
 
 

TECHNICAL DIGEST 
 
 
 

MPLP-2021 
 

The IX International Symposium  
 

“MODERN PROBLEMS OF LASER PHYSICS” 
 
 

Novosibirsk, Russia, 22 – 28 August, 2021 
 

mplp2021.laser.nsc.ru 
 

 
 
Organized by: 

 Institute of Laser Physics, SB RAS, Novosibirsk, Russia 

 Novosibirsk State University, Novosibirsk, Russia 

 Institute of Spectroscopy, RAS, Troitsk, Moscow, Russia 

 Federal State Unitary Enterprise "VNIIFTRI", Mendeleevo, Moscow region, Russia 
 
 

  



II 

INTERNATIONAL ADVISORY COMMITTEE 

Dmitry Budker Helmholtz Institute Mainz, Johannes Gutenberg University, Germany 

Ekkehard Peik PTB, Braunschweig, Germany 

Andrey Turlapov Institute of Applied Physics of the Russian Academy of Sciences, Nizhny 
Novgorod, Russia 

Victor Balykin Institute for Spectroscopy, Russia 

Alexey Zheltikov  Lomonosov Moscow State University, Russia 

Leong Chuan Kwek Centre for Quantum Technologies, National University of Singapore 

Ken-ichi Ueda Institute for Laser Science, University of Electro Communications, 
Tokyo, Japan 

Victor Zadkov Institute of Spectroscopy RAS, Troitsk, Russia 

Masahiko Tani Research Center for Development of Far-Infrared Region, University 
of Fukui 

John Kitching Time and Frequency Division, NIST, Boulder, USA 

Igor Ryabtsev Rzhanov Institute of Semiconductor Physics SB RAS, Russia 

Mikhail Starodubtsev  Institute of Applied Physics of the Russian Academy of Sciences 

Nikolai Kolachevsky  P.N. Lebedev Physical Institute RAS, Moscow, Russia 

Gerhard Leuchs  Max Planck Institute for the Science of Light, Erlangen-Nuremberg, 
Germany 

Martial Ducloy  Laboratoire de Physique des Lasers, Universite Paris-Nord, France 

Julien Fuchs 
LULI - CNRS, CEA, UPMC Univ Paris: Sorbonne Université, Ecole 
Polytechnique, Institut Polytechnique de Paris, France 
 

  
 
 
  



III 

MEMBERS OF THE LOCAL PROGRAM COMMITTEE 

Alexey Taichenachev Chairman of the Local Program Committee,  
Institute of Laser Physics SB RAS 

Ildar Shaikhislamov Vice Chairman of the Local Program Committee,  
Institute of Laser Physics SB RAS 

Oleg Prudnikov Scientific Secretary of Symposium, 
Institute of Laser Physics SB RAS 

Denis Brazhnikov Institute of Laser Physics SB RAS 

Olga Cherkasova Institute of Laser Physics SB RAS 

Andrey Goncharov Institute of Laser Physics SB RAS 

Dmitry Kolker Novosibirsk State University 

Alexander Razhev Institute of Laser Physics SB RAS 

Victor Pivtsov Institute of Laser Physics SB RAS 

Victor Petrov Institute of Laser Physics SB RAS 

Valeriy Yudin Institute of Laser Physics SB RAS 

Pavel Pokasov Institute of Laser Physics SB RAS 

Evgeny Martinovich Irkutsk devision of Institute of Laser Physics SB RAS 

Mikhail Skvortsov Institute of Laser Physics SB RAS 

  
 
 
 
 
 
 

Symposium Chair:  Prof. Sergei N. Bagayev, Institute of Laser Physics, SB RAS 

Symposium Secretary:  Dr. Oleg N. Prudnikov, Institute of Laser Physics, SB RAS 
 
  



IV 

Table of Contents 
 
Oral Presentations  

  

1. New trends in laser physics 
H. Katori, I. Ushijima, M. Takamoto 
Transportable optical lattice clocks to test and use gravitational redshift 1 

  
A.V. Mitrofanov, D.A. Sidorov-Biryukov, A.A. Voronin, M.V. Rozhko,  
M.M. Nazarov, N.V. Erukhimova, P.B. Glek, E.E. Serebryannikov,  
E.F. Astashkin, A.B. Fedotov, V.Ya. Panchenko, A.M. Zheltikov 
Cross-range nonlinear optics with ultrashort pulses in the mid-infrared 

2 

  
  
2. High-resolution spectroscopy and atomic clocks 
C. Carlé, A. Gusching, N. Passilly, I. Ryger, J. Millo, M. Petersen,  
D. Brazhnikov, M. Abdel Hafiz, R. Boudot 
Cs microcell microwave and optical frequency references at FEMTO-ST 

3 

  
S.V. Chepurov, N.A. Pavlov, А.А. Lugovoy, S.N. Bagayev, А.V. Taichenachev 
Development of an optical frequency standard with a single 171Yb+ ion 5 

  
A.N. Goncharov, A.E. Bonert, V.I. Baraulya, M.A. Tropnikov, O.A. Trunova, 
D.N. Kapusta, S.A. Kuznetsov, O.N. Prudnikov, D.V. Brazhnikov,  
A.V. Taichenachev, S.N. Bagayev 
Cold atom interferometry: towards Mg optical frequency standard and Rb quantum 
sensors of inertial forces 

6 

  
H. Guan, Y. Huang, K. Gao 
Recent progress on the 40Ca+ ion optical clocks 8 

  
N. Huntemann 
Optical clocks with trapped Yb+ ions 10 

  
S. Kang, P. Wang, D. Li, M. Qu, K. Liu, C. Li, W. Zhu, W. Guo, J. Liu 
In-Progress report of miniaturized vapor-cell rubidium optical clock at APM 11 

  
M. Okhapkin, J. Thielking, J. Zander, G. Zitzer, J. Tiedau, E. Peik 
Towards direct laser excitation of the low-energy nuclear transition in 229Th 13 

  
S.I. Donchenko, V.N. Fedotov, I.B. Noretz, V.G. Palchikov 
Current state and development of the State primary standard of unit of time, 
frequency and national time scale 

14 

  
V.G. Palchikov 
Towards a new definition of the second in the SI based on optical atomic clocks 16 

  



V 

E. Peik, N. Huntemann, R. Lange, J. M. Rahm, C. Sanner, H. Shao,  
B. Lipphardt, Chr. Tamm, S. Weyers 
Improved limits for violations of local position invariance from atomic clocks 

18 

  
D. Sutyrin, A. Gribov, A. Malimon, R. Balaev, S. Slyusarev 
Towards optical time scale at VNIIFTRI 19 

  
D. Tregubov, A. Golovizin, D. Mishin, D. Provorchenko, K. Khabarova,  
V. Sorokin, N. Kolachevsky 
Search for magic wavelength near 1064 nm for thulium optical clock 

21 

  
V.I. Yudin, A.V. Taichenachev, M.Yu. Basalaev, S.N. Bagayev 
Methods for suppressing the light shift in atomic clocks based on continuous-wave 
spectroscopy 

23 

  
  
