematocrit). RBCs aggregation force is the minimal 

force needed to prevent spontaneous aggregation of two adjacent contacting RBC. RBC disaggregation 

force is the minimal force needed to disrupt the contact of two aggregated RBC. In order to decrease the 

data dispersion, the measured values were normalized by the mean value of the control (0 µM of L-

arginine). Statistical significance of their alterations was calculated using the Mann-Whitney test. 

 
Figure 1. The dependence of RBC aggregation (a) and disaggregation (b) forces on L-arginine concentration 

In our experiments, L-arginine caused a decrease in both RBC aggregation and disaggregation forces with 

a minimum at L-arginine concentration of 100 µM (Figure 1). In both cases, the dependence seems to be 

bell-shaped: the effect disappears at higher concentrations. 

The study was financially supported by the Russian Science Foundation grant №. 22-15-00120. 
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The problems of diagnosing oncological diseases are associated with their wide distribution and a steady 

upward trend. Cancer research plays a vital role in the non-invasive diagnosis, staging and monitoring of 

various types of cancer and typically involves sophisticated instrumentation to provide detailed 

information about tumor size and location. Accurate diagnosis of the cancer type and early diagnosis are 

key factors in the successful treatment of neoplasms. Recently, for the diagnosis of skin cancer, it has been 

proposed to use dermatoscopy, which makes it possible to detect and visualize surface heterogeneities [2]. 

The modern trend in the development of optical diagnostics is also the use of Raman spectroscopy (RS) 

methods, which actually implement the tissue “optical biopsy” by identifying the chemical features of the 

tumor based on spectral data [1]. The application of machine learning methods makes it possible to ensure 

high accuracy of RS diagnostics of malignant neoplasms (more than 90%) [3], however, it has the same 

disadvantages of pinpoint biopsy (the possibility of an erroneous diagnosis if the optical biopsy site is 

chosen incorrectly) and reduced efficiency in multiclass diagnostics of the cancer type prevents real-time 

visualization of the tumor. 

The paper is devoted to developing combined method for diagnosing skin cancer based on Raman spectra 

and dermatoscopic images of skin tissue. An in vivo study of skin tumors was carried out at the Samara 

Regional Clinical Oncology Center. The study involved 540 patients. Experimental skin Raman spectra 

were recorded using a portable setup that includes a laser source with a central wavelength of 785 nm [4]. 

The spectra were recorded with a spectral resolution of 0.2 nm in the range from 837 to 920 nm, which 

corresponds to 792-1874 cm-1. Raman spectra of a healthy skin area and skin neoplasms were recorded in 

each patient. A total of 1000 spectra were used: 540 healthy skin, 113 keratosis, 122 basal cell carcinoma, 

67 malignant melanoma, and 158 pigmented nevus spectra. Dermatoscopic images of this data set were 

obtained using a prototype multispectral digital dermatoscope [5]. The dataset consists of a total of 314 

images: 104 malignant melanoma, 200 pigmented nevi.  

Machine learning methods, in particular, convolutional neural networks, were used to analyze the 

registered data. Classification models for the main diagnostic cases have shown an increase in classification 

accuracy compared to the analysis of Raman spectra or dermatoscopic images alone. As a result, combined 

method for diagnosing skin cancer, which simultaneously takes into account both specific spectral features 

of tumors and spatial inhomogeneities in the distribution of optical density, has been proposed. The studied 

approaches to the analysis of spectral data can be further used as part of the software for automated 

screening diagnostics of skin pathologies in order to detect tumors at an early stage of development. 
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  Nanoparticles trapped in the physiological fluid can be considered as systems that are formed as a result 

of successive interactions with the structures of the medium. The phenomenon of the formation of a 

"protein crown" on the surface of nanoparticles due to dynamic physicochemical interactions is known [1, 

2]. 

  Gold nanoparticles have important physical properties, such as surface plasmon resonance and the ability 

to quench fluorescence, which is successfully used in numerous test systems [3]. 

  Lysozyme is widely used in the food industry. An increase in the content of lysozyme in biological fluids 

serves as a signal for certain diseases such as meningitis, blood and kidney diseases [4, 5]. Therefore, there 

is often a need for qualitative and quantitative characterization of lysozyme in liquid samples using 

biochemical test systems, including the use of nanoparticles. In this case, the question of the formation of 

protein–nanoparticle conjugates requires a detailed study. 

  The interactions of lysozyme protein with gold nanoparticles under different conditions of medium acidity 

were studied by optical methods, the results are shown in Fig.1. It was found that gold nanoparticles can 

act as stabilizers of lysozyme or interact with it, so that the degree of protein denaturation decreases at 

alkaline pH values, all other things being equal. And in turn, proteins prevent the aggregation of 

nanoparticles at acidic pH. 

 

 
(a)                                                                  (b)                                                                         (c)  

 

Fig.1. The effect of the acidity on the physical characteristics of colloids HEWL (1016 ml-1), AuNPs (1012 mL-1), HEWL (1016 ml-1) + AuNPs (1012 

mL-1): (a) size distribution, (b) maximum absorption wavelength, (c) refractive index. 

 
[1] T. Cedervall, I. Lynch, S. Lindman, T. Berggard, E. Thulin, H. Nilsson, K. Dawson, S. Linse. Understanding the nanoparticle-protein corona 
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[2] S. Shanwar, L. Liang, A. Nechaev, D. Bausheva, I. Balalaeva, V. Vodeneev, I. Roy, A. Zvyagin, E. Guryev. Controlled Formation of a Protein 
Corona Composed of Denatured BSA on Upconversion Nanoparticles Improves Their Colloidal Stability. Materials, 14, 1657-1673, (2021). 
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The aim of this work is to study the response of cancer cells to the combined action of phytochromic 

anticancer drugs (curcumin, quercetin and apigenin), commonly used as chemotherapeutic agents in the 

treatment of cancer, and UV-A and blue radiation corresponding to their absorption spectrum. 

Confocal fluorescence microscopy studies of a suspension of cancer cells (HeLa cervical epithelioid 

carcinoma cells and C6 rat brain glioma cells) showed the ability of antitumor chemotherapeutic drugs to 

penetrate through the cell membrane and localize in individual compartments of the cancer cell. It has been 

shown that curcumin is predominantly localized in the area of cell membrane; quercetin is distributed 

throughout the cell and its predominant localization in the area of the cell membrane is not observed; 

apigenin is selectively localized in individual intracellular organelles, which is confirmed by the bright 

localized luminescence of individual areas of cells. 

It has been established that all studied anticancer chemotherapeutic drugs under dark conditions have an 

inhibitory cytotoxic effect, which manifests itself in a decrease in the metabolic activity of cells 

(colorimetric MTT–test). A decrease in the metabolic activity of HeLa and C6 cancer cells also is caused 

by exposure to their suspension to optical radiation with wavelengths of  = 365, 405, or 440 nm at energy 

dose of D = 4.5–15 J/cm2. Damage of the cells by radiation of this spectrum region is due to the sensitizing 

effect of endogenous porphyrins and flavins localized in cells. The damaging effect of light depends on the 

radiation wavelength, energy dose and is confirmed by MTT-test, flow cytometry and chemiluminescence 

studies.  

It could be expected that with the combined action of anticancer drugs and light, a synergistic effect would 

be observed, which has been noted in a number of publications with other chemotherapeutic drugs. Indeed, 

the studies have shown that if under dark conditions curcumin in the concentration range of 1-5 μM has an 

insignificant inhibitory effect on the metabolic activity of cells, then under the action of light  = 440 nm, 

D = 15 J/cm2, inactivation increases by 5 times. According to flow cytometry data, such irradiation of cells 

increases their proportion by 4 times at the stage of necrosis and late apoptosis. Therefore, the main reason 

for the decrease in the metabolic activity of cells is a lethal outcome. The effect is realized due to 

photodynamic processes sensitized by curcumin. Moreover, in the studied photochemical process a 

decisive role is played by hydrogen peroxide, the formation of which is initiated by the generation of singlet 

oxygen by curcumin during its photoexcitation. Other results have been obtained when cells are exposed 

to  = 365 nm radiation in the presence of apigenin and quercetin. It has been shown that these drugs do 

not have sensitizing properties; quercetin exhibits antioxidant properties even at low concentrations. This 

is confirmed by the data of chemiluminescent studies, as well as by a decrease in the rate of cell inactivation 

initiated by exposure to radiation  = 365 nm, when quercetin is added to their suspension before 

irradiation. During the chemiluminescence control, apigenin does not show antioxidant properties. 

However, it has turned out that the exposure to radiation with  = 365 nm, D = 4.5 J/cm2 on HeLa cells in 

the presence of 1–20 μM of apigenin almost protects them from the inactivating effect of the indicated 

phytochrome agent. Exposure to light of the same parameters on cells in the presence of quercetin leads to 

an evidential stimulation of the metabolic activity (survival) of tumor cells compared to the dark variant. 

Moreover, the magnitude of the stimulating effect increases with an increase in the concentration of the 

anticancer drug, which can be explained by its antioxidant properties. The protective role of phytochromic 

preparations photoproducts formed in the course of irradiation in respect to cells is also not excluded. 
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Despite the promising results currently achieved in stimulating liver regeneration using small bioactive 

molecules, there is still a problem of the lack of an effective method for their delivery with a controlled 

release period, their accumulation and excretion [1]. Such a technology based on complexes of 

nanoparticles and bioactive molecules is especially relevant due to the high risk of liver failure after liver 

surgery. The most promising methods for assessing the state of living liver cells seems to be multiphoton 

fluorescent microscopy with second harmonic generation (SHG) and time-resolved FLIM microscopy. 

These methods are non-invasive, label-free and allow intravital monitoring at the cellular level. In addition, 

the use of the model of precision-cut liver slices made it possible to screen several types of nanoparticles, 

excluding the individual contribution of the animal organism, simplifying the analysis and interpretation 

of the results. 

Vibrating microtome 7000 cm3-2 was used to obtain liver slices using the protocol of Pearen et al. [2], and 

were placed in separate wells of a 12-well plate with a standard CO2-conditioned form of DMEM 

supplemented with 0.1 μm of dexamethasone and 10% FBS. Next, cultivation was carried out in DMEM 

medium with the addition of nanoparticles at a concentration of 50 and 100 mg/ml and incubated for 3, 24, 

and 48 hours. All obtained tissue explants were preincubated for 1 h in DMEM medium on an orbital 

shaker (90 rpm). The average size of all nanoparticles was 100 nm. Gold nanoparticles were synthesized 

based on seed mediated mechanism. The synthesis of SiO2 nanoparticles was carried out using the sol-gel 

method. Polylactide (PLA) nanoparticles were synthesed by single-emulsion solvent extraction. All 

nanoparticles were modified with a Cy 5 fluorescent label. Liver slices were stained with LysoTracker 

Yellow HCK-123 and Phalloidin FITC. Using multiphoton microscopy, we assessed the tissue structure 

of liver slices, and visualized cellular ultrastructures stained with fluorescent dyes. Additionally, the 

distribution of nanoparticles was analyzed using X-ray microtomography. Using FLIM, we analyzed the 

metabolic state of hepatocytes based on fluorescence lifetime contributions of the free and bound forms of 

NADH and NADPH. 

As a result, SiO2 and gold nanoparticles were practically not accumulated by liver cells and show high 

cytotoxicity. Wherein, polylactide nanoparticles accumulated most effectively in liver cells, mainly in the 

cytoplasm of hepatocytes. Using FLIM, we revealed low cytotoxicity of PLA nanoparticles, due to the 

relative contributions of fluorescence lifetimes of bound form of NADH and NADPH did not differ 

significantly from control values. Thus, PLA nanoparticles seem to be the most promising for further 

development of a strategy for stimulating liver regeneration using nanoparticles modified by bioactive 

molecules. The obtained results will became a basis for further development of a strategy to stimulate liver 

regeneration. 

The work was supported by the Grant from the Russian Science Foundation №23-25-00100. 
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Currently, the problem of excessive and improper use of antibiotics for prevention and self-

treatment is more acute than ever, which in turn leads to the emergence of new antibiotic-resistant strains 

of bacteria. Clinical strains of Staphylococcus aureus are most important pathogens causing severe 

nosocomial infections. In modern medicine, antimicrobial photodynamic action is an alternative way to 

combat diseases caused by both susceptible and resistant bacteria. In this regard, the main goal was to 

study new porphyrin compounds in low concentrations as promising photosensitizers in the antimicrobial 

photodynamic effect on staphylococci. 

The clinical strain of S. aureus was used as the studied microorganisms and was grown at a 

temperature of 37°C on a universal nutrient medium. 

An LED with a maximum emission spectrum of λ=405 nm and a power density of 80 mW/cm2 

was used as a radiation source. In all experiments, the radiation mode was continuous. Irradiation time 

varied from 5 to 30 min. 

Water-soluble meso-substituted cationic pyridylporphyrins and their zinc derivatives (PPhI- 

TOEt4PyP; PPhII-Zn-TBut3PyP; PPhIII-Zn-TOEt4PyP) with various peripheral functional groups were 

used as a photosensitizer in concentration 0,03 g/ml. 

 
Fig.1. Change in quantity of clinical S. aureus strain under photodynamic action  

of blue (405 nm) LED radiation and pyridylporphyrins 

Radiation with a wavelength of 405 nm did not affect the growth of tested S. aureus strain. After 

30 minutes of exposure survival remained within 6,4-5,2 lgCFU/ml (Fig.1, black). After 10 min of 

irradiation there was a decrease in the bacterial population of S. aureus by 2,6 lgCFU/ml after treatment 

with PPhI (Fig.1, strips), by 1,8 lgCFU/ml after treatment with PPhII (Fig. 1, gray) and by 2,7 lgCFU/ml 

after treatment with PPhIII (Fig.1, dots). Increasing the irradiation time to 30 min led to the death of 

bacterial cells of S. aureus clinical strain by 3,5–4,6 lgCFU/ml. The maximum decrease in survival (by 

4,6 lgCFU/ml) was demonstrated by the sample containing PPhIII.  

Thus, it was found that the studied porphyrins at low concentrations are promising photosensitizers 

for antimicrobial photodynamic therapy of studied S. aureus clinical strain. Our studies revealed that PPhIII 

is the most effective of the studied porphyrins under 30 min 405 nm LED continuous radiation mode. 
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Platelets are critical elements of the hemostasis system that prevent blood loss when the vascular wall is 

damaged. Nitric oxide (NO), secreted by endothelial cells, serves as a necessary physiological and 

regulatory biological mediator that modulates vascular wall tone and hemostatic-thrombotic balance [1]. 

Violation of the NO concentration in the human body leads to various kinds of cardiovascular diseases, 

including thrombosis, atherosclerosis, etc. It is known that nitric oxide inhibits the adhesion of platelets 

and leukocytes to the endothelium cell layer, inhibits the activation of platelets and leukocytes [2]. The aim 

of the work is to quantify the effect of sodium nitroprusside, which is a direct NO donor, on the aggregation 

properties of platelets by the turbidimetric method in vitro. 

Measurements of platelet aggregation properties was performed by light transmission method. Venous 

blood for experiments was taken from healthy donors who had not taken any medication for at least 2 

weeks before blood sampling. To prepare platelet-rich plasma (PRP), whole blood was centrifuged at 200g 

for 7 min. Before the start of the experiment, sodium nitroprusside (SNP) was added in a volume of 15 µl 

at concentrations of 1, 10, 25, 50, and 100 µM to the PRP. The required concentration of the SNS solution 

was achieved by adding distilled water to initial SNP. Incubation of PRP with SNP was carried out for 0, 

5, 15, 25 and 40 minutes at 37 Celsius degrees. 

Fig.1. 

Light 

transmission kinetics (left side) and platelet aggregation rate (right side): effect of SNP (NO) at various 

concentrations. 

The obtained results demonstrate that SNP, and hence the gasotransmitter NO, significantly affect on the 

parameters of platelet aggregation in vitro. Note, that even at the lowest concentration of 1 μM of SNP, an 

inhibition effect of NO on the platelet aggregation is observed. The degree of aggregation in a sample 

incubated with SNP at a concentration of 1 µM decreases by (37 ± 7)%, but the aggregation rate does not 

change within the dispersion. At higher concentrations of SNP, an efficient inhibition of platelet 

aggregation is pronounced, and the rate of platelet aggregation also decreases. At SNP concentration of 

100 µM, the degree of aggregation decreases by (70 ± 9)%, and the rate of aggregation decreases by (27 ± 

5)%. A statistically significant decrease of the rate of platelet aggregation is observed at a concentration of 

25 μM (p<0.05). The incubation time also significantly affect the parameters of platelet aggregation. 

Longer incubation time leads to more effective inhibition of platelet aggregation 
The study was financially supported by the Russian Science Foundation grant №. 22-15-00120. 
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Quantum-cascade lasers (QCL) attract great attention of the research community since the first 

publication by Kazarinov and Suris proposing the principle in 1971  [1], and especially since the first 

realization in 1994 by Faist et al. [2]. due to numerous potential applications in spectroscopy, 

environmental monitoring, biomedicine, free-space optical communications and many other areas. The 

main QCL feature distinguishing them from the conventional semiconductor lasers is their unipolarity 

resulting in the photon emission in the transition of an electron in the conduction band from one 

quantum level to another inst ead of recombination of an electron -hole pair. Unfortunately, QCL 

structures are extremely complicated for practical implementation. The complication comes both from 

the number of layers that is two orders of magnitude larger than that in a “conventional” semiconductor 

laser (so-called laser diode)  and from the need to maintain the layer homogeneity (i.e., identity of 

quantum cascades) during long -time epitaxial growth. However, thanks to over quarter of a century 

efforts of the international research community, QCLs became probably the most efficient sources of 

coherent radiation in the mid-infrared range. In addition to a review of the state of the art in mid-infrared 

quantum cascade lasers, this report will discuss the recent progress of QCLs at the Ioffe Institute, 

including demonstration of the high-power QCLs at 4.5 μm delivering above 14 W [3] as well as QCLs 

with record-high output power of over 16 W at 8 μm [4]. Also, we will discuss very unconventional 

turn-on dynamics recently revealed in mid -infrared QCLs [5] and quantum-cascade detectors (QCDs) 

fabricated from the structure of the record-high power quantum-cascade laser with measured sensitivity 

of 10-20 mA/W, which is comparable or better than that for similar detectors with a specially optimized 

structure. 

This research is supported by the Russian Science Foundation (grant No. 21-72-30020) 
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In recent years, we have shown that rare earth doped chalcogenide glasses can serve as active materials 

for bulk and fiber mid-infrared lasers. Laser action in the spectral range from ~ 4.5 to ~ 5.5 μm was 

demonstrated at the transitions between the first excited and the ground states of Ce 3+, Pr3+ and Tb3+ 

ions [1, 2]. It was also shown, that in high purity selenide glasses even ~6 μm rare-earth ion transitions 

can have high luminescence quantum yield. Over the past year, we have been working both on 

improving the existing chalcogenide glass lasers and on the new rare earth laser transitions. 

In particular, the CW Tb3+ fiber laser output has reached 150 mW and the gain in Tb -doped fibers has 

reached 40-50 dB/m. It was found that up-conversion process (7F5+7F5→7F3+7F6) in heavily Tb-doped 

glasses may lead to the changeover from CW to non -relaxing spiky operation. Spiking  can be 

suppressed by reducing the concentration of the active ion and/or by introduction of negative feedback 

into the laser cavity. 

Ce3+ ions were made to generate CW laser radiation in chalcogenide fiber under pumping by a CW 

Fe2+:ZnSe laser. In contrast to Tb3+-doped mid-infrared fiber lasers, Ce3+-doped laser had no tendency to spike 

operation because the simple energy level structure of Ce3+ ions exclude up-conversion processes. 

A novel sensitization scheme was proposed to excite 5-6 μm Nd3+ emission in selenide glasses with 

the help of Tb3+ ions. It was shown, that at room temperature the radiationless energy transfer from Tb3+ 

to Nd3+ is combined with the reverse process. At liquid nitrogen temperature the energy transfer from 

Tb3+ to Nd3+ becomes irreversible. 

 
Laser action of Nd3+ ions corresponding to 4I11/2→4I9/2 transition was demonstrated for the first time. 

Up to 16 mJ output was obtained. The left Figure shows the oscillograms of the pump 2.93 μm Er:YAG 

laser pulse exciting Tb3+ ions (black) and Nd3+ ions lasing (red). Note the ~ 150 μs time delay between 

the pump and the lasing pulses  due to the finite Tb→Nd energy transfer rate. The right Figure shows 

the tuning range of Nd3+ laser reaching 6 μm. It is the longest-wavelength glass laser for today. 
 

[1] M.F. Churbanov et al., First demonstration of ~ 5 µm laser action in terbium-doped selenide glass, Applied Physics B, 126, 116(2020). 
[2] M.F. Churbanov et al., Comparison of 4.5-6 μm luminescent and lasing properties of rare earth dopants in chalcogenide glasses, Journal 

of Luminescence, 245, 118756(2022). 
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The advent of low-loss hollow-core optical fibers (HCFs) enabled the development of a new type of 

lasers–gas fiber lasers (GFLs). To date, various GFLs have already been demonstrated. An active 

medium of such lasers is some Raman-active or dipole-active gas that fills the hollow-core of a fiber. 

To excite the active medium, the GFLs rely on optical pumping by some solid-state laser. To fully 

realize the possibilities of hollow fibers (resistance to high-intensity radiation, wide spectral 

transmission range, etc.) in all-fiber optical schemes, it is necessary to solve the problem of generating 

laser radiation directly in HCF. Using an electric discharge to excite the active medium of a GFL can 

solve this problem. However, at small core diameters (DC~100 m) of HCFs the researchers 

encountered the instability of the electric discharge. 

To excite plasma in the core of a hollow fiber, a scheme like a slot antenna in the wall of a metal 

microwave waveguide was proposed by us and implemented [1]. Using the proposed scheme, the 

possibility of maintaining noble gases plasma in the core of a hollow fiber with a diameter as small as 

100 μm was demonstrated (Fig.1). The total length of plasma column in the hollow-core fiber was up 

to 25 cm. The frequency of microwave radiation used was 2.4 GHz, the average generated power was 

below 20 W. The results obtained show that the microwave slot antenna is a promising pumping 

scheme for gas-discharge fiber lasers based on hollow-core fibers.  

The minimum values of the electric microwave field ( = 2.45 GHz), which are necessary to 

maintain discharge in several noble gases (Ar, Ne (see Fig.2), and He) in optical fibers with hollow 

cores of small diameter up to 100 μm, have been measured for the first time [2]. The minimal electric 

field intensity values for all three gases are (2.5–2.8) kV/cm at a pressure of argon p~50 Torr, neon 

p~300 Torr, and helium p~500 Torr. 

 

 

Fig.1. Picture of MW discharge in HCF (DC=110 m, Ne, p=30 Torr) 

placed in the slot of MW guide wall. a) general view; b) improved 

spatial resolution. The HCF is located on the lower edge of the slot with 
a width of d = 1.5 mm. 

Fig.2. Threshold values of the electric field required to maintain 

(EM) the discharge in Ne and for electrical breakdown (EB) by the 
MW depending on the pressure. Lines 1-3 (refer to the left and 

bottom axes): dependences EM(p) for neon-filled HCFs for different 

DC. Lines 4–5 (refer to the right and upper axes): the EB(p) 
dependences for neon given in [3] for much larger characteristic 

dimension of the discharge volume D. 
The implementation of a stable MW discharge in a HCF filled with noble gases is a significant 

advance towards solving the problem of creating fiber gas lasers based on hollow-core fibers. 

This research was supported by Russian Science Foundation (grant No. 22-19-00542), 

https://rscf.ru/project/22-19-00542/. 
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Multicore fibers  (MCFs) offer the involvement of multiple cores in optical signal generation, 

transmission and processing. Developments in this direction resulted in  fiber-optic communication 

systems with increased capacity via  spatial division multiple xing [1], an opportunity to use passive 

MCFs for multi -parameter sensing systems is also started to be explored [2]. Active MC Fs also  

represent an attractive gain medium as an alternative to large-mode area (LMA) singlemode fibers for 

the development of compact laser systems with high-power output obtained by coherent combining of 

beams generated in individual cores  [3], but they still have some lacks especially in terms of 

performance. The performance of MCF laser and sensor systems may be greatly improved with the use 

of in-fiber elements such as fiber Bragg gratings (FBGs)  selectively inscribed in different cores. For 

that a point-by-point (PbP) femtosecond (fs) pulse  inscription technology is the most promising for 

fabrication in passive and active MCFs the FBG arrays of arbitrary shape. Here we review our recent 

results on the PbP fs inscription of regular and random FBG arrays in active and passive MCFs 

and implementation of such structures in the advanced laser and sensor systems. 
In passive 7-core MCFs, we fabricated 3D FBG arrays by the PbP fs inscription through polyimide 

protective coating.  It is enough to involve in the array 3 side cores and central core for precise 2D and 

3D fiber shape reconstruction with accuracy as high as ∼1% [2,4] at curvature radii variation in the 

range from 2.6 mm to 500 mm.  The temperature resistance of both the inscribed FBG structures and 

the protective coating, along with the high mechanical strength of the polyimide, makes it possible to 

use the sensor in harsh environments or in medical and composite material applications. Further, FBGs 

selectively inscribed in side cores of 7-core passive MCF were used as complex reflector of a MCF 

Raman laser with pumping and output coupling through the central core, which is able to generate 

singlemode output with narrow spectrum [6]. The narrowing occurs due to the suppression of nonlinear 

effects in the large effective area of 7-core fiber cavity and due to the interference of signals reflected 

from FBGs in different cores, which have sufficient optical coupling. 

In active MCFs, we first studied an LD-pumped 4-core Yb-doped fiber with FBGs fs-inscribed in 

each core, where the core crosstalk is induced via strong bending, and have observed the fiber output 

power concentration in one core [5] that is different from the single-core out-coupling in 7-core fiber 

Raman laser [4]. We also perform similar study of an LD-pumped 7-core Yb-doped fiber with 3D FBG 

array [6]. Femtosecond inscription of  highly-reflective FBGs in each core of 7-core Yb-doped fiber 

enables efficient (~70%) 1064-nm lasing in robust all-fiber scheme with ~33 W power, nearly the same 

for uncoupled and coupled cores. However, output spectrum is quite different: without coupling, 7 in-

dividual lines corresponding to the in-core FBG reflection spectra sum up into broad (>0.22 nm) total 

spectrum, whereas the multiline spectrum collapses into single narrow line at strong coupling. The de-

veloped model shows that the coupled-core laser generates coherent superposition of supermodes at the 

wavelength corresponding to the geometric mean of individual FBG spectra, whereas the generated 

laser line broadens with power (0.04-0.12nm) like single-core mode of 7-times larger effective area. 

The details of these studies and potential application of devices will be presented at the conference. 

This work is supported by Russian Science Foundation (№21-72-30024).  
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Mid-infrared (mid-IR) supercontinuum (SC) sources are of great interest for many applications. 

Revolver-type hollow-core fibers (HCF) present an attractive platform to realize efficient fiber-based 

SC generation at wavelengths λ > 2.4 μm in the mid-IR. In practice, however, mid-IR SC in HCFs has 

been experimentally achieved only in a few works [1-3], all of which used noble gases and 

demonstrated limited efficiency. Recently, we have proposed and demonstrated SC generation in a 

revolver HCF filled by molecular deuterium [4,5], in which the SC spectrum has reached the 

wavelength of 3.3 μm in the mid-IR due to cascaded stimulated Raman scattering (SRS) on deuterium 

molecules. 

 In this work, we investigate experimentally the way to extend the SC spectrum generated in a 

gas-filled revolver HCF further into the mid-IR. The revolver fiber was filled by a mixture of 

molecular hydrogen isotopes (1H2 and D2) and pumped by chirped ultrashort pulses at the wavelength 

of 1.03 μm. The transfer of pump energy into the mid-infrared range was initiated by cascade 

stimulated Raman scattering in the gas mixture, while Kerr nonlinearity was responsible for spectral 

broadening, thus giving rise to generation of a supercontinuum that covers the wavelength range of up 

to 4 μm. The effect of Kerr nonlinearity was studied by controlling the amount of linear chirp 

introduced to the pump pulses. The influence of gas pressure and pump pulse energy on the 

supercontinuum generation was also investigated.   

 

 
Fig. 1. Supercontinuum generation in the silica HCF that was filled by H2/D2 gas mixture and pumped by 82-μJ 1-ps-long pulses at 1.03 μm.  

 

 This work is supported by Russian Science Foundation (grant №19-12-00361). 
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Bi-doped fiber is a new optical material providing possibilities of broadband optical amplification in 

the near IR range where other silica based active fibers doped with rare-earth elements are absent or 

inefficient. Variation of glass composition and pump wavelength allows one to obtain luminescence and 

gain of bismuth active centers (BAC) associated with Al, P, Si or Ge in several regions within 1.1-1.8m 

(see Fig. 1). Combination of different BACs and/or Er ions in separate fibers connected in chain or co-

doped in one fiber  (BDF or EBDF) allows one to significantly (up to 150 nm or larger) increase the 

available bandwidth for single optical amplifier [1,2] with acceptable noise figure (Fig. 1) .  One of 

important applications of such active fibers  is ultrabroadband fiber telecom system s with the dense 

wavelength division multiplexing of optical channels where bismuth-doped fiber amplifiers  (BDFA) 

help to increase fiber reach and capacity by several times in comparison with passive systems (without 

optical amplification) or active one based on erbium-doped fiber amplifiers (EDFA).  

 
Fig. 1. Normalized gain (lines) and noise figure (symbols) of various BDFA, EDFA and EBDFA 

Starting from 2017 a successful BDFA assisted data transmission for in lab systems in O, E and S - 

telecom bands (for example see ref. [3]) as well as for deployed fiber links have been demonstrated. All 

these results were obtained for core-pumped scheme of BDFA and bismuth-doped fiber lasers (BDFL), 

which require complex and /or cost inefficient  single-mode pump sources. R ecently a significant 

progress towards cladding-pumped BDFL and BDFA have been demonstrated [4,5]. 

This talk aims to highlight latest results in the field of BDFL and BDFA and their possible applications. 

 

This research was supported by the Russian Science Foundation (grant # 22-19-00708). 
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In this report current state -of-art for high peak power fiber lasers operated and its applications is 

presented. Two types of fiber lasers – Yb-doped, operated near 1 µm and Er-doped operated near 1.55 

µm are discussed.  

High peak power lasers with picosec onds pulse duration enables rapid and precise energy deposition 

into a processed material ensuring suppressed thermal diffusion and thus reduced a heat affected zone 

formation. Moreover, extremely high intensity of the pulses allows volume processing of ma terials, 

which are transparent at the wavelength of the pulses, via a nonlinear absorption process: one can 

utilize a two -photon polymerization and a three -dimensional processing of glasses and polymers to 

fabricate photonic devices and biochips. Moreover, high pak power  fiber lasers are extremely useful 

for high harmonic generation in order to obtain a radiation in the vacuum ultraviolet wavelength 

range. The highest peak power could be obtained with Yb -doped fiber lasers. In particular chirped 

pulse amplifier with a final amplification stage based on a 108 μm ytterbium-doped core photonics 

crystal fiber (PCF) was enabling generation of 3.8 GW pulses with a duration of 480 fs and an energy 

of 2.2 mJ [1]. However, PCF-based s ystems contain a number of bulk elements and lose  main 

advantages of all -fiber systems, such as compactness, reliability and high quality of an output beam . 

Thus, a great number of efforts is currently spent for development of alternative fiber design, whi ch 

allow to built all -fiber high peak power . An alternative design of large -mode-area fibers is the so -

called tapered fibers, in which a core diameter increases along the fiber length from a 6 -10 μm 

(corresponding to single-mode operation) by several times (up to 100 µm core diameter). Few groups 

develop tapered Yb -doped fibers and a number of remarkable results (i.e. MW -peak power level 

directly from the final amplification stage , sub-kW average power   and etc) were obtained by these 

groups [2-6]. 

Demonstrated output peak power of Er -doped fiber lasers is much lower than that of Yb -doped one. 

However, such lasers are of great demand as well. Fir st of all, such lasers are  used in different lidar 

applications - amplification spectral range  of Er-ions falls into the transparency window of the 

atmosphere, also very important that 1.5 µm lasers are concerned to be “eye-safe” type of light 

sources (contrary to the lasers operated near 1 µm) . Additionally, some applications require 

development of lasers, operated in a specific wavelength range, which could be covered by Er -doped 

fiber lasers only. Today the best results in term of peak power and pulse energy were achieved by Yb-

free Er -doped fibers pumped through the cladding [ 7-8]. Even better results were obtained using 

tapered Er -doped fiber geometry [ 9]. However, the optimal configuration, which allows one to 

achieve simultaneously high peak power and a high pump -to-signal conversion efficiency is Yb-free 

Er-doped double clad fiber followed by Er-Yb large-mode-area fiber [10]. 
 
[1] T.Eidam, et al, “Fiber chirped-pulse amplification system emitting 3.8 GW peak power”, Optics Express, 19(1), 255-260 (2010). 
[2] K.Bobkov, et al, “Sub-MW peak power diffraction-limited chirped-pulse monolithic Yb-doped tapered fiber amplifier”, Optics Express, 
25(22), 26958-26972 (2017). 

[3] V. Filippov, et al, “Highly efficient 750 W tapered double-clad ytterbium fiber laser”, Optics Express, 18(12), 12499-12512 (2010). 

[4] K.Bobkov et al, “Scaling of average power in sub -MW pe ak power Yb -doped tapered fiber picosecond pulse amplifiers ”, Optics 

Express,29(2), 1722-1735 (2021). 

[5] A. Petrov, et al, “Picosecond Yb-doped tapered fiber laser system with 1.26 MW peak power and 200 W average output power ”, Sci. 

Rep., 10(1), 17781 (2020). 
[6] K.K. Bobkov, et al, “All-fiber chirped-pulse amplifier emitting 670 fs pulses with 92 MW peak power ”, IEEE Photonics Technology 

Letters, v34(18), pp.977-980 (2022). 

[7] L.Kotov, et al, "Millijoule pulse energy 100-nanosecond Er-doped fiber laser", Opt. Lett., 40(7), p. 1189 (2015). 
[8] L.V.Kotov, et al, "Record-peak-power all-fiber single-frequency 1550 nm laser", Laser Phys. Lett., 11(9), p.095102 (2014). 

[9] M.M.Khudyakov, et al, "Narrow-Linewidth Diffraction-Limited Tapered Er-Doped Fiber Amplifier with 2 mJ Pulse Energy", Photonics, 
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Narrow-bandwidth laser sources are used in many fields of science and technology. The emission 

bandwidth of less than 10 kHz is required in systems for coherent reflectometry [1], hydrophones [2], 

gas analysis and high-resolution spectroscopy [3]. For a number of applications, however, there remains 

a need to implement radiation with a single longitudinal mode, where extreme narrowing of the line is 

unnecessary. Such quasi -single-frequency sources are in demand for the realization of high -power, 

kilowatt-level laser systems [4], coherent combining systems [5]. The bandwidth of these sources can 

be in the range from a few megahertz to a few gigahertz.  

In our work, we investigated some lasers with a short Fabry -Perot cavity based on  Bragg gratings 

directly UV-written into the active fiber core (Fig. 1 (a)) . To realize a short cavity length (less than 2 

cm), we have used a highly Yb-doped composite fiber. Absorption of a weak signal at a wavelength of 

976 nm - 12.5 dB / cm. In the region of the generation wavelength, the background did not exceed 0.1 

dB/cm. 
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Fig. 1. (a) Experimental setup of the F-P Yb-doped fiber laser, (b) spectral power density depending on wavelength and pump power. 

The spectral dynamics, linewidth dynamics, and polarization dynamics of lasers are studied as a 

function of pump power. Fig. 1 (b) shows the spectral power density as a function of wavelength and 

pump power. We observed spectral shifts and switching from the single-mode to multi-mode operation 

during pump power variation.  

During laser operation, we observed a transition from narrow-bandwidth generation with a linewidth of 

about 2 MHz to the mode -beating regime. In addition, polarization mode dynamics with orthogonal 

polarization modes beating at the 300 MHz frequency have been registered. 

We have demonstrated the applicability of Yb-doped phosphate core composite fibers in the fabrication 

of short cavity lasers with generation wavelengths up to 1070 nm b ased on direct UV FBG recording. 

It is shown that narrow bandwidth linear polarized laser generation requires accurate cavity design. 
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Rare earth (RE) doped chalcogenide fibers are used in design of mid-IR lasers and luminescent sources 

[1]. Two systems of chalcogenide glasses  (Ga-Ge-As-Se and Ga -Ge-Sb-Se) doped with RE elements 

(Pr3+, Tb3+, Dy3+) have been mostly under investigation [2–4]. These glasses have small optical losses 

and high refractive indices of 2.5–3.5 magnitude in the range of wavelengths λ = 2–15 μm [5]. 

   In accordance with the wave theory [6], when a pump beam is launched into an active fiber coaxially 

with the fiber axis  (Fig.1), the guided modes, which do not have internal caustics ( HE1m modes) are 

mostly excited in the fiber. Each mode has its own wavelength -dependent intensity profile in the fiber 

transverse cross -section (TCS) and its own amplitude. However, in theoretical analysis of the 

luminescence excitation [2], pump and signal intensities are assumed constant over a TCS of a single-

index fiber that is only feasible if the fiber is multimode.  

   In this work,  the concepts of the wave theory of optical fibers that represent radiation propagating in 

a fiber as a set of modes, have been applied  in the problem of luminescence excitation in a few -mode 

fiber. For a 20 μm core made of Tb3+ doped Ga5Ge20Sb10Se65 glass with the refractive index nco = 2.55 

surrounded by a glass cladding with ncl = 2.35 [4], the number of HE1m modes at λ > 3 μm is less than 

10.  Propagation of the pump radiation (PR) at λp = 2.95 μm and luminescent radiation (LR) at λl = 4.8 

μm in various modes has been investigated in a numerical model comprising kinetic equations for 

populations of three -level system of Tb3+ (Fig.2) and differential equations for PR and LR power s. 

Unlike the generally accepted theoretical model [2], the light intensity dependence on radial coordinate 

in the fiber TCS (Fig.3) has been taken into account. 
 

   
Fig.1. Schematic of light launching into an 

active fiber and the fiber TCS. 

Fig.2. System of Tb3+ energy levels  

with pumping at 2.95 μm. 

Fig.3. Radial profiles of HE1m modes 

in the fiber TCS. 

       
   Results of the computer modeling reveal that population inversion is not distributed evenly over the 

fiber TCS and has a radial profile, which varies  in time and along the fiber. The profile shape depends 

on an intensity profile of a given fiber mode. Due to the levels populations depend on radial coordinate, 

intensity profiles of PR and LR modes propagating in the fiber experience distortion. Consequently, 

some part of energy leaks out the fiber as a radiation field that is an additional source of optical losses.    

   This work was supported by the Russian Science Foundation (RSF) under Grant 21-13-00194. 
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     At present, scientific research is intensively growing in the field of local structure, optical 

spectroscopy and thermal properties of multicomponent chalcogenide glasses [1]. The main reason of 

these is related with high optical transparency of multi -component chalcogenide glasses in infrared 

region of the optical spectrum, as well as, with high optical nonlinearity and photostability, the broad 

glass-forming region and low energy phonons. Since these substances are obtained by the method of 

sharp cooling of melt practically remains in non -equilibrium state. The authors of other studies in this 

field show that the absence of long-range order and thermodynamic non-equilibrium the distinctive sign 

of glasses is the glass transition temperature T g [2]. A phase changes does not occur at the temperature 

corresponding to the glass transition point [2].  

      The main purpose of this work is to study the relationship between the parameters of local structure 

and the glass transition temperatures (Tg) in the Ge-As-Se and Ge-As-Se-S chalcogenide glass systems 

according to theory of topological constraints [3], model the chemically ordered networks [4] and also 

idea of layered structures [5]. 

       It was determined that partially good agreement exists between the experimental values of glass 

transition temperatures (Tg) and  calculated for Ge  -As -Se,   Ge  -As -Se - S chalcogenide glasses. The 

value of share of "zero" frequency oscillation modes (f) are equal about to f~0 and average coordination 

number (Z) change in range of Z=2.5÷2.7 for studied glass compositions. The analysis of these results 

shows that Ge24As19S20Se37, Ge25As10S25Se40, Ge26As18S30Se26, Ge33As17S35Se15 compositions have high 

short range order and medium range order can be considered as more stable glasses compositions  and 

prospective materials for fiber lasers . The glass transition temperature  (Tg) in the mentioned 

compositions are higher and varies in the range of 589÷689 K. 

[[1] Rongping Wang, Kunlun Yan, Zhiyong Yang, Barry Luther-Davies, Structural and physical properties of   Ge11.5As24S64.5·xSe64.5·(1 
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Crystals with ferrous ions doped in tetrahedral (Td) sites are promising for saturable absorbers (SAs) 

of mid-IR lasers because of intense and broad absorption due to the 5E → 5T2(5D) transition. ZnS and 

ZnSe based materials with Td coordinated Fe2+ ions are used as such SAs. Spinel crystals are their 

good alternatives, as they are ecofriendly, have high hardness, low thermal expansion coefficient and 

high laser damage threshold. Transparent glass-ceramics (GCs) are multiphase materials in which 

nanocrystals are uniformly distributed in the residual glass. We present the results of a comparative 

study of the structure and spectral properties of new transparent GCs based on nanocrystals of ɣ-

Al2O3, MgAl2O4 and ZnAl2O4 spinels doped with Fe2+ ions.  

Initial iron doped glasses of lithium (LAS), magnesium (MAS), and zinc (ZAS) aluminosilicate 

systems containing TiO2 as a nucleating agent were melted at 1580 °C under reducing conditions. 

GCs were obtained by heat-treatments in the temperature range of 680 - 1200 °C. Their phase 

composition and structure were studied by X-ray diffraction analysis (XRD), differential scanning 

calorimetry (DSC), and Raman spectroscopy. The optical absorption spectra of glasses and GCs were 

recorded. The initial glasses are X-ray amorphous. During their secondary heat-treatments, lithium- 

(magnesium-, zinc-) aluminum-titanate regions and “low-silicate” regions enriched in magnesium 

(zinc) and aluminum are formed, in which crystals with a spinel structure are precipitated, Fig. 1a. 

Despite the similarity of the processes of phase transformations, the temperature intervals of 

crystallization of spinel nanocrystals and the character of the titanium-containing phase in these GCs 

are different, which is manifested in their absorption spectra, Fig. 1b. Absorption spectra are formed 

by absorption of Fe2+ ions in spinel crystals in Oh and Td positions and by intervalent charge transfer 

transitions between Fe2+, Fe3+, Ti3+, and Ti4+ ions in spinel and titanium-containing nanocrystals. The 

structuring of the spectrum of OH groups is due to their incorporation into spinel crystals.  

  
Fig. 1. XRD patterns and absorption spectra of spinel-based glass-ceramics of the LAS, MAS and ZAS systems. 

The developed transparent glass-ceramics exhibit a broadband absorption in the spectral range of 1.8-

2.4 μm due to the 5E → 5T2 (5D) transition of Fe2+ ions in tetrahedral sites in spinel nanocrystals. The 

glass-ceramics are promising as saturable absorbers of lasers emitting in this spectral range. 

This work was partly supported by the Russian Science Foundation (Grant 23-23-00446). 
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Optical detectors are a very crucible part of many house appliances that are inseparable from our daily 

life. Photodetectors are very useful devices for light detection, imaging science, spectroscopies as well 

as for optical communication. Due to rapidly growing optical fiber based communication network, the 

development of high efficient and high speed photodetectors operating in the infra-red (IR) range are in 

huge demand. IR photodetectors are utilized for remote temperature sensing, night vision cameras, and 

astronomy. 

Recently developed layered transition metal chalcogenides (TMCs) have been proven as the possible 

solution for the development of high p erformance and flexible optical detectors. TMCs show an 

appropriate and tunable band gap with a high carrier mobility (0.2 eV to 2 eV), which makes TMCs a 

favourite material for high-efficiency optoelectronic devices.  

In recent years, we have analysed the photodetection properties of various types of TMCs such as TiS3, 

TiS2, MoS2, etc. [1-4]. We also analysed the various types of heterostructures based on TMCs such as 

Ag-TiS3, Ag-TiS2, TiS3-porous silicon and TiS 2-porous silicon. Photodetection properties of flexible 

nanocomposite materials based on ceramic -gel-TMCs ha ve also been analysed. We also developed 

flexible photodetectors on the PET substrate. Various types of sample fabrication process es such as 

dielectrophoresis, drop-cast, gel-cast, etc. have  been employed in order to develop high -performance 

photodetectors. The various effects of operating temperature have been investigated for the 

photodetector performance. Finally, ultra-sensitive, high-performance broadband photodetectors have 

been developed for a wide operating temperature range (77 K – 548 K).    
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Wide-aperture lasers are subject to various spatiotemporal instabilities. Modulation instability is 

characteristic of wide-aperture semiconductor surface-emitting lasers with a vertical cavity (VCSEL) 

[1]. In optics, this instability can lead to filamentation and beam quality degradation [2]. In this regard, 

it is relevant to investigate methods to improve the spatial and temporal quality of the radiation of such 

devices. This paper proposes to use coherent external optical injection to suppress the modulation 

instability arising in the VCSEL. 

The dynamics of VCSEL can be described by a model that takes into account generation in a single 

longitudinal mode, presented in the [1]: 
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where ,E N are dimensionless envelopes of the electric field and population inversion, respectively. The 

parameter injE  is the normalized injected field.   represents the detuning between the cavity and the 

injected field frequencies,   is the linewidth enhancement factor. As the basic parameters of the system, 

we chose the parameters given in the paper [1]: 1.5   , 1.5  , 0.6С  , 0.052d  , 1.85I  , 0.1  .  

A standard linear analysis was performed to investigate the stability of VCSEL generation. The 

aperture sizes at which the spatially homogeneous generation mode becomes unstable were determined 

( min 115L m  ). The method of external optical injection was proposed to stabilize the generation. It 

is shown that coherent optical injection can suppress all unstable transverse modes. The stabilization 

effect has a threshold nature. The threshold value of injection can be calculated by the formula:

21 2 ( 4( 1)) 2,injE           where 2 ( 1)C I    and 21 .    

An implicit Crank-Nicholson scheme with periodic boundary conditions, which is unconditionally 

stable, was used to numerically solve the system of equations (1). The spatially homogeneous laser 

generation regime with addition of Gaussian noise of small amplitude was chosen as initial conditions. 

As a result of numerical calculations, it was obtained that the system dynamics depends on the size of 

the spatial domain L . Simulation of spatiotemporal dynamics at minL L , showed that the regime of 

spatiotemporal uniform generation is stable, despite the presence of unstable modes. Unstable modes 

arise only in the case of minL L . Without injection, the instability of the homogeneous generation 

mode leads to spatiotemporal chaos and filamentation of the laser radiation. It is shown that for chosen 

parameters the injected amplitude is sufficient for stabilization to be of the order of 1% of the stationary 

field amplitude modulus. The proposed method of optical injection to suppress modulation instability is 

effective and can be used in this system. It was found that external optical radiation of low amplitude 

can completely suppress the modulation instability. 

This work was supported by the Ministry of Science and Higher Education of the Russian Federation 

within the framework of the state assignment (project No. 0023–2019–0003, FSSS–2023–0009). 
 
[1] W. Ahmed, S. Kumar, R. Herrero, M. Botey, M .Radziunas, K. Staliunas, Stabilization of flat-mirror vertical-external-cavity surface-

emitting lasers by spatiotemporal modulation of the pump profile, Physical Review A, vol.92(4), p. 043829 (2015) 
[2] W. Ahmed , S. Kumar, J. Medina, M. Botey, R. Herrero, K. Staliunas, Stabilization of broad-area semiconductor laser sources by 

simultaneous index and pump modulation, Optics Letters, vol. 43(11), pp. 2511-2514 (2018) 



LS-I-16 

   

Highly transient stimulated Raman scattering with combined 

frequency shifts in crystals 
S.N. Smetanin, D.P. Tereshchenko, Yu.A. Kochukov, A.G. Papashvili, V.V. Bukin, V.E. Shukshin, E.E. 

Dunaeva, I.S. Voronina, L.I. Ivleva 

Prokhorov General Physics Institute of the Russian Academy of Sciences, Moscow, Russia 

 

Stimulated Raman scattering with combined frequency shifts on high- and low-frequency Raman 

modes in scheelite-type crystals at weakly chirped laser pulse duration shorter than a dephasing time of the 

Raman modes is experimentally investigated. 

Development of Raman converters for ultrashort laser pulses shorter than a dephasing time of Raman 

medium is an important issue of laser physics because of a low Raman gain increment in such highly transient 

regime of conversion and its suppression due to competing nonlinear phenomena such as self-phase 

modulation. In this work, highly transient stimulated Raman scattering (SRS) in crystals under pumping by a 

sub-picosecond 1030-nm laser radiation with the pulse duration shorter than a dephasing time of the crystal 

Raman modes is experimentally investigated. For the scheelite-type Raman-active crystals (SrMoO4, 

CaMoO4, and others) owning two (primary, the stretching, and secondary, the bending) Raman modes with 

similar integral cross-sections, Stokes SRS radiation with not only a high-frequency shift on the primary 

Raman mode (at 888 cm–1 with the dephasing time of 4 ps for SrMoO4), but also a low-frequency shift on the 

secondary Raman mode (at 327 cm–1 with the dephasing time of 1 ps for SrMoO4) was obtained. A positive 

and negative weak chirp increasing the pump pulse duration from 0.24 ps up to 6.5 ps was used to optimize 

the Raman conversion preventing the issues of the pump pulse self-phase modulation and the Stokes pulse 

spectral narrowing. SRS generation threshold has been lowered relative to those for the competing nonlinear 

phenomena with a help of increasing the crystal length (a) up to a temporal walk-off length due to group-

velocity mismatch between the pump and Stokes pulses, (b) up to a Rayleigh length of the focused pump 

beam, and (c) longer than coherence length of Stokes-anti-Stokes parametric coupling. Using the pump pulses 

with duration shorter than the secondary Raman mode dephasing time (1 ps in SrMoO4) allowed obtaining 

higher intensity of the low-frequency-shift Stokes SRS component relative to the high-frequency-shift Stokes 

SRS component. 

This research was funded by Russian Science Foundation—Project No 22-22-00708. 
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High power and high efficiency coherent sources of mid-infrared (mid-IR) radiation have a wide variety 

of applications in areas such as materials processing, surgery and disease diagnostics, atmospheric remote 

sensing and environmental monitoring, among other applications [1,2]. The last decade has seen a notable 

progress in the design and development of high power solid-state lasers based on Cr2+- or Fe2+-doped 

chalcogenide crystals (ChCs) such as ZnSe, ZnS, CdSe and others, and solid-state laser systems based on 

optical parametric oscillators (OPOs). Recently, lasing in the 4.5–5.9 µm wavelength range was 

demonstrated in glass samples and optical fibers based on chalcogenide glasses (ChGs) doped with rear-

earth ions [3]. At the same time, the scaling of the average and peak power and the pulse energy of mid-

IR solid-state laser systems is hindered by the laser induced damage (LID) [4].  

 This report gives an overview of the recent studies of LID of mid-IR nonlinear and laser crystals 

and glasses with high purity and different structural quality induced by the CW or repetitively-pulsed 

nanosecond lasers at 1900-2100 nm. LIDs of nonlinear crystals (ZnGeP2, BaGa4Se7, BaGa2GeSe6 and 

GaSe) and ChCs (ZnSe, Cr2+:ZnSe and Fe2+:ZnSe) were analyzed [5-10]. The crystals grown in different 

conditions with the dissimilar crystal-lattice quality were examined. The effect of various crystal quality 

factors such as the impurity composition, lattice dislocations, and post-growth processing, surface 

treatments and polishing were discussed. The LID thresholds determined by both the pulse fluence and 

intensity were studied at various pulse repetition rates, pulse widths, and exposure durations. The thermo-

optical lensing and LID of special pure Ge35As10S55 and Ge20As22Se58 glasses under the quasi-CW 

irradiation with the Tm-doped fiber laser at 1908 nm were also examined [11]. The LID mechanisms and 

prospects for the improvement of the LIDT threshold in mid-IR nonlinear and laser materials will be 

discussed in the presentation.  

 The reported study was financially supported by Russian Science Foundation (grant 22-12-20035, 

https://rscf.ru/en/project/22-12-20035). 
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It is reported about fiber coupled laser diode (LD) modules, LD stacked arrays, micro-optical 

elements, and other products developed and manufactured by Inject RME LLC: 

- LD module with an output power of CW 400 W, wavelength of 940 nm, an output fiber core 

diameter of 800 μm (NA=0.22) for pumping solid-state lasers and technological applications; 

- fiber coupled LD modules:  

32 -976-90-CW - 975 nm, 105 µm, NA=0.22, 90 W and  

36-976-200-CW  200 µm, NA=0.22 , 975 nm, 200 W. 

QCW LD stacked arrays: 

  - with a wide emission spectrum of 800-811 nm, with a peak output power of optical power of 

1800 W, QCW operation mode: 300 μs, 10 Hz, for pumping DPSS lasers of an athermal design; 

- with a peak output optical power of 20 kW, wavelength of 940 nm, (operation mode: pulse 

duration - up to 1.5 ms, up to 20 Hz) for pumping high-energy Yb lasers; 

- SLM20-940-20000-QCW-L-263 with a peak output power of 20 kW at 940 nm (laser pulse 

energy density up to 3.75 J/cm2, 1.5 ms, 20 Hz), collimated beam divergence − 14x2 degrees 

(FWHM); 

- SLM12-940-50000-Pulse-HD − 50 kW, 940 nm, 20 ns, 10 kHz. 

- laser beam homogenizer based on a two-sided array of perpendicularly arranged cylindrical 

microlenses made of optical quartz glass, with an aperture of 90x90 mm and a transmission of 99%; 

 

A high-power diode laser is produced - PLD-6 type - provides an output optical power of laser up 

to 6 kW in CW mode on and a rectangular laser spot 22x2 mm in size at the focus, it is successfully used 

for laser thermal hardening, alloying and surfacing. 

 

Experimental work has been carried out on the automated laying of a prepreg tape made of 

thermoplastic materials with local heating of the surface by a powerful diode laser, a technology that is 

promising for mass production of composite products. 
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To date, the most promising laser systems that would combine high power and diffraction quality of 

radiation are hybrid gas lasers with diode optical pumping. Systems of this type include, for example, 

diode pumped alkali metal vapor lasers (DPAL) and optically pumped metastable heavy rare gas lasers 

(OPRGL). The advantage of a gaseous active medium in comparison with a solid one is the lower 

influence of temperature that affect the output beam quality and the appearance of optical 

inhomogeneities. Due to this, a larger limiting energy output per volume unit of the active medium is 

achieved in a gas laser. 

The photon source in gas lasers is an electronically or vibrationally excited particle Ex*. The main 

parameters of the laser operation, such as the gain or specific energy output, are expressed in terms of the 

number densities of these excited particles. Accordingly, laser efficiency and its limiting parameters can 

only be calculated with exact knowledge of the rates of chemical and energy transfer processes in which 

Ex* are produced and destroyed. In turn, the physical quantity that determines the rate of chemical 

reactions is the rate constant. Consequently, development of accurate mathematical models and the design 

of new gas laser systems is fundamentally impossible without experimentally measured rate constants of 

processes involving Ex*. The measurement of these constants requires the use of modern research methods 

and precise scientific equipment. 

For many years, our scientific group has been measuring the rate constants of processes occurring in the 

active medium of various lasers. In studies aimed at the development of DPAL [1,2], the rate constants of 

the deactivation processes of the electronically excited rubidium atoms in collisions with diluent gases H2, 

CH4, and C2H6 were measured, and a conclusion was made about the preferential use of methane in this 

role. We measured a number of kinetic constants of processes involving thermalized and vibrationally 

excited singlet oxygen О2(а,υ), vibrationally excited ozone О3(υ), and О atoms occurring in the active 

medium of an electric-discharge oxygen-iodine laser (EOIL) [3-5]. In [5] an explanation was given for 

the sharp drop in O2(a) number density at the output of an electric discharge generator of singlet oxygen 

in EOIL, based on the occurrence of the previously disregarded reaction O2(a) + O3(υ). Currently, the 

Samara branch of LPI is working on measuring the temperature dependences of the rate constants of 

energy transfer processes involving metastable argon atoms Ar* in a mixture with helium He, which are 

necessary for the development of the OPRGL. Since Ar* atoms in OPRGL are produced in the plasma of 

a repetitively pulsed discharge, knowledge of the temperature dependences of the rate constants becomes 

critical for the development of this new promising laser system. 
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Optically pumped all-rare-gas laser (OPRGL) which was proposed recently [1], utilizes metastable atoms 

of Ne, Ar, Kr and Xe as lasing species and have a potential for scaling to a high-power system with good 

beam quality. Like alkali atoms, rare gas metastables host just one electron on the outer shell, making 

OPRGL kinetically analogous to the extensively studied diode pumped alkali laser (DPAL) [2]. However, 

OPRGL has a sound advantage – its active medium is chemically inert. Both DPAL and OPRGL are three-

level systems where energy transfer from the optically pumped level is provided in collisions with a bath 

gas. However, in the most extensively studied cesium-based DPAL light hydrocarbons have to be used to 

provide efficient energy transfer at a moderate pressure. In that case, the presence of the excited alkali 

atoms leads to a complex chemistry that finally results in degradation of the laser medium. In OPRGL, 

energy transfer is efficient at an atmospheric pressure when He is the collisional partner. The pump 

wavelengths for the OPRGL’s fall in a well-developed spectral region for laser diodes and the energy from 

large arrays of diodes can be combined to a high-power, high-quality beam. All lasing wavelengths fall in 

the atmospheric transparency window. 

Rate coefficients for collisional energy transfer from pump to upper laser level are about 10-11 cm-3 s-1. 

Theoretical estimations [3] showed that the specific laser output in Ar:He mixture can be on the order of 

102 W cm-3 with overall efficiency (including discharge requirements) more than 50%. 

A discharge system should provide the metastables’ number density about 1013 cm-3 or larger at near 

atmospheric pressure and this is the key problem for this class of lasers. Analysis of the discharge in Ar:He 

mixture [3] showed that efficient Ar(1s5) production is possible when E/N10 Td or larger. That rules out 

cw discharges and leaves a repetitively pulsed nanosecond discharge as the most suitable for an OPRGL. 

In this report the successful experiments with OPRGL lasing are reviewed and possible approaches for its 

further development and scaling are discussed. 

   
 
[1] J. Han, M. Heaven, Gain and lasing of optically pumped metastable rare gas atoms, Optics Letters, vol. 37, pp. 2157-2159, (2012). 
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[3] A. Demyanov, I. Kochetov, P. Mikheyev, Kinetic study of a cw optically pumped laser with metastable rare gas atoms produced in an 
electric discharge, Journal of Physics D: Applied Physics, vol. 46, p. 375202, (2013). 
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The attempts to create gas -discharge fiber lasers started about 15 years ago, shortly after the 

development of HCFs. The main problem here is the difficulty of maintaining plasma in a thin (about 

100 μm in diameter) core. The HCF diameter of the order of ~100 μm was used in almost all studies, 

since it provides an acceptable level of optical losses in a HCF.  The most advanced result in this field 

so far was as follows. It was declared that optical amplification due to stimulated transitions in Xe atoms 

at wavelengths of 3.11, 3.37, and 3.51 μm was observed [ 1]. However, this result has not received 

further development so far. 

In this work, a gas-discharge fiber laser based on a hollow-core fiber has been demonstrated for the 

first time. To pump it, we used the previously proposed scheme for excitation of a gas discharge in a 

hollow-core fiber using microwave radiation [ 2] and the results of microwave discharge  stability 

investigation in noble gases under similar conditions [3]. 

The design of the gas -discharge fiber laser included a 100 -cm-long segment of a revolver -type 

hollow-core fiber (RF, see Fig. 1b) filled with a He:Ar:Xe gas mixture in a ratio of 100:10:1 and a total 

pressure of 130 Torr. Both ends of the RF were hermetically sealed into miniature gas cells, which had 

inlets for gas injection  and resonators windows to decouple the radiation.  The highly reflective (HR) 

mirror was a polished aluminum plate.  The output mirror with a multilayer inte rference coating had a 

high reflectivity (~90%) in a wide wavelength range from 2000 to 3500 nm.  A section of the fiber 30 

cm long was placed in a pulsed microwave field with a frequency of 2.45 GHz and a strength of about 

1 kV/cm. The discharge in RF core was initiated by short -term UV irradiation of RF with a mercury 

lamp. The MW pulse duration was 20 μs with a repetition rate of 400 Hz. After alignment of the 

resonator mirrors, generation was observed at a wavelength of 2.027 μm. The lasing emission spectrum 

was monitored using band -pass filters and a Yokogawa 625 spectrum analyzer (see Fig. 2).  Fig. 1a 

shows oscillograms of a MW pump pulse (curve 1), an oscillogram of a laser pulse obtained using a 

photodetector sensitive in the spectral range from 1 to 5 μm (curve 2). Curve 3 was obtained under 
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Fig.1. a) Oscillograms of MW pump pulse and Xe laser output at different 

conditions; b) cross-section of the revolver HCF used in experiments. 
Fig.2. Spectrum of Xe gas discharge fiber laser. 

This research was supported by Russian Science Foundation (grant No. 22-19-00542), 

https://rscf.ru/project/22-19-00542/. 
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Recent advances in femtosecond laser technology enables the possibility of space-selective 

nanostructuring of transparent materials due to nonlinear absorption mechanism. Tightly focused femtosecond laser 

pulses can induce nanoperiodical structures named as nanogratings with polarization-controlled form birefringence 

inside fused silica [1]. The possibility of precision control of the retardance and the slow axis orientation of 

birefringence paves the way to the fabrication of geometric phase optics [2] as well as polarization converters [3]. 

However, the formation of nanogratings in silica and other oxide glasses requires tens of laser pulses [1,4] and the 

search for novel birefringent structures which can be laser-induced by few laser pulses is still in progress. For 

example, recently, a new type of birefringent structures consisting of elongated nanopores or single nanoplanes 

were discovered in silica glass irradiated by femtosecond laser beam [3]. On the other hand, the rapid formation of 

the form birefringence by only 2-3 laser pulses was showed in high silica nanoporous glass (NPG) [5]. This paves 

the way to using the nanoporous glassy materials for the inscription of high retardance optical elements. In this 

work we study direct laser writing of phase elements in nanoporous glass. 

We used the NPG glass samples, which synthesis was described previously [5] for laser writing experiments. 

For the inscription of phase elements in the form of squares 300x300 µm, we used femtosecond regenerative 

amplifier Pharos SP operating at the wavelength of 1030 nm. The pulse energy was varied from 300 to 800 nJ, at 

constant pulse repetition rate and pulse duration of 200 kHz and 180 fs respectively. The laser beam was focused 

inside the NPG by aspheric lens (N.A.=0.16). Measurements of retardance of birefringence was performed on 

laser-inscribed squares by raster scanning at 2 mm/s speed and interline separation of 1 μm. The birefringence 

dispersion of squares was estimated by means of the polarizing optical microscope Olympus BX51 equipped 

with CCD camera Olympus DP73, polarizers and the set of interference optical filters. Taking the birefringence 

dispersion into account, the value of retardance was calculated by spectroscopic method [6]. The fiber optic 

spectrometer Ocean Optics USB2000 connected to the microscope was used for registration of transmission 

spectra of birefringent squares which slow axis was oriented at 45° to parallel and crossed polarizers. The 

retardance dependency on laser pulse energy was derived by fitting the normalized transmission spectra. The 

higher the pulse energy, the higher the retardance of inscribed birefringent squares. It was shown that the 

retardance value can be as high as 908 nm. This allows the laser writing of single layer phase plate for NIR and 

Mid-IR lasers that is impossible in silica glass. Thus, NPG is a promising medium for the efficient fabrication of 

phase optical elements. 

The work was supported by Russian Science Foundation (grant 22-79-10231). 
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Optical fibers (OF) have their application in various fields of science and technology. In addition 

to the use of optical fibers in information systems (communication lines and fiber sensors), the use of 

optical fibers in laser systems is also developing. A new direction in the development of laser systems 

has become the so-called. “Random lasers” [1–2]. This direction has become a subject of great 

interest for researchers around the world due to the ability of random fiber lasers to generate light with 

unique performance characteristics without imposing strict requirements on the optical cavity. In such 

lasers, amplification is achieved due to the effects of Raman scattering [1] or SBS [2]. Due to the fact 

that the Rayleigh scattering coefficient is extremely small (it provides reflection), in such random 

lasers the cavity length is usually 10-100 km for SMF-28 type OF. New development trends are 

associated with the transition to lasers with a cavity based on short (5-20 meters) artificial Rayleigh 

OF [3] (OFs containing an array of fiber Bragg gratings - FBGs) incribed during drawing process. 

This article is devoted the evolution of our previous works, including an optimization of random laser 

cavities, based on artificial Rayleigh fiber and adapted to the telecom conventional wavelength range 

(also known as “C-band” range). The main novelty is the development of artificial Rayleigh fiber on 

the basis of a special photosensitive Er-doped OF with a germanophosphosilicate core matrix. 
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Fig. 1. Laser cavity structure – left. Laser emission spectrum at pumping on 976 nm (30 mW) - right. 
 

The lasing cavity structure investigated by OFDR technique is shown in Fig 1 (left). The FBGs 

inscription contrast (excess of the return signal over the Rayleigh level) is 43 dB. The length of the 

laser’s cavity is 6 meters (600 FBGs). The phase mask period is 1070 nm. Core/cladding diameter – 

5/125 µm. OF’s cutoff wavelength is 900 nm. The laser has a half-opened cavity extended by the 

wavelength-matched 90% FBG. The emission spectrum obtained under 976 nm “backward”-pumping 

is shown in Fig. 1 (right). The laser has a 1548 nm single emission peak and a slope efficiency of 

33%. The operation mode is continuous-wave like showed previously [3]. The linewidth measured by 

self-heterodyne technique is less 1 kHz. These random fiber lasers can operate continuously at room 

temperature for a long time (at least tens of minutes), which is extremely important from the point of 

view of the prospects for its use as a compact source of high coherence optical radiation. 

The work was carried out within the framework of the Kotelnikov IRE RAS state task. The work of 

A.A.R. is supported by RSF №22-19-00511 in part of producing preforms. 
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The paper presents the results of an experimental study of the moderately erbium doped fiber lasers 

with short resonators operation features. Operation regimes in the case of 976 nm wavelength pump have 

been investigated. The dependence of the parameters and regimes of operation on the cavity length and pump 

power, namely the transition from pulsed to CW lasing, is investigated. 

The operation features study of single-frequency erbium fiber lasers of the 1.5 μm optical range is 

necessary to control and reduce the lasing linewidth which is required in modern fiber optics, allows them to 

be used for optical sensors, optical communication lines and spectroscopy. 

The erbium doped fiber used in our work was made from a preform with a moderate concentration of 

erbium in the core (absorption at 1530 nm wavelength ≈ 17 dB/m, ≈ 0.03 mol.% Er2O3). Based on this fiber 

three erbium lasers were fabricated according to the classical Fabry-Perot scheme with two Bragg gratings 

(FP-EDFL) with a cavity length of 28 mm (Bragg gratings were inscribed using femtosecond point-by-point 

technology), 60 mm and 170 mm (Bragg gratings were inscribed by the UV technique by the radiation of an 

excimer ArF laser). The lasing wavelength of fiber lasers was determined by the period of the Bragg gratings 

and ranged from 1539 to 1551 nm. 
The laser operation regime at low pump power corresponds to passive Q-switching, and when the pump power 

increases the operation switched to CW with sine modulation. The dependence of the pulse frequency and sine 

modulation on the cavity length and pump power at room temperature is established. The formation of a pulsed 

operation regime is characteristic of erbium heavily doped lasers due to accelerated depopulation of the excited erbium 

level in sight of the up-conversion at the lasing wavelength. Up-conversion proceeds most effectively when pairs of 

erbium ions (mini-clusters) are formed in the active fiber [1, 2]. The switching between pulsed and CW regimes at room 

temperature is achieved by reducing the doping level of the active fiber and increasing the pumping power, which 

together reduces the proportion of up-conversion in the process of the excited erbium level release [3,4]. 
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in Heavily Doped Er3+ Fiber Lasers, ACS Photonics, vol. 5, № 12, pp. 5038-5046 (2018). 
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High repetition-rate mode-locked fiber lasers operating in the 2-3.5 µm spectral range are in demand for 

numerous applications in the fields of science and technology because of ultrashort pulse duration and 

compact size . Such sources are promising for  burst-mode generatio n, polymer micromachining , 

medicine, free space optical communication , and etc  [1]. Holmium-doped (Ho) fiber  takes main 

advantages of longer gain wavelength up to 2.2 µm and larger emission cross -section. The simplest 

methods to increase repetition rate of passively mode-locked fiber laser are shortening cavity length and 

harmonic mode-locking (HML) [2]. 

This work focuses on the study of different types of passive mode-locking in a Ho-doped fiber laser 

with the ring cavity and the possibilities of obtaining harmonic mode-locking. Passive mode-locking 

was implemented based on the polymer -free single-walled carbon nanotubes  (SWCNT) saturable 

absorber [3], nonlinear polarization evolution (NPE) and hybrid mode-locking [4]. 

 

Fig. 1. (a) Experimental setup of the NPE mode-locked Ho-doped fiber laser, (b) oscillogram of the burst-mode generation with 7 ultrashort 
pulses in the burst, (c) radio frequency spectrum at the repetition rate of 588 MHz. 

The cavity of Ho-doped fiber lasers consists of 2 m Ho-doped fiber pumped by the Yb-doped fiber 

laser at 11 28 nm through a 1125/2100 nm wavelength division multiplexer (WDM),  fiber coupler, 

polarization controllers (PC), isolator, polarizer in the case of NPE mode -locking as in Fig. 1(a), and 

FC/APC connectors with saturable absorber.  In the case of hybrid mode -locking, NPE and SWCNT 

were combined in one cavity.  The cavities length varied in the range of 7.5 –8.8 m, dependi ng on the 

mode-locking type. 

In the case of NPE mode-locking, the burst-mode generation with a pulse repetition rate of ≈1.4 GHz 

and varying number of ultrashort pulses within a burst (up to 10 pulses) w as obtained (Fig. 1(b)). The 

maximum pulse repetition rate obtained at a pump power of 2.9 W was 588 MHz with a signal-to-noise 

ratio (SNR) of ≈50 dB (Fig. 1(c)). In the case of hybrid mode -locking, the maximum pulse repetition 

rate obtained at a pump power of 3.2 W was 614 MHz with a SNR of ≈60 dB. In the case of mode -

locking based on SWCNT, single - and dual-wavelength generation, as well as the unstable harmonic 

mode-locking with a maximum pulse repetition rate of ≈166 MHz, were obtained. The dependences of 

pulse repetition rate and average output power on the pump power were obtained. 

This study was funded by a grant of the Russian Science Foundation № 22-72-00126 (development and study 

of fiber lasers characteristics). 
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Fiber sources of ultrashort pulses (USPs) with a sub-GHz repetition rate are in demand for various 

applications, including analog -to-digital converters[1], study of supercontinuum generation [2], and 

high-resolution microsc opy[3]. The repetition frequency of the gigahertz level can be obtained by 

implementing harmonic mode locking or in lasers with an extremely short cavity based on heavily 

doped active fibers and hybrid components. 
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Fig.1. a) Initial scheme of an erbium fiber laser (resonator length 1.93 m). SWCNT - connected ferrules, between which there are single-

walled carbon nanotubes; A hybrid is a fiber element that combines the properties of a WDM, an insulator and coupler; PC - polarization 
controller.  The pumping direction is shown in red. b) RF spectrum of initial signal; c) RF spectrum of final signal (resonator length 0.6 m). 

In this work, we studied the possibility of increasing the repetition rate of ultrashort pulses by using a 

heavily doped active fiber and a hybrid  (optical splitter (coupler), wavelength division multiplexer 

(WDM), insulator) in an erbium fiber laser with a ring cavity.  The initial experimental setup is shown 

in Fig. 1 (a). As an active medium, we used a 12 cm the composite fiber with a phosphate glass core 

with a high concentration of erbium ions and a silica glass cladding. The composite fiber was pumped 

by the laser diode at a wavelength of 976 nm through a hybrid. The coupler split was 85/15 (15% yield). 

To be able to adjust the generation mode, the circuit included a polarization controller.  Passive mode 

locking was provided by single-walled carbon nanotubes synthesized in an aerosol placed between two 

FC/APC optical connectors (SWCNT [4]). The resonator length in this case was exactly 1.93 m. 

The laser generated ultrashort pulses with a repetition rate of 103.5 MHz (RF spectrum of the signal 

Fig.1 (b)) and a duration of 5 ps at a central wavelength of 1535 nm. The spectrum width was 1 nm 

(Fig. 1 (b)). The output radiation power was 0.48 mW. With a decrease in the resonator length, stable 

modes were also obtained with ultrashort pulse repetition frequencies of 129 MHz (resonator length Lr 

= 1.55 m), 153 MHz (Lr = 1.3 m), 214 MHz (Lr = 0.9 m), 247 MHz (Lr = 0.8 m). 

Next, we removed the polarization controller from the circuit and reduced the length of the resonator 

as much as possible (without changing the length of the active fiber) to 0.6 m. 

In this case, we also managed to obtain a stable mode of single-pulse generation. The laser generated 

ultrashort pulses with a repetition rate of 298.5 MHz (RF spectrum of the signal Fig. 1 (с)) and a duration 

of 1.6 ps at a central wavelength of 1543 nm. The spectrum width was 1.3 nm. The output radiation 

power was 1.64 mW. 

Thus, we have carried out an optimization of the ring laser circuit, as a result, sources with a repetition 

rate of ultrashort pulses from 100 to 300 MHz have been obtained.  

The work is supported by the Russian Science Foundation (#23-79-30017) 
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All solid band gap fiber (ASBGF) is a relatively simple waveguide micro - structure that can confine 

radiation in the solid core . The cladding of such  fiber consist of the rods with larger refractive index 

than the surrounding glass matrix  form a cladding of such a fiber.  It was shown that in  the case of  

ASBGF with even a small number of the cladding rods located on a some circle it is possible to obtain 

resonant low loss regime for the fundamental core mode for certain values of geometric  parameters [1]. 

In this work we have studied ASBGF with the following parameters: number of rods is N = 6, 9, radius 

of the circle where rods are located is R = 10-25 µm, radius of a single rod is r = 2 µm, refractive index 

of glass matrix is nglass = 1.45, refractive index contrast is Δn = +0.05, vacuum wavelength is λ = 1 µm. 

The cross section of the fiber is shown in Figure 1. Leakage loss of the fundamental core mode (HE11) 

and high-order mode  (HE21) w as calculated by multipole method ( solid curves ) and finite element 

method (markers) in COMSOL  (Fig. 2). It is shown that when the number of rods in the cladding is 

increased the resonant loss reduction is observed for the high-order modes as well. Thus for N = 9 there 

are geometric parameters at which the HE21 mode has leakage loss lower than those of the fundamental 

core mode. The properties of such fibers with reduced high-order modes loss can be used for dispersion 

management and sensing [2,3] 
The study was funded by Russian Science Foundation under project # 22 – 22 - 00575. 
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Rep, 10, 2507 (2020). 

[2] A. J. Verhoef, .L Zhu, S. M. Israelsen, L. Grüner-Nielsen, A. Unterhuber, W. Kautek, K. Rottwitt, A. Baltuška, and A. Fernández. Sub-100 

fs pulses from an all -polarization maintaining yb -fiber oscillator with an anomalous dispersion higher -order-mode fiber. Opti cs express, 
23(20):26139–26145 (2015). 

[3] E. Li, X. L. Wang, and C. Zhang. Fiber-optic temperature sensor based on interference of selective higher-order modes. 2006. 

 
 

 



LS-O-8 

High-Purity AVBVI Chalcogenide Glasses as a Material for Mid-

IR Fiber Optics 

 
I. Skripachev1, V. Pontnichenko2, M. Churbanov1 

1G.G. Devyatykh Institute of Chemistry of High-Purity Substances, Russian Academy of Sciences, 603951, 

Nizhny Novgorod, Box-75, Tropinin st., 49, 

2E.M. Dianov Fiber Optics Research Center, Moscow, Vavilov St., 38 

skripachev@ihps.nnov.ru 

 

 

 

Chalcogenide glasses (ChG) consist of individual chalcogenides of III -V group elements (B, Ga, La, Ge, 

As, Sb) and of their mixtures. They consider as perspective optical materials since 1950 when high 

transparency of As2S3 glass in the middle infrared (IR) was obtained by purification of this compound [1]. 

  In the 80’s low optical losses were predicted for ChG, being at the level 0.1-0.05 dB/km at the 4 -6 mkm 

wavelength region [2,3]. High non-linearity of the optical properties also have been observed. Optical fibers 

made of the glasses with such characteristics provided the new possibilities at solving of several problems 

in optics and optoelectronics.  

The properties of ChG that are the most important for fiber optics application (optical transparency, laser 

beam energy threshold and mechanical strength) are very sensitive to impurities content in the ChG. 

The c ontent of some strongly absorbing impurities (hydrogenous and carboneous compounds, oxygen, 

carbon) must not exceed 10-2 -10-3 ppm at. The content of particles with the size not larger than 100 nm is 

limited at the level 101- 103 cm-3 [4].   