3. Physics of ultracold atoms, ions, and molecules 

A.E. Afanasiev, A.A. Kortel, A.M. Mashko, P.N. Melentiev, V.I. Balykin 
Atom femto trap: experimental realization and its spectroscopic perspectives 25 

  
X. He, K. Wang, Z. Jun, C. Sheng, P. Xu, M. Liu, J. Wang, M. Zhan 
Coherently forming single molecules in an optical tweezer 27 

  
Y. Guo, E.M. Gutierrez, D. Rey, M. de Goër de Herve, A. Kumar,  
T. Badr, A. Perrin, L. Longchambon, V.S. Bagnato, R. Dubessy, H. Perrin 
Physics in a bubble: from supersonic rotation to the effects of dimensional reduction 

28 

  
T. Pfau 
A dipolar supersolid and a novel microscope to probe quantum gases 30 

  
A.A. Kirpichnikova, A.V. Taichenachev, V.I. Yudin, O.N. Prudnikov, A. Kulosa, 
D. Vadlejch, T.E. Mehlstäubler 
Fast and deep laser cooling of 172Yb ion in a radiofrequency trap 

31 

  
  
4. Atom interferometers, magnetometers and  
other quantum sensors 
D.V. Brazhnikov, V.I. Vishnyakov, I.S. Mesenzova, S.M. Ignatovich,  
C. Andreeva, A.N. Goncharov 
High-contrast zero-field level-crossing resonances in cesium vapors for atomic 
magnetometry applications 

33 

  
A. Shinjo, M. Baba, K. Higashiyama, R. Saito, T. Mukaiyama 
Three-dimensional matter-wave interference of a trapped single ion 34 

  
M. Petrenko, A. Pazgalev, A. Vershovskii 
Optically pumped magnetic field sensors for magnetoencephalography and ultra-low 
field tomography 

36 



VI 

  
T. Zanon-Willette, D. Wilkowski, A.V. Taichevachev, V.I. Yudin 
Hyper Ramsey-Bordé matter-wave interferometry 38 

  
L. Zhou, X. Chen, D. Gao, B. Tang, Z. Xiong, Y. Zhang, M. Liu, W.-T. Ni,  
J. Wang, M. Zhan 
United test of the equivalence principle using mass and internal energy specified 
atoms 

39 

  
  
5. Quantum optics and quantum information 
I.I. Ryabtsev, I.I. Beterov, E.A. Yakshina, D.B. Tretyakov, V.M. Entin,  
N.V. Alyanova, K.Yu. Mityanin, I.N. Ashkarin, K.-L. Pham, S. Lepoutre,  
P. Pillet, P. Cheinet 
Towards quantum gates with single rubidium Rydberg atoms in an array of optical 
dipole traps 

40 

  
M. Saffman 
Towards hybrid algorithms with circuit model quantum computing on a neutral atom 
quantum computer 

41 

  
  
6. Extreme Light Fields and Nonlinear Optics 

G.A. Becker, S. Tietze, M.B. Schwab, R. Lötzsch, S. Keppler, M. Hornung,  
M. Hellwing, A. Kessler, F. Schorcht, J. Reislöhner, L. Bock, S. Kuschel,  
H. Liebetrau, J. Polz, A. Seidel, J.H. Bin, P. Hilz, W. Ma, F.-E. Brack, S. Kraft, 
M. Rehwald, H.-P. Schlenvoigt, K. Zeil, J. Hein, S. Rykovanov, S. Sävert,  
J. Schreiber, M. Zepf, U. Schramm, M.C. Kaluza 
Laser-driven proton acceleration with water droplets and thin foils 

42 

  
C.H. Nam, M. Mirzaie, C.I. Hojbota, D.Y. Kim, V.B. Pathak, C.M. Kim,  
J.W. Yoon,  J.H. Sung, S. K. Lee, K.Y. Kim 
Ultrahigh intensity PW laser for strong field physics research 

44 

  
N.N. Rosanov, M.V. Arkhipov, R.M. Arkhipov 
From few-cycle to subcycle and unipolar radiation pulses 45 

  
V.I. Trunov, S.N. Bagayev, S.A. Frolov, D.O. Shvydkoy 
Limitations of coherent pulse combining implementation with peak power up to 
multi-petawatt level 

46 

  
S. Wabnitz, F. Mangini, M. Ferraro, M. Zitelli 
Multidimensional laser beam shaping with multimode optical fibers 47 

  
  
  
  



VII 

7. Nanophotonics 

Y. Kivshar 
Metaphotonics and metasurfaces 49 

  
O.N. Prudnikov, M. Kim, E.S. Hwang, B.-H. Cheong 
Guided-mode waves structure of electric and magnetic dipole resonances in 
metamaterial slab 

50 

  
N.N. Rubtsova, A.A. Kovalyov, D.V. Ledovskikh, V.V. Preobrazhenskii,  
M.A. Putyato, B.R. Semyagin, S.A. Kuznetsov, V.S. Pivtsov 
Semiconductor quantum well based shutters for NIR laser mode-locking with ~GHz 
repetition rate 

52 

  
Yu. Vladimirova, V. Zadkov 
Quantum optics of quantum emitters in nanostructures 54 

  
  
8. Applications of laser radiation from THz to UV 

in biomedicine, technology and other fields 
O. Cherkasova 
The Interaction of THz radiation with molecules and cells 55 

  
D.B. Kolker, I.V. Sherstov, A.A. Boyko, B.N. Nyushkov, E. Erushin,  
N. Kostyukova, A. Pavluck 
Tunable MID-IR laser sources for trace-gas analysis 

56 

  
N.Y. Kostyukova, E.Y. Erushin, A.A. Boyko, D.B. Kolker 
Near-degenerate narrowband tunable MgO:PPLN OPO generating radiation with 
wavelength of 2.1 μm 

58 

  
H. Minamide 
Backward optical parametric oscillator to generate tunable terahertz waves 60 

  
M. Tani, M. Talara, D. Bulgarevich, V.K. Mag-usara, K. Tominaga,  
M.C. Escaño, Ch.E. Petoukhoff, J. Madéo, D.R. Bacon, K. Dani, G. Torosyan,  
L. Scheuer, R. Beigang, E.Th. Papaioannou, H. Kitahara, J. Muldera, J. Afalla, 
T. Furuya, M. Nakajima, M. Watanabe 
Terahertz emission from spintronic Fe/Pt bilayers 

62 

  
  
9. Exploring space plasma with lasers 

K. Burdonov, C. Argiroffi, J. Beard, S. Bolanos, R. Bonito, S.N. Chen, A. Ciardi, 
E. Filippov, T. Giannini, M. Gushchin, S. Orlando, S. Pikuz, G. Revet,  
M. Romanova, A. Soloviev, M. Starodubtsev, W. Yao, R. Zemskov, J. Fuchs 
Laboratory modelling of matter accretion using laser-driven plasma coupled with  
a strong magnetic field source 

64 

  



VIII 

A. Divin, I. Shaikhislamov, M. Rumenskikh, I. Zaitsev 
Three-dimensional Particle-in-Cell (PIC) simulations of minimagnetosphere 
formation in the KI-1 experiment 

66 

  
J. Fuchs, W. Yao, A. Fazzini, S.N. Chen, K. Burdonov, P. Antici, J. Béard,  
S. Bolaños, A. Ciardi, R. Diab, E.D. Filippov, S. Kisyov, V. Lelasseux, M. Miceli, 
Q. Moreno, V. Nastasa, S. Orlando, S. Pikuz, D.C. Popescu, G. Revet,  
X. Ribeyre, E. d'Humières 
Laboratory evidence for proton energization by collisionless shock surfing 

67 

  
D.B. Schaeffer, W. Fox, D. Haberberger, R.K. Follet, G. Fiksel, C.K. Li,  
J. Matteucci, K. Lezhnin, A. Bhattacharjee, D.H. Barnak, S.X. Hu,  
K. Germashewski 
Laboratory studies of laser-driven, high-Mach-number magnetized collisionless 
shocks 

68 

  
I.F. Shaikhislamov, Y.P. Zakharov, V.G. Posukh, V.A. Terekhin 
Laser experiments to model plasma releases in the Earth magnetosphere: past, 
present and unsolved problems 

70 

  
M. Starodubtsev, K. Burdonov, A. Soloviev, R. Zemskov, M. Gushchin, J. Fuchs 
Laboratory modeling of protostellar jet formation in diverging poloidal magnetic 
field 

71 

  
  
 
  



IX 

Poster Sessions  

E. Baklanov, P. Pokasov, A. Taichenachev 
About calculation of the ground-state energy of the helium atom 72 

I.V. Balakireva, I.Yu. Blinov, N.P. Khatirev 
Optical WGM resonator sensor of Earth gravity acceleration 73 

K. Barantsev, A. Litvinov 
Peculiarities of autobalanced Ramsey spectroscopy of CPT resonance in optically 
dense medium 

75 

K. Barantsev, A. Litvinov, A. Pazgalev, A. Vershovskii 
Optical pumping of alkali metal atoms in buffered gas cell for different decay rates 
of the nuclear spin 

76 

M. Baronskiy, A. Kostyukov, V. Snytnikov 
Spectroscopic properties of CrOx/Al2O3 nanopowders synthesized by cw CO2 laser 
vaporization 

77 

M.Yu. Basalaev, V.I. Yudin, D.V. Kovalenko, A.V. Taichenachev,  
J.W. Pollock, A. Hansen, W.R. McGehee, J. Kitching 
Spatially inhomogeneous light shift of the coherent population trapping resonances 

79 

E. Belskaya, P. Bokhan, P. Gugin, D. Zakrevsky 
A numerical simulation of lasing at ion thallium transitions in a Ne-Tl mixture upon 
excitation by an electron beam generated in an open discharge 

81 

A.G. Berezutsky, V.N. Tishchenko, I.B. Miroshnichenko, Yu.P. Zakharov,  
I.F. Shaikhislamov 
Controlling the type and intensity of low-frequency waves generated by laser plasma 
clots in a force tube of magnetized plasma 

82 

A.V. Britvin, B.V. Poller, A.B. Poller, N.V. Shakhov 
Characteristics of the method of laser monitoring with segmented reflectors and 
UAVs for flood forecasting 

84 

E.G. Saprykin, A.A. Chernenko 
Effects of magnetic coherence on transitions with level momenta J = 1/2 and J = 1 
in unidirectional wave spectroscopy 

86 

A. Chernova, D. Bordzilovskiy 
Selection of optimal coherent light sources for Fizeau interferometers 87 



X 

A. Chibranov, A. Berezutsky, M. Efimov, Y. Zakharov, I. Miroshnichenko,  
V. Posukh, M. Rumenskikh, I. Shaikhislamov, P. Trushin 
Laboratory modeling of a field-aligned currents system generated by a flow of inner 
magnetospheric plasma 

89 

E. Chiglintsev, K. Kudeyarov, N. Zhadnov, G. Vishnyakova, D. Kryuchkov,  
K. Khabarova, N. Kolachevsky 
Infrared ultrastable laser based on crystalline reference cavity 

90 

D.S. Chuchelov, S.A. Zibrov, M.I. Vaskovskaya, E.A. Tsygankov,  
V.V. Vassiliev, V.L. Velichansky 
Magnetic field dependence of Ramsey fringes of coherent population trapping in 
lin||lin configuration 

92 

M. Efimov, A. Chibranov, M. Rumenskikh, A. Berezutsky, V. Posukh,  
P. Trushin, Yu. Zakharov, I. Miroshnichenko, I. Shaikhislamov 
Laboratory experiments of modeling the magnetosphere in hot Jupiters 

94 

N. Emelianov, S. Chizhov, I. Kuznetsov, O. Palashov 
High average and peak power thin-rod laser amplifiers based on broadband Yb-
doped materials 

95 

D.E. Genin, E.I. Lipatov, E.N. Tel'minov, M.A. Shulepov, V.G. Vins,  
A.P. Yeliseev 
Superluminescence in diamonds, containing NV-centers 

97 

N.D. Goldina 
Spectral characteristics of metal - dielectric interferometer 99 

R.Ya. Ilenkov, A.A. Kirpichnikova, O.N. Prudnikov 
MOT for 6Li atoms formed by waves with elliptical polarization 101 

A.A. Kirpichnikova, R.Ya. Il’enkov, O.N. Prudnikov 
Laser cooling limits for 6Li atoms in monochromatic field with elliptical polarization 103 

A. Kostyukov, A. Nashivochnikov, M. Rakhmanova, V. Snytnikov 
Luminescence performance of laser synthesized Al2O3:Eu3+ nanophosphors 
depending on synthesis conditions 

105 

N.Y. Kostyukova, E.Y. Erushin, A.A. Boyko, D.B. Kolker, D.V. Badikov,  
V.V. Badikov 
Investigation of the nonlinear refraction of a barium chalcogenide crystal 

107 

I. Krasionov, L. Il’ichov 
Noise-based quantum optical gyrometry 108 



XI 

G.V. Kuptsov, V.A. Petrov, A.V. Laptev, A.O. Konovalova, A.V. Kirpichnikov, 
V.V. Petrov 
Wavefront distortions and gain dynamics in high power laser amplifier 

109 

A. Kuraptsev 
Light propagation in a random three-dimensional ensemble of point scatterers in  
a waveguide 

110 

K.A. Barantsev, A.S. Kuraptsev, A.N. Litvinov, I.M. Sokolov 
Features of the combined effect of atomic motion and hyperfine splitting of the 
excited state on the resonance of coherent population trapping in a rarefied gas and 
in cells with antirelaxation wall-coating 

111 

A.O. Makarov, D.V. Brazhnikov, C. Andreeva, A.N. Goncharov 
High-contrast magneto-optical resonances in rubidium vapor cell under 
counterpropagating light waves 

112 

A. Markelov, A. Karapuzikov, E. Nekhorosheva 
Numerical modelling of the spectral composition of the small-size CO2 laser 
radiation 