    Due to efforts of researches high pure  ChG were obtained, the content of limiting impurities did not 

exceed 10-2-10-3 ppm wt. in the best samples of the glasses.  Optical fibers with minimum loss 12-14 dB/km 

in the 3-5 mkm wavelength region were fabricated from pure As-S glasses [4]. Optical fibers made of As-

Se, Ge-As-S-Se and Ge-As-Se-Te glass have the minimum optical loss 40 – 150 dB/km in the 6 -9 mkm 

wavelength region. 

   Chalcogenide glass optical fibers were tested as elements of various optical and optoelectronic devices 

[5]. 

   The main goals of further developments in the field of high pure ChG and infrared optical fibers on its 

base are as follows: 

-Search of the extr insic loss sources that give contribution at the level 1 -10 dB/km in the ChG of various 

systems. It means the evaluation of intrinsic contribution of the glass matrix as well as study of influence 

of defects in the fiber waveguide structure. 

- Further decrease of the limiting impurities content in the ChG by 1-1.5 order in comparison with the level 

achieved as well as improvement of the glasses micro-homogeneity. 

-Development of technologies that provide fabrication of ChG and optical fibers with reproducib le set of 

exploitation parameters. 

-Development of new kinds of optical fibers that use the unique properties of ChG. Among them are 

microstructured fibers, PCF, ChG fibers with the core doped by rare earth and transitional metals. Such 

kinds of ChG fibers  are required for fabrication of IR fiber lasers, optical amplifiers and converters of IR 

radiation. 

Some brand new application of IR ChG fibers in the analytical systems of new generation will be shown. 

 

The research was carried out with the support of the Russian Science Foundation, RSF grant No. 22-13-00226. 
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There are a number of topical scientific problems that require the creation of powerful sources of 

microwave electromagnetic radiation in the frequency range 0.1-1 THz. Gyrotrons are the most power-

ful radiation sources in the sub-THz and THz wavelength ranges. Despite the difficulties with the gen-

eration of high-intensity magnetic fields required for resonant conditions of electron-wave interaction 

in volumes sufficient to accommodate electron-optical and electrodynamics systems of gyro devices, 

the problem of shaping high-power electron fluxes with a high fraction of rotational energy and low 

velocity spread, and the problem of selective excitation of high-order operating modes, harmonic exci-

tation, etc., the gyrotrons continue to be the object of intense research and show a significant potential 

for improving the characteristics of the generated radiation [1,2]. 

Gyrotrons are in demand for the ECR of plasmas in controlled-fusion installations, the creation of 

systems for high-gradient acceleration of electrons by terahertz waves, energy transfer using narrow 

beams of microwave radiation, spectroscopy, and diagnostics of various media.  

The years 2021-2022 were marked by an increase in the number of requests for megawatt (MW) 

gyrotrons both from representatives of large thermonuclear facilities well known to the gyrotron com-

munity (ITER, KSTAR, EAST) and from a number of new projects (F4E, MAST-U). An explosive 

growth in the number of commercial companies that focus on obtaining thermonuclear energy by 2025-

2030 should be mentioned [3].  

The purpose of this paper is to present a number of the most striking achievements of the IAP RAS 

and GYCOM in the development of gyro devices, which include: i) testing a prototype MW level gy-

rotrons with a frequency of 230-250 GHz in a pulsed generation mode, ii) development and experi-

mental tests of frequency locked operation regime with narrow spectrum line at different tubes, includ-

ing 1MW/170GHz gyrotron; iii) development of a pulse compressor circuit for a high-power gyrotron 

and preliminary analysis of its key elements for provision of microwave radiation with a power level of 

about 100 MW and a pulse duration of about 10 ns; v) development and experimental investigation of 

high power and efficiency gyrotron based technological systems with magnetically shield solenoid and 

vi) analysis of new schemes for broadband frequency tuning and excitation of higher harmonics.  

The gyrotron development is supported by the IAP RAS projects FFUF-2021-0001,  FFUF-2022-

0007. Development, manufacturing and experimental test of ITER gyrotrons are supported by project 

17706413348230000070/45-393 in the frame of the work “Development, pilot production and supply 

of 8 sets of gyrotrons with magnets and auxiliary equipment for the ITER plasma heating and current 

drive ECR system”. 
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Thin film technologies have already grown into a big industry that is centered on the new generation of 

displays such as organic light-emitting diode (OLED) and liquid crystal display (LCD). On these display 

panels, a thin film transistor (TFT) basically controls the operation of each pixel forming the image. 

To produce new generation large displays, an active matrix addressing scheme is used for display panels 

where pixels are located at row and column interactions in order to minimize capacitive losses in column 

and row lines. This addressing scheme basically consists of two TFTs per pixel, of which one is operated 

under continuous gate bias and hence requiring a high stability  

The nanocrystalline silicon (nc-Si) is widely used as an active layer in TFT. The electron beam physical 

vapor deposition (EBPVD) process is used for nc-Si film deposition over conventional Plasma-enhanced 

chemical vapor deposition  (PECVD) process to avoid high RF -power and hydrogen dilution that are 

needed in PECVD to facilitate silicon nano-crystallization which leads to deteriorated quality of the nc-

Si film.  

Nowadays, Molybdenum disulfide (MoS2) has proven as the best alternative materi al as an active layer 

of TFT. MoS2 is known as one of the oldest representatives of the transition metal chalcogenides (TMCs) 

family. Researchers fabricated the MoS 2 layers using a catalysis -free, economical, and environment -

friendly pulsed laser depositio n (PLD) technique for the realization of TFTs with high mobility, good 

ION/IOFF, and low power consumption. 

References: 
1. P Sharma, N Tripathi and N Gupta, “Nanocrystalline silicon thin film prepared by e- beam evaporation for display applica-

tion” Journal of Materials Science: Materials in Electronics, Springer, pp. 3891–3896, vol. 28, issue 4, 2017.  

 

2. P Sharma and N Gupta, “Model for threshold voltage instability in top-gated nanocrystalline silicon thin film transistor” 

Journal of Computational Electronics, Springer, pp. 666- 671, vol. 15, issue 2, 2016.  

 

3. S Kumar, N Tripathi, P Sharma, V Pavelyev, V Podlipnov, S Stafeev, P Mishra, D Shishkina, V Platonov, A Rymzhina, "De-

velopment of transition metal dichalcogenides for modern photodetector devices," 2021 International Conference on Infor-

mation Technology and Nanotechnology (ITNT), Samara, Russian Federation, 2021, pp. 1-4, doi: 

10.1109/ITNT52450.2021.9649438. 
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It is known that the difference in the coefficients of thermal expansion between the cladding glass (α1) 

and the core material (α2) during sample cooling leads to the formation of tangential cracks if α2 > α1 

and to the formation of radial cracks if α1 > α 2 [1]. We propose to pay attention to the well -known 

phenomenon-the formation of so -called "stars" in the cross sections of fiber preforms based o n silica 

glass with cores doped with relatively high concentrations of germania or alumina. On many preforms 

the formation of perturbations at the core -cladding boundary, having the form of “needles” or narrow 

channels filled with the core substance, is observed. 

 

 
 

Fig.1. A cross section view with “star” and an annular crack around the core (1) 

 

It is possible that mechanism of their formation could be as follows: in the cooling process due to high 

values of compressive stress in the still liquid core, cracks appear in a cladding (no longer liquid) 

directed mainly along the radius of the preform, which are immediately filled with the substance of the 

liquid core. It was shown [2] that refractive index of the core glass of the preform could increase up to 

~1.75 in the visible spectral range at temperatures of ~2000ºC (~ 1.46 at room temperature). This fact 

suggests that pressures close to or exceeding the ultimate strength of silica glass (~20 GPa) occur in the 

perform core region during the manufacturing process. Since the glass transition temperature of the core 

(silica glass with a high GeO 2 or Al2O3 doping level) is significantly lower than the glass transition 

temperature of SiO2, this may explain why the SiO2 cladding cracks and the core material fills resulting 

cracks. The cross-section view of the preform (Fig. 1) testifies in favor of this assumption, since the 

star-shaped core (with rays along the radius) was formed during the manufacture of the preform at high 

temperature and indicates the compressive stress of the core material. At the same time, an annular 

crack along which the core is separated from the cladding, which appeared when cutting the cold 

preform, is a consequence of the tensile stress of the core at room temperature. 

This work was carried out with the financial support of the Russian Science Foundation (grant № 

19-12-00361) 
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Presently, borates, particularly rare-earth borates, are intensively investigated as potential functional 

materials for scintillators, phosphors, and nonlinear optical converters. This attention is due to their ease 

of preparation: chemical stability, short UV absorption edge, good optical and laser characteristics, as 

well as diversity of crystal structures. Owing to 5d-4f or 4f-4f transitions in several rare earth elements, 

it is possible to obtain light emission in different spectral regions. Especially, compounds containing 

Sm3+ are of interest for preparing red phosphors. Recently, we reported  the optical properties of new 

two-cationic SmxSc4-x(BO3)4 (SSB) solid solutions basing on the SmSc 3(BO3)4 compound [1]. In this 

work, lanthanides-doped samarium-scandium borates (RE:SSB) are presented. The effect of doping with 

various lanthanides both on the spectral properties of Sm3+, and on the efficiency of second harmonic 

generation (SHG) is determined. 

Crystals with general formula RE xSmyScz(BO3)4 (x+y+z = 4, RE = Eu –Yb) were grown by TSSG 

method. XRD analyze showed that they are nonlinear biaxial monoclinic crystals. The absorption and 

photoluminescence (PL) were investigated in IR-Vis-UV regions. Additionally, the SHG of Nd:YAG 

laser radiation (1064 nm, 7 ns) was studied using the Kurtz-Perry powder technique [2]. 

All absorption bands that are corresponding to electron transitions from the 6H5∕2 ground state to several 

excited states of Sm3+ were observed. The most intense absorption peak corresponding to the 6H5/2 → 
4F7/2 transition was located at 405 nm. For various RE:SSB no spectral changes of Sm3+ absorption bands 

were observed. All characteristic absorption transitions for other RE3+ were also observed and labeled 

with their corresponding energy levels.  In order to evaluate the emission cussed clearly by Sm 3+ ions, 

the PL excitation spectra were recorded  for the 649  nm emission, hence the excitation wavelength 

407 nm was chosen to record PL spectra . No shifts or spectral changes of Sm 3+ emission peaks were 

observed for all RE:SSB,  excepting Eu:SSB. It is due to the high luminescence of Eu 3+ excited by 

407 nm light. The two strongest Sm3+ fluorescence peaks are located at 605 and 649 nm, which corre-

spond to relaxation from 4G5/2 to 6H7/2 and 6H5/2 respectively. Comparing Sm+3 fluorescence intensities 

for various RE:SSB one can conclude that doping with lanthanides with higher atomic number leads to 

lower Sm+3 fluorescence intensity (table 1). 

The Kurtz-Perry powder test showed that in all grown crystals the phase matching is achieved, and all 

they have high SHG efficiencies (table 1) excepting Gd;SSB. The nonlinear susceptibility depends on 

the material density , and therefore on molar mass of constituents, RE/Sm/Sc  ratio and the unit cell 

volume. The location and orientation of [BO3] unites in crystals also effect. All RE:SSB compounds are 

monoclinic, but the point group still needs to be clarified. Furthermore, the composition and unit cell 

parameters have to be measured. Thus, at this stage, there is no enough information to explain th e low 

deff(Gd;SSB). The relatively lower SHG efficiencies for Dy:SSB and Er:SSB could be explained by 

absorption at the pump and second harmonic wavelengths respectively. 
 

Table 1 – Relative fluorescence intensity of Sm3+ (in percent with respect to the Eu:SSB) and deff values relative to LBO. 

RE Eu Gd Tb Dy Ho Er Tm Yb 

em (nm) 
605 nm 100 73 78 32 23 27 21 14 

649 nm 100 82 92 39 22 30 25 16 

deff/deff(LBO) 0,9541 0,4572 0,8416 0,7624 0,9201 0,7733 0,8575 0,8988 
 

This work was supported by the RSF project (№ 23-19-00617). 
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Over the last few decades, the development of ZnSe:Cr2+ tunable lasers that find a wide range of practical 

applications has made great progress. Maximum powers in excess of 140 W and efficiencies up to 60%, 

as well as the generation of ultrashort pulses (43 fs), have recently been demonstrated [1].The benefits 

ofCr2+ ions in AIIBVI materials (such as ZnS, CdSe, CdMnTe, e.t.c. [2–4]) include very broad absorption 

and emission spectra with a high cross-section, negligible excited-state absorption, and a relatively long 

lifetime that is only mildly dependent on temperature. The interest in the search for new AIIBVI matrices 

and their solid solutions doped with Cr2+is associated with the possibility to modify the chromium ions 

properties, thereby covering other spectral ranges.  This work aims to investigate the  Cr2+ ions 

spectroscopic properties in a range of cubic Zn1-xMnxSe (x = 0–0.4) solid solutions.  

The absorption and fluorescence spectra were measured at room temperature for  a wide range of Zn1-

xMnxSe:Cr2+ (x = 0–0.4) samples. It was shown that with an increase in Mn content x, the maxima of 

both absorption and fluorescence spectra move practically linearly toward lower energies at a rate of 

roughly 30 cm-1 for every 10% of Mn (see Fig. 1 for example). This shift is likely caused by the decrease 

in crystal field strength in Zn1-xMnxSe solid solution with x due to the higher value of the  lattice 

parameter and the lower position of the upper 5E Cr2+ ion level.  

The temperature dependence of Cr2+ ions decay time was measured over a broad temperature range . 

Examples of the resulting curves for three samples with Mn content x = 0.05, 0.3, and 0.4 are presented 

in Fig. 2. As can be seen, the decay rate of Cr2+ ions is almost independent of temperature for all samples 

up to about 240 K. The decrease in decay time with temperature starts  earlier for samples with higher 

Mn content. The value of the Ea gap between the bottom of the Cr2+ ion 5E configuration curve and the 

intersection of the 5T2 and 5E curves  was estimated , and the observed temperature dependence was 

associated with a Ea gap decrease with Mn content ( x) increase, resulting in stronger non-radiative 

quenching of Cr2+ ion fluorescence. 
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Fig. 1. Cr2+ ions absorption line maxima position (circles) and 

lattice constant a (squares) in Zn1-xMnxSe crystal for various Mn 

content (x). 

Fig. 2. Temperature dependence of Cr2+ ions fluorescence decay 

time in Zn1-xMnxSe crystal for different Mn content x. 
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Nd:YAG have been one of the most popular laser media for several decades due to the successful 

combination of useful properties of both the activator and the base crystal. Laser generation most often 

occurs between the Stark sublevels of the 4F3/2→4I11/2 transition with the strongest line at a wavelength 

of about 1.064 μm. Owing to r elatively long radiation lifetime of the upper laser level  (~230 μs) Q-

switching is the most commonly used regime in Nd:YAG lasers. This type lasers generate pulses of 

nanosecond duration (typically 10 -30 ns) , and are widely used in scientific research, technological, 

medical, pulse laser ranging and other applications. 

Regarding the lifetime value of the lower laser level, t here is no common consensus  here and various 

considerations were discussed.  Non-radiative transitions within the 4I11/2 multiplet are characterized by 

times <<10-8s, while for the transition between 4I11/2 and the lower 4I9/2 multiplet ~10-8s is suitable as a 

first approximation. This is much shorter than the lifetime of the upper laser level and usually does not 

exceed the pulse duration with Q -switching. That is, such an approximation is quite suitable in many 

practical cases for the characteristics of an ideal 4 -level system. In deed, this transition in Nd:YAG is 

usually regarded as a classic example of the 4-level system. 

The transition linewidth of ~4.5 cm-1 at a temperature of 300K makes the Nd:YAG crystal suitable also 

for generating picosecond pulses. With use of passive or active mode locking in Nd:YAG lasers, pulses 

of from ~10 to ~100 ps durations can be produc ed. Typical applications of such lasers are scientific 

research, micromachining, remote precision laser ranging, cosmetology and others. 

The generation and amplification of pic osecond pulses shorter than the  lower laser level lifetime are 

essentially nonstationary processes. In fact, on this time scale the system operates according to a three-

level scheme. In the case of the arrival of an amplified pulse of energy close to the saturation energy, 

the populations of the upper and lower levels tend to equalize.  The amplifying ability is partially 

restored only after a time corresponding to the lower level depopulation time . Thus, the problems of 

efficient amplification of ultrashort pulses in two -pass, multi -pass and regenerative amplifiers are 

essentially nonstationary if the time between successive passes of the amplified pulse through the 

amplifying medium is comparable to the lower level relaxation time. 

Thus, the lifetime of the lower laser level refinement is of both fundamental and practical importance 

for common activating ions and various crystalline and glass matrices.  The transition at 1.064 μm in 

Nd:YAG is of obvious interest in this respect, and quite a lot of papers have been published aimed its 

terminal level lifetime clarification. The results are distributed from 500 ns to 170 ps, with most of the 

results being significantly just the lower estimate . Such a broad scatter is obviously due to the use of 

estimate approaches based, typically, on indirect measurements. While the direct population diagnostics 

of the required multiplet component is an obvious problem. 

We have carried out direct measurements based on the diagnostics of the gain recovery dynamics after 

the passage of a saturating pulse through the amplifying medium.  In the experiment s, we used a 

picosecond Nd:YAG laser generating a 25 ps pulses with an energy of 20 mJ and synchronized with it 

by pumping the side-diode-pumped Nd:YAG amplifier with a crystal aperture of 3 mm and a small -

signal gain per pass of >10. The main part of picosecond laser output was used as a pulse that saturates 

the laser transition in the preliminarily pumped active medium of th e amplifier, and a small part was 

split off, passed through a controlled optical delay line, and passed through the amplifier with crossed 

polarization as a probe pulse diagnosing the gain. The dependence of the probe pulse amplification on 

the delay time with respect to the saturating pulse was measured. 

Thus, the scheme used made it possible to test the gain magnitude defined by the population difference 

between precisely those components of the upper and lower multiplets which participate to the laser 

transition. A detailed description of experiments and results, their comparison with previous data  and 
accounting in practical amplifying stages are planned to be discussed. 
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High-power, high-efficiency diode-end-pumped Nd:YAG laser with CW mode-locking by single-

layer CVD-graphene is experimentally investigated. Output radiation with average power of up to 1.7 W at 

optical-to-optical and slope efficiencies of 19.8% and 24% respectively is obtained. 

 

Ultrafast mode-locked solid-state lasers have widespread applications in many different research 

fields, such as medical applications, microscopy, military, optical communication, material processing and 

so on. Passive techniques of mode-locking make the ultrafast lasers simpler and more compact. Recently, 

graphene based saturable absorbers are drawing more and more attention due to its unique properties, such 

as wideband tunability, fast saturable absorbability, and simple and low-cost fabrication. Usually graphene 

mode-locked solid-state lasers have low average power (< 1 W) or low optical efficiency (< 10 %). The 

highest output average power of Nd:YAG laser CW mode-locked with graphene was as high as 2.1 W, but 

optical efficiency was low (4.9 %) [L. Li et al, Opt. Commun. 315, 204 (2014)]. To date, the highest optical 

efficiency of a graphene-mode-locked solid-state laser with 1-W level output power is 16.2 % for Nd:YVO4 

[L. Zhang et al, Laser. Phys. 21, 2072 (2011)]. Further increase in power characteristics was limited by 

thermal load of  the laser crystal . In present work, the laser design has been improved for high -power 

operation. The AR-coated, 8-mm long, 1 at. % Nd:YAG crystal with water cooling was chosen as the active 

medium for 808-nm diode end-pumping due to better thermo-optical characteristics. Internal losses of the 

Nd:YAG laser cavity were minimized by using a high-quality single-layer CVD-graphene applied directly 

on the end cavity mirror. Reflectivity of the output coupler, radii of curvature of the internal cavity mirrors, 

and the laser cavity length were optimized for input power of CW diode pumping of up to 9 W. The highest 

output average power of the laser was as high as 1.7 W (at 8.6 W pumping) in CW mode-locking regime at 

optical-to-optical and slope effi ciencies of 19.8% and 24.0%  respectively. The highest individual 

picosecond pulse energy was as high as 20.7 nJ for a repetition rate of 82 MHz at diffraction limited beam 

quality. Increasing the pump power higher than 9 W led to decreasing the optical efficiency due to a thermal 

lens in the Nd:YAG crystal. 

The laser investigations were supported by Russian Science Foundation – Project No 22-22-20092. 

The graphene films preparation was supported by Russian Science Foundation – Project No 21-72-20050. 
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The optically pumped rare gas laser ( OPRGL) is a new type of optically pumped gas laser with high 

quantum efficiency, which can convert the high output power of a diode laser into the output power of a gas laser 

with high beam quality. In [1], the first generation at a wavelength of 893.1 nm was demonstrated. According to 

published open sources, there has been a serious step in the world in studying the properties of the active medium 

on the model of a laser source based on a mixture of rare gases with optical pumping. The discharge was optimized 

and became stable at atmospheric pressure [2, 3]. 

A mixture of krypton (3%) and helium (97%) is used as the LONIG active medium. The main purpose of 

using helium is to increase the collisional relaxation from the pump level to the upper laser level in order to create 

the largest population inversion. 

The results of an experiment on laser generation using metastable krypton atoms with optical pumping 

893 nm are presented. An electric discharge was used to obtain metastable krypton atoms at atmospheric pressure. 

Optical pumping was performed using diode laser radiation. Kinetic model of the Ar-He and Kr-He plasmas were 

created. Efficiency of metastable atom production in these plasmas w as compared. 

 
[1] J. Han, M.C. Heaven. Gain and lasing of optically pumped metastable rare gas atoms // Optics Letters. – 2012. - Vol. 37, No. 11, pp 2157-

2159  
[2] D. J. Emmons, D. E. Weeks. Kinetics of high pressure argon-helium pulsed gas discharge// Journal of Applied Physics. – 2017. – Vol. 121, 

No. 20. 

[3] J. Han, L. Glebov, G. Venus, M.C. Heaven. Demonstration of diode-pumped metastable Ar laser // Optics Letters. – 2013. - Vol. 38, No. 
24, pp 5458-5461  
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 This paper presents the results of a comparative analysis of high-power quasi-continuous 

arrays of laser diodes (ALDs) with different mounting types, which are mainly used for pumping 

solid-state lasers with an Nd:YAG active element [1]. The array of laser diodes was assembled 

according to the standard technology on a CuW heat sink with AuSn solder. One of the ALDs was 

mounted on diamond glue, the other was mounted on In solder through AlN insulators coated with 

metallization on a copper case. 

Calculation of the distribution of thermal fields and thermal resistance of soldered and glued 

RLD has been carried out. Thermal resistance R th was calculated by the formula [2]: 

,minmax

tepl

th
P

TT
R


  

where T max is the maximum temperature in the device, T min is the minimum temperature in the device, 

P tepl is the thermal power released in the active region of the radar. 

 

Table 1. Thermal resistance of the constituent 

elements of the glued ALD 

 Rth , K/W 

Copper heat sink 0.115 

Solder AuSn 0.031 

AlN insulator 0.033 

diamond glue 0.496 

Expansion joints CuW 0.342 

AlGaAs /GaAs and AuSn 0.003 

Total 1.020 

 

Table 2. Thermal resistances of the constituent 

elements of the soldered ALD. 

 Rth , K/W 

Copper heat sink 0.154 

Solder AuSn 0.014 

AlN insulator 0.043 

Solder In 0.022 

Insulator for ALD AlN 0.064 

Expansion joints CuW 0.340 

AlGaAs /GaAs and AuSn 0.003 

Total 0.640 

 

It is possible to estimate how much less the wavelength shift in a soldered RLD will be 

compared to an RLD on glue using the formula: 
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where dλ / dT is the temperature shift of the wavelength, η is the ALD efficiency, S is the duty cycle. 

According to this formula, with the output power of both ALD designs equal to 700 W (typical 

output power at 100 A), efficiency = 50%, pulse duration 200 µs, pulse repetition rate 20 Hz and dλ / 

dT = 0.28 nm/K , we obtain that Δλ = 0.4 nm. 

The measurement of the wavelength shift in a single pulse and in a stationary mode was carried 

out on several samples of ALD designs of 2 types. It was found that in the quasi-continuous mode, the 

wavelength shift using a soldered construction (Δλs = 0.633 nm) is almost 2 times less than when 

using diamond glue (Δλg = 1.347 nm). The difference in the length offset of the soldered and glued 

wave designs is about Δλ = 0.7 nm. 

The presented calculation and experimental data made it possible to determine the advantages of a 

structure using solder in comparison with the use of glue. Based on these results, a design of high-

power ALDs with improved thermal characteristics is proposed, which makes it possible to reduce the 

thermal resistance of the device and reduce the wavelength shift when operating in a quasi-continuous 

mode.  
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Calcium orthovanadate Ca 3(VO4)2 (CVO) is an optical material whose properties are defined by disordered 

whitlockite-like structure without an inversion center (sp.gr.  R3c). Based on the structural features the crystal -

chemical composition of stoichiometric CVO can be described as 

[Ca118Ca218Ca318Ca46(Ca5+Ca5A)3](V118V218V36)O168, indicating the multiplicity of crystallographic sites. A 

change in the functional parameters of the optical medium is preceded by a change in the structure of the crystalline 

matrix, caused by the introduction of dopant ions. X-ray diffraction analysis and optical spectroscopy were u sed 

to study structural and spectroscopic parameters, actual composition, and point defects in CVO:Cr.  

It was shown that chromium ions in various valence states can substitute Ca2+ ions in different positions (Ca2, 

Ca3,Ca4) with appropriate excessive charge compensation formation  vacancies in V -sites. Locations of Cr ions 

in the matrix and cell parameters were depended on Cr concentration. Real crystal compositions in the form of 

(Ca,Cr)[(V 5+, )O4]2 ( - vacancies) were defined with Cr 3+ ions with oct ahedral coordination for green colored 

crystals and Cr 4+ ions with tetrahedral coordination for yellowish CVO:Cr.   

Absorption spectra of chromium ions in CVO crystal and fluorescence measurements were carried out in 

visible and near IR spectral range. Ab sorption bands with maxima about 600, 700 nm and above 1100 nm were 

observed for investigated crystals. Time resolved excitation and fluorescence spectra measured for CVO:Cr crystal 

as-grown and after annealing were analyzed. In CVO:Cr (0.05 at%) as grown crystal the presence of Cr3+, Cr4+ 

and Cr5+ ions was revealed. Annealing of the Ca3(VO4)2:Cr crystal in the air was observed to result in an increase 

of chromium ions in 4+ and a decrease in 3+ valence state. This should obviously originate from sufficient decrease 

of Cr5+ ions amount which concentration looks to be nearly negligible in annealed sample. Some Cr5+ to Cr3+ 

ions charge exchange process (Cr 5+→Cr4++e-; Cr3+ +e-→Cr4+) resulting in formation of two Cr 4+ ions may take 

place which decrease both Cr5+ and Cr3+ ions concentration in the annealed sample. As a result, crystalline materials 

activated by chromium ions are very promising for laser media and are intensively studied at present.  

The work was supported by Ministry of Science and Higher Education : grant № 075-15-2021-1362. 
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Changes in the structure and properties of arsenic sulfide that occur as a result of irradiation with 

radiation of various nature have been studied for more than 60 years. The main results of studying the 

effect of radiation on the characteristics of both bulk samples and thin films of As2S3 are given, for 

example, [1,2]. The properties of light guides from As2S3 also change during and after radiation 

exposure, however, these processes have not been sufficiently studied. The work is devoted to the 

experimental determination of the spectral characteristics of an IR fiber made of high-purity arsenic 

sulfide after irradiation of samples with a source of continuous X-ray radiation. The maximum 

quantum energy is up to 100 keV, and the effective energy is 10 keV. The level of exposure was more 

than 12  kGy. 

Two samples of a multimode fiber have been studied. Before and after irradiation, the transmission 

spectrum of the light guide was measured in the range of 2,0...6,0 microns. The measurements were 

carried out according to the procedure given in [3]. The measurement results are shown in Figure 1. 

Stationary irradiation with X-ray quanta of an arsenic sulfide fiber leads to a significant increase in the 

absorption of IR radiation in the entire studied range. In the region of 2.5 microns, the signal 

attenuation increased approximately 10 times. In addition, a change in the height of the impurity 

absorption peaks in the wavelength range of 4 – 4.5 microns in the irradiated samples was recorded in 

comparison with the initial spectrum. Figure 2 shows the spectral characteristics of the fiber 

normalized for minimum attenuation. Figure 2 allows us to qualitatively compare the obtained 

dependences and assess the presence of changes in the spectral characteristics of sulfide-arsenic light 

guides after radiation exposure, in particular, a significant broadening of the impurity absorption peak 

in the region of 3 microns with its significant expansion in the region of shorter wavelengths. 

 
 

Fig. 1 Spectrum of As2S3 fiber before (green) and after (red and 
blue) irradiation 

Absorbed dose of the X-ray fiber: sample No. 1 (red) – 416 G/m; 

sample No. 2 (blue) - 388 Gy/m. 

Fig. 2 Comparison of IR fiber spectra normalized to a minimum of 
losses before (green) and after (red and blue) irradiation 

Absorbed dose of the X-ray fiber: sample No. 1 (red) – 416 G/m; 

sample No. 2 (blue) - 388 Gy/m. 

The research was carried out with the support of the Russian Science Foundation, RGNF grant No. 22-

13-00226. 
 
[1] O. Shpotyuk, M. Shpotyuk, S. Ubizskii, Radiation-induced optical effects in chalcogenide semiconductor glasses, 

Radiation&Application, vol. 2, issue 2, pp. 94–100, (2017). 
[2] M. Shpotyuk, A. Kovalskiy, R. Golovchak, O. Shpotyuk, Phenomenology of γ-irradiation-induced changes in optical properties of 

chalcogenide semiconductor glasses: A case study of binary arsenic sulfides, Journal of Non-Crystalline Solids, vol. 498, pp. 315–322, 
(2018). 

[3] V.G. Plotnichenko, V.K. Sysoev Measurement of total loss spectra in fiber optical fibers of the near and middle IR range, Journal of 

Applied Spectroscopy, vol. XXXVIII, issue 3, pp. 506-509, (1983). 
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Проведен расчет максимальной мощности волоконного лазерного канала, собранного по 

схеме МОРА с использованием в качестве задающего генератора одночастотного волоконного 

лазера с шириной спектральной линии … нм. 

Реализован инновационный способ увеличения ширины спектра в 106 раз при помощи 

двухкаскадной фазовой модуляции излучения задающего генератора. Впервые в России 

получено повышение порога ВРМБ более чем в 300 раз. Мощность выходного излучения 

лазерного канала составила … кВт, ширина спектра … нм. Измерен контраст 

интерференционной картины, наблюдающейся в дальней зоне, при сложении двух каналов. 

Предложена схема измерения ширины спектральной линии излучения при помощи 

отражательной дифракционной решетки. 

 
1. В.Г.Беспрозванных, В.П.Первадчук «Нелинейные эффекты в волоконной оптике»: учебное пособие – Пермь: Изд-во Перм. 
нац. исслед. политехн. ун-та, 2011 

2. Pengfei Ma, Rumao Tao, Rongtao Su, Xiaolin Wang, Pu Zhou and Zejin Liu «1.89 kW all-fiberized and polarization-maintained 
amplifiers with narrow linewidth and near-diffraction-limited beam quality», Optics Express (2016) 

3. Yanshan Wang, Yujun Feng, Yi Ma, Zhe Chang, Wanjing Peng, Yinhong Sun, Qingsong Gao, Rihong Zhu, Chun Tang «2.5 kW 

Narrow Linewidth Linearly Polarized All-Fiber MOPA With Cascaded Phase-Modulation to Supress SBS Induced Self-Pushing», IEEE Photonics 
Journal, Vol. 12, No. 3, 2020 

4. Tenglong Li, Yang Li, Weiwei Ke, Congwen Zha, Wanjing Peng, Yinhong Sun, Yi Ma «Power scaling of narrow-linewidth fiber 

amplifier seeded by Yb-doped random fiber laser», IEEE Photonics Journal, 2018 
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ZnIn2Se4 belongs to the 𝐴2𝐵2
3𝐶4

6 defective chalcopyrite family, attracting the attention of many 

researchers due to its potential application in semiconductor devices such as solar cells [1], memory devices [2], 

etc. 

We have obtained and characterized by X -ray diffraction and Raman spectroscopy crystals of defective 

chalcopyrite ZnIn2Se4. Ab initio calculations of electronic, including optical, properties were carried out on the 

basis of DFT using the method of full -potential linearized augmented plane waves (FP -LAPW) implemented in 

the Wien2k code. Spectral ellipsometry was used to experimen tally study the optical characteristics of ZnIn2Se4 

semiconductor compounds. The calculated and experimental real and imaginary parts of dielectric function of 

ZnIn2Se4 are shown in Fig. 1. The main peaks of the calculated real and imaginary parts  of dielectric function are 

located around 2.8 eV and 5.0 eV, respectively. 

 

 
Fig. 1 Calculated and experimental real and imaginary parts of dielectric function of ZnIn2Se4 

 

The absorption coefficient 𝛼, refractive n and extinction k indices were measured and calculated, the values of 

which are compared with the literature data.  

The results of a study of photoluminescence in a wide temperature range from 10K to 300K of ZnIn2Se4 

are presented. For the first time, a band with a maximum at 725 nm (1.71 eV) with a short-wavelength shoulder at 

685 nm (1.81 eV) and a less intense infrared broad band with a maximum at 896 nm (1.39 eV) were found in the 

PL spectrum for the first time. 

 
    

[1] F.J. Garcia and M.S. Tomar, n-CdS/p- ZnIn2Se4 thin film solar cell.  Thin Solid Films. v. 69, pp. 137-139 (1980). 

[2] J. Filipowicz, N. Romeo and L. Tarricone, Photoelectrical memory effect in ZnIn2Se4. Solid State Communications. v.38. 

pp. 619-62 (1980). 
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   We have obtained and characterized by X-ray diffraction, Raman and infrared spectroscopy crystals 

of TlFeS2 and TlFeSe2 semiconductor compounds [1]. Ab initio calculations of electronic, including 

optical, properties were carried out on the basis of DFT using the method of full-potential linearized 

augmented plane waves (FP-LAPW) implemented in the Wien2k code. To experimentally study the 

optical characteristics of semiconductor compounds TlFeS2 and TlFeSe2, we carried out spectral 

ellipsometric studies based on determining the change in the polarization of light as a result of its 

interaction with the surface of crystals upon reflection. The measurements were carried out on an 

optical range ellipsometer M-2000 DI (J.A. Woollam Co, Inc., US). Figure 1 shows the values of the 

real Re ε (Fig. 1a) and imaginary Im ε (Fig. 1b) parts of the dielectric function at different energies for 

TlFeS2 crystals. Curves 1 and 2 are the theoretically calculated values of the dielectric function for 

directions along the x and z axes, respectively. Curve 3 is the experimentally determined value of the 

dielectric function for a polycrystalline sample from ellipsometric measurements. Note the 

coincidence of critical points (∂ε/∂Е = 0) in the dependences ε(Е). In the TlFeS2 compound, for the 

real part of the dielectric function (Fig. 1a), this energy is 3.3 eV, and for the imaginary part of the 

dielectric function, the energies are 2.1, 2.8, and 3.5 eV. The dispersion of the refractive, extinction, 

and absorption coefficients is also determined. The width of the direct forbidden zone is estimated. Ab 

initio calculations determine the electronic band structure, the origin of energy states, and projected 

onto atoms partial densities of states (PDOS). 

 

Fig.1. Real (a) and imaginary (b) parts of the dielectric function of TlFeS2: (1, 2) result of theoretical 

calculation along the crystallographic directions х and z and (3) experimental data. 

 

[1] R.G. Veliyev, N.A. Abdullaev, I.R. Amiraslanov, I.A. Mamedova, D.A. Mamedov, Z.I. Badalova, Sh.K. Qudavasov, S.A. Nemov, 

Optical Phonons in TlFeS2 and TlFeSe2 Semiconductor Compounds, Semiconductors, vol. 56, pp. 32–37,  (2022). 
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Local surface oxidation is a well-known method for imparting new functional properties to metals. This 

processing method can be used to protect products from external factors, increase antibacterial activity, 

change surface wettability, optical properties, etc. The last application is realized by color laser marking 

technology. Laser patterning, in addition to the usual methods, can be implemented using the “Laser 

paintbrush”. However, when using this tool, we noticed that the surface morphology is different, which 

is investigated in this paper. 

The fundamental difference between the “Laser paintbrush” tool under consideration and laser systems 

used in color laser marking technology is the manual type of control of the trajectory and scanning 

speed of the la ser beam. The development of this device was aimed at integrating laser technologies 

into the field of artistic metal processing. It is of interest to compare the physical processes occurring 

during the transition from an electronic control method to an analogue (manual) one. 

The objects of study were single laser tracks created by laser action with continuous laser sources with 

stationary and manual control. The surface morphology was studied by optical microscopy, 

spectrophotometry, scanning electron micr oscopy, and energy -dispersive X -ray microanalysis. The 

surface was studied perpendicular to the direction of the laser beam. Despite the similar principles of 

the formation of a colored oxide film on the surface, a comparative analysis of the surface morphology 

showed differences. On the surface modified with the “Laser Brush ”, periodic structures of the 

submicron order were found, as well as cellular structures presented in different sizes. In this work, we 

analyze each of the zones, which are different in morphological character, and put forward hypotheses 

about the reasons for their occurrence.  

 

This research was supported by Priority 2030 Federal Academic Leadership Program 
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Design of rare earth (RE) doped chalcogenide glasses is a current trend towards creation of fiber lasers 

operating in mid-infrared spectral range. In this work, optical properties of chalcogenide glasses of the 

system Ge -Ge-As-Se doped with samarium ions (Sm 3+) have been  studied near their fundamental 

absorption band  (FAB) edge. The glasses were obtai ned by direct melting of especially pure 

substances Ge, As, Se - 6N, Ga - 7N, Sm - 3N [1]. Content of Sm3+ in the glasses (0, 750, 1700 ppm) 

was determined by the Inductively Coupled Plasma - Atomic Emission Spectroscopy [2]. The presence 

of crystals and heterophase inclusions of micron size was analyzed by optical microscopy.  

   Transmittance and reflectance spectra of the glasses shaped as thin disks were measured by using the 

Perkin Elmer Lambda 950 spectrometer in the wavelength range of 0.5−1.8 μm. The glass samples 

were irradiated by linearly polarized light of two orthogonal polarizations (P- polarized and S- 

polarized light). In accordance with the Fresnel equations, in the transmittance spectra (Fig.1a), the 

curves obtained with P- polarized light are located above the curves obtained with S- polarized light in 

the Sm3+ absorption bands and between the bands. Noises in the wavelength range of 0.8−0.9 μm are 

associated with switching the operation mode of the spectrophotometer. 