113 

A. Medvedev, P. Pinaev, A. Smirnov, G. Grachev 
Plasma creation with complementary laser and microwave plasmatron 115 

I.S. Mesenzova, S.M. Ignatovich, R. Boudot, D.V. Brazhnikov, M.N. Skvortsov 
Application of directly modulated diode laser and polarimetric technique to 
observation of sub-Doppler resonances in small Cs vapor cell 

116 

V.V. Shelkovnikov, S.L. Mikerin, A.E. Simanchuk, P.A. Chubakov,  
S.V. Korotaev, N.A. Orlova, V.N. Berezhnaya, I.Yu. Kargapoloava,  
R.A. Ischenko, N.D. Ryazanov 
New organic nonlinear optical materials based on polycarbonate films with 
dendronized polyfluorotriphenylpyrazoline-dicyanoisophorone chromophores 

117 

A. Nashivochnikov, A. Kostyukov, M. Rakhmanova, V. Snytnikov 
Synthesis of ZrO2:Eu3+ nanopowders using a cw CO2-laser and investigation of their 
luminescent properties depending on the concentration of europium 

119 

I.N. Nemov, A.G. Kuznetsov, A.A. Wolf, S.I. Kablukov, S.A. Babin 
Highly-reflecting fiber Bragg gratings for multimode fiber Raman lasers 121 

E.F. Nemova, O.P. Cherkasova, G.G. Dultseva 
Effect of terahertz radiation on intermolecular interactions of albumin under 
aerobic and anaerobic conditions 

123 



XII 

G.N. Nikolaev, S.L. Mikerin 
Theoretical bases of combined nonlinear optical demodulator-amplifier for 
broadband microwave photonics systems 

125 

N. Nikolaev, A. Mamrashev, V. Antsygin, D. Ezhov, D. Lubenko, V. Svetlichnyi, 
Yu. Andreev, V. Losev 
The optical properties of a nonlinear crystal of bismuth triborate in the terahertz 
range 

127 

N. Pavlov, S. Chepurov, O. Prudnikov 
Ion trap with reduced sensitivity that caused by RF heating 128 

V.A. Petrov, G.V. Kuptsov, A.V. Laptev, A.O. Konovalova, A.V. Kirpichnikov, 
V.V. Petrov 
The model of laser amplification process in Yb:YAG active media at low 
temperatures 

129 

A.V. Britvin, B.D. Borisov, B.V. Poller, A.B. Poller, M.S. Khairetdinov,  
A.S. Khokhryakov 
Highly sensitive detection of infrasonic oscillations in the atmosphere using 
synchronous laser lines with a frequency standard 

130 

D. Provorchenko, A. Golovizin, D. Tregubov, D. Mishin, N. Kolachevsky 
Magneto-optical trap of thulium atoms in compact system for transportable optical 
clock 

132 

N.N. Rubtsova, S.A. Kochubei, E.B. Khvorostov, V.A. Reshetov 

Collision anisotropy parameters determined from collision-induced photon echo 133 

M.S. Rumenskikh, A.A. Chibranov, M.A. Efimov, A.G. Berezutsky,  
V.G. Posukh, Yu.P. Zakharov, E.L. Boyarintsev, I.B. Miroshnichenko,  
P.A. Trushin, A.V. Divin, I.F. Shaikhislamov 
Laboratory modeling of various modes of interaction of the solar wind with lunar 
magnetic anomalies 

134 

K. Savinov, A. Dmitriev, A. Krivetsky 
CPT resonances in multifrequency field 136 

A. Semenko, D. Sutyrin, G. Belotelov, S. Slusarev 
Towards to Ytterbium compact optical clock 138 

D. Serdyukov, T. Goryachkovskaya, I. Meshcheryakova, O. Cherkasova,  
V. Popik, S. Peltek 
Escherichia coli cell-based fluorescent biosensors in the study of gene expression 
under terahertz irradiation 

139 



XIII 

I. Sherstov, V. Vasiliev 
SF6 laser photo-acoustic gas analyzer with 10 decades range 141 

O.N. Shevchenko, N.A. Nikolaev, K.A. Kokh 
Detection of THz waves in GaSe:S crystals by femtosecond radiation with  
a wavelength of 1.5 microns 

143 

S.A. Shvetsov, A.S. Zolot’ko, G.A. Voronin, A.V. Emelyanenko, P.A. Statsenko,  
S.I. Trashkeev 
Light beam interaction with the nematic liquid crystal film deposited onto absorbing 
substrate 

144 

S.N. Atutov, V.A. Sorokin 
Effects of size and dimension in optic relaxation in Rb vapor 146 

P.A. Statsenko, M.N. Khomyakov 
Numerical simulation in the diffraction approximation of laser radiation interaction 
with a stream of microparticles 

149 

R.A. Taziev, E.F. Martynovich 
Luminescence of single-color centers in LiF:Mg2+ crystals 151 

S.N. Bagaev, A.G. Berezutsky, E.L. Boyarintsev, Yu.G. Golovachev,  
G.N. Grachev, L.R. Dmitrieva, Yu.P. Zakharov, Yu.I. Zetser,  
I.B. Miroshnichenko, V.G. Posukh, A.G. Ponomarenko, A.L. Smirnov,  
V.N. Tishchenko, A.A. Chibranov, I.F. Shaikhislamov 
Conversion of repetitively pulsed laser radiation into low-frequency waves in gases 
and magnetized plasma 

153 

A.P. Torbin, A.K. Chernyshov, M.I. Svistun, P.A. Mikheyev 
Study of Ne:He plasma of a periodically pulsed discharge for optically pumped rare 
gas laser 

155 

M. Tropnikov, A. Bonert, A. Goncharov, S. Kuznetsov, V. Baraulya,  
D. Brazhnikov, O. Prudnikov, A. Taichenachev, S. Bagayev 
Optical frequency standard based on ultracold magnesium atoms: current status and 
future prospects 

157 

A.A. Tyutrin, R. Wang, E.F. Martynovich 
Synthesis of luminescent carbon quantum dots by plasma method 159 

M.I. Vaskovskaya, E.A. Tsygankov, D.S. Chuchelov, S.A. Zibrov,  
V.V. Vassiliev, V.L. Velichansky 
Dependence of the CPT resonance frequency on the buffer gases pressure in atomic 
mini-cells 

160 



XIV 

S.M. Vatnik, I.A. Vedin, M.D. Kolker, A.A. Pavlyuk 
High-efficiency mini-slab laser based on Tm-doped double tungstate crystal 161 

V.I. Vishnyakov, A.O. Makarov, S.M. Ignatovich 
Coherent population trapping resonances in cesium filled glass cells fabricated by 
induction welding 

163 

G. Vishnyakova, K. Kudeyarov, E. Chiglintsev, D. Kryuchkov, N. Zhadnov,  
K. Khabarova, N. Kolachevsky 
Open-air link for the ultra-stable optical frequency signal transfer 

165 

G. Voloshin, A. Litvinov, K. Barantsev 
Research of the shape and shifts of the resonances of coherent population trapping, 
detected by the Ramsey method, in an optically dense medium with a nonzero 
temperature 

167 

A. Gribanov, G. Nikolaev, M. Mosin, D. Yakovin, M. Yakovin 
Fluorescence quantum efficiency of Ti3+:Al2O3 at cryogenic temperatures and 
excitation by laser diodes 

169 

Yu.P. Zakharov, V.A. Terekhin, I.F. Shaikhislamov, V.G. Posukh, P.A. 
Trushin, A.A. Chibranov, A.G. Berezutsky, M.S. Rumenskikh, M.A. Efimov 
Spherical clouds of laser-produced plasma to model 3D-dynamics of artificial 
plasma releases in near-Earth space 

171 

Yu.P. Zakharov, V.P. Neznamov, V.A. Terekhin, I.F. Shaikhislamov,  
V.G. Posukh, P.A. Trushin, A.A. Chibranov, A.G. Berezutsky,  
M.S. Rumenskikh, M.A. Efimov 
On the opportunity of Laser Plasma simulation of Plasma Jets formation in 
moderate magnetic fields ~ kGs 

174 

V.F. Zakharyash, V.M Klement'ev, E.A. Titov 
Process of forced on the mode locking in a semiconductor laser with an external 
cavity 

176 

M.A. Zhilin, A.I. Karapuzikov, A.A. Markelov 
Numerical simulation of RF transmission line of waveguide CO2-laser with 
experimental verification 

179 

А. Rybak, V. Antsygin, A. Mamrashev, N. Nikolaev 
Temperature dependence optical properties of KTP crystals in the terahertz range 180 

 
 



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

1 
 

Transportable optical lattice clocks  
to test and use gravitational redshift 

 
H. Katori1–3, I. Ushijima1–3, M. Takamoto2,3 

1Department of Applied Physics, Graduate School of Engineering,  
The University of Tokyo, Bunkyo-ku, Tokyo 113-8656, Japan 

2Quantum Metrology Laboratory, RIKEN, Wako, Saitama 351-0198, Japan 
3Space-Time Engineering Research Team, RIKEN, Wako, Saitama 351-0198, Japan 

E-mail: katori@amo.t.u-tokyo.ac.jp 
 

Outstanding accuracy and stability of optical lattice clocks [1] allow measuring height differences of 
centimetres via the gravitational redshift with an averaging time of hours. Such height resolution and 
averaging time, which may outperform conventional spirit or GNSS levelling, make clocks promising 
tools for chronometric levelling [2]. So far, state-of-the-art clocks offering 10-18 uncertainties [3–5] 
have been solely demonstrated in well-conditioned laboratories. Here, we developed a pair of 
transportable optical lattice clocks and conducted an 18-digit-precision frequency comparison in a 
broadcasting tower, TOKYO SKYTREE [6]. To reduce systematic uncertainties, the clocks are 
equipped with a cryogenic chamber [4] to shield the blackbody radiation and are operated at an 
operational magic condition [7]. The tower provides the clocks with a 450 m height difference as well 
as adverse conditions to test the environmental tolerance of the clocks. 

We have tested the gravitational redshift at (1.4±9.1)×10-5, which improves ground-based clock 
comparisons [8, 9] by an order of magnitude and is comparable with recent space experiments [10, 11]. 
Our demonstration shows optical clocks resolving centimetres are technically ready for field 
applications, such as monitoring spatiotemporal changes of geopotentials caused by active volcanoes or 
crustal deformation [12] and for defining the geoid [13]. 

We will also present our recent development on an on-vehicle optical lattice clock and a proposal 
on a spectroscopic scheme that allows continuous interrogation of lattice-trapped atoms. 
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Combined optical nonlinearity of bound and free electrons in a fast-ionizing medium driven by 
ultrashort, high-peak-power mid-infrared (mid-IR) pulses gives rise to a vast variety of ultrafast 
nonlinear-optical scenarios, producing bright and remarkably broadband radiation in spectral ranges 
as different as ultraviolet (UV), terahertz (THz), and microwave frequency bands. Given its enormous 
bandwidth, a quantitative experimental analysis of this type of nonlinear response is anything but 
simple. Here, we confront this challenge by performing ultrabroad spectral measurements across the 
spectral range stretching from the UV to the microwave range jointly with beam-profile and radiation-
pattern analysis in the THz and microwave bands along with direct time-domain field-waveform 
characterization based on electro-optical sampling and autocorrelation measurements. As one of the 
most striking results, these experiments show that the nonlinear response of a fast-ionizing gas driven 
by high-peak-power sub-100-fs mid-IR pulse provides a source of a bright multiband supercontinuum 
radiation, spanning over multiple decades, stretching from below 300 nm in the UV all the way to the 
subgigahertz range. 
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FEMTO-ST laboratory has worked over the last 15 years on the development of miniaturized 
microwave Cs cell atomic clocks. These clocks are based on coherent population trapping (CPT) [1] 
and rely on the interaction of thermal cesium atoms confined in a microfabricated vapor cell with an 
optically-carried 9.192 GHz microwave signal generated by direct modulation of a vertical-cavity 
surface-emitting laser (VCSEL). At CPT resonance, the atoms are trapped in a so-called dark state. 
This yields to the detection of a narrow CPT resonance that can be used for the stabilization of the 
frequency of a local oscillator onto the microwave atomic transition frequency. 

The Cs vapor microcell, shown in Figure 1(a), consists of two cavities, connected by thin channels 
and etched into a silicon substrate, sandwiched between two anodically-bonded glass substrates [2]. 
The main originality of this technology is that the alkali filling is performed after final sealing of the 
cell by local laser activation of a pill dispenser embedded priorly into the cell during the fabrication 
process. The MEMS cell is then inserted into an ultra-compact physics package, in which the cell is 
associated with the VCSEL and several optical components for the routing, polarization and detection 
of the laser beam (fig. 1(b)). This physics package can be ultimately embedded onto an electronics 
card (figure 1c) or used onto a table-top clock prototype to perform CPT spectroscopy and clock 
frequency metrology experiments. 

Over the last years, significant valorization efforts in collaboration with Tronics Microsystems and 
Syrlinks have conducted to the development of industrial miniaturized atomic clock prototypes in 
France [3, 4]. These clocks target a total volume of about 15 cm3, a power consumption of 150 mW 
and an Allan deviation of about 10-11 at 1 day integration time in order to be used in numerous 
applications including network synchronization, GNSS-denied navigation systems or secure 
communications. For illustration, Figure 1(d) shows the Allan deviation of a microcell atomic clock 
developed at the laboratory, in comparison with performances of a traditional quartz-crystal oscillator. 
The fractional frequency stability of the clock is 8 10-11 at 1 s and 6 10-12 at 1 day integration time. 
We’ll also present in this conference some recent studies that explore the use of Ramsey-CPT 
spectroscopy for the development of miniature CPT-based atomic clocks [5]. 
 

 
Fig. 1 From left to right: (a) Photograph of a Cs vapor microfabricated cell. (b) Ultra-compact physics 
package that combines a VCSEL, optics, a MEMS cell, a photodiode and heating and magnetic elements. 
Extracted from [3]. (c) Photograph of a clock prototype  with physics package and electronics (Tronics, 
Syrlinks, FEMTO-ST). (d) Allan deviation of a clock prototype at FEMTO-ST. 