   Spectral dependencies of attenuation and refraction coefficients  (Fig.1b,c), as well as optical 

bandgap energy (Eg) and Urbach energy (EU) were calculated by using the approach described in [3].  

 
 

   
a b c 

Fig.1 Spectral dependencies of glass samples transmittance (a) measured with an integrating sphere; logarithm of attenuation coefficient (b) 
obtained from measurements with an integrating sphere; refractive index (c) obtained from measurements with a collimated light beam. 

       
   

 Dependence of ln(α) on the photon energy  hν (Fig.1b) shows that the absorption bands of Sm3+ are 

located at the weak absorption tail (hν < 1.4 eV)  of the glass FAB edge. Magnitude of Eg corresponds 

to the high frequency edge of the linear part o f the function ln( α) = f(hν) at α = 10 3 cm–1. For EU 

evaluation, the derivatives S(hv) = d(ln(α))/d(hv) were calculated. For all the samples, the values Eg ≈ 

1.93 eV and EU ≈ 0.073 eV have been obtained.  The ranges  of anomalous dispersion within the Sm 3+ 

absorption bands in Fig.1c are clearly seen.   

   In analysis of the results presented here, specific structural and electronic properties of chalcogenide 

glasses are to be taken into consideration. 

   This work was supported by the Russian Science Foundation (RSF) under Grant 21-13-00194. 
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In this paper, we consider a method for forming a field (in the focal plane) with an inhomogeneous 

distribution of elliptical polarization along the radius and controlling the characteristics of ellipses. 

The ellipse of polarization of the electromagnetic field has the following parameters: the ratio of the 

semi-axes; the slope of the large semi-axis (with respect to the selected line); the direction of rotation 

of the vector. For example, for fixed values of the semi-axes of the polarization ellipse xA  and yA , 

the angle of inclination of the large semi-axis can be varied; it will depend on the position. The 

formation of this type of fields was considered in [1] on the basis of combining structured beams with 

left and right circular polarization, as well as in [2] on the basis of modification of a radially polarized 

field. In this paper, a slightly different approach is based on hybrid cylindrical polarization, in which 

the parameters of the polarization ellipse xA  and yA  are used explicitly: 

cos sin ,

sin cos .

x x y

y x y

E A iA

E A iA

  

  
 (1) 

This approach is convenient for direct control of the characteristics of the inhomogeneous distribution 

of elliptical polarization in the focal plane. Using the Richards-Wolf formulas and assuming the 

imposition of a narrow annular aperture, it is possible to approximately obtain explicit expressions for 

all components of the electric and magnetic fields. The distribution of the total intensity in the focal 

plane has the following form: 

   
2 2 2 2 2 2 2 2

0 0 0 0 0 1 0( ) ( )sin ( ) sin ( ) costot x x yI kf T F J a A J a A A           
 

, (2) 

where 0sina kr  , 0  is angular radius of the annular aperture. 

The longitudinal component of the Poynting vector takes the following form: 

   
2 2 2 2

0 0 0 1 0( ) ( )sin ( )cosz x yS kf T F J a A A        
 

.    (3) 

Note that distributions (2) and (3) have axial symmetry. 

 

This work was supported by the Russian Science Foundation grant No. 21-79-20075 

 

a)  b)     c)  d)  

Figure 1. Formation of fields with inhomogeneous elliptical polarization (the red color 

corresponds to X-component, green to Y-component, blue to Z-component): view of the field at the 

input (a, c) and in the focal plane (b, d) at x уA A (a, b) and 2x уA A (c, d). 
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In this work, the specific heat W, released in a nanosecond repetitively pulsed discharge (NRPD) in an 

Ar-He = 1:99 mixture at atmospheric pressure, when the produced number density of argon metastable 

atoms is 1013 cm-3 and water is present as the impurity, was calculated with the help of 0-D numerical 

model. The dependence of W on the reduced electric field E/N and repetition rate of applied discharge 

voltage pulses with triangular shape and 80 ns duration at their base  was obtained for different water 

content. A repetitively pulsed discharge in a mixture of inert gases at an atmospheric pressure with a 

pulse duration from a few to hundreds of nanoseconds with a high pulse repetition rate ( 100 kHz) is 

an effective way to produce a quasi -continuous weakly ionized homogeneous plasma, which is of 

interest for  a number of applications [1,2 ]. Minimization of energy c osts for the production of the 

required number density of metastable atoms of a noble gas plays an important role for scaling of the 

discharge volume and facilitating discharge stability. With a large pulse duty cycle and a repetition rate 

of ~ 100 kHz, the kinetics during the afterglow stage plays an essential role in the NRPD, forming a 

decaying plasma where the next  discharge pulse occurs. The model includes 10 electron impact 

processes and 31 plasma chemical processes during discharge pulse and afterglow. Initial condition was 

set as a large enough homogeneous ionization. Stable periodical solution appeared after 100 -200 

discharge pulses. For the triangular applied discharge voltage, the averaged over the discharge period  

number density [Ar(s5)] is a function of three parameters: water content, repetition rate of the discharge 

pulses f and amplitude of E/N.  

Figure 1a represents the dependence of pulse repetition rate f on E/N for different water content, when 

[Ar(s5)] = 1013 cm-3. Figure 1b represents the dependencies of W on E/N for these conditions, showing 

that there are pairs of (f, E/N), when these dependencies exhibit minima.  Evidently, there is a strong 

dependence of positions of these minima on the water content. 

 

 
Fig. 1. Dependence of: a) – required for production of [Ar(s5)] = 1013 cm-3 pulse repetition rate f on E/N, b) – heat release W on E/N for the 

repetition rates according to Fig. 1 a). 
 

This work was supported by RSF grant № 23-22-10013, https://rscf.ru/project/23-22-10013/. 
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Pulse compression is necessary for high energy and ultra -short pulse (USP) generation, which has 

applications in various fields of science and technology, such as attosecond science [1], ultrafast 

spectroscopy [2], and terahertz generation [3]. Various compression methods are used to achieve shorter 

pulse durations. One such pulse compression method is the use of a diffraction grating or chirped fiber 

Bragg grating (CFBG).  In this paper, we investigated the compression of a strongly frequency -

modulated (chi rped) amplified pulse from a ytterbium (Yb) doped fiber laser (MO) operating in a 

passive mode-locked regime. For this purpose, two different compressors were assembled to evaluate 

how compression of such complex pulses would occur. 

First, a Tracy compressor (TC) based on holographic diffraction gratings was assembled (recorded in 

Bayfol HX 200 photopolymer). The average MO output power after amplification in the Yb-doped fiber 

amplifier was 140 mW, after compression - 0.4 mW. This was enough to register autocorrelation traces 

(ACT), shown in Fig.1.a. Evaluating the A CT, we can see that a highly chirped pulse after the 

compressor produces compressed pulses with durations of less than 5 ps (approximated using the sech^2 

form). The pulse also has wings, showin g uncompressed higher order dispersion terms.
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Fig.1. Pulse spectra after different compressors: a) after TC, b) after CFBG. The inserts in the figures are ACTs with a resolution of 0.3 ps. 

 

In another case, a compressor based on CFBG (provided by IA&E SB RAS) was used. By using such 

a CFBG compressor, a pulse with a high uncompressed substrate was achieved. The output power was 

17 mW at maximum amplifier pump power. Furthermore, a coherent structure of compressed pulses 

consisting of several pulses with a duration of less than 5 ps and a distance between them of about 35 

ps was recorded, as shown in Fig. 1.b. 

This research was funded with the financial support of the Ministry of Science and Higher Education 

of the Russian Federation, grant number 075-15-2022-315, and carried out on the basis of the World-

Class Research Center «Photonics». 
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Previously, the idea of transferring the radio frequency to the visible region using Mach - Zehnder 

modulators was put forward. Such an interferometer makes it possible to modulate coherent laser light with 

a high -frequency microwave signal. If e ach antenna element of a phased antenna array is used as a 

modulating element of a coherent laser beam, previously divided by an optical splitter into a number of 

channels equal to the number of phased antenna array elements, then further processing can be performed 

in the visible range of the electromagnetic wave. In this work, experimental modeling of the optical part of 

the idea of converting a radar signal into an optical spectrum is carried out. Using the inverse Fourier 

transform procedure, the amplit ude image of the aircraft was converted into its pure phase function. The 

phase distribution of image elements with a dimension of 100 * 200 was sent via a USB line to a space -

time light modulator. As a result, a model of the phase distribution of light was obtained, simulating the 

phase distribution in the Phased Antenna Array (PAR) of the radio range. With the help of the direct Fourier 

transform (the lens standing after the PVMS), the image of the aircraft was restored. Target coordinates can 

also be restored. A 532 nm laser was used. It is shown that the use of the optical Fourier transform method 

makes it possible to increase the noise immunity of the received signal. It is proposed to use the method of 

converting radio -frequency signals of a phased antenna array into the visible optical range for direct 

observation of objects in the visible range. It is shown that when using Mach - Zehnder modulators and 

developing a photonic microcircuit, the optical Fourier transform rate can be of the order of one period of 

the carrier frequency. 
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Lasers have been used for exciting applications more than any other scientific discovery of the last century. 

One important phenomenon intimately associated with lasers is the nonlinear optical characteristics of the 

materials which become pronounced and their realization seems realistic with intense laser sources. The 

nonlinear optical materials encompass a wide range of applications that create great impact on daily life. 

The fascinating applications of NLO include like 3D data storage devices, all optical switching devices, 

sensors, optical imaging, medicine, diversity of advanced lasers and coherent sources, military, and in 

scientific instrumentation etc.  Due to their intriguing electrical and optical characteristics, two-

dimensional (2D) materials have recently received a lot of attention. The non-linear optical properties of 

these materials could play a vital role in potential photonic applications, such as light modulation and 

optical limiting. Molybdenum disulfide (MoS2), an example of a two-dimensional (2D) layered material, 

is one of most sought-after material for improved nonlinear optical coefficients in addition to the 

advantages which it offers as it has potential uses in optoelectronic fields like phototransistors, optical 

limiters, and ultra-fast photonic devices because of its distinct layered structure. The nonlinear optical 

properties of pure MoS2, and its doped samples MoS2/rGO, Al-MoS2/rGO, and Co-MoS2 etc are examined 

thoroughly by employing the Z-scan technique. The surface morphology, structure, and the laser intensity 

are further discussed as factors affecting the NLO characteristics of these nanohybrids employing various 

analytical techniques, including X-ray diffraction (XRD), Raman spectroscopy, field-emission scanning 

electron microscopy (FESEM), and UV-Visible spectroscopy. The NLO properties of doped MoS2 

nanohybrids are also compared with optical nonlinearity of multiferroic materials that attract a great 

attention of the researchers for fabricating new devices based on NLO materials and magneto electric 

coupling. 
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The carrier-envelope phase (CEP) of the laser pulse plays an extremely important  role in variety of 

applications when the electric field strength is large enough for such phenomena as high-order harmonic 

and attosecond pulse generation [1–4], above-threshold ionization [5] and terahertz sub-cycle  waveform 

formation [6].  The time duration of a near  single-cycle pulse itself depends on the absolute value of 

CEP [7].   

In our work we used Ti:Saaphire laser system and optical papametric ammplifier  to produce tunable 

pulses in idler wave with an energy of E0 ≈ 180 μJ,  central wavelength of λ0 ≈ 2000 nm and  duration of 

τ0 ≈ 60 fs.  These pulses couples into anti-resonant hollow-core fiber (AR HCF) filled with argon. The 

transverse structure of the fiber consists of a hollow core with a diameter of D = 70 μm, surrounded by 

six hollow tubes with diameters of d = 36 μm and a wall thickness of w ≈ 590 nm and allows to support 

radiation waveguiding in very wide spectarsl range.  The sequence of nonlinear transformations of the 

femtosecond pump pulse in an AR HCF leads to spectral broadening (supercontinuum generation (SC)) 

and near single cycle waveform generation.  The spectrum broadening follows the soliton self-

compression (SSC) scenario, with additional enhancement from the self-steepening effect and parametric 

generation of four-wave components in the blue wing of the soliton spectrum [8,9].  In such conditopn it 

is possible to form very short pulses with the duration less than on cycle of the field, and for such pulses  

the influence of CEP could play noticeable role.         

In our investigation we explore the signatures of phase dependence in the visible part of the SC 

generated during SSC down to single-cycle pulsewidth in an anti-resonant hollow-core fiber (AR HCF) 

filled with argon. This phenomenon is observed within the small parameter range, when the pulse reaches 

its maximum compression ratio, but there is still no strong ionization, leading to pulse decay. Theoretical 

analysis by means of the numerical solution of the generalized nonlinear Schrödinger equation (GNSE) 

reveals that the phase dependence arises from the broadband third harmonic generation (THG) in the range 

from 250 nm to 800 nm at the moment of a sub-cycle pulse composition and its spectral interference with 

the visible part of the SC. The CEP control of this ultrabroadband f-3f interference provides a signature 

of the sub-cycle pulse synthesis during SSC in the fiber with duration of  0.4 optical cycles and peak power 

more than 2 GW on the fiber output. 

The work was supported by Russian Science Foundation grant # 22-12-00149. 
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Recently introduced Mie-resonant nanophotonics based on specially designed subwavelength dielectric 

or semiconductor particles has been proved to be a versatile tool both for flat optics and integrated 

photonics [1–3]. Combining such structures with 2D materials one can bring about functionality not 

available for such systems before [4]. Particularly, it has been shown that integrating monolayers of 

transition metal dichalcogenides (TMD) with high-Q resonant metasurfaces [5] it is possible to achieve 

efficient second-harmonic generation in such structures [6]. However, the interplay between optical 

resonances of the nanoantennas and intrinsic excitonic resonances of 2D materials [7] has not been 

systematically studied yet. 

In this work two different studies of Mie-resonant nanophotonic structures integrated with 2D materials 

are presented. The first one considers a high-Q resonant metasurface combined with a monolayer TMD 

film. The metasurface comprises a set of TiO2 nanodisks arranged in a tightly spaced quadratic lattice on 

a silica substrate. MoSe2 monolayer is transferred on top of the nanostructure by the mechanical 

exfoliation technique. Experimental SHG characterization conducted at room and cryogenic temperatures 

reveals non-trivial interplay between volumetric (associated with the metasurface) and material 

(associated with the TMD film) resonances in the structure leading to the multifold increase of the 

observed nonlinear effect. The second study considers integrated silicon waveguides composed of 

resonant nanoparticles and thin films of 2D materials. We demonstrate that excitation of magnetic Mie-

type resonances in such waveguide chains of Si nanoparticles can increase on-chip light coupling 

efficiency for localized dipole sources in thin InSe films [8]. Particularly, we experimentally observe up 

to 2 times improvement in comparison with conventional silicon waveguides. Finally, we investigate a 

resonant waveguide system composed of SiN nanoparticles for effective optical coupling with localized 

interlayer exciton emitters in vertically stacked monolayer MoSe2–WSe2 heterostructures [9]. 

Numerically we demonstrate up to 8 times radiation coupling efficiency improvement and up to 12 times 

Purcell effect enhancement in comparison with the conventional silicon strip waveguide. Achieved results 

can be beneficial for development of on-chip light sources. 
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Recently, the problem of controlling greenhouse gas emissions, one of which is methane, has become 

acute [1]. Local methods for monitoring the concentration of methane do not allow to quickly determine 

the leak location and leakage rate, which makes it important to develop the systems for leak visualization. 

Of all gas detection systems [2-4], only systems based on thermal imaging camera or acoustic detectors 

allow visualizing a methane cloud near leak in the atmosphere. The principle of operation of thermal 

imaging based systems is to register changes in the intensity of IR radiation due to absorption by the 

detected gas. From a commercial point of view, thermal imaging systems operating in the range 7,5-8 μm 

are of the greatest interest. The difficulty lies in the fact that in this range the optical absorption of methane 

is twice lower than in the range of 3.2-3.4 μm, that leads to additional requirements on the optical part of 

the system and software. In order to eliminate these known problems of systems in the 7.5-8 μm range, it 

is proposed to implement an active illumination by an IR quantum cascade laser [5], to use a maximum 

aperture lens and utilize software that allows to increase the signal-to-noise ratio by numerical processing. 

 
Fig. 1. Registration of a test leak by the developed system prototype. 

 

The design of the optical part of the system has been carried out and the possibility of its use for detecting 

leaks without artificial background has been theoretically investigated. Narrow-band filters for the 

methane absorption band (7.5-8 μm) have been designed and manufactured and software for localization 

and characterization of the leak has been developed. 

 
[1] Liang, Yuan, Analysis and Enlightenment of Methane Emission Reduction Control in Oil and Gas Industry, Academic Journal of Science and 
Technology, 4, pp. 47-50, (2023). 

[2] Hazem Abdel-Moati, Remote gas detection system for identifying fugitive emissions, Qatar Foundation Annual Research Forum, Volume 

2013 Issue 1, (2013) 
[3] Wang, Jingfan et al, Machine vision for natural gas methane emissions detection using an infrared camera, Applied Energy, p. 257, (2019) 

[4] Watremez et al, Remote Sensing Technologies for Gas Leak Detection, Visualisation and Quantification Using Infrared Imagers, Conference: 
Abu Dhabi International Petroleum Exhibition & Conference, 10.2118/183527-MS, (2016) 

[5] E. Cherotchenko et al, High-Power Quantum Cascade Lasers Emitting at 8 μm: Technology and Analysis, Nanomaterials, 12, 3971, (2022)
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Determination of gas-discharge plasma parameters, such as gas temperature, electron number density and 

population of levels, by noninvasive spectral methods is simplified if the collision broadening and shift 

coefficients of the relevant spectral lines of the plasma-forming inert (or rare) gas are known. In 2012, 

lasers with optical pumping of metastable atoms of heavy rare gases, which are produced in a low-power 

electric discharge (OPRGL), were proposed [1]. At present, OPRGL is extensively studied as a chemically 

inert alternative to powerful diode pumped alkali metal vapor lasers. The interest in OPRGL aroused the 

need for reliable determination of the collision broadening and shift coefficients of infrared lines of rare 

gases, and especially for those transitions that are included in the laser cycle. 
 

 
 

Fig. 1. Neon line 703.2 nm: a) Processed absorption signal for a natural mixture of isotopes and transmission resonances of the reference 

interferometer (FSR = 750 MHz); b) Dependence of the Lorentzian line width WLCorr for the 20Ne isotope on the partial pressure of the disturbing 
gases. Тhe coefficient of determination R2 close to unity confirms the linearity of the graphs. 

 

The report discusses the technique for collisional broadening and shift coefficients measurements of the 

Ar*, Ne* and Kr* IR lines by diode-laser absorption spectroscopy. In particular, inaccuracy due to 

temperature gradients that occur in the discharge region of the measuring cell with flowing gas is 

estimated. The possibility of reducing the Stark broadening to the line width to a negligibly low level 

when inert gas atoms are excited to a metastable state using an RF discharge is discussed [2]. A probing 

radiation source with a continuous tuning range up to 100 GHz is proposed, consisting of a quantum-well 

diode laser with an additional dual-plate external reflector [2-4]. The use of fluorescent lamp starters as 

reference cells for measuring of Ar* and Ne* line shifts is described [3]. The report also discusses a data 

processing technique [2-5] that accounts for the existence of Ne and Kr isotopes and their influence on 

the profiles of the studied lines Fig.1. The developed technique eliminates the need to use expensive 

isotopically enriched rare gases for spectroscopic measurements. The assessment of the reliability of the 

obtained collisional broadening and shift coefficients was made by comparing their values with relevant 

data from literature and calculations.  
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To achieve the high sensitivity of molecule densities measurements by means the optical 

absorption spectroscopy one needs to use the technique with fast frequency tuning and high resolution. 

The practice shows that for the real single-record low signal/noise ratios ~10-2, absorption coefficient k~10-

5 cm-1, spectral resolution Rs~10-3 cm-1 and time resolution of Δt~1 s the frequency tuning rates have to be 

in the order of r~(105-107) cm-1s-1 for a free space single-pass schemes or r~(102-104) cm-1s-1 for multi-

pass cavities [1]. Such kind of parameters can be implemented using conventional diode (DL) and/or 

quantum cascade (QCL) semiconductor lasers. But, as it was first shown in [2] in free space experiments 

with DL the limitations of fundamental nature appear. At such tuning rates it was observed that the non-

harmonic oscillations disturb the classical spectral line profile and those were interpreted as a non-

stationary coherent effect due to interference of the incident and induced radiation from matter. Much later 

(e.g. [3]) this effect was studied in more detail by many groups using fast-tuned QCL and it was related to 

those that were predicted [4] and observed [5] in radiofrequency spectral range for nuclear magnetic 

resonance NMR at variable magnetic field. Other spectra tuning rate dependent distortions of non-

oscillatory type have been observed in recent experiments with high-quality optical cells and related to 

finite photon lifetime in intracell absorbing media [6].  

Though the frequency tuning rate-dependent spectra distortions are now widely discussed the 

central question on the possibility to use the absorption as a quantitative technique is in a shadow. Some 

attempts [7] to measure the concentration of absorbing particles based on classic absorption losses in the 

fast frequency tuning mode failed. This situation was analyzed, and the main results are the following: 

- in a single pass case the spectrum is not stationary since the recording time is comparable or 

shorter than the phase relaxation time of absorbing particle excitations. The non-perturbed stationary 

spectrum can be restored from the non-stationary one and the basic absorption laws can be applied for 

quantitative measurements within the processing scheme provided – (i) a single wing of the line profile is 

used in the frequency range corresponding to the onset of interaction between the probe radiation and the 

molecular resonance during the frequency tuning. This leads to the restoration of the convolution of static 

profile and instrumental function; (ii) to reconstruct the static Voigt profile after the deconvolution it is 

necessary to account for: a) Lorentz and Doppler broadening, b) the broadening by optical transition 

saturation, c) the broadening caused by finite time of light-matter interaction due to flight of particles 

across the laser beam.   

- in case of measurements in high-quality external optical cells, the main mechanism of spectra 

distortion due to finite intracavity photon lifetime manifests itself at the frequency tuning times longer 

than the particles phase relaxation times. That is why even for strong spectra distortion the real line profile 

remains static and the problem of quantitative measurements is reduced to the exclusion of a single 

instrumental function in the experimental spectrum deconvolution procedure.  

- if the integral version of absorption measurements is used, then for both of the abovementioned 

cases of tuning the spectra depending on the velocity the classic Kravetz integral relation is valid for the 

static component of the spectrum, which can be applied not only to real physical profile, but also to the 

experimentally observed one. It is shown that the result of measuring the particles density does not depend 

on the instrumental function form, so the profile deconvolution is not required. 

This work was supported by a grant from the Russian Science Foundation (project No.19-12-

00310, https://rscf.ru/en/project/19-12-00310/). 
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Structural colors coming from light interaction with resonant nanostructures hold promise for optical 

filtering, displaying, color marking and anti-counterfeiting of valuable goods. In sharp contrast to 

pigments, these colors are non-fading and stable against UV radiation and thermal treatment. At the same 

time, state-of-the-art applications require controlling over the color tones/saturation at submicron lateral 

scale, thus expensive and nonscalable lithography-based technologies are to be applied for fabrication of 

the pixelated nanostructures and their proper arrangement. Direct laser technologies were suggested for 

more cheap fabrication of nanostructures supporting structural color effects. In particular, tightly focused 

laser exposure was found to cause local dewetting of the thin Au films coated above the Fabry-Perot filter 

to form randomly arranged plasmonic nanoparticles that absorb specific wavelength range and modulate 

the reflectance spectra of the surface [1]. Despite simplicity of the suggested approach, color tone and 

saturation can not be precisely controlled once the nanostructures are formed through random self-

organization process, while their average size depends on the initial thickness of the top Au film. 

 

 

Fig .1. Correlated scanning electron microscopy and optical images revealing the laser-printed nanostructures and their color 

appearance in the optical microscope (magnification 100x, numerical aperture of 0.95).  

 

 In our work, we suggested alternative approach providing control over the color tone and saturation at 

single-pixel level, expanded color gamut as well as fabrication resolution up to 50000 dpi. The approach 

is based on the femtosecond laser patterning of the metal-insulator-metal Fabry-Perot cavity with the layer 

thicknesses optimized to demonstrate pronounced reflectance dip in the visible spectral range. Variation 

of the applied pulse energy allowed to control geometry of the formed nanostructures spanning from 3D 

nanoprotrusions and volcano-like nanoholes to micro-holes and random nanotextured surfaces that 

modulate the local surface reflectivity at single-pixel length scale (Fig. 1).  

This work was supported by Russian Science Foundation (grant. 21-72-20122) 
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Femtosecond laser-induced periodic surface structures (LIPSS) on chalcogenide vitreous semiconductor (ChVS) 

films are of great interest owing to a possibility of optical and electrophysical anisotropy in them caused both by 

surface relief modulation and phase transformations [1, 2]. Currently, laser-induced surface relief formation 

accompanied by phase transformations has been well studied for GST225 (Ge2Sb2Te5) films [3]. However, from 

the point of view of near and mid-infrared optics, arsenic sulfide (As2S3) and arsenic selenide (As2Se3) seem to 

be more suitable materials [2]. Therefore, this work was aimed to produce LIPSS of various types on the surface 

of abovementioned materials and analyze the possibility of simultaneous phase transformations in them. 

To produce LIPSS, thin ChVS films (As2S3 – 576 ± 5 nm; As2Se3 – 842 ± 5 nm) on single-crystal silicon substrates 

with a chromium sublayer (100 nm) or on quartz glasses were irradiated with femtosecond laser pulses at the 

frequency of the second optical harmonic (515 nm, 300 fs, pulses energy and number E = 0.1–0.4 μJ, N = 10–

1200) using a Satsuma laser system (Amplitude Systems) at normal incidence. 

The LIPSS with wave- (~515 nm) and subwavelength (150–185 nm) periods, oriented, respectively, orthogonally 

or along the polarization vector, were formed on the surfaces of the films as a result of irradiation. The type of 

LIPSS formed varied depending on the number and energy of femtosecond laser pulses. The relief modulation 

reached 115 and 40 nm for wave- and subwavelength LIPSS, respectively. The numerical simulation within the 

framework of the plasmon-polariton mechanism for such LIPSS formation was consistent with experimental 

results: with an increase in the number of laser pulses or their energy, an evolution is observed from 

subwavelength to wavelength LIPSS. This effect is explained by a change in the mode of surface plasmon-

polariton excited, caused by increased concentration of nonequilibrium charge carriers generated by femtosecond 

laser pulse. Additionally, during such evolution, the structures of both types can be observed simultaneously 

within the same crater formed by a femtosecond laser pulse impact, in the form of a hierarchical structure 

consisting of two orthogonal gratings with different periods. 

Raman spectra analysis (Horiba HR800, 488 nm excitation) demonstrated no structural changes in As2S3 films. 

However, femtosecond laser-induced phase transformations are possible for As2Se3 films according to Raman 

data. 

The obtained LIPSS on ChVS surfaces, possessing form anisotropy, can be used to create polarization-sensitive 

elements of infrared optics. 

The work was supported by the Russian Science Foundation (grant 22-19-00035). 
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An emerging field of all-dielectric nanophotonics implies the utilization of dielectric nanoparticles with a 

high refractive index exhibiting a resonant optical response due to Mie resonances [1]. Currently, 

traditional semiconductor materials such as silicon [2], germanium [3] and others are mainly used for the 

implementation of optical devices based on nanostructures with Mie resonances. However, a fixed value 

of the dielectric constant of these materials imposes fundamental restrictions on the development of optical 

devices operating at a strict selectivity of resonant frequencies. One of the ways to improve the properties 

of modern photonic devices is to use materials with anisotropic dielectric properties. Recent results on the 

optical properties of nanoparticles synthesized from transition metal dichalcogenides [4] demonstrate their 

unique applied potential associated with their internal layered structure [5]. An important feature of these 

materials is their strong dielectric anisotropy. Along homogeneous layers with a strong interatomic bond, 

the dielectric constant is a real value and does not exceed the value 10. Across the layers, the dielectric 

constant increases sharply, acquiring the imaginary part. Moreover, the value of its real part can reach 

values of more than 30 units in the visible part of the spectrum. Optical properties of nanoparticles made 

of such a layered material, can strongly depend on the irradiation conditions combining Mie resonance 

with electron-hole behavior in semiconductor layers. For example, a high field concentration at the 

resonant condition can provide a strong coupling between the Mie modes of the nanoparticle and its 

exciton resonances. 

In this work we demonstrate nearly spherical nanoparticles of molybdenum and tungsten disulfide (MoS2, 

WS2) produced by femtosecond pulsed laser ablation of bulk target in deionized water. Structural and 

optical investigations have shown that that for all the NPs its structure is formed by polycrystalline inner 

part covered by fullerene-like outer shell. As a result, the preserved layered crystalline structure of laser 

ablated NPs combined with its variable size in the range 10-150 nm ensure the Mie-excitonic behavior of 

its optical response. Such nanoparticles demonstrate exciting optical and electronic properties inherited 

from the TMDC crystals, due to preserved crystalline structure, which offers a unique combination of 

pronounced excitonic response and high refractive index value, making possible a strong concentration of 

electromagnetic field in nanoparticles.  
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The phenomenon of Raman scattering of light is a widespread research technique in which laser radiation 

is used for excitation. Continuous lasers with relatively low power are used for this purpose. However, 

when studying objects with a weak Raman scattering signal, in particular micro- and nanostructures, it is 

necessary to increase the intensity of excitation in order to obtain a recorded response. 

Silicon nanostructures demonstrate reversible changes in the Raman spectra under intense laser excitation, 

which can manifest itself in a shift of peak positions additional to quantum confinement effect [1]. Unlike 

silicon, germanium has a stronger absorption of visible light; therefore, irreversible changes can occur 

during laser exposure. These changes lead to the appearance of a nanocrystalline peak in the Raman spectra 

(Fig.1) [2]. 

Electrochemically etched porous silicon nanostructures and vertically oriented silicon nanowires exhibit 

laser heating in two different ways. Porous silicon exhibits a gradual shift in the position of the peak and 

broadening of the line width. In addition to the manifestation of the heating effect described above, an 

additional peak can appear in the Raman spectra of vertically oriented silicon nanowires. By decreasing 

the laser intensity, one can obtain the original spectrum obtained at a low excitation intensity. 

A comparison is made of germanium nanowires obtained by electrochemical deposition and ion 

implantation. Having a similar morphology, these two types of nanostructures also exhibit similar Raman 

spectra and similar irreversible changes associated with local heating of nanowires to temperatures 

sufficient for crystallization. 

The effects of laser heating can be explained by the low thermal conductivity of nanostructures. 

 
  

Figure 1. Raman spectra of implanted Ge obtained at low (10%) and high (100%) excitation laser intensity. 
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Chemiluminescence phenomena has been widely used in the fields of medicine, chemistry and biology. It 

allows to detect extremely weak emission arising during chemical or biochemical reactions of 

chemiluminophores with reactive oxygen species [1]. The use of chemiluminescent research methods 

allows to successfully solve many theoretical and practical medical and biological problems. This method 

requires no special laboratory conditions and special preparation of the material for analysis, it is sensitive, 

reliable, and meets the requirements of express research methods. Unfortunately, the luminol 

chemiluminescence yield is large only in media with high pH levels, while its application in media with 

neutral, pH=7, and lower pH levels is also desirable [2]. To overcome this problem, the localized plasmon 

resonance in metal nanoparticles can be employed to speed up the radiative transitions and, in this way, to 

enlarge the chemiluminescence yield [3,4]. The enhancement factor is highly dependent on the 

nanoparticles size and shape that determines the spectral position of the localized plasmon resonance and 

its overlap with the luminol luminescent band as well as on their concentration that determines the mean 

distance between the luminol molecule and the nearest metal nanoparticle. Hence, a broad search for the 

optimum values of all these parameters is necessary to achieve the maximum enhancement factor. 

The effect of the presence of silver nanoparticles on the luminol chemiluminescent intensity we 

measured in a specially designed microfluidic chip. The chemiluminescence spectra was measured by 

stationary spectrofluorometer with Xe-lamp-off, while the decay of luminol luminescence was measured 

with a home-made photon counter system. Silver nanoparticles were prepared by two different methods: 

laser ablation in water and chemical citrate-reduction method. The laser ablation method has a significant 

advantage over the chemical method, since the result is a colloidal solution of particles free from 

surfactants, while in the chemical method the surface of the nanoparticles is covered with the substances 

not always desirable. In the search for optimum conditions, we have studied the dependence of the luminol 

chemiluminescence on the pH of the medium, the nanoparticles concentration, the thickness of the shell 

around nanoparticles as well as on the extent of the spectral overlap between the silver nanoparticle 

plasmon band with the emission band of luminol. As a result of this search, about 5-fold enhancement of 

luminol chemiluminescence in the presence of silver nanoparticles fabricated by the laser ablation method 

was obtained in the media with the pH as low as 5.  

This work was supported by the Russian Science Foundation (Project 23-72-00045). 
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Highly efficient, homogeneous, and reproducible substrates for surface enhanced Raman 

spectroscopy (SERS) are highly demanded for practical broadband sensing and various analytes detection. 

To date, there are huge number of diffrent synthesis strategies allowing obtaining of SERS active 

substrates. However most of them give substrates with  fixed characteristics – composition, morphology 

that requries using other methods for creation of SERS active structures with another properties.  

Here we present universal and scalable approach for creation SERS active sabstrates with finely 

tuned parameters – composition, topology, spectral width of SERS sensing, etc. The approach is based on 

laser induced deposition method. It allows formation of plasmonic nanostructures directly on the substrate 

surface from simple solutions of metal precursors (metalorganic complexes or salts) under low intensity 

CW laser radiation [1-4]. Thus, variation of experimental parameters (kind of precursor, solvent, laser 

wavelength, laser irradiation time) allows precise variation of characteristics of plasmonic nanostructures 

(Figure 1). All the plasmonic nanostructures created by LID exhibit high SERS analytical enhancement 

factor in wide spectral range, and a linear response toward sensing in a wide concentration range as well 

as high reproducibility of SERS signal over substrate. As analytes, various substances from classical dyes 

to toxins and bioliquids were studied.  

 

 
Figure 1 SEM images of typical nanostructures obtained by LID: a) nanoparticles, b) nanoflake, and c) nanoflower 
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The development of new intelligent drug delivery systems to overcome unwanted side effects 

and maximize the therapeutic effectiveness of chemotherapy for cancer diseases is one of the main tasks 

of modern medicine. Active research is being conducted to explore various nanosized drug carriers 

(nanocarriers) for these purposes. 

The use of porous silicon nanoparticles as the basis for nanocarriers is due to the unique 

properties of these solid-state nanomaterials, such as high biocompatibility [1] and complete 

biodegradability into non-toxic silicic acid [2]. The porous structure of the nanoparticles (with porosity 

values reaching up to 80% of their volume) provides a high drug-loading capacity for efficient drug 

delivery [3] (Figure 1). The simplicity of surface modification methods for the nanoparticles enables 

specific targeted delivery of various hydrophobic and hydrophilic drugs, radiopharmaceuticals, proteins, 

peptides, DNA, etc. into cells [4]. 

The presence of efficient luminescence in porous silicon nanoparticles allows their utilization 

as contrast agents for bioimaging of cells and tissues [5]. The properties of porous silicon nanoparticles, 

acting as photosensitizers [6], sensitizers of high-frequency electromagnetic fields [7] and therapeutic 

ultrasound [8], provide them with therapeutic functions and the potential for stimuli-triggered drug 

release from the nanopores of nanocarriers. 

 
Figure 1. Study of doxorubicin delivery and biodegradation of porous silicon nanoparticles 

inside cancer cells by Raman spectroscopy [3] 
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The relevance of the development of optical nanosensors of environmental parameters is due to 

the active development of science and industry, where the problem of controlling the content of various 

substances in multicomponent media is becoming increasingly acute. At present, the development of such 

nanosensors is necessary for biomedicine, technological production, and ecology. Оne of the most 

promising bases for sensors are carbon dots (CD). According to the results of many publications, CD 

synthesized by certain methods have photoluminescence (PL) that is sensitive to environmental 

parameters, which makes it possible to develop sensors of these parameters based on CD. 

 In our study, the objects of the study were CD synthesized using the hydrothermal method of 

synthesis from citric acid and ethylenediamine. The effect of temperature, pH of the environment, as well 

as ions Fe3+, Cr3+, Al3+, Co2+, Cu2+, Pb2+, Zn2+, Ni2+, Mg2+ present in the medium, on the PL of our CD 

was found. 

 In this study, the mechanisms of the influence of pH and temperature on the CD PL were studied. 

It was shown that the influence of pH on the surface photoluminescence of nanoparticles with hydrogen-

containing groups is due to the (de)protonation of surface carboxyl, hydroxyl, and amide groups. This 

conclusion is confirmed by quantum calculations of the behavior of surface groups at various pH and by 

the results of analysis of dependences of CD ζ-potentials on the pH. Using the artificial neural networks, 

CD-based nanosensors were developed that allow measuring the temperature and pH of the environment 

with an accuracy of 0.67°C and 0.005, respectively [1]. 

 As a result of studying the interactions of CD with ions of the pointed metals, the sensitivity of 

CD PL to certain ions was discovered and confirmed by molecular dynamics calculations. It was found 

that all the studied metal ions quench the CD PL to some extent. Using the Stern-Volmer theory and 

measured PL decay kinetics, it was found that Cu2+, Zn2+, Ni2+, Mg2+ are characterized by static  

photoluminescent CD-nanosensor was developed to determine the concentration of four ions Cu2+, Cr3+, 

Ni2+, and NO3
- in water simultaneously. The use of convolutional neural networks to solve the problem 

provided average absolute errors in determining the concentrations of Cu2+, Cr3+, Ni2+ и NO3
- ions of 0.28 

mM, 0.24 mM, 0.79 mM, and 1.15 mM, respectively [2]. The obtained errors in determining the 

concentrations of the investigated heavy metal cations fully satisfy the needs of monitoring the 

composition of waste and process waters [3]. 

The results were obtained using laser photoluminescence spectroscopy, laser time-resolved 

spectroscopy, laser correlation spectroscopy, IR absorption spectroscopy. 

The research was carried out at the expense of the grant of the Russian Science Foundation No. 
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Near-field plasmon-enhanced spectroscopies including Tip-Enhanced Raman scattering and 

photoluminescence (TERS and TEPL) were successfully applied to study the phonon and electron spectra of 

2D, 1D, and 0D nanostructures with the spatial resolution much below diffraction limit.  

TERS imaging by optical phonons in single 2D nanostructures including multi- and monolayer- 

graphene, 1D AlN nanocolumns, and 0D CdSe nanoctrystals (NCs) placed in the gap between the TERS tip 

apex and plasmonic substrate allows determination of nanostructure size and shape, structural defects, 

mechanical strain, and local electromagnetic field enhancement.  