 
Despite remarkable performances, CPT-based microwave miniature atomic clocks present some 

intrinsic limitations: the clock transition frequency is in the microwave domain at “only” 10 GHz, the 
FM noise of the VCSEL contributes strongly to the clock short-term stability while the presence of 
buffer or spurious gas in the cell can contribute to the cell inner atmosphere evolution and jeopardize 
the clock mid-long term stability. 
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From this, we have undertaken at FEMTO-ST the development of microcell-based optical 
frequency references. These references will target the demonstration of 100 times better stability than 
CPT-based microwave chip-scale atomic clocks while presenting a competitive size-power budget. In 
this domain, NIST has recently demonstrated convincing results with the demonstration of the 
photonic integration of a microcell optical clock using the 778 nm two-photon transition of Rb atom. 
This clock demonstrates a fractional frequency stability of 4 10-12 τ-1/2 until 1000 s [6] (with τ the 
integration time), later improved at 2.9 10-12 τ-1/2 through an extremely compact optical breadboard [7]. 

At FEMTO-ST, we have started the development of a Cs microcell optical frequency reference 
based on dual-frequency sub-Doppler spectroscopy [8, 9]. This approach consists to make Cs atoms 
interact with two orthogonally-polarized counter-propagating dual-frequency optical fields in a 
MEMS cell. This approach implies the contribution of Zeeman and hyperfine dark states, optical 
pumping effects [9] and allows the detection of high-contrast sign-reversed enhanced-absorption sub-
Doppler resonances. 

Two stabilized lasers (one DFB and one ECDL) were implemented on a table-top experiment 
using this technique. Each setup is composed of a diode laser, a Mach-Zehnder electro-optic 
modulator (EOM) to produce the dual-frequency optical field and an acousto-optic modulator for 
power stabilization of the laser beam.  

The preliminary short-term stability of the laser beat-note is 1.5 10-12 τ-1/2 until 100 s and is 
currently limited by the intermodulation effect linked to the intrinsic frequency noise of the DFB 
laser. These short-term performances are encouraging and clearly better than those of microwave 
commercial chip-scale clocks. The contribution of numerous frequency shifts onto the clock mid-term 
frequency stability is under progress and will be discussed at the conference, as well as latest 
improvements of the experiment, in terms of cell technology or stability characterization. 
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We report the results of current studies aimed at developing an optical frequency standard based on 
the quadrupole transition of a single 171Yb ion. 

The ion trapping and confinement are performed using a miniature RF trap with endcap electrodes. 
Laser cooling of the ion and detection of its state are implemented on the quasicyclic dipole transition 
with a wavelength of 370 nm [1, 2]. The quadrupole clock transition is excited by a narrow-linewidth 
probe laser with λ = 436 nm. Preparation and inquiry of the ion energy states are performed using a 
specially chosen sequence of laser pulses. The probability of the 2D3/2 (F=2, mF=0) level excitation 
(quantum jumps) is registered as a function of the probe laser frequency. Detected excitation spectrum 
of the quadrupole transition consists of several resonances that contain information on the internal 
state of the trapped ion and on its motion and interaction with the environment. The width of the 
detected central resonance is 30 Hz [3]. 

Simultaneous stabilization of the probe laser frequency to the transmission peak of the Fabry – 
Perot reference cavity and the central resonance frequency of the quadrupole transition of ytterbium 
ion was performed. 

To characterize frequency properties of the 171Yb+ standard we measured the frequency instability 
of the beat signal of the probe laser frequency and the spectral component of the femtosecond 
generator, stabilized to the frequency of the Yb:YAG/I2 standard. The Allan parameter for the beat 
signal was measured to be ~3∙10–15 at an integration time of 103 s [4]. 

The long-term stability of the 171Yb+ standard is estimated taking into account the obtained 
experimental values of the linewidth and drift rate of the probe laser frequency, resonance width, and 
quadrupole transition excitation probability. 
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Ultra-cold atoms and atom interferometry are widely used both in fundamental research and in 
various applications in metrology, geophysics and navigation. Atom interferometers based on the 
Ramsey-Bordé scheme and narrow single photon transitions are of great interest for the development 
of optical frequency standards and quantum sensors of inertial forces. In this talk we present the 
experimental results on stabilization of laser frequency using atom interference fringes of cold Mg 
atoms. A long-term frequency stability at the level of 10-15 was obtained at an averaging time of 103 s. 
We also report the preliminary results on a development of an atom interferometer based on 
stimulated Raman transitions of cold Rb atoms. 

Optical frequency standards based on cold atoms are of a great interest both for various 
applications in metrology and for fundamental physics [1]. Magnesium atoms have a number of 
properties useful for their application in optical frequency standards [2]. Encouraging results have 
been obtained, which demonstrate good prospects of Mg24 1S0 – 3P0 transition as a base for an optical 
lattice clock with a relative uncertainty of 10–17 – 10–18 [3]. Also, Mg intercombination transition 1S0 – 
3P1 is very promising for obtaining high long-term frequency stability. We use atom interferometry of 
cooled Mg atoms to detect narrow Ramsey-Bordé fringes at 1S0 – 3P1 transition with the width of ~ 
300 Hz (HWHM). We stabilized the frequency of our clock laser system at 457 nm to narrow fringes 
[4–7]. The results of stabilization were studied with femtosecond comb based on Ti:Sa laser. Figure 1 
shows the results of the clock laser frequency stability measurements. 
 

 
Fig. 1 (a) Allan standard deviation of the frequency measurement : 1 -Allan standard deviation characterizing 
the frequency stability of the Mg optical frequency standard, measured when stabilizing the frequency comb 
using the Yb:YAG/I2-standard, 2- when stabilizing the frequency comb using the etalon-stabilized clock 
laser for the Yb+-standard; (b)Allan standard deviation of the Mg optical frequency standard calculated from 
the residual signal in the feedback loop of the frequency stabilization system. 

 
At present, the measured frequency stability was determined by the stability of the measurement 

system based on the femtosecond comb referred to the Yb:YAG/I2 standard. To carry out direct 
stability measurements by beat signal of two clock lasers systems we developed the second Mg MOT 
and the clock laser system based on the diode lasers technology [8]. Also, the frequency stability can 
be significantly increased by improving the thermal stabilization system of reference cavities, by 
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increasing a S/N ratio through recording the absorption signal on the clock transition using the 
secondary MOT at the 3P2 – 3D3 triplet transitions and reducing the temperature of cold magnesium 
atoms by sub-Doppler cooling [9, 10]. Laser systems at 383 nm based on the diode lasers technology 
was developed for the triplet MOT and sub-Doppler cooling [11]. 