The origin of ring-like TERS patterns with different diameters obtained for a single gold nanodisk with 

a monolayer coating of colloidal CdSe NCs excited with 638,2 and 785,3 nm wavelengths is discussed. TERS 

by surface optical (SO) phonons in AlN nanocolumns placed on an Au surface was observed. TERS taken for 

AlN nanocolumns with a diameter and height of about 200 and 50 nm, respectively, with different light 

polarizations with respect to the nanocolumn axes demonstrates different images. The origin of the changes in 

TERS images upon the light polarization is discussed. 

TEPL from MoS2 and WS2 monolayer islands grown on a Si substrate reveals local variation of exciton 

PL energy and intensity depending on the number of monolayers and the presence of structural defects. The 

enhancement and quenching of TEPL originated from direct and indirect transitions in 1D and 0D single GaAs 

nanostructures is reported.  
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Chirality refers to a geometrical property when an object cannot be superimposed onto its mirror image. 

In addition to its important role in biochemical and chemical processes, chirality leads to different 

interactions of molecules and structures with right- and left-handed circularly polarized light. Recently, 

chiral colloidal nanoparticles and nanostructures [1] have been of great interest, demonstrating different 

absorption of right- and left-handed circularly polarized light (circular dichroism, CD) or rotation of the 

light polarization plane (optical activity), as well as the emission of photons of a given circular polarization 

(circularly polarized luminescence). In this repot, we present an analysis of 2D atomically thin 

nanostructures of cadmium and zinc chalcogenides hybridized with stereoisomeric L-/D-ligands and 

showed a distinctive CD in excitonic transitions. 

We have developed a method for the growth of atomically thin nanosheets (nanoplatelets) of cadmium and 

zinc chalcogenides with a thickness of less than 1 nanometer (about 2-3 monolayers) in colloidal solutions. 

A system of cadmium (zinc) acetate/octadecene/oleic acid/oleylamine was used for the nanostructure 

growth in the temperature range of 110–250°C [2] and we achieved the formation of nanostructures with 

a precise (with an accuracy of 1 monolayer) thickness in the range of 0.6–0.9 nm. For the hybridization of 

nanostructures with chiral ligands, a protocol was developed for the exchange of native oleic acid ligand 

for stereoisomers of L-/D-cysteine and N-acetyl- L-/D- cysteine. A detailed study using HRTEM, 

HAADF-STEM, SAED, XRD methods showed zinc blende structure for CdTe and CdSe and wurtzite 

structure for ZnSe with the composition followed the ratio [Mn+1EnL2] (M- zinc or cadmium, E - chalcogen, 

L - organic ligand, n - number of atomic planes) with integer coefficients.  

Correlations between the size, composition, crystal structure of atomically thin nanosheets and their 

optical properties are established. Narrow (about 8-10 nm) exciton transitions involving the heavy hole 

HH, light hole LH, and spin-orbit hole SO were observed in the absorption spectrum of nanostructures at 

room temperatures together with exciton luminescence band in luminescence spectra. It was shown a 

bathochromic shift of all exciton bands up to 200 meV found for the thinnest nanostructures after ligand 

exchange supporting strong hybridization of ligand and semiconductor core.  

The chiroptical properties of nanostructures hybridized with chiral ligands was studied by CD 

spectroscopy [3]. CD spectra showed distinct, sign-alternating bands correlated with the LH, HH, and SO 

transitions in the absorption spectra confirming the exciton nature of the induced CD bands. Change of L-

stereoisomer of ligand to D-stereoisomer inverts the sign of the spectrum like mirror image with the same 

bands spectral position and intensity that supports the effect of the ligand on the induced preference in 

absorbance of right- or left-hand circularly polarized light. We found a maximum g-factor of dissymmetry 

of 0.01, which seems to be the highest value reported previously for AIIBVI semiconductor nanoparticles 

A model is proposed for induced chirality due to Wannier–Mott exciton in helicoidal potential of 

stereoisomeric ligands that was supported by analysis of effect of solvent polarity, optical rotation and 

modeling of ligand coordination. We believe that our work opens up new possibilities for creating artificial 

chiral nanostructures and will be useful for polarization-enabled applications in photonics. 
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 The development of optical methods for studying colloidal nanoparticles in aqueous environments 

is one of the topical areas of nanophotonics. In particular, the development of methods that allow 

visualization and study of nanoparticles at the single particle level is highly relevant. Electron and probe 

microscopy methods, widely used for these purposes (tunneling, atomic force, optical near-field, etc.), have 

a number of fundamental drawbacks. They are characterized by a complex sample preparation and 

measurement procedure, are unsuitable for studying nanoparticles in aqueous environments, may have 

unwanted effects on the sample, and are not very accessible. Optical far-field microscopy methods are free 

from most of the listed drawbacks and are characterized by high efficiency, a significantly simpler 

measurement procedure, and a low effect on the sample. 

 In the overwhelming majority of cases, nanoparticles are studied in the form of powders or 

suspensions, which leads to distortion of information about the individual properties of the particles. 

Therefore, the development of methods for studying and visualizing nanoparticles at the single particle 

level is also one of the topical areas of modern science. 

 The talk reports the development of a highly sensitive laser ultramicroscope operating on the "light 

sheet" scheme, which allows visualization of single nanoparticles in aqueous solutions with sizes of up to 

20 nanometers or less and determination of their individual sizes from the signals of light elastic scattering 

by analyzing the individual trajectories of their Brownian motion. The results of optical diagnostics of 

colloidal solutions of single dielectric nanocrystals of lanthanum fluoride - LaF3 doped with europium 

(Eu3+) and neodymium (Nd3+) ions, with sizes within 10-30 nm, and their conglomerates using the 

developed microscope and developed methods are also reported. The results of comparative measurements 

of the sizes of the same nanoparticles using electronic and developed microscopes, as well as ensemble 

measurements of nanoparticles and their suspensions in water using the method of dynamic light scattering 

(DLS), are also presented. 

 Special attention is paid to the analysis of the experimental data obtained on the clusters formed 

on the basis of the studied colloidal nanoparticles, in order to gain a deeper understanding of the 

information about the properties of the particles obtained using the listed optical methods. 
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 The optically pumped rare gas laser (OPRGL) is a new type of optically pumped gas laser with 

high quantum efficiency, which can convert the high output power of a diode laser into the output power 

of a gas laser with good beam quality. In [1], the first generation at a wavelength of 893.1 nm was 

demonstrated. 

A mixture of argon (3%) and helium (97%) is used as the LONIG active medium. The main 

purpose of using helium is to increase the collisional relaxation from the pumping level to the upper laser 

level in order to create the largest population inversion [2, 3]. 

In this paper, a one-dimensional model of the LONIG active medium is presented. The model is 

necessary for the analysis of the discharge conditions. 

The plasma kinetic model includes particles of argon (18 species) and helium (5 species). The 

model includes about 470 reactions describing the interaction of these particles. 

The model was used to calculate the concentration of metastable argon atoms for different areas of 

the gap between electrodes. The concentration of metastable atoms was determined experimentally by 

diode laser spectroscopy. The experimental and calculated results are compared. 
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Currently, e-textile is a popular area of research due to its ability to satisfy many needs of users [1]. Moreover, 

due to the rapid spread of fiber optic communication networks, it is necessary to develop highly efficient and 

fast photodetectors operating in the infrared (IR) range of radiation [2]. 

One of the main problems of the current IR detection technology is the low efficiency and the fact that the 

predominantly used sensing elements are based on crystalline epitaxial materials, which require rigid and 

brittle lattice-matched substrates such as CdZeTe, GaAs, InAs and InP. Therefore, these materials cannot be 

bent or compressed. 

The TiS2 band gap lies in the range from 0.2 to 0.9 eV, which indicates its dependence on the structure and 

the possibility of absorbing radiation in the IR spectral range [3]. TiS2 in monolayer and few-layer forms is a 

transparent material that can be used in e-textiles [3]. In addition, the manufacturing process of devices based 

on transition metal dichalcogenides is mainly carried out by mechanical exfoliation. 

The aim of this work is to solve the problems mentioned above by developing a flexible broadband IR 

photodetector based on a new promising TiS2 material. 

In this work, a comparative analysis of photodetectors based on TiS2 nanosheets and on TiS2 nanosheets 

functionalized with silver nitrate has been carried out. TiS2 nanosheets were synthesized by chemical vapor 

transport technique following by 1 h ultrasonication treatment. The obtained solution was deposited between 

interdigitated electrodes fabricated on the surface of a flexible substrate using a dielectrophoresis process. 

Polyethylene terephthalate was used as the flexible substrate material. The characteristics of the fabricated 

photodetectors were determined by illuminating them with laser radiation with a wavelength of 1064 nm and 

a tunable power. A significant effect of silver nitrate particles scattered in the volume of the photodetector 

sensitive material on its efficiency is observed. The superiority of the photodetector based on TiS2 nanosheets 

functionalized with silver nitrate is demonstrated. This photodetector demonstrates a significant response for 

the all used radiation powers (11.6, 19.6, 51, 100, and 150 mW), shows fast response (0.23 s) and recovery 

(0.49 s) times, coupled with high sensitivity (259840.34 A/W), quantum efficiency (303404.67 A/W∙nm) and 

detectivity (3.1∙1013 Jones) at an incident radiation power of 11.6 mW. The results obtained in this study can 

be used for the development and optimization of modern optoelectronic devices. 
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The problem of simultaneous determination of concentrations of several types of ions in aqueous 

solutions is very topical in various subject areas, ranging from industry wastewater monitoring to 

environmental monitoring and quality control of beverages, e.g. mineral waters. Heavy metals are among 

the dangerous pollutants of water, therefore in many areas of industry and ecology there is a need to 

determine the concentration of heavy metal ions dissolved in water. Ions of various inorganic salts are 

simultaneously present in natural waters including those consumed by people, e.g. drinking or mineral 

waters. 

The most accurate methods for determining the chemical composition of solutions are methods of 

conventional chemical analysis. However, this approach is time-consuming, it requires good sample 

preparation and consumption of expensive reagents. At the same time, most practical problems require 

easy-to-use, express and contactless methods. Optical spectroscopy (OS) techniques have the listed 

advantages; therefore, they make a promising alternative to chemical analysis. It should be also noted that 

different types of OS possess different properties, making them provide different information about the 

studied object. Therefore, integration of data of different OS types may result in more precise 

determination of the composition of the solution. 

The most widely used types of OS are laser Raman spectroscopy, absorption spectroscopy and 

infrared spectroscopy. However, at present there is no analytical solution to the problem of determining 

the concentrations of each component in multicomponent solutions by their spectra for any of these 

methods. This problem is an inverse problem having properties that make solving it a hard task: it is non-

linear, ill-conditioned or even ill-posed. Moreover, even the direct problem of modeling optical spectra 

cannot be adequately solved for spectra of liquids. 

One of the few ways to solve such problems is the use of machine learning (ML) methods based 

on training ML models on experimental data. Here we present data integration of OS methods – 

simultaneous use of Raman, optical absorption and/or IR spectra to determine the types and concentrations 

of ions present in aqueous solutions. 

In this paper, we report the results of solving two problems of the described type: determining the 

concentrations of 10 ions of inorganic salts by Raman and optical absorption spectra [1], and determining 

the concentrations of heavy metal ions in solutions by Raman absorption and infrared spectra [2]. The 

problems are solved using various ML methods. The results are compared with those obtained using data 

of each OS type separately. 

The study was carried out at the expense of the grant from the Russian Science Foundation, project 

No. 19-11-00333, https://rscf.ru/en/project/19-11-00333 /. 
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To date, the problem associated with creation of effective silicon-based sources for the near-

infrared range remains unresolved. One of the possible solutions to this problem are photonic crystals 

(PhC) with Ge(Si) nanoislands. In these structures, luminescence is observed in the wavelength range of 

1.2-1.6 µm at room temperature [1]. The introduction of Ge(Si) nanoislands into PCs makes it possible to 

enhance their luminescent response by more than two orders of magnitude due to the interaction with 

distinct photonic modes [2]. A strong enhancement of the luminescence response is observed when the 

spectral position of PhC modes coincides with the maximum of nanoislands luminescence spectrum. In 

this work, we will show the possibilities to manage PhCs band structure depending on their parameters.  

The luminescence response of PhCs that were fabricated on Si structures with self-assembled 

Ge(Si) nanoislands was analyzed depending on lattice period (a), r/a ratio, where r – is the hole radius, 

and hole depth (h) of PhCs. To analyze PhCs band structure, an original method for measuring the 

luminescence signal with angular resolution was used [3]. Measurements carried out with this technique 

allow us to restore the band structure of PhCs with good accuracy. 

We will show the presence in luminescent response of PhCs of bound states in the continuum 

(BIC). The symmetry-protected BICs appear at the Г point of Brillouin zone for both singlet and doublet 

photonic modes, and are manifested by thin lines in the luminescence spectra [2,4]. The quality factor of 

these lines (Q) can reach 2600. At certain parameters of PhCs, a flat zone with the symmetry-protected 

BIC can be formed. The latter is characterized by a near to zero group velocity [5]. Moreover, accidental 

BICs, modes anticrossing and so-called "hot-spots", which are related with the interaction of photonic 

modes in PhCs were also observed. Appearance of these phenomena in luminescence response of PhCs 

and their correlation with PhCs parameters will be discussed. 

The features of the band structure of a PhC described above are of interest from both fundamental 

and applied points of view. For example, by selecting the parameters of the PhC, it is possible to achieve 

the combination of SP-BIC and parametric BIC. In this way, the "Super-BIC" state can be achieved, which 

makes it possible to obtain an extremely narrow lines in the PhC luminescence spectrum [6]. 

The work was funded by the Russian Science Foundation (grant #19-72-10011). 
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Given the ever-growing threat of infectious diseases, it is crucial to respond promptly to bacterial 

contaminations. Although current microbiological methods for pathogen detection are reliable, they can be 

laborious and require laboratory equipment. Conversely, techniques utilizing the interaction of light with 

biomolecules offer the potential for ultrafast, specific, and reliable analysis. 

Surface-enhanced Raman spectroscopy (SERS) is one such method that relies on the local surface 

plasmonic resonance generated by nanostructured noble metal surfaces like silver (Ag) and gold (Au). It 

is considered an alternative approach for biomolecule detection. Raman spectrometers can be designed to 

be portable, and conducting bacterial tests using this method is relatively simple. 

Recently, numerous studies have focused on the application of surface-enhanced Raman 

spectroscopy (SERS) in biosensors. These studies have demonstrated the method's exceptional sensitivity 

in detecting both Gram-positive and Gram-negative bacterial strains, as well as their mutations. 

Furthermore, SERS has shown the potential to generate an optical signal from a single cell [1]. However, 

it has been observed that the choice of SERS-active substrate significantly affects the results, leading to 

ongoing debates regarding various enhancers of the SERS signal. 

Porous silicon nanostructures, specifically porous silicon nanowires (pSi NWs), have immense 

potential in the advancement of SERS biosensors. These nanostructures have already demonstrated their 

capabilities in detecting bacterial metabolites [2], DNA [3], and various other molecules. The remarkable 

combination of a large surface area and high porosity in pSi NWs makes them highly suitable for 

functionalization with silver (Ag) and gold (Au) nanoparticles (AuAg@pSiNWs) for SERS applications. 

Furthermore, the porous structure of pSi NWs facilitates improved adsorption of bacterial samples onto 

the substrate, further enhancing the efficiency of the biosensor. 

In this study, AuAg@pSi NWs substrates were developed for SERS diagnosis of L. innocua food 

bacteria (Fig. 1). It was shown that the bacteria were detected up to a concentration of 106 CFU/ml. It is 

shown that SERS with the developed substrates can be used for rapid analysis of bacteria antibiotic 

resistance: the characteristic scattering lines of bacteria disappeared after 1 hour of incubation with 

gentamicin. The results presented can make a significant contribution to the field of diagnostics and the 

development of effective strategies for combating antibiotic resistance. 

 
Fig. 1 a) SEM image of L. Innocua adsorbed onto AuAg@pSiNWs surface; b) SERS spectra of L. Innocua  

incubated with gentamycin. 

The research is supported by Russian Science Foundation Grant No. 22-72-10062. 
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In numerous applications using the stimulated Raman scattering (SRS) process, the key issue is the energy 

efficiency of the process. One of actively applied ways to improve the efficiency of SRS is the use of 

distributed feedback, first considered in [1] and actively used at present [2]. SRS efficiency can be also 

significantly increased by a local increase in pressure caused by a shock wave [3]. 

This work presents the results of experimental studies of the effect of ultrasonic waves on the efficiency 

of the SRS process for a number of Raman-active liquids. SRS was excited by the second harmonic of a 

mode-locked Nd:YAG laser (532 nm, 30 ps, 10 mJ, 10 Hz). The experiments were carried out for two 

different geometries. In the first case, the radiation entered the sample from above, through the free surface.  

In this case, the SRS was registered in backward direction. In the second case, the exciting radiation was 

focused through the window of the cell and SRS was registered in forward and backward directions. The 

cell with the sample was placed in an ultrasonic bath (200 W, 40 kHz). 

The experimental results showed that when the pump is focused into the open surface of the liquid, the 

backward SRS intensity increases in water by 1.5 times, in heavy water by more than 2 times, in ethanol 

for the first Stokes component by 15 times, and for the second Stokes component by 4 times (Fig. 1). 

 
a)                                                        b) 

 
Fig. 1. SRS spectra when radiation is focused from above through the free surface of a liquid with ultrasonic impact switched off and on.  

a) in heavy water (pump energy 10 mJ), b) in alcohol (pump energy 2 mJ). 

 

An increase in the power of ultrasound leads to a significant increase in the intensity of the scattered 

radiation. When the radiation was focused through the cell window into the bulk of the liquid, the forward 

SRS intensity also increased significantly when ultrasound was turned on. In water, the inclusion of 

ultrasound led to an increase in the SRS intensity by more than an order of magnitude. 

An increase in the SRS intensity under ultrasonic impact is due to the arising of distributed random 

feedback caused by the phase inhomogeneities formation in the liquid. The reasons for the occurrence of 

these inhomogeneities are the acoustic currents of vortex flows that occur under the action of ultrasound, 

as well as cavitation - the formation and collapse of bubbles in a liquid.   
 
[1] S.A.Akhmanov and G.A.Lyakhov, Effects of inhomogeneity of optical pumping in lasers and stimulated scattering. Self-excitation due to 

distributed feedback, JETP 66, 96-108 (1974). 
[2] 5. S. Loranger and R. Kashyap, Efficiency increase of distributed feedback Raman fiber lasers by dynamic control of the phase shift, Optics 

Letters 43, Issue 23, 5705-5708 (2018). 
[3] C.Wang, Y.Wang, X.Cao, S.Wang, C.Sun, and Z.Men, Shock compression-induced enhancement of stimulated Raman scattering in heavy 

water, Optics Communications, 501, 127394 (2021).  

 

 
  

 



 

LD-O-7 

Symmetric C-C stretching mode as a universal characteristic of 

length of polymethylene chains: Experimental and DFT study 
 

V.V. Kuzmin1, A.B. Bermagambetov2, S.M. Kuznetsov1, G.Yu. Nikolaeva1, L.Yu. Ustynyuk3, E.A. 

Sagitova1 

 

1-Prokhorov General Physics Institute of the Russian Academy of Sciences,  

Vavilov Str. 38, 119991 Moscow, Russia 

2- Moscow Aviation Institute (National Research University), Volokolamskoye shosse 4, 125993 Moscow, Russia 

3-Department of Chemistry, M.V. Lomonosov Moscow State University,  

Leninskie Gory 1-3, 119991 Moscow, Russia 

 

sagitova@kapella.gpi.ru 

 

Substances, which molecules contain one or more polymethylene chains, are widely used in numerous 

fields of human activity, including petrochemical, pharmaceutical and food industries. Physical properties 

of these substances, such as viscosity, density, and dielectric constant, depend on both length and number 

of chains in molecule. 

The band of the symmetric stretching vibrations of C-C bonds is observed in the spectral region 1100 -

1160 cm-1 in Raman spectra of many substances, containing polymethylene chains. The wavenumber and 

intensity of this band depend not only on molecule length, but also on the chain conformation. At present, 

it is established that for normal alkanes this band corresponds to the most probable all trans-conformation, 

and its wavenumber directly relates to the molecule length. However, this dependence is still unknown for 

other substances with polymethylene chains. 

 
 

Figure 1. The symmetric C-C stretching mode wavenumbers versus the number of carbon atoms (n) in an molecule backbone, which is a 
measure of chain length, for normal alkanes (CnH2n+2), 1-alkanols (CnH2n+1OH), fatty acids CnH2nO2 

 

In our contribution, we present experimental study in conjunction with DFT calculations of a behavior of 

this mode in Raman spectra of a wide collection of substances with polymethylene chains. We determined 

the dependence of the symmetric C-C stretching mode wavenumber on the chain length for 1-alkanols and 

fatty acids (Fig. 1). For alkylammonium salts and branched alkanes we observed splitting of the C-C mode 

due to the presence of several polymethylene chains with various lengths. We showed that structure of 

terminal groups, chain branching, presence of strong intermolecular interactions dramatically influence the 

dependence of the symmetric C-C stretching mode wavenumber on the chain length. However, for all the 

substances under study the wavenumber of the C-C stretching mode is a universal characteristic of length 

of polymethylene chains. 

We are grateful to the Joint Supercomputer Center of the RAS for the possibility of using their 

computational resources for our calculations. 
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Vegetable oils are widely used in food industry, cosmetology, and medicine. Currently, the development 

of fast and efficient methods for monitoring their quality is relevant. For example, the thermal stability and 

shelf life of oils depend on the content of unsaturated fatty acids (UFA). The property of oils to increase 

the stability and bioavailability of carotenoids, that are vital for human health, is used in the creation of 

biologically active additives. 

In this work, we apply Raman spectroscopy for assessing the iodine values (IV, the main measure of the 

number of C=C bonds in UFA) and carotenoid content in vegetable oils. Experimental Raman spectra of 

35 various vegetable oils were recorded at the laser excitation with the wavelength of 532 nm. In addition, 

we used the Margoshes titrimetric method to obtain the exact IV of oils. 

Figure 1 shows the Raman spectra of marula and tomato seed oils, which IV differ by about a factor of 1.5. 

The spectra of saturated triglyceride C8/C10 (a fraction of coconut oil which does not contain UFA), and 

of unsaturated sorbic acid are shown for comparison. 

 

 
Figure 1. Raman spectra of marula and tomato seed oils, sorbic acid and triglyceride C8/C10 (a fraction of coconut oil). 

 

As can be seen from Figure 1, an increase in iodine values leads to a growth of the peak intensities of 

Raman lines at about 1266 and 1658 cm-1, assigned to the bending vibrations of С–Н bonds and stretching 

vibrations of С=С bonds in UFA molecules, respectively. We found that the ratios of the intensity of each 

of these lines to the intensity of the line at about 1440 cm-1 (bending vibrations of C–H bonds) depend on 

the IV of oils. In this study, we showed that for oils with IV in the range of 60 – 165 gI2/100 goil, these 

dependences are linear. 

We demonstrated that recording the Raman spectra at the excitation wavelength of 532 nm makes it 

possible not only to evaluate IV but also allows to carry out additional diagnostics of the carotenoid content 

at very low concentrations. This is due to the resonant enhancement of the lines assigned to the stretching 

vibrations of C–C (at 1155 cm-1) and C=C (at 1525 cm-1) bonds in carotenoid molecules in this case. We 

established that applying the Raman spectroscopy makes it possible to detect carotenoids in studied 

vegetable oils with the contents less than 0.4 mg/kg. 

In this work, we also showed that the use of an excitation wavelength of 532 nm provides possibility to 

record Raman spectra with an insignificant fluorescence background (as it is in the case of excitation at 

785 nm wavelength, traditionally used when analyzing oils). 
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Currently, optoelectronics and photonics technologies are becoming very popular when it is necessary to combine 

electronics technologies and intensively developing optical technologies. One of the key, necessary directions for this 

is the creation of optical filters, both with a narrow bandwidth and with a wide one. A characteristic feature of optical 

materials is the low attenuation during the propagation of light in them compared to materials through which an 

electric current propagates. Therefore, the quality factor of optical filters can be orders of magnitude greater than 

electrical ones. Typical values of the quality factor of electrical filters are 10-50, while the quality factor of optical 

filters can be 10 5 - 10 12 . In order to know in advance what quality factor of the filter can be obtained when using 

one or another material, it is necessary to know the light losses during the propagation of light in it. In this article, we 

propose a measurement technique and its specific implementation using the example of measuring the attenuation of 

light in a layer of titanium dioxide. Layers of titanium dioxide with a thickness of 0.5 to 1 µm were fabricated by 

sputtering Ti 3 O 5 onto a quartz substrate using electron beam sputtering technology. In the process of deposition, the 

layer was further oxidized and, as a result, a layer was formed. TiO 2. For the work, a rutile prism with a refractive 

index of 2.6 was made. With its help, radiation from the waveguide layer was introduced. The measurements were 

carried out by fixing the beam track with a camera and processing it with the Gwyddion program . In our experiments, 

when photographing after processing, we obtained the loss of the waveguide layer 0.4 dB/cm, 0.41 dB/cm and 0.425 

dB/cm. 
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In this paper we present the results of various techniques for laser ablation and fragmentation of 

nanoparticles. Ablative synthesis was carried out on the developed experimental stands using liquid and 

gas media. During ablation in liquid media, the materials obtained were in the state of colloidal solutions. 

At the end of the ablation process, the target was removed from the resulting solution. If necessary, 

nanoparticles were selected, as well as fragmentation of the resulting material to achieve the necessary 

properties of the colloidal system (particle dispersion, chemical and phase composition) [1,2]. 

Materials obtained during ablation in a gas medium were deposited on the surface of the substrates under 

the action of an electrostatic or magnetic field [3]. To change the chemical composition of the compounds 

obtained, or to preserve the state of the initial substance, appropriate gas media were used, including with 

different percentages. The obtained nanoparticles MoS2, WS2, ZnS, ZnSe, Al2O3, Ti, Fe, Fe2O3 were 

analyzed using electron microscopy, Raman spectroscopy, X-ray diffraction analysis and other methods. 

The experiments were carried out on a laser robotic complex based on the Yb:KGW femtosecond laser 

system (Avesta Ltd.), generating pulses with a duration of 280 fs at a wavelength of 1030 nm with a 

repetition frequency of 10 kHz and a maximum pulse energy of 150 µJ. This complex has a modular 

structure, which allows the use of various additional nodes included in the optical schemes of exposure 

and processing of materials by femtosecond laser radiation. 

A complex of studies of the physicochemical properties of nanoparticles allowed us to evaluate their 

characteristics such as shape and size, morphology and surface composition. The optical properties of the 

obtained colloidal solutions were investigated by spectrophotometry. The obtained data are necessary to 

make a decision on the most appropriate ways of using nanoparticles and possible adjustment of the 

parameters of the method of production. Schemes for photothermal response of synthesized colloidal 

solutions have been developed. The dependences of temperature change on time during irradiation of 

colloidal solutions, as well as the change in the transmission of laser radiation by colloidal solutions during 

irradiation are presented. 

 

The study of the processes of formation of nanoparticles was carried out at the expense of the grant of the 

Russian Science Foundation No. 22-79-10348. Preparation and analysis of samples was carried out within 

the framework of the state assignment of the Ministry of Science and Higher Education of the Russian 

Federation, subject FZUN-2020-0013. 
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Tungsten disulfide (WS2) belongs to the class of transition metal dichalcogenides (TMDs), whose low-

dimensional properties include strong photoluminescence [1], tunable bandgap [2] and etc. These 

properties provide various optoelectronic applications for this material [3],[4]. Here we study quantum 

confined WS2 nanotubes (WS2NT) on the subject of ultrafast processes emerging there. Their 

experimental research includes the creation of non-equilibrium state by means of photoexcitation in the 

experiments of optical pump – terahertz probe (OPTP) and transient absorption spectroscopy (TAS) in 

visible and near-infrared ranges. The obtained spectra combined with steady-state broadband absorbance 

spectrum (UV-Vis-NIR AS, FTIR, THz-TDS) and Raman spectrum reveal the presence of defects, trions, 

excitons, exciton polaritons and their evolution on picosecond timescale. Time constants of these processes 

are determined. Also, the photoconductivity in THz range is investigated and compared to the equilibrium 

THz conductivity. This research presents interest both in fundamental science, since it sheds more light on 

the processes in quasi-1D TMDs, and in practical applications of ultrafast optoelectronics.  

This work was supported by the Russian Science Foundation (RSF), research project # 22-72-10033. 
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Semiconductor quantum dots are of great interest for researchers and engineers due to their special 

properties, including high efficiency of photolumescence (PL). The idea to form QD nanocomposite media 

based on of liquid-crystal polymers (LCP) is very promising since they allow formation of ordered QD 

arrays, high QD concentration, and ability to control QD distribution by means of light-induced order-

disorder transitions. 

We report on up-conversion in core/shell CdSe/ZnS QDs embedded into smectic BA-6PA 

LCP with various QD mass fractions (up to 60%). QD diameter was 4.1 nm.  
Under excitation of both QDs toluene suspension and QDs in LCP by femtosecond infrared pulses of 

Cr:forsterite laser (1250  nm, 80 fs, 1 nJ, 80 MHz) visible PL was registered. The PL spectrum – a broad 

band 1.95- 2.25 eV (550 – 640 nm) – coincides with one excited by picosecond pulses at wavelength of 

532 nm. Analysis of the PL spectra reveals their saturating cubic dependence on the pumping laser power, 

which indicates three-photon absorption as a main mechanism of the up-conversion process.  

This conclusion was supported by direct measurement of nonlinear absorption of femtosecond 

infrared pulses, which evidences square dependence of the absorption coefficient on laser power.  

Excitation of the PL (584 nm) can be done by the second harmonic (SH) of the femtosecond infrared 

radiation (625 nm), with the linear dependence of the PL on the SH power.  

This work was supported by Russian Science Foundation (grant 23-19-00246), synthesis of 

QDs and polymer matrices was carried out within the State Program of TIPS RAS. 
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Fundamental features of the transition from spontaneous fluorescence to dominating stimulated emission 

in laser-pumped dye-based homogeneous and random media are considered. This transition, usually 

interpreted as overcoming the random lasing threshold [1,2] is analyzed in terms of kinetic equations for 

the relative population f  of the excited state of dye molecules and the fluence rate of the fluorescence 

response in the pumped layer of the medium [3,4]. In the stationary mode of fluorescent emission at high 

pump intensities, the extreme value of f  depends on the ratio of the wavelength-averaged cross section 

st 
   of stimulated emission of fluorophore molecules and the average cross section 

rad  of radiation 

losses in the pumped layer. On the other hand, the effect of a significant narrowing of the fluorescence 

spectrum, which is characteristic of overcoming the random lasing threshold, is due to a significant increase 

in the dwell time dw  of fluorescence photons in the pumped layer in the threshold region. An analysis of 

the competitive influence of the key factors (pump intensity, concentration of dye molecules, their 

absorption and emission cross sections, transport mean free paths of pump and fluorescence propagation) 

that determine f  and 
dw  was carried out using the above mentioned stationary solutions of kinetic 

equations and consideration of radiation transport in the pumped layer. 

 Experimental studies of the influence of 
rad , f  and 

dw  in the pumped volume as the extinction mean 

free path 
extl  of a pumping laser radiation (355 nm and 532 nm) decreases were carried out using 4-

(dicyanomethylene)-2-methyl-6-(4-dimethylaminostyryl)-4H-pyran (DCM) solutions in ethylene glycol 

with various concentrations (from 1.210-3 M to 1.210-1 M). At high DCM concentrations, the optical 

transport properties of the studied system are largely controlled by the effect of homogeneous nucleation 

in a saturated DCM solution and, accordingly, by the formation of an ensemble of DCM crystallites as the 

scattering sites for the pump and fluorescence radiation. This feature made it possible to vary the pump 

and fluorescence extinction mean free paths over a wide range, with absorption dominating at low mass 

fractions of DCM in solutions and scattering at large values of the DCM mass fraction (more than 2.010-

2 M). Structural and optical transport properties of randomly inhomogeneous fluorescent systems 

formed in this way were analyzed using spectroturbidimetry, scanning electron microscopy, and 

X-ray diffractometry. An analysis of the probability density functions of the dwell times of 

fluorescent photons in the pumped volume as a function of extl  was performed using Monte Carlo 

simulations of the pump and fluorescence transport in the pumped layers of dye solutions. 

Comparison of the obtained experimental data on the extreme conditions for the excitation of the 

fluorescent response in the studied systems at various extl  values with the theoretical results based 

on the developed phenomenological model showed a fair agreement between them.    

This research was funded by the Russian Science Foundation, grant number 22-29-00612.   
 
[1] V.S. Letokhov, Generation of light by a scattering medium with negative resonance absorption, Soviet Physics JETP, 26, 835–840 (1968). 
[2] D.S. Wiersma, The physics and applications of random lasers, Nature Physics, 4, 359-367 (2008). 

[3] D.A.  Zimnyakov, S.S. Volchkov, L.A. Kochkurov, A.F. Dorogov, On the minimum length of fluorescence enhancement upon laser pumping 

of randomly inhomogeneous media, JETP Letters, 116, 71-76 (2022). 
[4] D.  Zimnyakov, S. Volchkov, L. Kochkurov, A. Dorogov, Saturated emission states in fluorescent nanostructured media: the role of competition 

between the stimulated emission and radiation losses in the local emitters of fluorescence, Nanomaterials, 12, 2450-1 – 2450-19 (2022). 
 
 

  



 

LD-O-14 

Enhancement of Raman scattering efficiency in suspensions of 

submicron particles 
 

O.I. Sokolovskaya, L.A. Golovan 

Faculty of Physics, Lomonosov Moscow State University, 1/2 Leninskie Gory 119991 Moscow, Russia  

 

oi.sokolovskaja@physics.msu.ru 

 

Elastic light scattering in a disordered medium may result in an increase in the volume of light-matter 

interaction compared to a homogeneous medium [1]. As a result, an increase in the efficiency of various 

optical processes, e.g., Raman scattering (RS) can be observed. Therefore, it is necessary to establish 

scatterer parameters allowing RS efficiency to be enhanced and find its maximal possible increase due to 

elastic light scattering. 

In this work, we have carried out both numerical simulation and experimental study of the light propagation 

and RS in scattering media. Suspensions of rutile particles with diameters of 350 and 500 nm and gallium 

phosphide particles with diameter of 3 m in dimethyl sulfoxide (DMSO), which is Raman active liquid, 

were considered as a scattering medium. The volume fraction of particles in suspensions ranged from 10-4 

to 10-1. To record the dynamics of the radiation scattered by suspensions, the optical heterodyning method 

[2] employing laser pulses with a duration of 80 fs (wavelength 1250 nm) was used. Raman spectra were 

obtained with excitation wavelengths of 1064 and 532 nm. 

Numerical simulation of light propagation in suspensions by the Monte Carlo method [3] showed that the 

dependence of the RS signal from DMSO on scatterer volume fraction is non-monotonic with the maximal 

8-fold possible increase in the backscattered RS signal efficiency (see Fig. 1) When GaP powder is added 

to DMSO, the mean photon path length and the RS signal decreased significantly with an increase in the 

scatterer volume fraction due to light absorption in them. 
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Fig. 1. Backscattered Raman signal enhancemen in rutile suspensions for excitation wavelength of 1064 nm, simulation data. 

The results of numerical simulation of the temporal dynamics of laser pulses propagation in suspensions 

are in good agreement with experimental data for the particle volume fraction not higher than 0.01. For 

denser suspensions, experimental data indicate non-diffusion light propagation caused probably by 

scattered waves interference. Experiments on RS in rutile particle suspensions demonstrate maximum 3-

fold increase in the RS signal achieved at excitation wavelength of 1064 nm with a scatterer volume 

fraction of 0.006. A non-monotonic dependence of the RS signal on the scatterer volume fraction is shown: 

the monotonic increase of RS signal up to maximum, then decline and subsequent signal increase are 

observed. The found dependence is consistent with the experimentally observed increase in the photon 

dwelling time for relatively low scatterer volume fractions and possible appearance of coherent effects for 

higher scatterer concentrations. 
 
[1] B.H. Hokr et al. Bright emission from a random Raman laser, Nature Communications, 5, 4356 (2014). 

[2] K.P. Bestem'yanov, V.M. Gordienko, A.A. Ivanov, A.N. Konovalov, A.A. Podshivalov, Optical heterodyning study of the propagation dynamics 
of IR femtosecond laser pulses in a strongly scattering porous medium, Quantum Electronics, 34, 666 (2004). 

[3] L. Wang, S.L. Jacques, L. Zheng, MCML—Monte Carlo modeling of light transport in multi-layered tissues, Computer Methods and Programs 

in Biomedicine, 47, 131-146 (1995). 
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One of the key elements of integrated photonics, the optical (de)multiplexer, divides the signal along the 

wavelength or combines multiple signals with different wavelengths into a single signal. This device is 

widely used for optical communication and as an integral spectrometer. The arrayed waveguide grating 

(AWG) design is of a particular interest, because it has a good balance between the free spectral range and 

resolution. But further channel densification is problematic because lasers’ instability starts to be noticeable 

within the spectral width of one channel [1], other spectrum shifting effects and error in wavelength 

matching. This is corrected by using the multiplexer's transmission characteristic's known as the flat-top 

peak shape. One approach of getting such a form in AWG is by adding MMIs (tapers) to input and/or 

output waveguides, which convert single mode input to multimode output and widen the amplitude profile. 

The width of input field determines one of the most important spectral characteristics of an AWG — the 3 

dB bandwidth. 

In this study the influence of the input field on the AWG spectrum is analyzed. Existing taper design 

techniques [2,3] are reviewed and the impact of the taper parameters on the input field is discussed. 
 
[1] E. Wildermuth, Performance optimization of flat-top passband arrayed waveguide grating demultiplexers. Diss. ETH Zurich, (2000). 
[2] D. Dai, W. Mei, S. He, Using a tapered MMI to flatten the passband of an AWG, Optics Communications, 219(1-6), 233-239, (2003). 
[3] Y. Fu et al., Efficient adiabatic silicon-on-insulator waveguide taper, Photonics Research, 2(3), A41-A44, (2014). 
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Within the framework of the geometric optics model, an algorithm for calculating the trajectories of oblique 

rays (hybrid modes) [1-3] in an optical fiber with a stepped refractive index profile has been developed. 

The first (three-dimensional) version of the algorithm is reduced to the sequential calculation of the 

coordinates of the ray reflection points in vector form. The second (two-dimensional) version of the 

algorithm is reduced to an independent calculation of the transverse coordinates of the reflection points, 

followed by the calculation of the longitudinal (axial) coordinates. The calculation results for the two 

variants of the algorithm are the same. Using the developed algorithm, the trajectories of oblique rays in 

an optical fiber with a core diameter of 400 μm were simulated under various excitation conditions. The 

projections of the ray trajectories onto the output end of the fiber are calculated. A characteristic topological 

form of projections is an envelope ring, the inner boundary of which determines the caustic. “Resonant” 

types of projections of ray trajectories are revealed. An experimental verification of the developed 

calculation algorithm was carried out in experiments on the excitation of oblique rays (λ = 532 nm) in 

silica-polymer optical fibers with a core diameter of 400 and 600 μm. 

 
Figure 1. and experiment (left) and Simulation (right) of distribution of intensity. 

 

Figure 1 shows photographs of the radiation intensity distributions of the hybrid modes obtained under 

some conditions of input of radiation, as well as their calculated analog (projections of trajectories). It can 

be seen that the experimentally recorded intensity distributions and their calculated analogues are 

topologically similar to each other. 

Note that in works on the excitation of multimode OFs, close in subject matter to this work, the analysis 

of the features of the caustics of oblique rays was not carried out. 

 

The work was carried out within the framework of the state task of the Kotelnikov IRE RAS. 
 
[1] В.Б. Вейнберг, Д.К. Саттаров. Оптика световодов. Л.: Машиностроение, 1977. 

[2] А. Снайдер, Д. Лав.Теория оптических волноводов. М.: Радио и связь, 1987.   
[3]  Д.В. Кизеветтер, Н.В. Ильин. Распределение интенсивности света вблизи выходного торца волоконного световода при  наличии 

оптических вихрей. Научно-технические ведомости СПбГПУ. Физико-математические науки. № 3(177), С. 151-154, (2013). 
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Aqueous solutions of ethylene glycol (EG, HOCH2CH2OH) and 1,3-propylene glycol (1,3-PG, 

HOCH2CH2CH2OH) are widely used as cryoprotectants and antifreezes, in particular as deicing fluids for 

ground deicing of aircrafts. The relative contents of the glycol and water determine the physicochemical 

properties of the solutions, including the freezing point, thermal conductivity and viscosity. Thus, 

development of effective methods of glycols aqueous solutions structural characterization is very much in 

demand for the fundamental researches and numerous applications. 

At deposition on substrates, the polar and structurally flexible molecules of glycols can change their 

conformational states and form ordered structures on a surface. Besides, due to various rates of evaporation 

of the glycols and water, chemical composition of the solutions on substrates can change significantly with 

time. 

  
 

Fig. 1. Temporal evolution of Raman spectra of 1% EG solution on nickel and silicon substrates. 

 

Recently, we developed Raman method for the glycol content evaluation in aqueous solutions, which can 

be used down to the glycol content of 1 mol.% [1]. In this work wе used this method to study the structural 

evolution of 1% aqueous solutions of EG and 1,3-PG on various substrates as a function of period of time 

elapsed from the moment of casting of the solution on a substrate. We revealed that the conformational 

composition of the glycol molecules in the aqueous solutions on the substrates changes insignificantly 

compared with that of liquid glycols and glycol aqueous solutions. Analysis of the OH stretching band 

intensity in the Raman spectra of the solutions on the substrates showed that after application of the solution 

on the substrates the content of water in the solutions decreases fast. The change in relative contents of 

glycol and water on substrates depends on the chemical structure of glycol and material of the substrate. 

In particular, we revealed that the rate of water evaporation is greater on nickel substrate compared to 

silicon substrate (Fig. 1). We found out that some water remains in the solution on the substrate even an 

hour after the application of the solution. 
 
1. Liubimovskii S.O., Novikov V.S., Ustynyuk L.Yu., Ivchenko P.V., Prokhorov K.A., Kuzmin V.V., Sagitova E.A., Godyaeva M.M., Gudkov 

S.V., Darvin M.E., Nikolaeva G.Yu. Raman structural study of ethylene glycol and 1,3-propylene glycol aqueous solutions. // Spectrochimica 

Acta Part A: Molecular and Biomolecular Spectroscopy. − 2023. – V. 285. – Art № 121927. 
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 Nowadays a lot of people are suffering from cancer diseases [1], so development of special 

bioimaging agents could be a breakthrough in oncology treatment. New approach implies a targeted impact 

on the tumor: directional drug delivery or different prospects of the sensitization help reduce hard 

consequences of chemo- and radiotherapy. Nanomaterials of porous silicon (pSi) have many useful 

properties for teranostics, such as biocompatibility, biodegradation, red and infrared luminescence. Due to 

this characteristic pSi could be detected in cancer cells or even in a whole living organism [2]. Tumors are 

tend to accumulate nanoparticles more active than health tissue, so pSi materials could be delivered into 

the tumor through the bloodstream. Bioimaging allows to trace metabolic ways of pSi and their degradation 

during the time.   

 In this work porous silicon nanowires were investigated. The most popular top-down method for 

the synthesis of porous silicon nanowires (pSiNWs) is the metal-assisted chemical etching (MACE) of 

crystalline silicon (c-Si) wafers. As a catalyst in MACE, silver nanoparticles are usually used [3,4]. 

However, the use of bioinert gold nanoparticles (Au-NPs) here can significantly improve the performance 

of pSiNWs for their biomedical applications. In the presented work, arrays of pSiNWs were obtained by 

the MACE method, where Au NPs were used as a catalyst. The scanning electron microscopy method 

showed that the etching of c-Si wafers with resistivity of 1-5 mOhm*cm produces arrays of porous 

nanowires with 50 nm in diameter consisting of small silicon nanocrystals (nc-Si) and pores. The size of 

nc-Si was calculated from the Raman scattering spectra and is about 4 nm. It was shown that due to the 

quantum confinement effect in small silicon nanocrystals, which are present in the porous structure of 

pSiNWs, the excitation of effective photoluminescence (PL) with a maximum in the red region of the 

spectrum is possible. At the same time pSiNWs are characterized by low toxicity to cancer MCF-7 cells 

and the PL properties of the pSiNWs allow their usage as contrast agents for bioimaging that was 

demonstrated (fig.1a). 

 
Figure 1 a) pSiNWs as contrast agents for imaging of MCF-7 cells, b) Photoluminescence spectra of  pSiNWs. 

 

The research is supported by Russian Science Foundation Grant No. 22-72-10062. 
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Modern challenges of photonics and nanoelectronics require designing new compact planar elements for 

integrated photonic circuits. Such systems usually are based on various thin semiconductor films. 

Therefore, fast and scalable techniques to make micro- and nanostructures in the thin films are actively 

developing now. Different multi-stage lithography techniques are widely used. Additionally, direct laser 

writing (DLW) approaches allow fabrication of photonic and electronic micro- and nanocomponents with 

desirable properties in one step. In particular, laser-induced periodic surface structures (LIPSS) can be 

created with femtosecond laser irradiation. One of the reasons of LIPSS arising is intensive photoexcitation 

of electron-hole plasma with following surface plasmon-polariton generation at semiconductor surface 

[1,2]. Such surface electromagnetic waves give a contribution to the relief modulation with the wavelength- 

and subwavelength periods. 

Thin amorphous silicon films look promising for the DLW technique. So, LIPSS formation in them leads 

to noticeable optical [3] and electrophysical anisotropy [4] in plane of a sample. 

Herein, we describe our experiment with thin amorphous silicon films (1.0 m), including the films 

covered with a 10 nm aluminum layer, irradiated with femtosecond laser pulses (515 and 1030 nm, 300 

fs). As a result, LIPSS were fabricated, and they covered areas up to 2х2 mm2. Structural features of 

irradiated surfaces were examined by optical and scanning electron microscopy. All LIPPS are gratings 

oriented perpendicular to the laser beam polarization and have periods close to the wavelength. The 

observed LIPSS formation is well explained with the plasmon-polariton mechanism and the so-called Sipe-

Drude theory [1,5]. 

Surface periodicity may lead to artificial anisotropy according to the generalized Bruggeman model [6]. 

To examine the anisotropy, we studied our samples by Fourier-transform infrared spectroscopy in the range 

of 500–6500 cm-1 where silicon possesses relatively low absorption. The measured reflectance spectra are 

characterized by interference in the thin silicon films. The spectra are different for various polarization of 

the incident light. An analysis of the values of interference extremums and their spectral positions allowed 

to estimate the dichroism and birefringence values, respectively. The best results were obtained in the 

spectral region of 1.9–2.7 m: the dichroism is 0.12 m-1 (the difference between the absorption 

coefficients) and the birefringence is 0.2 (the difference between the refractive indices for the ordinary and 

extraordinary waves). These values look sufficient to further designing polarization-sensitive planar 

devices for the near infrared region. 

The investigation was funded by the Russian Science Foundation grant # 22-19-00035, 

https://rscf.ru/project/22-19-00035/. 
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Previously it was reported that Cherenkov radiation was observed in atomic vapors of alkali metals 

(potassium) excited by a laser. The role of the source propagating in vapors at superluminal speed was 

assigned either to the nonlinear polarization induced in the medium [1] or to the photons [2] on the axis of 

the laser beam. Axions  can propagate in vapors of alkali metals at the same speed. Let's focus on the 

axions. The use of the axion allows us to give a clear qualitative picture of the interaction of radiation and 

matter. 

In the illustration: the frequency-angular spectra obtained at the output of a cuvette with potassium vapor 

in the frequency range of the main doublet 4 S 1/2- 4P 1/2,3/2 using a tunable laser are presented below. If the 

frequency of laser radiation is less than the transition frequency 4 S1/2- 4 P3/2, then at the output of the 

cuvette we have a cone of Vavilov-Cherenkov radiation.  

                       ↓4 S 1/2- 4P 1/2               ↓4 S1/2- 4 P3/2 

 

↓ 

                                                ↑  4 S 1/2- 4P 1/2         ↑   4 S1/2- 4 P3/2 

According to the definition, Vavilov-Cherenkov radiation is the emission of light by a particle that occurs 

when it moves in a medium at a speed exceeding the phase velocity of light in this medium. Such a particle 

in the considered case is an axion. Тraditional, according to Bohr and Einstein, scheme of the processes of 

interaction of   radiation and    medium   :1) absorption of radiation, 2) spontaneous emission of radiation, 

3) forced emission of radiation in the absence of resonance between the pumping frequency and the 

frequencies of electronic transitions in the doping atoms complements the process of photon annihilation 

with subsequent axion decay.       
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RADIATION3PROPAGATED IN A DISPERSION MEDIUM         Journal of Applied Spectroscopy, Vol. 89, No. 6, 1142-1146,( 2023) Russian 

Original Vol. 89, No. 6, November–December, (2022) 
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 Complex study of interaction of high intense femtosecond laser pulses with gas nanoclusters and 

single microdroplets aimed to providing fundamental and applied knowledge for development of effective 

pulsed sources of teraherz (THz) radiation is presented. High local density of the nano- and micro- targets 

in addition with high localization of the light wave’s field near these subwavelength structures lead to 

appereance of strong nonlinear effects revealing, particularly, in efficient generation of new frequencies 

in an extremely wide spectral range: from X-ray to THz. 

 The nanocluster target in our experiments was formed by means of gas adiabatic expansion. In 

this method, the gas under high pressure expands through a special form nozzle into vacuum. Fast 

adiabatic cooling of the gas results in formation of nanometer scale clusters in the supersonic jet. Fig.1(a) 

illustrates the method and shows a distribution of the total atomic density in the cluster jet, studied in our 

experiments, and CCD-images of laser plasma filaments. The interaction of powerful femtosecond laser 

pulses with specially formed gas-cluster jet proceeds with high efficiency and is accompanied by the 

generation of directional beam of THz radiation [1]. Here we present and discuss the results of studies of 

THz generation from laser-excited nanocluster targets with various properties. 

  As a matter for the microdroplet targets a liquid metal eutectic alloy (48% Sn, 52% In) and 

dielectrics such as distilled water and isopropanol were used. The single free-falling microdroplets with a 

diameter of around 50 um synchronized with laser pulses were produced with special high temperature 

dispenser device as described in our paper [2] and illustrated in Fig.1(b). We demonstrated that double-

pulse excitation significantly enhances the yield of THz signal, which is accompanied with X-ray. The 

study of the THz signal dependence on laser excitation parameters together with its angular distribution 

allowed us to make some assumptions on origin of the THz radiation and the ways of the signal 

optimization. 
 

 

 

 
 

(a) 
 

(b) 

Fig. 1. Formation of nano- and micro- size targets for THz generation. (a) supersonic gas-cluster jet and photos of laser focus at 1.5, 18.3 
and 32.3 mm below the nozzle output. (b) free-falling droplets and photos of single droplet before and 2 us after laser excitation. 

  

 This work was funded partly by the Ministry of Science and Higher Education within the State 

assignment FSRC “Crystallography and Photonics” RAS and in part by the Ministry of Science and 

Higher Education of the Russian Federation in framework of Agreement № 075-15-2022-830 from 27 

May 2022.  
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Nonlinear optics of the THz frequency range is a rather young field of knowledge. This is due to the 

fact that high-power pulsed sources of THz radiation, which make it possible to observe nonlinear 

phenomena in various media without damaging them, appeared not so long ago [1]. The wide 

application of intense radiation in the THz range in various fields of knowledge elevates to the rank of 

topical the task of developing devices and technologies for controlling light by light, which can be 

based on nonlinear optics of this frequency range. Accordingly, the problem of systematic analysis of 

the mechanism of giant nonlinearity and study of the features of wave phenomena in media with such 

a nonlinearity has become urgent. 

This work is devoted to a review of the achievements in the field of nonlinear optics of the THz 

frequency range over the past 5 years. For instance, it has been shown that for this spectral range the 

main low-inertia mechanism of the materials nonlinearity is the anharmonicity of molecular vibrations 

of optical media. Particularly large values of the nonlinear refractive index of crystals were predicted 

in the region of two-photon resonances with vibrational modes of crystals and in liquids [2]. The 

above theory has been modified to describe the nonlinear mechanisms of liquids with anisotropic 

molecules [3]. It has been shown theoretically and experimentally for the first time that the nonlinear 

refractive index of some liquids can be six orders of magnitude (million times) higher than that of the 

same liquids in the visible and near-IR spectral ranges [4]. 

In addition, the features of nonlinear wave phenomena in the field of THz radiation were studied. 

Such "surprises" of the nonlinear optics of pulsed THz radiation as the possibility of "disappearance" 

of self-focusing of radiation when its power exceeds the critical power of self-focusing due to the 

predominance of the phenomenon of their dispersion over diffraction in the field of few-cycle waves 

[5], or "disappearance" for single-cycle THz waves in media with cubic nonlinearity of another 

classical nonlinear phenomenon, third-harmonic generation, and the generation in the field of such an 

extremely short radiation pulse of quadruple frequencies with respect to the maximum of the main 

spectrum [6] have been shown theoretically and experimentally. It has been established that, due to 

the peculiarities of the spatiotemporal dynamics of single-cycle THz pulses, the use of known 

methods for estimating the nonlinear refractive index in this spectral range, for example, z-scan, 

requires their qualitative processing. Otherwise, the results obtained by the technique for quasi-

monochromatic pulses may differ from the actual results for waves from a small number of 

oscillations by orders of magnitude [7]. 

The results obtained open up the possibility for detailed study of the nonlinear properties of materials 

caused by the interaction with intense THz pulses, which can help to reveal new features of nonlinear 

media, and to obtain the characteristics of the most promising materials for creating passive and active 

devices of THz photonics based on nonlinear phenomena. 
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The development of physical principles for the  designs of highly sensitive fast -response real -time 

detectors and visualizers of microwave and terahertz radiation is an urgent task [1]. Here the opportunity 

of implementing detectors and visualizers based on activated fluoride nanoparticles, which are efficient 

luminescent temperature sensors [2,3] is discussed. 
Fluoride crystalline materials, having low values of heat capacity, thermal conductivity, and density [3, 

4], allow to create composite nanoparticles of the "core -shell" type, where water cluster s or metal 

inclusions can act as the core, providing efficient conversion of terahertz radiation into heat, followed 

by heating of the luminescent shells. It is proposed to use the dependence of the spectral -luminescent 

properties of nanoparticles on tempe rature. The features of the synthesis of rare earth ions doped  

fluoride nanoparticles of various compositions and morphology  are presented, their absorption and 

fluorescent spectral-kinetic characteristics in THz and optical spectral and temperature ranges in which 

their maximum temperature sensitivity is realized are discussed. The detection thresholds for terahertz 

radiation and the inertial properties of temperature sensors based on fluoride nanoparticles are 

evaluated. A further prospects of nanosensoric are discussed.  
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High-order harmonic generation (HHG) and generation of terahertz (THz) radiation in matter interacting 

with intense laser fields are the most actively studied phenomena in non-linear optics. Initially, it was 

assumed that the mechanisms of HHG and THz radiation are “located” on different spatial scales: HHG is 

a consequence of the response of a single atom [1], when discussing the mechanisms of generation of THz 

radiation in gaseous media, one mainly singles out the contributions of the macroscopic photocurrent 

generated by ionized electrons motion in the laser field, and a neutral medium by taking into account its 

non-linear susceptibility tensors [2]. At the same time, experimental studies demonstrate the common 

features of these two phenomena [3], therefore, at present, the concept of the unified nature of these 

phenomena is being developed: HHG and THz radiation generation are the result of a common process of 

electron motion in the superposition field of multicomponent multi-color arbitrarily polarized laser 

radiation and Coulomb potential of the atom [4, 5]. 

This work presents the results of recent theoretical studies on HHG and THz radiation by atomic systems 

interacting with two-color femtosecond laser fields. The calculations were carried out using a non-

perturbative theoretical approach [5], which makes it possible to calculate the amplitudes and phases of 

radiation generated by a single atoms, as well as an interference model [6, 7], which makes it possible to 

calculate the angular-frequency spectra of radiation generated by an extended medium, which is an 

ensemble of space-distributed and non-interacting with each other atoms. The contribution of the effects 

of quasi-phase matching [8] during HHG and THz radiation by media, which are a set of gas jets separated 

by vacuum gaps, is discussed from the point of view of developing methods for increasing the generation 

efficiency and controlling the polarization state of the generated radiation. 
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Over the past years, research and development of terahertz (THz) science and technology have 

demonstrated its broad application prospects in non-invasive imaging [1], medical diagnosis [2], 

spectroscopy applications [3] etc. Consequently, the knowledge of the spatial profile of THz fields 

outgoing from the air-based plasma source becomes very important.  

In this work we measure experimentally and simulate numerically two-dimensional (2D) frequency-

resolved spatial distributions of terahertz radiation from a single-color filament plasma channel. By 

varying initial pulse energy, geometrical focusing distance, beam diameter and using two different central 

pulse wavelengths 744 and 930nm we found that for the unbiased plasma source the conical beam shape 

dominates at all frequencies studied (0.3 – 10 THz), Fig.1a,b. The breakup of the conical shape was 

observed in the form of the azimuthal modulation in the case of unbiased single plasma channel (Fig.1b). 

With increasing initial near-infrared pulse energy and multiple filament formation the terahertz beam 

profile was changed from the conical one to the one with the on-axis maximum (Fig.1c). In the presence 

of the DC bias applied across the plasma channel, the terahertz beam with the central frequency below 5 

THz became a flat-top, rather than the conical one, in a single filament regime (femtosecond pump pulse 

energy about 1-2 mJ) [4].  

Two-dimensional terahertz beam measurements were implemented using a superconducting MoRe 

bolometer, Scontel RS-CCR-1-12T-1+0.3-3T-0.1 with the bandpass THz filters in front of it. Bolometer 

was fixed on the rotating board to vary the horizontal angle. The vertical angle was changed by moving 

the focusing spherical mirror along the vertical post, see Ref. [5] for the experimental setup details. The 

simulations were performed using Unidirectional pulse propagation equation (UPPE, [6]) for the optical 

pump coupled to the Unidirectional Hertz vector propagation equation (UHPE, [7]) through the crossed 

domains for optical and terahertz radiation algorithm (XDOT, [4]). In several experimental geometries the 

interference model [8] was applied to calculate the far-field 2D THz spatial distribution produced by the 

corresponding plasma channels.  

In conclusion, we have demonstrated detection and control of the THz beam from the air-based 

single-color extended plasma source.  
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Fig. 1. Measured 2𝐷 angular fluence 
distributions of THz radiation filtered at (a) 
0.3 THz, (b) 3 THz were obtained with 744nm, 
1.6, 1.8mJ pump focused at f=50cm; (c) 0.5 
THz was obtained with 930nm, 12mJ pump 
focused at f=100cm. In (a),(b) the eight-
shaped curves show the measured 
polarization of THz field for the selected 
horizontal and vertical angles. Dashed white 
circles fit the measured THz fluence 
distributions with donut-like transverse 
shapes revealing conical emission from 
extended plasma source. 
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The generation of terahertz (THz) radiation is of great technological importance for many 

applications, such as non-destructive diagnostics, ultrafast computing, wireless communication, and direct 

control of material order parameters. Over the past decade, a lot of work has been done to find materials 

and mechanisms that provide terahertz radiation with the required characteristics. Spintron structures as 

terahertz emitters (SHEs) have special characteristics. First of all, this is a wide spectral range of radiation 

(0.5 ÷ 15 THz, two orders of magnitude of the dynamic range) with a signal amplitude comparable to that 

of a reference emitter, a ZnTe crystal. THz radiation is excited in the SHE by a femtosecond laser pulse 

due to the mechanism of the inverse spin Hall effect, where the ultrafast spin new photocurrent is converted 

into a transverse charge current. The highest efficiency of conversion to THz radiation was achieved with 

SHE in bi- and three-layer structures based on Co/Pt [1]. Polarization of THz radiation in SHE is 

perpendicular to its magnetization.  

To work with THz radiation, as well as with optical, elements of THz optics are required, in 

particular, polarization rotators (analogues of a half-wave plate). The obvious way to rotate the 

polarization of the THz wave is to rotate the magnet around the SHE, which is extremely inconvenient. In 

this paper, we show the ways of polarization rotation upon changing only the magnitude of the external 

magnetic field in the spintron emitter and the magnitude of the voltage in the spintron emitter/piezoelectric 

structure.  

Rotation of the plane of polarization without rotation of the magnet, but only by changing the 

strength of the external magnetic field, is possible in materials with a spin-reorientation transition (SRT) 

induced by a magnetic field. To do this, the structure must have an anisotropy of the “easy axis” type. In 

voltage controlled systems, energy consumption is usually lower than with current control. The use of a 

composite multiferroic is a way to combine the advantages of SHE and voltage control. The main problem 

of controlled spintron emitters is their low efficiency. In structures based on Co/Pt, which have the highest 

THz conversion efficiency, polarization control has not yet been demonstrated.  

In this paper, a short review of current situation with achievments on THz emitters will be 

presented, both commonly used and polarization controlled ones. New results on magnetic-field controlled 

spintromic emitters will be shown. 

The work is supported by Russian Science Foundation (Grant№ 23-19-00849). 
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The growth in the number of methods and devises for generation terahertz (THz) radiation and 

improvement of their performance are essential for the progress of THz science and technology. In the 

recent years THz radiation below 3 THz realized with a reasonably high efficiency in the range of widegap 

solid crystals like GUHP, under the irradiation of femtosecond near-IR laser pulses. Typical for such 

sources is a single-cycle THz splash at the very beginning of generated pulse, and the prolonged oscillation 

radiation, the frequency of which corresponds to the frequency of a Raman active mode(s) in the samples. 

While the splash accounted for in terms of the optical rectification of pump radiation, the prolonged 

oscillation attributed to the dipole emission by coherent phonons generated in an optically transparent 

solid medium when a sufficiently short laser pulse passes through the phenomenon was called the 

impulsive stimulated Raman scattering (ISRS)). Their THz radiation is possible because the correspondent 

phonon modes are both Raman and infrared active. 

The present talk studies narrow-band terahertz (THz) emission stimulated by femtosecond laser pulse in 

molecular crystal guanylurea hydrogen phosphite (GUHP). We demonstrate that this emission is closely 

connected with the excitement of high-quality phonon oscillations in the crystal, which is proved by the 

temperature dynamics of the spectra and DFT calculations. For the purposes of studying the origin of this 

stimulated THz emission and creation of the adequate model of the phenomenon, we analyzed the 

polarization sensitive spectra of spontaneous Raman scattering and THz transmission spectra while 

considering their polarization features in relation to crystallographic axes of GUHP crystal. In this paper 

we show that molecular crystals provide an effective means to convert vis-NIR laser light regardless of 

wavelength into the THz frequency range. This approach can lead to the creation of “laser-like” source 

with the desired THz frequency for a range of medical, scientific, and technological applications. 
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Heritage science is a field of complex research, located at the junction of the humanities and the fine 

sciences: history, art history, archeology, sociology and urban studies, and at the same time - chemistry, 

physics and biology. In our country, a unique school of art history and restoration has been formed, 

combining the accuracy of the humanistic approach with the careful methods of preserving cultural 

heritage monuments. This was largely due to the emergence of technical and technological research 

laboratories at museums and restoration centers.  

One of the most difficult problems for museum restorers and technologists is non-destructive studies of 

multilayer coatings. Traditional museum methods, such as x-ray radiography, infrared reflectography, give 

an integrated picture of all layers and it is almost impossible to determine the sequence of layers and 

highlight the layer of interest. For this purpose, the terahertz time-domain spectroscopy (THz-TDS-based) 

object visualization system can be useful. Due to non-invasive properties of THz radiation, such a system 

allows to be applied for investigation of an object of art.  

The main goal of this study was to test the detecting capacity of such a system to identify layers of paint 

below the surface. We have used a unique test-object, mimicking the most common tasks for painting 

investigation. The image of paints on canvas was recorded using the TeraPulse LX (TeraView, UK) system 

with a spectral range 0.06 THz – 6.00 THz. Due to the high sensitivity of THz radiation to the distinction 

between the optical properties of painting materials, this experiment allowed us to obtain detailed 

information about the structure and spectroscopic data of layers of objects and pigments, and determine 

the shape of invisible elements without damaging the canvas. Thus, the THz imaging method can be very 

useful in restoration work designing, determining defects in the structure of paintings materials, as well as 

when searching for hidden objects under layers of paint. 

Our research is dedicated as well to the investigation of image processing methods applied to THz images 

of painting. To our best knowledge, there is no comprehensive research on enhancement of THz images 

of art objects. Previous research in THz imaging concerned different image processing methods but were 

not applied to the objects of art. However, artworks appeared to be more complicated to reconstruct and 

process by means of THz imaging, which might be related to the specific structural data, unique for every 

object. 

Algorithms of enhancement were created and applied to the images of painting’s inner layer. The details 

on these images became sharper and more distinguishable. The results were quantified by PSNR value, 

which increased in every case. The intensity histograms and the intensity spectra before and after 

processing were compared. The obtained results can be regarded as positive and, therefore, these image 

processing methods can be interesting for the purposes of artworks investigation before restoration. 
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Femtosecond filament in the external electrostatic field (DC-biased filament) is a prominent source of 

terahertz (THz) radiation [1]. As the external field grows above ∼3 kV/cm [2], the directional diagram of 

the THz emission from a DC-biased filament in air is unimodal with the maximum on the laser beam axis. 

This was confirmed by numerous experiments and numerous registration techniques, either narrowband 

detection [2], wideband detection [3, 4], or spectrally resolved [5, 6]. The excellent directionality of THz 

emission from DC-biased filament makes this THz source a promising tool for the measurements of low 

(1013–1015 cm–3) densities of free electrons [7]. The measurements of THz directional diagrams [2–6] were 

done in the low-frequency range below 2–3 THz. However, 3D + time simulations of THz generation in 

DC-biased filament performed in our recent work [6] predicted the appearance of THz conical emission 

in high-frequency THz range (for our 90-fs pulse at ∼10 THz). In this work, we confirm this prediction 

experimentally. 

In our experiment, we focused the 740-nm, 90-fs, 1.8-mJ pulse into the air gap between the 

electrodes biased by 15-kV/cm static electric field. The plasma filament between the electrodes was a 

source of THz radiation detected by a superconducting MoRe bolometer Scontel RS-CCR-1-12T-1+0.3-

3T-0.1 sensitive in the spectral range of 0.3–10 THz. The bolometer with the bandpass filters (centered at 

the frequencies 𝜈 = 0.5, 1, 3 and 10 THz) was fixed on the 40-cm-long horizontal board and rotated at the 

horizontal angle  around the vertical axis. The spherical mirror was fixed on the vertical 40-cm post. To 

vary the vertical angle , we moved the focusing mirror along the post. So, the variation of the angles  

and  allowed us to reconstruct the 2D distributions of the THz fluence F(, ) at the frequency 𝜈 

determined by the bandpass filter. We traced experimentally the transit from the on-axis unimodal angular 

distribution at 0.5–1 THz to the conical one at 10 THz, see Fig. 1.  

 

 

 
 

Fig. 1. 2D distributions of the fluence F(, ) measured at frequencies (a) 𝜈 = 0.5 THz, (b) 1 THz, (c) 3 THz, (d) 10 THz. 
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Nowadays spectroscopic analytical methods, operating in the frequency ranges from microwave to 

ultra-violet as well as other physico-chemical methods (mass-spectrometry, microscopy etc.) are used for 

medical diagnostics. These methods allow to reveal the metabolites, typical for a specific disease. When 

compiling a metabolic profile one can diagnose a disease and its etiology, as well as predict treatment. 

One of the complicated problem is to identify a biofilm, being the main type of existence of bacterial 

associations, which has its spatial and metabolic structure and forms on the mucosa in a human body. The 

work is devoted to analyzing the metabolites composition of the biofilms, forming at chronic 

adenotonsillitis, by high-resolution THz spectroscopy and the comparison of the thermal decomposition 

products of biofilms formed by Staphylococcus aureus, Streptococcus pyogenes, Klebsiella pneumoniae 

and Enterobacter coli. 

A THz spectroscopy based on nonstationary effects such as inducing and decaying the free dumping 

polarization in a gas sample at the interaction of radiation and gas molecules can be considered as a high 

sensitive method of investigating the multicomponent gas mixtures The devices can be realized in phase 

switching or fast sweeping modes of the probing radiation. The spectrometers with phase switching or with 

fast frequency sweeping developed by the authors, operating in the range of 118-178 GHz, were used. The 

sensitivity of the recorded absorption coefficient for these spectrometers at a cell length of 1 m is from 10-

7cm-1 to 5*10-8cm-1. The THz gas spectroscopy method allows to detect volatile compounds in a 

multicomponent gas mixture, including ones of biological origin. Therefore, it is promising to study the 

volatile compounds (products of thermal decomposition of macromolecules) as secondary metabolites of 

films, that appear when the sample is heated. The main pathobionts and their ability to biofilm formation 

at chronic adenotonsillitis with the identification of tissue metabolites with using the THz high resolution 

gas spectroscopy methods were studied, at that he influence of the pathogen was analyzed.  

The biofilms formed by such bacterial types as Staphylococcus aureus, Streptococcus pyogenes 

Klebsiella pneumoniae and Enterobacter coli were studied. The compositions of their thermal 

decomposition products differ significantly. The results obtained can be used in the future to reveal the 

infection of ENT organs tissues with certain bacteria, as well as to detect the presence of biofilms in the 

microflora of ENT organs. 

This research was funded by the Russian Science Foundation, grant No. 21-19-00357, 

https://rscf.ru/en/project/21-19-00357/. 
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During the past few years, we introduced various materials for THz optical elements designing. The 

sapphire shaped crystals which are characterized by the relatively low THz wave losses, high refractive 

index and high inertness to external environment. Waveguides, fibers and fiber bundles based on the 

shaped sapphire could be used both for low-loss radiation delivery and for superresolution imaging tasks 

[1-5]. Recently we developed the hollow-core THz waveguides with polymer cladding for managing the 

angular distribution of the two-color laser air plasma emitter [6], Moreover, such waveguides with the 

combination of the sapphire solid immersion lens could be used for the endoscopic system development 

[7] with spatial resolution around 0.19 λ. Artificial opals based on the colloidal SiO2 nanoparticles also 

were considered as perspective THz material with manageable optical properties [8]. It was reported that 

variety of bulk THz optical elements, such as cylindrical and axicone lens, could be created from this 

material, while the optical properties are tuned by the annealing at different temperatures [9]. The 

investigation of the possible interactions between such a porous material and water vapors from the 

atmosphere has the significant interest for THz element designing. We report about the new results of the 

moisture adsorption studying by artificial SiO2 opals using THz pulsed spectroscopy [10]. 

 

This work was supported by the Russian Science Foundation (RSF), research project # 22-72-10033. 
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Transport properties of topologically nontrivial materials are of a great applied and fundamental interest. 

Hg1-хCdхTe solid solutions exhibit a composition-driven topological transition from the trivial 

semiconductor phase (x > 0.16), characterized by the direct energy band ordering, to the topological phase 

(х < 0.16) with the inverted energy spectrum. Terahertz optoelectrical probing may provide an 

experimental observation of topological conductive states in Hg1-xCdxTe solid solutions due to relatively 

low bulk carrier concentration. In this work, we study terahertz photoconductivity in Hg1-xCdxTe epitaxial 

films in a close vicinity to the alloy composition x ~ 0.16, which corresponds to the topological phase 

transition.  

Hg1-xCdxTe-based heterostructures (0.12 < x < 0.16) with active layer thickness d ~ 4 µm were synthesized 

on a semi-insulating GaAs [013] substrate with ZnTe and CdTe buffer layers by means of molecular beam 

epitaxy. Transport properties of the structures were studied in the 4.2 - 300 K temperature range. All the 

samples were of the n-type. The typical bulk concentration was ~ 1014 cm-3 at T = 4.2 K. Terahertz 

photoconductivity stimulated by 100 ns laser pulses was studied in the frequency range 0.6 - 3.9 THz in 

magnetic fields up to 4 T at T = 4.2 K. The samples under study were prepared with both the standard Hall 

bar sample geometry and the nonlocal H-bar-like geometry with various geometrical parameters. 

We show that the photoresponse in the topologically nontrivial phase (x < 0.16) demonstrates strong 

asymmetry in a magnetic field which is absent in the trivial phase samples (x > 0.16) [1]. Also, the 

photoresponse kinetics strongly depends on the position of potential probes on the sample which is not 

due to possible structure inhomogeneity. Moreover, the photoresponse in topological phase of Hg1-xCdxTe-

based heterostructures incorporates a chiral nonlocal contribution indicating the formation of edge 

conductive channels [2]. We discuss the photoconductivity features in terms of a qualitative model that 

takes into account the coexistence of bulk transport and boundary conductive channels. 

The work was supported by the Russian Science Foundation, grant #19-12-00034. 
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 Photoconductive antenna-emitters (PCAs) are intensively used in THz time-domain spectroscopic 

and imaging setups thanks to their reliability, cost-effectiveness, simplicity of fabrication, and their 

flexibility in the designing of antenna electrodes and topology, as well as the choice of photoconductive 

substrate. Compared with the existing THz devices [1,2], PCAs can efficiently work at room temperature 

demonstrating a broadband spectrum of 0.15.0 THz with a perfect dynamic range, i.e. signal-to-noise 

ratio exceeding even 100 dB [3]. Recently, the Ge-based PCA-emitters have demonstrated an 

unprecedented bandwidth reaching 70 THz thanks to an absence of polar phonons in Ge [4]. Moreover, 

an optical-to-THz conversion efficiency of the PCA-emitters is not limited by the ManleyRowe relation 

[5-7], as the photoconductivity theoretically allows converting every single optical photon into one 

electron-hole pair. The drastic issue that limits the PCA-emitter performance is its low conversion 

efficiency, i.e. only the minor part of the laser radiation is transferred to the THz waves, limiting overall 

emitted THz power. Many approaches featuring seminal photoconductor designs and antenna topology 

have been predicted and demonstrated their efficiency, nevertheless the progress is still essential. The 

physical problem is due to low laser light confinement at the electrode/photoconductor interface, as only 

the photocarriers generated in vicinity to the electrodes can contribute to the THz emission. 

 We have proposed the design of the PCA-emitter with a plasmonic grating featuring a very high 

plasmonic Au electrode with a thickness of h = 170 nm. As we show numerically, the increase in h 

significantly changes the electric field distribution, owing to the excitation of higher-order plasmon guided 

modes in the Au slit waveguides, leading to an additional increase in the emitted THz power. We 

developed the plasmonic grating geometry with respect to maximal transmission of the incident optical 

light, so as to expect the excitation of higher-order plasmon guided Au modes. The bow-tie PCA was 

characterized via our laboratory THz-TDS [6,7], and compared to the same photoconductive emitter but 

featuring a 100 nm-thick grating [8]. The both PCAs were fabricated on LT-GaAs, while a wrapped-dipole 

PCA TERA-8 (by Menlo Systems) was used as a THz PCA-detector. We showed that the fabricated high 

aspect ratio plasmonic PCA efficiently work with low-power laser excitation, demonstrating an overall 

THz power of 5.3 µW over an ∼4.0 THz bandwidth, corresponding to a conversion efficiency of 0.2% 

[9]. 

 The work was supported the Russian Science Foundation, project 18-79-10195. 
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The dispersion, excitation, and amplification of electromagnetic transverse electric (TE) modes at terahertz 

(THz) frequencies in graphene in the hydrodynamic (HD) regime, with a direct electric current flowing 

perpendicular to the TE mode wavevector, were theoretically investigated [1]. The expression for the 

nonlocal HD conductivity of graphene with a direct electric current (DC) flowing perpendicular to the TE 

mode wavevector was derived. The direct electric current in graphene leads to the capacitive nature of the 

graphene HD conductivity at THz frequencies, which makes TE modes exist in this frequency range [2]. 

The real part of graphene conductivity can be negative at THz frequencies due to DC in graphene which 

leads to amplification and lasing of THz radiation. The excitation of TE modes in graphene by an incident 

THz wave was modeled for the attenuated total reflection geometry. A new physical mechanism of TE 

mode amplification in graphene effective for a low value of carrier drift velocity was predicted. Terahertz 

lasing regimes with TE modes in graphene structure with direct electric current were found.  

We study for the first time the interaction between the waveguide modes of graphene structure and 

freely propagating THz electromagnetic waves (this interaction takes place within the light cone) [3]. We 

revealed a new and rather unexpected physical phenomenon by showing that freely incident THz 

electromagnetic waves can resonate with the surface TE modes of the graphene waveguide in virtue of 

these modes having their dispersions in the vicinity of the light cone. The dispersion and amplification of 

surface TE modes in a dielectric waveguide covered with two graphene layers biased by DC, as well as 

the amplification and lasing of incident THz wave by excitation of TE mode resonances, are investigated. 

The results of this work can be used to create miniature technologically feasible sources and amplifiers of 

THz radiation. Such structure can be of great practical importance because an external THz wave can be 

amplified or generated in lasing process without using special coupling elements commonly needed for 

ensuring the interaction between external THz wave and surface waveguide modes. The use of a two-layer 

graphene structure makes it possible to reduce the charge–carrier drift velocity required for reaching the 

lasing threshold at those resonances, as compared to a structure with a single graphene layer. 