Since the very first experiments in the field of atom interferometry [12], this research area was 
connected with optical frequency standard community. Nowadays, cold-atom interferometry plays 
very important rule both in fundamental science and in various applications. The most impressive 
achievement of the last two decades in this field is the development of high-accuracy inertial quantum 
sensors [13]. Stimulated Raman transitions in alkaline atoms (Rb, Cs, K) are the most suitable for 
matter wave coherent splitters for inertial quantum sensors [14]. We have recently begun work aimed 
at creating an atomic interferometer based on ultracold Rb87 atoms. Figure 2 shows UHV camera and 
MOT magnetic system of our cold Rb atoms source. 
 

 
Fig. 2 UHV camera with MOT magnetic system for cold Rb atoms source. 

 
This work was supported by the Russian Science Foundation (Grant No. 20-12-00081), the study 

on Mg frequency standard was funded by the Russian Foundation for Basic Research (Project No. 19-
02-00514) and the study on Mg and Rb atom interferometry was funded by the Russian Foundation 
for Basic Research (Project No. 19-29-11014). 
 
References 
[1] A. D. Ludlow et al., Rev. Mod. Phys. 87, 637 (2015). 
[2] A. P. Kulosa et al., Phys. Rev. Lett. 115, 240801 (2015). 
[3] N. Jha et al., Proc. 2017 Joint Conf. European Frequency and Time Forum and IEEE Intern. Frequency Control 

Symposium (EFTF/IFC) (Besancon, France, 2017) p. 495; Proc. 2021 Virtual Joint Conf. European Frequency and Time 
Forum and IEEE Intern. Frequency Control Symposium (EFTF/IFC) (July 7-17, 2021) talk #7226. 

[4] A. N. Goncharov et al., Quantum Electron. 44, 521 (2014). 
[5] A. N. Goncharov et al., Journal of Physics: Conf. Series 793, 012008 (2017). 
[6] A. N. Goncharov et al., Quantum Electronics 48 (5), 410 (2018). 
[7] A. V. Taichenachev et al., Journal of Physics: Conf. Series 1508, 012002 (2020). 
[8] A. N. Goncharov et al., Quantum Electronics 50 (3), 272 (2020). 
[9] O. N. Prudnikov et al., Journal of Physics: Conf. Series 793, 012021 (2017). 
[10] R. Ya. Il’enkov et al., Quantum Electronics 50, 551 (2020). 
[11] A. N. Goncharov et al., Quantum Electronics 50 (6), 561(2020). 
[12] F. Riehle et al., Phys. Rev. Lett. 67, 177 (1991). 
[13] R. Geiger et al., arXiv:2003.12516v1 [physics.atom-ph] 27 Mar 2020. 
[14] M. Kasevich and S. Chu, Phys. Rev. Lett. 67, 181 (1991).   



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

8 
 

Recent progress on the 40Ca+ ion optical clocks 
 

H. Guan, Y. Huang, K. Gao 
Innovation Academy for Precision Measurement Science and Technology, Chinese Academy of Sciences 

(formerly Wuhan Institute of Physics and Mathematics, Chinese Academy of Sciences), Wuhan 430071, China 
E-mail: guanhua@apm.ac.cn 

E-mail: klgao@apm.ac.cn 
 

Here the recent progress on the Ca+ ion optical clocks will be reported, including the work on the 
laboratory clocks and a transportable clock. 

For the laboratory clocks, the Ramsey spectroscopy method is introduced including the 
optimization on the magnetic field stability. A automatic peak searching and clock locking program 
helps achieving long-term clock running. The clock stability is then greatly improved, with long term 
stability reaching the 10-18 level (Fig. 1 left) [1]. 

A liquid nitrogen-cooled Ca+ optical clock is built with an overall systematic uncertainty of 
3.4×10-18 [2]. In contrast with the room-temperature Ca+ optical clock we have reported previously 
[3, 4], the temperature of the blackbody radiation (BBR) shield in vacuum was reduced to < 80 K 
using liquid nitrogen in the current model. An ion trap with a low heating rate and a modified cooling 
laser were used in the proposed optical clock. This allows adjusting the ion temperature to the 
Doppler cooling limit during the clock operation and the systematic uncertainty due to the ion’s 
thermal motion is reduced to < 1×10-18. The uncertainty due to the probe laser light shift and the servo 
error are also reduced to < 1×10-19 and 1.4×10-18 with the Hyper-Ramsey method and the higher-order 
servo algorithm, respectively. By comparing the reference frequency of the cryogenic optical clock to 
that of the room-temperature optical clock, the differential BBR shift between the two was measured 
with a fractional statistical uncertainty of 7×10-18 (Fig. 1 right). The differential BBR shift was used 
to calculate the static differential polarizability, and it was found in agreement with our previous 
measurement with a different method. 
 

              
Fig. 1 Example figure. The abbreviation “Fig.” with number should appear first (in bold) followed by the 
figure caption. 

 
A robust, transportable Ca+ optical clock is also built recently, with a systematic uncertainty of 1.3 

× 10−17 limited by the black-body radiation (BBR) field evaluation and an uptime rate of > 75% over a 
20-day period (Fig.2 left) [5]. The clock is then installed in an air-conditioned car trailer, making it 
more convenient for applications. Referenced to a stationary laboratory clock, geopotential 
measurements are made with the transportable clock with a total uncertainty of 0.33 m (statistically 
0.25 m and systematically 0.22 m) and agree with the spirit level measurement (Fig.2 right). After 
being moved >1200 km, the absolute frequency of the Ca+ optical clock transition is measured as 411 
042 129 776 400.41(23) Hz, with a fractional uncertainty of 5.6 × 10−16, which is about 5 times 
smaller than our previous measurement [3]. 
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Fig. 2 Left: Transportable Ca+ optical clock in an air-conditioned car trailer. Right: The measurement of the 
frequency difference change in Wuhan. 

 
The present experimental results suggest that the BBR shift of optical clocks can be well 

suppressed in a liquid nitrogen environment. This is advantageous because conventional liquid-helium 
cryogenic systems for optical clocks are expensive and complicated. Moreover, the proposed system 
can be used to suppress the BBR shift significantly in other types of optical clocks such as Yb+, Sr+, 
Yb, Sr, etc. In the future, further simulation and analysis will be performed on the liquid-nitrogen 
cryogenic shield to reduce the temperature evaluation uncertainty. Once the total uncertainty is 
dominated by uncertainties in the second-order Doppler shift, it is necessary to further decrease the 
ion-trap temperature below the Doppler cooling limit through the 3-dimentional sideband cooling or 
electromagnetically induced transparency cooling. The total uncertainty can be further reduced to 
below 1×10-18. By introducing a probe laser with stability in the order of 1×10-16 at 1-200 s, the probe 
time can be prolonged to ~ 1 s, it is possible to further improve the stability of Ca+ optical clock, close 
to the single ion quantum projection noise limit. The stability would be at the 10-18 level with an 
averaging time of a day. 