This work was financially supported by the Russian Science Foundation (Project No. 22-19-

00611). 
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Unique effects of THz-wave–matter interaction push rapid progress in THz optoelectronics aimed at 

bridging the problematic THz gap [1]. However, majority of the THz technology applications still suffers 

from low spatial resolution of common lens- or mirror-based THz optics [2]. In fact, such optics cannot 

overcome the ~0.5λ Abbe limit and provides the resolution larger than a free-space wavelength λ (i.e., a 

few hundreds of micrometers or even a few millimeteres) [3,4]. This humpers the use of THz technology 

in vigorously-explored biomedical applications [5]: diagnosis of malignant and benign neoplasms [6–8], 

diabetes mellitus [9,10], cancer therapy [11], etc. 

To mitigate this difficulty, supper-resolution THz imaging modalities were recently introduced. 

Among them, we particularly underline different methods of the THz scanning-probe near-field optical 

microscopy. They rely on strong light confinement on sub-wavelength probes and provide the advanced 

resolution as high as ∼10−1–10−3𝜆 [12]. Meanwhile, they suffer from small energy efficiency (or presume 

an interplay between resolution, energy efficiency, field of view, and operation rate), while the scanning 

probe may interact with an imaged sample an even perturb its structure. 

In our research, we developed a novel super-resolution THz imaging modality – so-called, THz 

solid immersion (SI) microscopy [2,13–22]. The essence of a SI effect is a reduction in the electromagnetic 

beam caustic dimensions, when it is formed in free space, at small distance behind the high-refractive-

index materials. We developed the THz SI lens, that is based on a wide-aperture aspherical singlet [3] and 

a near-focal composite silicon hemisphere, operates in reflection mode, and provides the resolution as high 

as 0.15𝜆 (beyond the Abbe limit) [14]. It possesses advanced energy efficiency thanks to the absence of 

any near-field probes in an optical scheme, as well as adapted for imaging of soft biological tissues, thanks 

to the composite construction of the hemisphere [14]. We also studied capabilities of a bulk sapphire 

crystal [21], a bulk rutile crystal (with its impressive THz refractive index of ~10) [22], and a compound 

of rutile microparticles and polymer [17], as favourable material platforms of the THz SI optics. 

All these modalities of super-resolution THz imaging were recently applied in biophotonics, 

where they allow for the highly-accurate delineation of the tumor margins, studying the tissue 

heterogeneity at the THz wavelengths scale and the related scattering effects [18–20]. In this talk, we 

discuss, recent achievements and challenging problems in super-resolution THz imaging of tissues. 

This work was supported by the Russian Science Foundation, Project # 22-79-10099. 
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Structured radiation, such as intensity and polarization gratings, and twisted beams carrying orbital angular 

momentum, has a variety of application in physics, chemistry, and biology [1]. The interaction of 

structured radiation with semiconductor systems is of particular interest from fundamental point of view 

and is crucial for the development of optoelectronics [2,3]. 

Here, we explore the photoresponse of a two-dimensional electron system to the terahertz radiation 

with structured intensity, polarization, and phase [4]. It is shown that, besides the photothermoelectric 

current associated with the intensity gradient, the photocurrent contains contributions driven by the 

gradients of the Stokes polarization parameters and the phase of the electromagnetic field. In particular, 

the photocurrents are induced by the radiation with a uniform intensity but spatially varying polarization, 

e.g., at the boundary between the domains excited by radiation with different polarizations. The total 

current emerging at the boundary of the domains excited by circularly polarized radiation with the opposite 

helicity flow along the boundary and does not depend on the boundary structure nor the electron gas 

mobility in the high-frequency limit. This current can be interpreted as the chiral edge current between the 

photo-induced topological phases with the opposite Floquet-Chern numbers. In the framework of the 

Boltzmann kinetic approach, we develop a microscopic theory of the non-linear non-local intraband 

transport of electrons induced by electromagnetic field of structured radiation and derive analytical 

expressions for all the photocurrent contributions. 

The developed theory is also applied to study the photocurrents induced by the Bessel beams 

carrying orbital angular momentum. The emergent photocurrents have both radial and azimuthal (vortex-

like) components which are controlled by the beam polarization and angular momentum. The radial 

photocurrents lead to a redistribution of electric charge in the two-dimensional plane and form the radial 

photovoltage. The azimuthal photocurrents induce a static magnetic field and the corresponding 

magnetization. The results suggest that the measurement of the photoresponse provides a useful 

experimental tool to determine the parameters of structured radiation, such as, e.g., the photon spin and 

orbital angular momentum. 

This work was supported by the Russian Science Foundation (project No. 22-12-00211).   
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The ways to increase the power efficiency of the sideways terahertz wave (THz) generation are studied 

considering Cherenkov optical rectification (OR) scheme in Mg:LiNbO3 crystal. We propose to equip the 

generating nonlinear crystal with a prism-lens coupler made of high-resistance Si with a specially selected 

output surface curvature.  Experimentally, about 4.5-fold increase in output THz field amplitude (Fig.1a) 

and the 12-fold increase in the detected power at 0.5 THz have been achieved when a common flat-surface 

prism [1] was supplied by one of plano-convex lenses under investigation. 

 
  (a)       (b)    (c) 

Fig.1. THz waveforms detected experimentally with the flat Si prism (black dots) and with the same prism supplied by different Si plano-

convex lenses (a); angular distributions of the output THz power calculated for the case of the flat Si prism (b) and the prism-lens coupler  with 
optimal curvature of the output surface (c). 

 

To explain the demonstrated advantage of the curved coupler’s curvatures, we calculated the 

angular distributions of THz radiation power which are emitted by the crystal parts located at the lens axis 

(Figs.1b,c). The calculations are based on the general approach, when the THz generation under OR of 

femtosecond laser pulses unside the nonlinear crystal is considered as a continuous set of simultaneous 

nonlinear three-wave processes of parametric difference frequency generation [2], and the subsequent 

transformation of differently directed planar THz components during their propagation through the crystal-

Si and Si-air interfaces is taken into account [3]. The developed theoretical approach forecasts new 

perspective shapes of the Si-adaptor output surfaces and can be used for further design of optimal 

extraction elements. 

 

The work was done under financial support of the Russian Science Foundation (Grant No. 22-

12-00055). 
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Terahertz (THz) electronics was a subject of numerous scientific studies for the last several decades. 

Efficient handling of THz radiation is vital for further enhancement of medical and security systems, 

meteorological and astronomical instruments, wireless communications, etc. Based on the requirements 

imposed by the application specifics, semi- or superconductor integrated circuits (ICs) are of interest in 

practical THz systems. In the upper part of the THz band, however, their ultimate performance can be 

achieved if electronic circuits are combined with photonic power distribution networks (PPDNs). Benefits 

of such an approach are investigated in number of studies published recently. Use of a hybrid electronic-

photonic platform is meant to mitigate intrinsic losses in IC and to increase the integrability of nonlinear 

frequency conversion devices drastically [1]. 

In this paper, we report on the development of a THz on-chip spectrometer making use of an N-element 

linear array of nearly all-dielectric hot electron bolometers (HEBs) [2]. The spectrometer utilizes 2N fixed 

frequency channels for processing of a wideband THz signal, whose interaction with a material under test 

(MUT) is followed by analog binning. The design relies on integrated Si photonic crystals merged with Si 

ribbon waveguide sections for frequency selective power splitting in the spectrometer PPDN. MUT is 

deposited on a single-mode Si ribbon waveguide at the spectrometer input or surrounds it if liquid samples 

are studied. In the latter case, the input waveguide section is implemented outside the cryostat used to cool 

down the PPDN with HEB sensors. Optical transition between cryogenic and room temperature parts is 

maintained by either a dielectric waveguide [3] or quasioptically [4]. The probing octave-wide THz signal, 

in turn, can be excited on-chip or inserted into it externally. Performance of the spectrometer is assessed 

and compared with alternative state-of-the-art designs. Our findings suggest that the proposed design of 

the spectrometer should find applications in material and biomedical studies. 

The study was supported by the Russian Science Foundation grant No. 21-72-10119, 

https://rscf.ru/project/21-72-10119/. 
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Understanding the chemical and physical properties of molecular clouds, in which the star and planet 

formation process takes place, is directly related to the correct estimation of the amount of gas contained 

in them. This problem is one of many in the list of relevant astrophysical problems [1-4] requiring the 

knowledge of broadband dielectric properties of interstellar and circumstellar laboratory ice analogues. 

The complex dielectric permittivity of ices is essential while modeling the dust continuum emission, 

radiative transfer in dense and cold University regions. Despite the importance of such parameters there 

is still a lack of data concerning dielectric properties of ices in terahertz (THz) and infrared (IR) ranges of 

spectra. Series of recent works from our scientific group [5, 6] is focused on solving such a problem. We 

developed original methods for processing the experimental data obtained by means of THz pulsed 

spectroscopy (TPS) and Fourier-transform infrared spectroscopy (FTIR). The possibility of direct 

reconstruction of the ices complex dielectric permittivity in the broad spectral range is a primary result of 

our studies. The algorithm of direct reconstruction takes into account the possibility of retrieving amplitude 

and phase information for TPS measurements and proposes an approach of merging TPS and FTIR data 

with the solution of the problem of eliminating uncertainties introduced by the Kramers-Kronig relations. 

Complex dielectric properties of several ices, including carbon monoxide and carbon dioxide ices, were 

studied in the THz-IR range. The obtained results are analyzed in terms of analytical Lorentz dielectric 

models with attribution to particular vibrational modes. The most promising areas for further research 

include ice structure investigation, study of the light scattering in ice, study of the regimes for producing 

ice samples, annealing of the ices. A review of the unanswered questions and promising results is a final 

part of the talk. 

This work was supported by the Russian Science Foundation (RSF), Project # 22–72–00092. 
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Plasmon refractometry has found wide application in optical sensor devices in the visible range 

due to such features of surface plasmons (SPs) at these frequencies as short propagation length (which 

meets the requirement for miniaturization of sensors) and concentration of the SP field in the metal surface 

vicinity, that results in high sensitivity of SP devices to changes in optical characteristics of the sensor 

layer on the metal surface [1]. 

In the THz range, where the SPs propagation length on metals extends to tens of centimeters [2], 

plasmon refractometry based on plasmon interferometry [3] can be effectively used to control quality of 

the metal surface as well as to determine the effective permittivity of metal coatings used in plasmonic 

THz integrated circuits [4]. Besides, THz SP interferometers can be employed for investigations of thin 

dielectric films on metal surfaces, and for various sensor applications. The complementary experimental 

method that makes it possible to determine the effective permittivity of a conducting surface is the study 

of the attenuation of the evanescent field of the SPs over the conductor [5]. 

If semiconductors with a plasma frequency lying in the THz frequency range are used as the 

substrate on which the SPs propagate, then it is possible to implement the refractometry of semiconductor 

surfaces and dielectric (or weakly conductive) films deposited on them using the surface plasmon 

resonance (SPR) method [6]. If a dielectric film has an inhomogeneous relief on the semiconductor 

surface, then by taking images of the reflected radiation using a focal plane array under SPR conditions, 

it is possible to determine the inhomogeneous regions of the film. This method in the literature is called 

surface plasmon microscopy [7]. 

All the above methods of plasmon refractometry were tested on the THz radiation of the 

Novosibirsk free electron laser, which generates monochromatic linearly polarized coherent radiation, 

tunable in the wavelength range of 50 – 400 μm. Many of these methods have been implemented for the 

first time and will be presented in the talk. 

 

The work was done at the shared research center SSTRC on the basis of the Novosibirsk FEL at 

BINP SB RAS. 
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The ultrafast interaction of tightly focused femtosecond laser pulses with bulk ferroelectric media in direct 

laser writing (inscription) regimes is known to proceed via complex multi-scale light, plasma and material 

modification nanopatterns, which are challenging for exploration owing to their mesoscopic, transient and 

buried character.  

In this study, we report on the experimental demonstration and analysis of hierarchical multi-period 

coupled longitudinal and transverse microtracks and nanogratings in bulk lithium niobate inscribed in the 

focal region by 1030 nm, 300 fs laser pulses in the recently proposed sub-filamentary laser inscription 

regime [1]. The longitudinal Bragg-like topography nanogratings, possessing the laser-intensity-dependent 

periods ≈ 400 nm, consist of transverse birefringent nanogratings, which are perpendicular to the laser 

polarization and exhibit much smaller periods ≈ 160 nm. The microtracks were imaged by optical 

microscopy. The nanoscale morphology of the microtracks was visualized at the sample cross-sections by 

atomic force microscopy (AFM).  

Our analysis and modeling support the photonic origin of the longitudinal nanogratings, appearing as 

prompt electromagnetic and corresponding ionization standing waves in the pre-focal region due to 

interference of the incident and plasma-reflected laser pulse parts. The transverse nanogratings could be 

assigned to the nanoscale material modification by interfacial plasmons, excited and interfered in the 

resulting longitudinal array of the plasma sheets in the bulk dielectric material. Our experimental findings 

provide strong support for our previously proposed mechanism of such hierarchical laser nanopatterning 

in bulk dielectrics, giving important insights into its crucial parameters and opening the way for directional 

harnessing of this technology [2]. 

 

This research was funded by the Ministry of Science and Higher Education of the Russian Federation 

(Ural Federal University Program of Development within the Priority-2030 Program). 
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We present the achievements in fabrication of effective nonlinear frequency converters by creation of the 

stable domain structure with precise period reproducibility by various methods of the domain engineering 

in single crystals of lithium niobate, lithium tantalate and potassium titanyl phosphate families. The 

promising applications of femtosecond laser irradiation for all-optical creation of the periodical domain 

structure in the crystal bulk are demonstrated [1-3].  

The obtained achievements are based on complex study of the domain structure evolution in various 

uniaxial ferroelectrics with high spatial and temporal resolution. The realized methods of domain 

engineering are based on application of the electric field using: (1) periodical stripe electrodes [4], 

(2) biased tip of scanning probe microscope [5,6], (3) focused electron and ion beams [7], (4) pulse heating 

by IR laser irradiation [1]. The created precise tailored domain structures allowed to realize the highly 

effective optical parametric oscillation (OPO) and out-of-cavity second harmonics generation. 

The periodical poling has been carried out also in thin single-crystalline ion sliced films of lithium niobate 

on SiO2 isolation layer (LNOI) by conductive tip of the scanning probe microscope. The stable submicron-

scale domain structures with period less than 200 nm have been created [5,6]. 

The creation of tunable mid-infrared pulsed optical parametric amplifier (OPA) based on periodically 

poled LN with fan-out domain structure pumped by 1.053 mm laser and tunable continuous-wave injection 

seeding have been demonstrated [8]. It was shown that injection seeding leads to four times decrease of 

the linewidth of output signal wave. The fan-out periodical domain structures allowed to obtain wide OPA 

tuning range from 2.5 to 4.5 mm [9]. The periodical domain structure in 1-mm-thick KTP single crystals 

with period 37.97 mm allowed to obtain OPO generation at wavelength 2.4 mm with average power 25 

mW for 1300 mW pump. 

The creation of the periodical domain structure both at the surface and in the bulk was demonstrated in the 

plates of single-domain MgO doped lithium niobate as a result of irradiation by femtosecond laser emitting 

pulses in TEM00 mode at the 1030 nm wavelength with energies from 0.7 to 6.7 µJ in filamentation regime 

with duration 240 fs and repetition frequency 100 kHz [10].  
The research was made possible by Russian Science Foundation (Grant No. 19-12-00210).  
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Terahertz (THz) emission of a single-color femtosecond filament is presumed to origin from the free 

electrons motion driven either by ponderomotive force that pushes the electrons out of the filament core 

thereby providing a quadruple source [1] or by the light pressure force that pushes plasma electrons along 

the beam axis thereby producing a longitudinal dipole source [2]. Both models of the local plasma response 

under the interference integral are able to successfully reproduce the conical spatial shape of the far-field 

distribution of THz radiation [3–6]. However, none of these models reproduces the THz spatial pattern at 

~1 THz that was observed in 2D measurements [5,6], i.e. the two lobes separated by the driving laser pulse 

polarization plane and having the polarization almost orthogonal to the laser one. 

In this work, we analyze the models of the filament plasma oscillations [7,8] so as to elucidate the 

quantitative relation between the ponderomotive and the light pressure sources. We show that the 

destructive interference of the THz waves driven by these sources can provide the two-lobe pattern 

observed in [5,6] on the condition of the >π/2 phase shift between the magnetic dipole and quadruple 

contribution to the current. We note that the π/2 phase shift between the two sources corresponds to a ~250 

fs delay for the frequency of ~1 THz. Since both sources develop within the laser pulse duration of <100 fs, 

such a phase shift should origin from the propagation effects including the plasma refraction. The 

simulations of such an effect require vectorial propagation equation in (t, x, y, z) geometry. 

For the simulations we used Unidirectional Hertz vector propagation equation (UHPE, [9]) with the 

crossed domains for optical and terahertz radiation (XDOT, [10]) scheme. The latter allows us to simulate 

the propagation of the optical pulse on the moderate size numerical grids in the scalar axially-symmetric 

approximation using the Unidirectional pulse propagation equation (UPPE, [11]). The THz field is 

simulated with the account for all three vectorial components. Figure 1 shows the broken symmetry of the 

THz far field conical ring for the two selected phase shifts between the dipole and quadruple contributions 

to the free electron current. In Fig. 1(b) the THz radiation reveals the two lobes and is polarized 

orthogonally to the laser pulse polarization direction in agreement with [5,6].  

 
Fig. 1. Angular distribution of ~1 THz radiation emitted from single-color filament simulated using interference model with both ponderomotive 

force and light pressure accounted as emission sources. The laser polarization is horizontal. The results of simulations without (a) and with (b) 

artificial phase factor. The latter one (b) closely represents the experiments [5,6]. 
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In laser physics, there exists a well-known principle for production of ultrashort optical pulses (USP), 

based on the effect of passive mode-locking [1, 2], which is achieved by incorporating a nonlinear element 

(for example, a Kerr lens) into the laser resonator that absorbs low-amplitude radiation and is transparent 

for high-intensity radiation. The absorber acts as a nonlinear modulator of losses in the resonator and 

periodic trains of ultrashort pulses (USP) can appear at the laser output. From a general point of view, the 

generated pulses are considered as dissipative solitons [3], the formation of which is due to the balance of 

amplification, absorption, harmonic generation, and group velocity dispersion effects. 

As shown theoretically in [4-6], this method of pulse generation can be developed in microwave 

electronics, where saturable absorber can be realized based on electron-wave interaction. Feasibility of 

such approach was confirmed in recent experiments [7], where we implemented the Ka-band pulse 

generator mode-locked by nonlinear cyclotron resonance absorber, providing periodical trains of 100 kW/ 

0.4 ns with repetition rate of 400 MHz. As an active unit, a wide-band helical-waveguide gyro-TWT was 

used. 

In this report, we present the result of a theoretical analysis of the possibility of realization of dissipative 

soliton generators in higher W and G frequency bands (0.1-0.25 THz), where the developed gyro-TWT 

mode-locked by saturable absorbers can also be used. In W-band, the cyclotron resonance absorber which 

is based on interaction with an initially rectilinear electron beam can be used. Generation of USP with peak 

power of 100 kW is possible (Fig. 1). In G-band, the non-linear absorber can be realized based on a helical 

gyro-TWT which operates in the Kompfner dip regime. 

Note that short-wave USP generators may be of interest for a large number of physical and technical 

applications, including plasma and solid state diagnostics, spectroscopy, high-resolution communications 

and radar, etc.  
 

   

Fig.1. (a) scheme of a mode-locked microwave oscillator consisting of a helical gyro-TWT with cyclotron resonance absorber, (b) profiles 
of microwave pulses, and (c) radiation spectrum. 

 

This work is supported by the Russian Scientific Foundation (RSCF), Grant No. 23-12-00291. 

 
[1] U. Keller, Recent developments in compact ultrafast lasers, Nature, 424, 831-838 (2003). 

[2] H.A. Haus, Mode-locking of lasers, IEEE J. Quantum Electron., 6, 1173-1185 (2000).  
[3] E.V. Vanin, A.I. Korytin, A.M. Sergeev, et al. Dissipative optical solitons, Phys. Rev. A 49, 2806 (1994). 

[4] N.S. Ginzburg, G.G. Denisov, M.N. Vilkov, et al. Generation of “gigantic” ultra-short microwave pulses based on passive mode-locking effect 

in electron oscillators with saturable absorber in the feedback loop, Phys. Plasmas, 23, 050702 (2016). 
[5] N.S. Ginzburg, G.G. Denisov, E.B. Abubakirov, et al. Generators of high-power ultrashort microwave pulses with a saturable absorber in a 

feedback circuit, Radiophys. Quantum Electron., 59, 613-628 (2017). 

[6] N.S. Ginzburg, G.G. Denisov, M.N. Vilkov, et al. Nonlinear Cyclotron Resonance Absorber for a Microwave Subnanosecond Pulse Generator 
Powered by a Helical-Waveguide Gyrotron Traveling-Wave Tube, Phys. Rev. Applied, 13, 044033 (2020). 

[7] N.S. Ginzburg, S.V. Samsonov, G.G. Denisov, et al. Experimental Realization of a Ka-band 100-kW subnanosecond pulse generator mode-

locked by nonlinear cyclotron resonance absorber, Phys. Rev. Applied, 16, 054045 (2021). 

 

 

Partially 

transparent 

mirror

Amplifier
Saturable 

absorber

Feedback loop
80 90 100 110

0

0.5

1

time (ns) frequency (GHz)

o
u

tp
u

t 
p

o
w

e
r 

(k
W

)

s
p

e
c
tr

u
m

 (
a

.u
.)

0 10 20 30
0

50

100

150

(a)                          (b)                                                        (c) 



 

N-O-4 

 

 

Optical-pump terahertz-probe diagnostics of the ultrafast carrier 

dynamics in photoconductive materials 

 
V. Bulgakova 1, V. Bukin  1, Yu. Goncharov 1, A. Ushakov 1, K. Zaitsev 1,  

M. Burdanova 2,3, M. Paukov 2, D. Krasnikov 4, A. Nasibulin 4, S. Garnov 1 

1- Prokhorov General Physics Institute of the Russian Academy of Sciences, 38 Vavilova Str., 119991 Moscow, 

Russia 

2- Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, 9 Institutsky Lane, 

141700 Dolgoprudny, Russia 

3- Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia 

4- Center for Photonic Science and Engineering, Skolkovo Institute of Science and Technology, 3 Nobel Str., 

121205 Moscow, Russia 

 

vbulgakova573@gmail.com 

 

Optical pump - terahertz (THz) probe (OPTP) spectroscopy are currently used to obtain information 

about the ultrafast dynamics of photoexcited carriers in semiconductors. In an OPTP experiments, an 

ultrafast laser pulse create free charge carriers and a broadband THz pulses (most often in range 0.3-3 

THz which corresponds to the photon energies from 1.2 meV to 12.4 meV) are used to probe of sample 

tramsmission. Unlike the usual optical pump-optical probe experiments, the OPTP technique allows 

measure the time dependence of the electrical field of probe pulse. Using Fourier analysis, the full 

complex absorption spectrum can be obtained, which describes amplitude change and a phase shift. 

In this work, we utilized the OPTP spectroscopy to measurehe carrier dynamics and charge transport in 

plasma-treated carbon nanotubes (CNTs) [1]. Impact of  defects on the carrier dynamics and charge 

transport in carbon nanotubes remains undiscovered. In our study we established correlation between 

controlable number of defects and optoelectronic properties of  CNTs. We used the OPTP spectroscopy 

to measure the carrier lifetimes governed by the trapping time at defect states and found out short and 

long lifetimes related to the defects. We carried out electron microscopy measurements in addition to 

absorption, Raman, Fourier-transform infrared spectroscopy (FTIR), THz and OPTP spectroscopy. The 

complementary nature of these methods allows us to evaluate the contributions of defects in 

photoconductivity of CNT networks. We find that the introduction of defects added by plasma-treatment 

leads to increased charge scattering along plasma-created segments and reduced consequently carrier 

mobility, photoconductivity, and lifetime. 

  
 
[1] Tatiana N. Kurtukova, Daria S. Kopylova, Nikita I. Raginov, Eldar M. Khabushev, Ilya V. Novikov, Svetlana I. Serebrennikova, Dmitry V. 

Krasnikov, and Albert G. Nasibulin, Plasma-treated carbon nanotubes for fast infrared bolometers,Appl. Phys. Lett. 122, 093501 (2023) 
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Studies related to pulse shortening are currently becoming relevant for various promising applications 

of microwave and THz radiation, such as spectroscopy [1] and particle acceleration [2]. The shortening 

of the duration with simultaneous increase in the power of pulses makes it possible to increase 

accelerating gradients when sub-THz and THz sources are used. Active and passive pulse compressors 

are widely used for producing short microwave pulses [3,4] from continuous wave radiation or rather 

long pulses.  

In experimental realizations of microwave pulse compressors based on ring resonator and 

semiconductor silicon switch the minimum duration of the compressed pulses cannot be less than the 

round-trip time in the resonator. In the report we present the experimental study of the pulse compressor 

[5] based on three-mirror ring resonator and GaAs switch with carrier relaxation time less than 

resonator round-trip time. It is especially important in the case of compression of high-power output 

radiation of gyrotrons. The minimum dimensions of the resonator and, accordingly, the round-trip time 

are limited by microwave breakdown on the resonator elements, primarily on the semiconductor 

switch. Thus, compared to compressors based on silicon switches, the developed GaAs based 

compressor is preferable for obtaining short sub-ns and ns pulses with maximum power. 

It should be noted that for both silicon and GaAs switches, it is possible to shorten the compressed 

pulses by installing an additional switch, which is also activated by laser radiation and cuts off part of 

the generated compressed pulse after a given time interval. In this case, obviously, the compressor 

becomes more complicated due to the presence of the second switch and an additional laser pulse is 

required. This means the need for increasing the power of the laser used (or using an additional laser 

synchronized with sub-ns accuracy). Nevertheless, this method may be attractive especially of further 

pulse shortening to sub-ns durations when femtosecond lasers are used. 

In the experiments we used a backward wave oscillator (BWO) as a microwave source and 532 nm 

laser with a pulse duration of about 100 ps and a pulse energy of about 50 mJ to activate the GaAs 

switch. BWO operated in CW mode with the power of about 10 mW; the frequency of BWO was 

stabilized by external generator. To form an input wave beam with the required parameters (transverse 

dimensions and waist located on a corrugated mirror), a quasi-optical system, consisting of a horn and 

two mirrors was used. 

In fact, the switch "cuts" the part of radiation from the wave beam circulating in the resonator. The 

measured compression coefficient 25 is in a good agreement with its theoretical value calculated for 

the total measured losses and coupling coefficient. As the next project steps in 2023 we plan 

experiments with 170 GHz gyrotrons [6,7] as radiation source.  

The work is supported by the RSI project #19-79-30071 

 
[1] K. O. Tan, C. Yang, R.T. Weber, G. Mathies, and R.G. Griffin, "Time-optimized pulsed dynamic nuclear polarization," Sci. Adv., vol. 5, 

issue 1, eaav6909, January 2019. 
[2]M.A.K. Othman, J. Picard, S. Schaub, et al., "Experimental demonstration of externally driven millimeter-wave particle accelerator 

structure," Appl. Phys. Lett., 117, 073502, August 2020. 

[3]S.C. Schaub, M.A. Franzi, and B.W. Hoff, "Low power demonstration of a W‑band active pulse compressor for high power millimeter 
waves," J Infrared Milli Terahz Waves, vol. 43, pp. 819–828, November 2022. 

[4]J. Genouda, E.L. Claveau, S.K. Jawla, et al., "Generation of nanosecond THz pulses using a high gain ring resonator with a semiconductor 

switch," Appl. Phys. Lett., vol. 121, 044101, July 2022.  
[5]G.G. Denisov, A.V. Palitsin, D.I. Sobolev, V.I. Belousov, I.A. Gorbunov, O.V. Kulagin, S.V. Morozov, A.A. Murzanev, A.N. Stepanov, 

M.Yu. Glyavin. Formation of short microwave pulses by laser-driven GaAs switch with sub-nanosecond transient response. 2021 46th 

International Conference on Infrared, Millimeter and Terahertz Waves (IRMMW-THz), 2021, pp. 1-2. 
[6]G.G.Denisov, A.N.Kuftin, V.N.Manuilov et al., “Development of master oscillator for frequency locking of a complex of megawatt level 

microwave sources”. Microwave and Optical Technology Letters  62, 6, 2137, 2020 

[7]A.Litvak, G.Denisov, M.Glyavin, “Russian gyrotrons: achievements and trends”. IEEE Journal of Microwaves, 1, 1, 260, 2021 

 

  



 

N-O-7 

Ultrafast spectroscopy and optoelectronic THz devices of 

nanomaterials 
 

M.Burdanova1,2 
 

1-Center for Photonics and 2D Materials, Moscow Institute of Physics and Technology, 9 Institutsky 

Lane, 141700 Dolgoprudny, Russia 
 

2-Institute of Solid State Physics, Russian Academy of Sciences, 142432 Chernogolovka, Russia 
 

burdanova.mg@mipt.ru 
 
The existing and continuously growing THz technologies demand compact, fast, broadband high- 

performance devices. One-dimensional (1D) nanomaterials hold high potential for the implementation 

of efficient THz optoelectronics. By focusing on these applications, it is important to characterize the 

nature and dynamics of photoexcited states in these materials. By employing optical pump Terahertz 

(THz) probe spectroscopy, ultrafast photocarrier dynamics can be accessed. Therefore, we 

systematically studied the range of 1D nanomaterias such as carbon nanotubes (CNT), boron nitrate 

nanotubes (BNNT), MoS2 nanotubes (MoS2 NT), WS 2 nanotubes (WS2 nanotubes) and their 

heterostructures. These materials have a unique terahertz photoconductivity that can be changed from 

anomalous (positive ΔT/T, negative photoconductivity) to natural (positive photoconductivity) due to 

mobile free charges with charge carrier mobility comparable to their 2D counterparts. In addition, the 

presence of excitons and their dynamics in a given rarity when measured by the pump-probe method. 

Thus, in our work, we show the coexistence of charge carriers and excitons in these structures [1].Such 

unique properties can be used in a wide range of applications[2-4].This project was supported by the 

RSF project # 22-72-1003. 
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This paper presents the results of an 

experimental study of terahertz radiation 

generation in AlxGa1-xAs/GaAs 

heterostructured p-i-n diodes under 

femtosecond optical pulse excitation. In a 

study of THz radiation excited from a p-i-n 

diode, it was found that the maximum 

efficiency of THz generation is observed at a 

reverse bias application above 8 V and an 

optical excitation level up to 10 mW (a linear 

dependence of the THz pulse amplitude on 

the average power is recorded). A 

comparative study of THz generation in p-

InAs bulk semiconductor was carried out, 

which showed that the efficiency of THz 

generation in p-i-n diode is an order of 

magnitude higher than in p-InAs. 

 It was shown that the maximum pulse amplitude increases sharply as the magnitude of the 

reverse bias on the p-i-n diode grows, and the beginning of this growth depends on the energy of the 

excitation quantum of photon. Accordingly, the time position of THz pulse also changes with the change 

in the value of the reverse bias on the p-i-n diode, and when the value of the bias changes from positive 

values to the value of the diode voltage at which THz pulse amplitude begins to grow sharply, the THz 

pulse is delayed. With further increase in the reverse bias on the p-i-n diode, there is a reverse shift of 

the THz pulse on the time scale (Fig. 1). The Monte-Carlo simulation of the process of THz generation 

in the p-i-n diode performed by taking into account the ballistic motion of nonequilibrium carriers with 

the subsequent possible overshoot of the saturation speed confirmed the experimental results. 

Thus, the results indicate that the mechanism of THz generation in the heterostructured p-i-n 

diode AlxGa1-xAs/GaAs is due to the acceleration of electrons in the electric field to a speed 

significantly exceeding the saturation speed at times of hundreds of femtoseconds ("velocity 

overshoot"), and the subsequent sharp decline associated with the intervalley transition of electrons from 

the Г-valley. It was shown that the THz generation efficiency in the AlxGa1-xAs/GaAs heterostructure 

p-i-n diode at excitation levels, at which a linear dependence of the electric field amplitude on the optical 

radiation intensity is observed, is an order of magnitude higher than the THz generation efficiency in 

the p-InAs bulk semiconductor, which is now the most efficient coherent terahertz emitter [1]. 

 
[1] Adomavicius R., Urbanowicz A., Molis G., Krotkus A., Šatkovskis E., “Terahertz emission from 𝑝�-lnAs due to the instantaneous 
polarization,” Appl. Phys. Lett., vol.85, p. 2463, 2004. 

 
 

 
  

Fig. 1. Dependence of THz pulse amplitude and time locftion of THz pulse 

on the bias (opt.= 793, 860 m) 
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Potassium titanyl phosphate Rb:KTiOPO4 (RKTP), potassium titanyl arsenate KTiOAsO4 (KTA) and 

rubidium titanyl arsenate RbTiOAsO4 (RTA) single crystals with periodical ferroelectric domain 

structure are one of the promising materials for nonlinear optical applications [1]. Despite the crucial 

importance of the in situ imaging of domain structure kinetics for creation of high quality periodical 

domain gratings, there are only a few works concerning potassium titanyl phosphate family. 

We present the results of in situ imaging of domain kinetics in RKTP, KTA and RTA with the time 

resolution down to 12.5 µs. The wide range of wall velocities with two orders of magnitude difference 

was observed for switching in a uniform electric field [2]. The kinetic maps allowed analyzing the spatial 

distribution of wall motion velocities and classifying the walls by velocity. The distinguished slow, fast, 

and superfast domain walls differed by their orientation. The mobility and the threshold fields for all 

domain walls were estimated [3]. The revealed increase in the wall velocity with deviation from low-

index crystallographic planes for slow and fast walls was considered in terms of determined step 

generation and anisotropic kink motion.  

The domain kinetics and switching fields in RKTP and KTA were compared. It was shown that the more 

pronounced input of slow domain walls in KTA results in creation of narrow stripe domains important 

for periodical poling [4,5]. Spontaneous backswitching was revealed in RTA single crystals. It was 

shown that the time interval from the end of switching pulse to the start of spontaneous backswitching 

process (“domain structure stability time”) is proportional to the field applied during polarization 

reversal process. The periodical domain structure with period of 40 μm was created in 3-mm-thick 

RKTP single crystals for OPO generation at 2.326 μm using the 1.064 μm pulsed pump with 5.6 ns 

duration at 20 Hz. The single resonance double-pass optical scheme was used. The threshold power 

energy 630 μJ and generation efficiency 7% were obtained.  

We investigated the characteristics of a PPKTA OPO with a period of 39.2 μm in the low-temperature-

grown KTA sample. Under pumping at 1.053 μm, the signal and idler wavelengths were, 1.54 and 

3.31 μm, respectively. The parametric generation threshold turned out to be 130 μJ (for a pump intensity 

of 14.4 MW cm–2), the quantum efficiency was 27%, and the differential efficiency was 12 % [6]. 

The obtained knowledge is important for further development of domain engineering in crystals of KTP 

family required for creation of high power, reliable, and effective coherent light sources. 
 
The research was made possible by Russian Science Foundation (Grant No. 19-12-00210).  
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The SOI platform provides integration of electronics, photonics and quantum technologies, and also 

offers a reliable solution for the expanding demands of the telecommunications. A substantial variety of 

devices, such as optical buffers, interconnections [1], and biological sensors, have already been 

implemented using linear optics. The second and third-order nonlinearities produce optical power losses, 

but in same time nonlinear optical phenomena may lead to new applications such as multiplexing and 

modulating signals. Therefore, researchers come across with the new challenge – to create the device 

with minimal losses and best functional qualities. 

Due to silicon's centrosymmetric crystal structure, the second order nonlinear phenomena are weaker in 

the scope. However, the structure's borders is where their impact is more noticeable. The study takes 

into account two-photon absorption, second harmonic generation, four-wave mixing, which offers 

solution for electro-optical signal modulation. In this research, the structure of a slot waveguide with an 

OrmoCore polymer deposited is simulated. The figures below show model’s cross-sectional parameters 

and mode characteristics. 

 
       Fig.1. Planar overview of waveguide parameters                       Fig.2. Mode profile 
 

This structure is analyzed using modeling software based on the finite element method (FEM) and the 

finite difference method in the time domain (FDTD). To reduce optical losses, the geometric properties 

of the model were adjusted using machine learning approaches such as genetic algorithms. An analytical 

approach to obtaine the parameters of a nonlinear slot waveguide using the singular perturbation method 

(SPT) is also investigated. SPT is used to study the behavior of waveguides with spatial perturbation 

and weak second- and third-order nonlinearities, to obtain solutions with appropriate accuracy [4,5]. 

The problem of a bent silicon slot waveguide is considered, which will solve the common issue of 

reducing rotation losses. It is also intended to develop insulin sensors based on that structure. 
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As a quantum mechanical system, the atom is characterized by two sets of degrees of freedom: 

internal (electron configurations and spin) and external (momentum and center-of-mass position), which 

can change in the interaction with laser radiation. Physics of ultracold atoms made their appearance due 

to successful investigations into the action of laser radiation on precisely the external degrees of freedom 

of the atom: its momentum and center- of-mass position. Laser cooling and the subsequent evaporative 

cooling allow obtaining both ultralow temperatures and ultrahigh atomic densities, which in turn permits 

realizing quantum Bose and Fermi gases.  

Cooled and trapped atoms open the door of studies of the interaction of light with matter at the level 

of single atoms and photons that not only provide a deeper understanding of the quantum-mechanical 

nature of the light-matter interaction but also open up prospects for new quantum technologies. The 

possibility of achieving single-particle interaction is basic to the concept of quantum information 

processing and communication: atoms are treated as physical objects that can store and process 

information, and photons as objects for long-range data transmission through a quantum information 

network. The quantum information network can comprise, for instance, single atoms (ions, molecules, 

or quantum dots) representing addressable points of the quantum information network and optical (or 

other) waveguides providing photon- assisted effective connections among nodes of the quantum 

information network. We will review the work on the deterministic control of single atoms and single 

photons, and on establishing conditions for their efficient interaction. 
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Sources of single photons are key elements of rapidly developing systems of quantum computing and 

quantum communications [1]. Currently, commercially available photon sources based on InAs/GaAs 

quantum dot (QD) microcavities operating around 920 nm provide excellent values of such critical 

parameters as the “purity” of single-photon radiation (more than 95%) and the degree of 

indistinguishability of emitted photons (more than 90%) [2]. Nevertheless, the achieved value of the 

third important parameter, the source brightness, defined as the probability of generating a photon per 

pump pulse, is still insufficient for the possibility of scaling such photonic devices to sizes of practical 

interest. At the same time, the functional capabilities of photon sources intended for the implementation 

of advanced photonic quantum computing systems should include the possibility of generating not only 

single indistinguishable photons, but also pairs of entangled photons and multiphoton cluster states, and 

the use of such devices in quantum secure communication systems is constrained by the lack of 

sufficiently efficient photon sources emitting in telecommunication spectral ranges.  

In the Laboratory of Quantum Photonics, Ioffe Institute, a technology for manufacturing photon 

sources based on microcavities and nanoantennas with single QDs in the (Al, Ga, In)As system was 

developed to solve these problems, which made it possible to obtain single-photon sources with 

characteristics corresponding to the advanced world level [3-5]. In the talk, several approaches 

developed to increase the brightness of sources of indistinguishable photons will be presented, including 

the implementation of resonant coherent pumping of a trion state by a π-pulse in a QD placed in a 

dichroic optical microcavity and the use of quasi-resonant pumping of a QD in a microcavity by means 

of acoustic phonons. The prospects of manufacturing photon sources operating in telecommunication 

bands will be analyzed. Finally, studies of the spin dynamics of electrons and holes in a single charged 

QD, aimed at generation of photonic cluster states, will be presented. 

 

This work was supported by Rosatom in the framework of the Roadmap for Quantum 
Computing (Contract No. 868-1.3-15/15-2021 dated 5 October 2021 and Contract No. R2152 dated 19 
November 2021). 
 

 
[1] C. Couteau, S. Barz, T. Durt, T. Gerrits, J. Huwer, R. Prevedel, J. Rarity, A. Shields, and G. Weihs, Applications of single photons to quantum 
communication and computing, Nature Rev. Phys. 5, 326 (2023). 
[2] https://quandela.com 
[3] M. Rakhlin, G. Klimko, S. Sorokin, M. Kulagina, Y. Zadiranov, D. Kazanov, T. Shubina, S. Ivanov, A. Toropov, Bright single-photon sources 
for the telecommunication O-band based on an InAs quantum dot with (In)GaAs asymmetric barriers in a photonic nanoantenna, 
Nanomaterials 12, 1562 (2022). 
[4] M.V. Rakhlin, A.I. Galimov, I.V. Dyakonov, N.N. Skryabin, G.V. Klimko, M.M. Kulagina, Yu.M. Zadiranov, S.V. Sorokin, I.V. Sedova, Yu.A. 
Guseva, D.S. Berezina, Yu.M. Serov, N.A. Maleev, A.G. Kuzmenkov, S.I. Troshkov, K.V. Taratorin, A.K. Skalkin, S.S. Straupe, S.P. Kulik, T.V. 
Shubina, A.A. Toropov, Demultiplexed single-photon source with a quantum dot coupled to microresonator, J. Lumines. 253, 119496 (2023). 

[5] A. Galimov, M. Bobrov, M. Rakhlin, Yu. Serov, D. Kazanov, A. Veretennikov, G. Klimko, S. Sorokin, I. Sedova, N. Maleev, Yu. Zadiranov, 

M. Kulagina, Yu. Guseva, D. Berezina, E. Nikitina, and A. Toropov, Towards bright single-photon emission in elliptical micropillars, 
Nanomaterials 13, 1572 (2023). 

  



 

P-I-3 

Bloch Surface Waves for Integrated Nanophotonics  
 

A.A. Fedyanin 

Faculty of Physics, Lomonosov Moscow State University, Moscow 119991, Russia 

fedyanin@nanolab.phys.msu.ru 
 

Modern integrated photonic platforms should combine low-loss guiding, spectral flexibility, high light 

confinement, and close packing of optical components. One of the prominent platforms represents 

dielectric nanostructures combined with photonic band gap media that manipulate low-loss Bloch 

surface waves (BSW). BSW platform is all-dielectric counterpart to surface plasmon-polariton one, but 

it has the advantages of long propagation length (up to cm in visible), ultrawide spectral range of 

operation (from UV to mid-IR and THz), and access to the confined electromagnetic field making BSW 

applicable for integrated photonics, sensing, and other fields. Here, we developed several ways for 

directed and highly efficient BSW excitation using dielectric nanostructures of various designs on the 

photonic crystal (PC) surface. First, we achieve color-selective directional excitation of BSW mediated 

by Mie resonances in a semiconductor nanoparticle printed on the PC surface using laser-induced 

backward transfer technique. We show that a single silicon nanoparticle can be used as a subwavelength 

multiplexer switching the BSW excitation direction from forward to backward within the 30 nm spectral 

range with its central wavelength governed by the nanoparticle size. Numerical simulation gives an 

estimate of 8% BSW excitation efficiency with a single nanoparticle. Second, we show a new concept 

of 3D out-of-plane coupler which is a microscale prism exploiting frustrated total internal reflection in 

the Otto configuration for unidirectional excitation of waveguide modes with efficiency up to 100%. 

Polymer microprisms are printed using two-photon laser lithography and allow transferring more than 

40% of the incident light energy into BSWs. The couplers enable focusing BSWs simultaneously with 

their excitation. Finally, halide perovskite micro- and nanolasers were integrated with BSW platform 

and demonstrated directional BSW excitation with the efficiency of over 16%. A pronounced BSW beam 

steering effect is shown.   
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At the moment, additive technologies are important for various fields of science and technology, 

such as nanophotonics, optoelectronics, optics, etc. DLW (Direct Laser Writing) technology, which 

allows you to create 3D objects of arbitrary shape and design with high spatial resolution. The DLW 

method is based on two-photon photopolymerization, a phenomenon in which focused femtosecond 

laser radiation initiates the polymerization reaction of the main component of a photosensitive 

composition, the monomer, in a small volume of the photocomposition (i.e. voxel) due to the effect of 

two-photon absorption in the photoinitiator. 

Single photon sources (SPE-Single Photon Emitters) are in demand in many quantum technologies. 

However, for these sources to be used for practical applications, reliable single-photon detectors are 

required. In photonic integrated circuits, sources and detectors, as well as functional elements, require 

photonic "wires" (PWB-Photonic Wire Bonds) created by the DLW method. 

The report assumes consideration of the DLW method for various optical applications: the creation 

of elements of photonic integrated circuits (PIC-Photonic Integrated Circuits) [1], the creation and study 

of photonic "wires" [2] in combination with sources of single (Fock) photons and optical cavities [3]. 

The presented results were obtained with the support of RSF projects 22-19-00324 and 22-79-10153, 

as well as Subsidy Agreement No. 075-02-2022-1672 of the Russian Ministry of Education and Science. 
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The possibilities to control emitting properties of materials in low-dimensional photonic structures are 

among the most actively investigated topics to date. The development of technologies and, as a result, 

the opening up opportunities for creating photonic structures with dimensions comparable to or smaller 

than the emission wavelength gave impetus to the discovery of new phenomena and the creation of new 

emitting sources using low-dimensional effects. In particular, in this paper, we will consider light-

emission phenomena in low-dimensional Mie resonators and arrays of such resonators, as well as in 

photonic crystals (PhCs) (Fig. 1), the features of the band structure of which can be controlled by 

changing the parameters. The studied low-dimensional resonators and photonic crystals were formed on 

silicon structures with Ge(Si) nanoislands emitting in the wavelength range of 1.2–1.6 µm. Interest in 

these structures is due, first of all, to the possibility of creating effective light-emission sources on their 

basis, technologically compatible and easily integrated into the circuits of modern micro- and 

optoelectronics. It will be shown that the embedding of Ge(Si) nanoislands into low-dimensional 

resonators and photonic crystals makes it possible to increase the emitting efficiency of structures by 

more than two orders of magnitude and to control their spectral response and radiation pattern. The 

paper discusses the observation conditions and features of manifestations in the studied photonic 

structures of bound states in the continuum (BIC) [1, 2], collective modes and modes with a flat 

dispersion characteristic [3], and the phenomenon of mode interaction in photonic crystals. 

 

 
Fig. 1. Photonic structures realized on Si with Ge(Si) nanoislands: a) - single Mie resonator; b) – arrays of Mie resonators: square lattice and 

chain; c) – 2D photonic crystal. 
 

The work was funded by the Russian Science Foundation (grant #19-72-10011). 
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Atom interferometry is considered as a new platform for development of quantum sensors. They can 

be used for high precision fundamental experiments and for solving numerous applied problems. Among 

the fundamental problems are the following: the detection of gravitational waves, the search for dark 

matter, tests of dark energy theories, tests of the equivalence principle and validity of quantum 

mechanics at macroscopic scale. Among the applied problems, the most important, are the study of the 

Earth's gravitational field, atomic clocks and applications to navigation. Obviously, the development of 

an atom interferometry approaches gives us the new stage of quantum metrology. 

An important task in order to create efficient quantum sensors is the formation of an ensemble of 

ultracold atoms in a magneto-optical trap. Such an atomic ensemble is further used as a source of atoms 

in the construction of a quantum sensor. The number of atoms in an ensemble determines the accuracy 

of quantum sensors. For this reason, it is necessary to form ultracold atom source with as many atoms 

as possible. 

This problem can be solved with using atom chip technology [1]. Atom chip is the combination of 

advanced industrial microelectronics technology and atom optical techniques to generate and control 

ultracold atomic ensembles. An atom chip can provide the ability to trap and manipulate atoms. The 

atom chip also enables Bose-Einstein condensation (BEC) of atoms.  

The First Russian atom chip was developed in the Institute of spectroscopy [2]. For efficient loading 

of atom chip cold atom beam focusing was considered [3,4]. It was shown that the atomic flow can be 

gain up to 169 times. Because of such magnification it is possible to construct quantum sensors with 

high repetition rates. Also, a new design of atom chip was created for optimization of laser cooling. It 

makes atom chip as the efficient atom source for quantum sensors. 

The study was supported by the Russian Science Foundation grant No. 23-22-00255, 

https://rscf.ru/project/23-22-00255 
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The detection and visualization of single atoms and molecules has always been one of the most 

important tasks of both fundamental scientific and practical importance: the study of the effects of 

quantum electrodynamics, the development of monatomic/single-molecule devices, the visualization of 

biological tissues, and much more. Recently, single molecule detection methods have been used to detect 

substances at very low concentrations: The molecules of an analyte are detected individually in a sample, 

which is known as the single-molecule counting method (SMCM). 

Recent advances in quantum technology at the nanoscale have enabled the construction of nanoscale 

mesoscopic systems with quantum emitters, metal and dielectric nanostructures. These systems can 

exhibit profound quantum electrodynamic properties due to various physical mechanisms such as 

Foerster energy transfer, plasmonic field enhancement, and strong optical matter-wave coupling. In our 

study, we demonstrate the realization of ultrabright and optically stable plasmonic nanoemitters suitable 

for the detection and visualization of single biomolecules and virions. 

In our study, we consider SMCM in sensing based on the use of ultrabright and optically stable 

plasmonic nanoemitters of light. The approach demonstrates sensitivity at the single-molecule level, 

enabling 5-minute-per-detection of practically important biomarkers of human diseases. As a practical 

implementation of SMCM, we demonstrate: (i) detection of biomolecules in ultralow concentrations of 

troponin in human blood - the most important biomarker for human cardiovascular disease - at a level 

of 10 - 20 fM, (ii) detection of SARS-COV -2 virus particles (human coronavirus). The fundamental 

limitations of the sensitivity of such approaches and the problems of their practical implementation are 

discussed. 
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Temperature is one of the most relevant parameters for the regulation of intracellular processes. 

Measuring localized subcellular temperature gradients is fundamental for a deeper understanding of cell 

function, such as the genesis of action potentials, and cell metabolism. In this work we will review our 

latest progresses in NV-based thermometry ultimately leading to the first localized temperature increase 

detection in a firing neuronal network with precision under 0.1 K. 

By exploiting ODMR techniques, temperature variations in cultured hippocampal neurons at the 

single-cell scale using NV color centers in nanodiamonds are probed. Our data show that, in the 

spontaneously firing network, 1K local temperature increases can be detected after picrotoxin 

administration, a selective blocker of the inhibitory GabaA receptors. Picrotoxin-induced temperature 

increases are associated to a significant potentiation of the firing rate, whereas ODMR stimulation 

protocols do not affect cell viability and functionality. Thus, for the first time, it is possible to unravel 

the firing activity of the network from the observed temperature increases. 

In perspective, this technique will provide an extremely promising mean of indirect detection of the 

action potential and study of temperature variations in proximity of specific cell regions by 

functionalizing nanodiamonds in order to target specific cell components (e.g. ion channels, 

mitochondrions, ER). 
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A review will be presented on using liquid crystal properties of molecular alignment and self-assembly 

into photonic bandgap structures, as well as their high thermo-optical coefficients and electro-optical 

properties in quantum and nano-photonics. The author’s results on single-photon sources with definite 

polarizations1-4 and collaborative research on using liquid crystals for modeling quantum mechanical 

tunneling phenomena2,5,6 will be overviewed. Future prospects of patterned liquid crystals7-8 will be 

discussed. 

 
[1]    S.G. Lukishova and L.J. Bissell, “Nanophotonic advances for room-temperature single-photon sources”, 103-178, in Quantum Photonics: 

Pioneering Advances and Emerging Applications, R.W. Boyd, S.G. Lukishova, V. Zadkov, Eds, Springer Series in Optical Sciences, 

Vol. 217, Springer NY, 2019. 

[2]   S.G. Lukishova, A.C. Liapis, L.J. Bissell, G.M. Gehring, and R.W. Boyd, “Single-photon experiments with liquid crystals for quantum 

science and quantum engineering applications”, Liquid Crystal Reviews, Vol. 2, No. 2, 111–129 (2014). 

[3]   S.G. Lukishova, L.J. Bissell, J. Winkler, C.R. Stroud, Jr, “Resonance  in quantum dot fluorescence in a photonic-bandgap liquid crystal 

host”,  Opt. Lett., Vol. 37   Iss. 7, 1259-1261 (2012). 
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applications of patterned liquid crystals”, Mol. Cryst. Liq. Cryst., Vol. 526, 108–118 (2010). 
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Single atoms trapped in dipole microtraps or optical tweezers are one of the most promising 

platforms for quantum computing. We will describe the system for digital gate-based quantum 

computing using hyperfine states of single Rubidium atoms as qubits. We will discuss the principles 

and methods for assembling the uniformly filled arrays of single atoms and the achievable parameters 

of atomic quantum registers. We will report our recent experimental results on characterizing the errors 

of single qubit gates with randomized benchmarking, achieving the error rate per gate below 10-3 and 

discuss the limitations related to single qubit addressing and gate time. We will also briefly describe our 

experimental progress towards implementation of two-qubit gates based on Rydberg excitation of single 

atoms with individual addressing and highlight the perspectives of improving the gate fidelity and 

scaling up the register size. 
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Предложены структура и принципы реализации универсальной цифровой фотонной 

вычислительной машины (ФВМ) и необходимых  для её создания логических элементов. 

В основе функционирования ФВМ – эффекты взаимодействия когерентных систем световых 

волн, порождаемых лазерным источником. Эффективность обработки информации в ФВМ 

достигается применением: 

 пассивных оптических логических элементов; 

 дисциплины вычислений по готовности операндов ; 

 бесконфликтных алгоритмов обработки информации процессорными элементами. 

Классы задач, решаемых цифровыми фотонными и электронными вычислительными 

машинами, совпадают (в отличие от квантовых компьютеров). 

Пригодны архитектурные и схемотехнические решения, полученные для электронной техники. 

Предложенные интерференционные логические элементы, образуют полный функциональный 

базис. Выполняются требования идентичности значений интенсивности, соответствующих 

логическим константам «0» и «1», вырабатываемых различными элементами в заданные 

фиксированные интервалы времени.  

 Оценки значений пиковой производительности  цифровой ФВМ, задействующей излучение с 

длиной волны 1,5 мкм,  в 104 - 105 раз превышают достигаемые современными электронными 

вычислительными устройствами при равных энергетических затратах. 
 

1. Фотонная вычислительная машина. Принципы реализации. Оценки параметров. Доклады Академии 

наук, 2017, том 476, N 4, с. 389-394.      

2.Интерференционные логические элементы. Доклады Российской Академии наук, 2020, т.493, с. 64-69. 
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The report is devoted to the use of thulium BEC to study the intensity distribution of optical lattice (OL) 

that is formed by two crossed laser beams with a wavelength of 1064 nm inside a vacuum chamber. 

Such configuration of beams create a periodic potential: 

    2

0 sin LU z U k z , (1) 

where 0U  is the depth of the OL, 1 2 2L Lk k k      is one-half of the magnitude of the reciprocal 

lattice vector, 
1k  and 

2k  are wave-vectors of OL beams,   2sinL    is a lattice period, 

 1 22 ;k k  . The configuration of beams in the chamber could be imprinted on the matter wave of 

condensate in position space via the Kapitsa-Dirac (or Raman-Nath) effect. 

Analyzing the obtained results of the BEC expansion after a short-term exposure to a periodic potential, 

we found that the self-reflections of the lattice beams from the viewports of vacuum chamber create a 

significant parasitic potential. This effect helps us to reproduce the intensity distribution of the OL in 

region were BEC is located. 

 

The work was supported by Rosatom in the framework of the Roadmap for Quantum computing 

(Contract No. 868-1.3-15/15-2021 dated October 5, 2021). 
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The exponential increase in the number of publications on Scopus data indicates the growing interest of 

scientists from different countries in the subject of optical computing [1]. The authors of the report 

present optical circuits with light modulators that implement matrix calculations, Fourier correlator 

circuits, including a volumetric holographic filter that provides parallel recognition of 7,500 objects. 

The presented results of designing one-dimensional photonic crystal resonators based on comb 

waveguides for differentiating and integrating optical signals justify the potentially achievable 

parameters of the corresponding photonic crystal devices. The calculated photonic crystal integrators 

and differentiators are tens of times more compact than the known solutions, the proposed devices are 

easily assembled into cascades, integrated on a crystal and interfaced with electronic components [2]. 
The authors of the report proposed a scheme of an optical coprocessor designed for analyzing video 

streams and implemented as a computer board (module) with which the computer exchanges data via a 

fast PCIe bus. The coprocessor implements a Fourier correlator circuit with an amplitude spatial light 

modulator at the input and a phase spatial modulator in the frequency plane. In this scheme, the external 

video stream coming to the camera is converted by an amplitude modulator into a coherent video stream, 

and then it is processed in a Fourier correlator with a phase spatial modulator in the frequency plane, 

which sets the mathematical core of processing. The transmission function of the modulator is 

determined by the phase function matrix transmitted to it from the computer. This allows you to perform 

exactly the processing that is necessary for a given video stream at a given time. An analysis of the 

progress in the performance of existing modulators and cameras that allow working with large data 

arrays shows that by 2025, the calculation speed with using the proposed system of 1.00 × 1019 bits/s is 

possible. The system turns out to be quite compact (140×80 × 80mm) and relatively low–energy (no 

more than 100W - an order of magnitude smaller than a high-performance graphics card). The report 

shows experimental results of the selection of image contours using a created mock-up sample of such 

a coprocessor using a phase function implementing the Laplace operator on the modulator. Optical 

neural networks can also be implemented on such a system, while the phase function of the diffraction 

optical element (DOE) implementing the neural network layer is reproduced on the modulator. The 

report presents the results of a computational experiment for recognizing digitals and a number of 

symbols using one or more DOE. The authors show that with certain physical parameters, using only 

one DOE, it is possible to achieve recognition of handwritten digits with a probability higher than 0.91.  
 
[1] N.L. Kazanskiy, M.A. Butt, S.N. Khonina, Optical Computing: Status and Perspectives, Nanomaterials, vol. 12, 2171 (2022). 
[2] P. Serafimovich, N. Kazanskiy, Photonics Elements for Sensing and Optical Conversions (CRC Press), Chapter 2 Photonic crystal cavities 

in integrated on-chip optical signal processing components, (2023). 
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We study the quantum entanglement of two identical superconducting qubits which interact 

with external electromagnetic fields and the thermostat. We develop the original method in path integral 

approach for numerical calculation of full density matrix. Then we calculate the Peres-Horodecki 

parameter (the measure of qubits entanglement). The results indicate the possibility of high-

entanglement states excitation and long-time non-destructive control of them for certain parameters of 

the electromagnetic field and the thermostat parameters. It is shown that the measure and time of qubits 

entanglement can be effectively controlled by an external electromagnetic influence even in the case of 

decoherence in the thermostat field. 
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A cavity quantum electrodynamics provides the platforms for implementation of effective single 

photon source (SPS) – a key node in realization of scalable quantum networks [1]. To maximize the 

efficiency and fidelity of operations at this node, the SPS’ emission have to satisfy criteria of high 

brightness, radiation directivity and narrowness of spectral line. For these purposes, optical cavities with 

low energy loss and high emitter-cavity coupling strength are required to make use of the Purcell-

enhancement of the radiative decay by a factor 𝐹𝑝 =
3

4𝜋2
∙ (

𝜆

𝑛
)
3
∙
𝑄

𝑉
 (Q – quality factor, V – mode volume) 

into a cavity mode of interest and thereby achieve a deterministic bit stream of single-photon pulses [2]. 

While there are many optical cavities, most of them suffer from excessive absorption and intrinsic mode 

mismatch between emitter and cavity. 

In present work, we demonstrate an effective tunable coupling of the single photon emitter in 

nanodiamond (ND) placed in fully dielectric low-loss Fabry-Perot microcavity. The cavity consists from 

two macroscopic dielectric mirrors: the former (R>99.999%) is planar, the latter (R>99.95%) contains 

an array of concave holes with diameters of 4 and 16 µm. The finesse of the cavity is measured by 

transmission spectroscopy to be ℱ~3000 at 740 nm. As an emitter we use single negatively charged 

silicon-vacancy (SiV)-centers formed in ND. The SiV fluorescence is characterized by a narrow (1–7 

nm) zero-phonon line (ZPL) at 738 nm, in which ∼70% of the SiV emission is concentrated, and 

demonstrates high spectral and time stability [3]. NDs were deposited onto the surface of the planar 

mirror from the water droplet. By means of confocal spectroscopy and Hanbury-Brown-Twiss 

interferometry, the fluorescence spectra and saturation curves of individual SPS were measured and the 

results were quantitively compared for the cases an emitter is in free space and inside cavity. An ability 

to change the distance between mirrors in microscale allowed us to spectrally overlap desirable cavity 

mode and ZPL of the SiV-center. So, such a dielectric microcavity revealed more than order 

enhancement of single photon emission accompanied with 𝐹𝑝~3 and peak coupling efficiency of 𝜁~75%. 

 

The work was supported by the grant of the Russian Science Foundation No. 22-19-00324. 
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Negatively charged Silicon-Vacancy centers (SiV), are promising sources of both single-photon 

and classical radiation in the near-infrared spectral region, respectively, for quantum and biomedical 

technologies [1-3]. Chemical Vapor Deposition (CVD) and High Pressure Hight Temperature (HPHT) 

methods are mainly used for synthesis of SiV-containing diamonds. Here, we present a comparative 

low-temperatures (LT) analysis of the spectral characteristics of individual SiV centers in spontaneously 

nucleated CVD nanodiamonds (NDs) grown on germanium (Ge)/silicon (Si) substrates and HPHT NDs 

produced from adamantane in the presence of Si dopant.  

First, we studied CVD diamond particles of less than 100 nm in size containing 10–20 centers 

per ND. These NDs were grown on a Si substrate. The SiV photoluminescence (PL) under off-resonant 

and resonant laser excitation at 15 K were investigated. The emission lines of SiVs of individual CVD 

NDs are well resolved and found to be spread in the range of 730–750 nm. The typical SiV linewidth is 

within 1–2 GHz for spontaneous CVD NDs, which is only a factor of 2.5–5 broader than the lifetime 

limited linewidth of the SiV at 15 K [5]. It was found that replacing the Si with Ge substrates does not 

affect the spectral characteristics of the SiV PL. A usage of Ge substrates with weak adhesion to diamond 

opens up opportunities for the controlled doping of NDs with Si, facilitates the transfer of diamond 

particles from the growth substrate into optical chips, microresonators and photonic crystals.   

Then, we analyzed spectral characteristics of individual SiVs in spontaneously nucleated CVD 

NDs grown on Ge/Si substrates [7] and HPHT NDs doped with Si. Studied nanoparticles have a 

characteristic size of 300 nm. The SiV PL measured at LT was found to localized in the range 730–750 

nm for CVD and 735-739 nm for HPHT NDs. We attribute the narrowing of the SiV emission range for 

HPHT diamonds to their higher crystalline quality compared to CVD ones. 

The work was supported by the Russian Science Foundation, Grant № 21-72-10153, 

https://rscf.ru/project/21-72-10153/ 
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Exciton-polaritons are composite quasiparticles consisting of exciton and photon components. The 

quantum statistics of exciton polaritons is of interest in the sense that they using as a platform for the 

development of quantum computation [1]. The statistics of radiation from micropillar can be sub-

Poisson, while the statistics of the polariton states themselves remain Poisson [2-3]. This is due to the 

weak nonlinearity U/γ<<1 (of the exciton fraction) in the exciton-polariton system [4]. The quantum 

blockade is effect of suppressing the probability of finding two polaritons in a certain state. The 

mechanism of unconventional quantum blockade, based on destructive interference ways 

|00>→|10>→|20> и |00>→|10>↔|01>→|11>↔|20>[5], see fig.1b, makes it possible to achieve the 

effect of polariton blockade in polariton dimer - a system of two coupled micropillars under conditions 

of resonant pumping, see fig.1a.  

The following Hamiltonian describes system coupled anharmonic oscillators under laser pump energy 

(in the rotate wave approximation): 

𝐻 = 𝛥1�̂�1
+�̂�1 + 𝛥2�̂�2

+�̂�2 + 𝑔12�̂�1
+�̂�2 + 𝑔21�̂�2

+�̂�1 +
𝑈

2
�̂�1
+�̂�1

+�̂�1�̂�1 +
𝑈

2
�̂�2
+�̂�2

+�̂�2�̂�2              (1) 

Here â(â+) annihilates (creates) bosons operators; i L     are the cavity detunings, L - frequency 

driving fields iF , which we will set equal to each other; i  amplitudes of the driving fields; U is the 

Kerr  nonlinearity parameters (due to exciton-exciton scattering); ij jig g  are coupling constant 

between i- cavity and j- cavity (for polaritons is rabi energy, for coupled microcavity is hopping 

amplitude between the two cavities.) 

Govern master equation by a matrix density for Hamiltonian (1), 
𝑑𝜌

𝑑𝑡
= −𝑖[𝐻+

𝑒𝑓𝑓
, 𝜌] + 𝛾1𝐷[�̂�1] + 𝛾2𝐷[�̂�2]                                                                  (2) 

Where we introduce the follow dissipators: 𝐷[�̂�1] = �̂�1𝜌�̂�1
+ −

1

2
[�̂�1

+�̂�1, 𝜌]+, 𝐷[�̂�2] = �̂�2𝜌�̂�2
+ −

1

2
[�̂�2

+�̂�2, 𝜌]+. 

The criterion for anticorrelations is the second moment of the correlation function. The second order 

correlation function we can define as, 

𝑔1
(2)

=
∑ 𝑛(𝑛−1)𝜌𝑛,𝑛,𝑚,𝑚𝑛,𝑚

(∑ 𝑛𝑛,𝑚 𝜌𝑛,𝑛,𝑚,𝑚)
2 ≈

𝜌2,2,0,0
𝜌1,1,0,0
2                                                                                (3) 

Here 𝜌𝑛,𝑛′,𝑚,𝑚′ = ⟨𝑛′𝑚′|𝜌|𝑛𝑚⟩. 

 
Figure 1 – (a) Sketh a polariton dimer; (b) the scheme of state population. (c-d) The matrix elements of the density matrix; (e) The second 
order correlation function of the lower-polaritons in dependency of detuning for the first micropillar. for  U = 0.01γ, g = 5.62γ, Fp = γ. 

The minimum value for the system under consideration is gmin
(2) ~ 10-3. The system of 

microresonators is asymmetric (pumped only first micropillar). In this case, the radiation statistics of 

the second microcavity remains coherent, and the statistics of the radiation of the first microcavity are 

nonclassicality. 
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Low-dimensional quantum systems are of great interest from a research perspective as they serve as the 

physical foundation for quantum computing, quantum metrology, and quantum communication. Since 

low-dimensional quantum systems interact with the environment, they are essentially open quantum 

systems [1]. Interaction with the environment is commonly modeled using the simplified Markov 

approximation [2]. However, experimental evidence suggests that non-Markovian relaxation also occurs 

in open quantum systems and controlled transitions from Markovian to non-Markovian regimes can be 

observed [3]. 

In this report, we present a method for modeling non-Markovian dynamics of low-dimensional quantum 

systems by incorporating an Ornstein-Uhlenbeck process to modify the stochastic Schrödinger equation 

[4]. This approach enables numerical modeling of the non-Markovian relaxation dynamics of open 

quantum systems and their spectral characteristics. We provide modified equations, numerical solution 

schemes, and simulation results for specific environmental parameters. 

Furthermore, we demonstrate how considering the non-Markovian nature of the environment can alter 

the equilibrium position for the probability of detecting the system in a certain energy state for a three-

level system and dipole-dipole interacting qubits. We also illustrate the differences between the 

resonance fluorescence spectrum of a two-level atom in the Markovian and non-Markovian relaxation 

regimes. 

The aim of this report is to discuss the advantages and disadvantages of the stochastic approach for 

describing relaxation of open quantum systems using numerical modeling of specific systems. 
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 A further step in the development of photonic digital computing devices is the combination of 

interference logic gates into one circuit [1] using some serial connections. Sequential realization of 

logical operations imposes a significant limitation on the phase of the gate output signal. The phase has 

to be determined. Note, that the issue of phase uncertainty does not preclude the use of logic gates.  

However, there are limitations that arise when trying to cascade them. The problem of phase uncertainty 

lies in the dependence of the phase of the gate output signal corresponding to the value 1 on the values 

of the operands of the logic gate of the type “OR”, “NOR”, “XOR”, etc. An uncertain value of the phase 

of the output signal makes it impossible to cascade such elements. The supply of different-phase signals 

corresponding to 1 to the input of the logic gate of the next stage will lead to different results. 

To solve this problem authors propose to exploit the basic fact of Boolean logic. “AND” and 

“NOT” operations are enough to form a minimal complete basis [2]. Any other logical operation can be 

expressed as their combination. It should be noted that “AND” and “NO” gates do not have the problem 

of phase uncertainty, so it is possible to design a logic gate for any logical operation without this 

problem. The Figure 1 proposes the implementation of “NOR” on the base of “AND” and “NOT” gates 

cascading. Ports A and B are the “NOT” inputs. C and D are inputs of the second element associated 

with the realization of “NOT” operation. E is the output of the combined “NOR” logic gate.  

 

 
 

Fig. 1. Photonic crystal with three Y-shaped defects, which implements the logical operation «NOR». B and C are inputs for operand signals, 

A and D are inputs for reference signals, E is an output for the operation result signal 

 

The proposed logic gate (Fig.1) was studied in a series of numerical experiments. The signal 

that corresponds to “true” value at the E output is always has the same phase. It should be noted that the 

implementation of the logic gate (Fig.1) demonstrates the possibility of logic gates cascading.  
[1] Hussein M.E., Tamer A. Ali, Nadia H. Rafat, New designs of a complete set of Photonic Crystal logic gates, Optics Communications, vol. 
411, pp. 175-181, (2018) 

[2] S. V. Yablonski, Introduction to Discrete Mathematics, (1986, In Russian) 

 

  



 

P-O-8 

Investigation of the lifetime of entangled states of interacting 

qubits in an electromagnetic field by the path integration method 
        

A. Biryukov1, M. Shleenkov2 
     

1- Samara State Transport University 

2- Samara National Research University 

Main author email address: biryukov_1@mail.ru 

 

The entangled states of two identical qubits are super important in quantum informatics. They 

have lots of potential applications like quantum computers, cryptography, and quantum teleportation. 

But here's the catch: in real models, qubits can only stay highly entangled for a limited time. That's why 

there's been a ton of research, both theoretical and experimental, to understand and extend the duration 

of quantum entanglement for qubits over the last few decades. 

In this case, we'll focus on a mathematical model where two qubits interact with an external 

electromagnetic field. The interaction between their dipole moments is described by a specific time-

dependent function. Our goal is to study how the degree of entanglement depends on the parameters that 

characterize the qubit interaction and external electromagnetic field. By finding the most optimal values 

for these parameters, we can maximize the degree of entanglement for the qubits. 

Hamiltonian of this model has the following form �̂�𝑓𝑢𝑙𝑙 = �̂�𝑄 + �̂�(𝜏), �̂�(𝜏) = �̂�𝑄𝐹(𝜏) +

�̂�𝑄𝑄(𝜏), where �̂�𝑄 is hamiltonian of two non-interacting qubits; �̂�𝑄𝐹(𝜏) is operator which describe 

interaction between qubits and one mode electromagnetic field; �̂�𝑄𝑄(𝜏) is operator which describe 

dipole-dipole interaction between qubits. 

We describe the investigated system by statistical operator �̂�(𝑡) in the energy representation 

using the path integration [1]. To quantify the quantum entanglement of two qubits we use the Peres-

Horodecki criterion [2,3] with the measure 𝜀. The entanglement is maximal, when 𝜀 = 1, and minimal 

when 𝜀 = 0. 

The proposed system of equations allows using numerical methods to construct graphs of 

dependence 𝜀 on system parameters and time. As an example of calculating the qubit entanglement 

parameter, let's consider the case when there is no external field and the qubits interact with each other. 

The graph of 𝜀 is represented by a dashed curve in Fig. 1. 

The case is considered when the 

frequency of the external monochromatic 

field coincides with the transition 

frequency of the qubits. In the second 

numerical experiment, the qubits are 

affected by the field. The graph of the 

dependence of 𝜀 on the dimensionless 

time 𝛺𝑅𝑡 in Fig. 1 is represented by a solid 

curve. From the analysis of the graphs, it 

can be inferred that the external field 

stabilizes the entangled state of the qubits. 

 

The proposed mathematical model allows investigating the qubit entanglement parameter 𝜀 

under various system parameter changes within a wide range. 
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In this work, we present a computational analysis of splitting ratio and insertion losses for four different 

designs of splitters. The designs of splitters were as follows: Y-branch splitter, MMI splitter, MMI-Y-

branch hybrid splitter, and MMI-Y-branch hybrid splitter with optical leak reduction jumpers. The last 

splitter design is based on the MMI–Y-branch hybrid splitter with jumpers between branches in places 

of most prevalent optical leaks to preserve radiation in the structure (Fig. 1) [1]. This allows for a loss 

reduction in the splitter. Computational analysis proceeds as follows: topological parameters of the 

splitter, which include branch length, MMI width and length, and branch offset from center, are varied 

to build the dependence of output field power. Optimal topology is achieved when maximum field power 

is obtained. The example result of such a simulation for MMI width and and branch starting offset 

selection of the optimal point could be seen in Figure 2. Based on the results of the computational 

analysis series, a comparison has been made between the four designs featured in the full work. In this 

comparison, the optimal design is selected and demonstrated. 

 
Figure 1. MMI - Y-branch hybrid splitter with optical jumpers view and field distribution 

 
Figure 2. Result of the simulations series. Width of MMI and branch starting offset is variated and resulting field power from one brunch is 

obtained 
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Currently, chalcogenide materials are widely used to create memory cells. Such devices are based on 

the principle of changing optical and electrical properties when the phase state of glass changes from 

amorphous to crystalline. The phase state is switched using heat from laser or electric pulses. 

The research of Ge-Sb-Te (GST) glasses, which have a strong optical contrast [1] and a short phase state 

switching time (50 ms) [2], receives special attention. This opens up the option of using GST-225 

(Ge2Sb2Te5) thin films in optical switching devices. GST-225 has a high refractive index in both 

crystalline (n=8.03) and amorphous (n=4.69) phase states [3,4]. 

The possibility of creating a discrete phase shift using components that is based on GST-225 thin films 

was investigated in the work. Waveguide structures based on SOI were calculated. 

 
Figure 2. Waveguide geometry and field distribution in a waveguide 

In the wok presented computational analysis of the phase change of the waveguide mode and waveguide 

losses as variables of the phase state of the GST film and the geometric parameters of the structure: the 

thickness of the film (10-30 nm) and the thickness of the buffer layer (0-100 nm). Based on the results, 

an optimal model of a waveguide with a 75nm buffer layer and a 10nm GST film (Fig.1) is offered. A 

5° phase shift on the length of a 1.94 micron GST segment is achieved, with losses of approximately 

0.7 dB for a crystalline GST section and 0.1-0.2 dB for an amorphous GST section. Based on the results, 

a switch model based on the Mach-Zehnder interferometer has been constructed. The phase shift 

between signals passing in different arms must be 45 degrees. However, creating an optimal phase 

difference can be difficult because it requires a difference in the optical path between the two channels 

equal to λ/8. To make the correction, discrete sections of GST film were placed on both arms of the 

interferometer. By changing the phase state of the GST, it is possible to change the phase rotation by 1-

15°, achieving the exact final phase shift of 45 ° required for the switch's operation. 
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Currently, silicon-based solar cells are one of the most relevant types of alternative energy sources. The 

scope of their application is extensive: from the power supply of private homes or small enterprises on 

Earth to spacecraft in space [1, 2]. However, the efficiency of such elements, as a rule, does not exceed 

30%, therefore, the task of increasing the efficiency of solar cells is relevant. There are many different 

methods to increase the efficiency of photosensitive structures, for example, applying coatings that 

reduce reflection, creating various nanostructured layers of silicon, carbon nanotubes, quantum dots 

from different materials on the surface of plates, etc. [3-5]. In addition, it is possible to increase the 

efficiency of solar cells by combining the above methods, for example, by creating multilayer 

photosensitive structures with a porous layer of quantum dots. 

In this work, samples of photosensitive structures were made as follows. An n-type diffusant consisting 

of ethyl alcohol, tetraethoxysilane, nitric and orthophosphoric acids was applied to pre-purified silicon 

plates of the p-type. After drying, the plates were placed in a diffusion furnace for 40 minutes at a 

temperature of 1000 ̊C to create a p – n junction. Then, after removing the oxide in hydrofluoric acid, a 

porous layer was created using liquid electrochemical etching for 5 and 10 minutes and a current density 

of j = 10 mA/cm2. Next, metallization was applied by thermal evaporation in vacuum. The final 

operation was the application of quantum dots. To do this, powders of tungsten and molybdenum 

disulfides weighing 50 mg were mixed with isopropyl alcohol, 50 ml in a glass container. Then these 

glass vessels were placed in an ultrasound bath for 4 hours. 

The current-voltage characteristics were removed from the obtained samples before and after the 

application of quantum dots. Analysis of the data obtained showed that samples with an etching time of 

5 minutes were practically not reacted to the introduction of quantum dots into the pores. While the data 

obtained from samples with an etching time of 10 minutes showed an increase in the saturation current. 

This can be explained by the deeper occurrence of quantum dots in the pores. However, quantum dots 

did not have a significant effect on dark currents. 
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