For the transportable clock, improvement of the transportable clock laser need to be made in our 
next development step, with stability close to the 10−16 level at an averaging time of ≈10 s, after 
subtraction of linear drift. We aim to operate the entire optical clock, including the clock laser, in the 
car trailer to reduce the recovery time after moving the optical clock, as every measurement location 
does not have an appropriate laboratory environment for placing the transportable clock laser. 
Because the vibration environment is worse in the car trailer than in the laboratory, methods to reduce 
the vibration sensitivity of the cavity need to be developed. We also plan to put the ion trap vacuum 
chamber into an aluminum box and temperature stabilize the box with a chilled water pump. This 
would reduce the BBR shift uncertainty to the low 10−18 level. In addition, the robustness and ease of 
use of the optical clock need to be further improved by optimizing the automated optical clock 
locking software. After the above-mentioned improvements, the transportable built can be used for 
sub-meter-level elevation measurements, comparing intercontinental optical clocks, verifying basic 
physical theories, etc. 
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Optical clocks with trapped Yb+ ions 
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The talk summarizes work on optical atomic clocks at PTB employing trapped Yb+ ions. The 171Yb+ 
ion provides two atomic transitions that are well suited as a frequency reference: the 2S1/2-2D3/2 electric 
quadrupole (E2) transition at 436 nm and the 2S1/2-2F7/2 electric octupole (E3) transition at 467 nm. 
The latter is known for its yearlong excited state lifetime and shows smaller sensitivity to external 
electric and magnetic fields. While we evaluate systematic uncertainties of our clocks based on the E2 
transition to about 3E-17, an order of magnitude smaller uncertainty is achieved using the E3 
reference transition [1]. This evaluation has recently been supported by an agreement of two clocks 
based on the E3 transition in our laboratory with 4E-18 total uncertainty [2].  Because of the 
electronic structure of the excited 2F7/2 state, the data acquired over 6 months allowed us to improve 
the best limits for a violation of local Lorentz symmetry for electrons by 2 orders of magnitude. 
Repeated measurements of the frequency ratio of the E3 and E2 transition can be used to test local 
position invariance. Here, we found the most stringent limits for temporal drifts and a potential 
coupling to gravity for the fine structure constant a and the proton-to-electron mass ratio m [3]. To 
further enhance the clock performance, we are presently pursuing research on composite clock 
systems in which we use Sr+ as an ancillary ion to provide sympathetic cooling during the coherent 
interrogation on the E3 transition. Furthermore, Sr+ appears to provide means to increase the accuracy 
of Yb+ clocks. 

While aiming at highest accuracy with our optical clocks, we also work towards robust long-term 
operation for contributions to the international atomic time scale TAI. Within the German quantum 
technology project opticlock, in collaboration with industry partners, we have developed a 
demonstrator of an optical clock for applications beyond basic research. This clock is set up in two 
19” racks, uses the E2 transition of Yb+ as the reference, and recently demonstrated 14 days of 
unattended operation [4]. 
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Vapor-cell Rb (microwave) atomic clocks have been widely used due to high-frequency stability, 
low-power consumption, and compactness. However, with increasing demands for improved 
performances, especially for the low-frequency drift and reduced systematic effects, Rb atomic clocks 
are getting harder to meet those stringent requirements. So, some high-performance miniaturized 
atomic clocks based on tactical technologies such as laser cooling and ion trapping are emerging for 
the last decades [1, 2]. Vapor-cell Rb two-photon optical clock is considered as another solution for 
next-generation high-performance compact atomic clocks [3]. The optical clock chooses rubidium 
778 nm two-photon transition as the frequency reference and realizes coherent optical reference 
down-conversion for microwave frequency using dual-Kerr soliton comb systems [4]. 

We will present our recent in-progress work on the vapor-cell Rb two-photon optical clock at APM 
in this talk. We have developed two table-top two-photon Rb optical references to demonstrate its 
excellent metrological characteristics. We use the mm-scale glass-blowing vapor cell to guarantee the 
purity of the atomic system. The preliminary stability (shown in Fig. 1) and systematic feature for the 
two setups will be discussed. In addition, we will introduce a polarized-modulation scheme to 
interrogate the two-photon reference [5]. In principle, it should improve the optical reference’s SNR 
by about 50% and maintain the reference’s systematics. For the Kerr soliton dual-comb system, we 
will introduce the micro-resonators for creating the dissipative Kerr solitons in our experiments, 
including the MgF2 crystalline cavity (shown in Fig. 2) and the SiO2 disk cavity [6] (both for ~10GHz 
narrowband comb) and AlN micro-ring cavity (for ~100GHz octave-spanning comb) [7]. So far, we 
have already realized the Kerr solitons in those resonators. Our next step is to measure the carrier-
envelope offset (CEO) frequency of the octave-spanning comb and then make the full stabilization of 
the dual-comb system. Our final goal is to develop a compact Rb optical clock that can perform like 
the Cesium-beam clock or even H mazer but with a size similar to the Rb oscillators. 
 

 
Fig. 1 Beat-note frequency stability between two Rb optical setups. 

Zoom in: home-made mm-scale vapor cell. 
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Fig. 2 Crystalline high-Q cavity and dynamic behavior for creating kerr soliton steps. 

 
Thanks X. Jiang for providing SiO2 disk cavity samples. 
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Towards direct laser excitation of the low-energy  
nuclear transition in 229Th 
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The 229Th nucleus possesses an isomeric state at an energy of about 8 eV [1, 2] above the ground state, 
several orders of magnitude lower than typical nuclear energies. The low excitation energy makes the 
229Th isomer accessible to resonant laser excitation. 

The challenge remains to drive the nuclear excitation resonantly with a narrow-band laser. The 
direct laser excitation of the 229Th isomer is a complex task due to the current significant uncertainty 
in the nuclear transition energy, challenges of the laser radiation sources development and operation 
in the vacuum-ultraviolet (VUV) range. We are developing a dedicated VUV laser system based on a 
four-wave mixing process in xenon. Because of the high spectral brightness this VUV light source is a 
useful tool for the nuclear excitation in thorium. The VUV laser system will be used for direct 
excitation of the isomeric state in Th2+ and Th3+ ions stored in ion trap [3] and in a Th- doped CaF2 
crystal grown in TU Wien [4]. 
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Official information about precise values of the time and calendar date from State Service for Time 
and Frequency of the Russian Federation is mandatory for use in our country. This information is 
widely used in all spheres of the state's life, provides high-precision time synchronization of many 
processes that have different application in the creation of specialized applied systems for various 
purposes, including almost all areas of the economy. Improving the accuracy for the definition of 
units of time and frequency, the generation and keeping of the national time scale is necessary to 
ensure the strategic and priority directions of the development of the Russian Federation. 

The State Primary Standard of Units of Time, Frequency and National Time Scale is intended for 
independent generation and keeping of time units, frequency and national time scale, as well as for 
their transmission in accordance with the requirements of the State Calibration Scheme. As part of the 
implementation of the activities of the Federal target program "Maintenance, development and use of 
the GLONASS system for 2012-2020" to equip the The State Primary Standard of Units of Time, 
Frequency and National Time Scale, new high-precision time and frequency measuring instruments 
were developed and introduced into its structure: 

-the second generation an optical frequency standard based on cold strontium atoms with 
frequency uncertainty less than 1 · 10–17; 

- a complex of high-precision means of comparisons of the national coordinate time scale UTC 
(SU) with the GLONASS time scale, which includes a transported quantum clock that provides 
keeping of the time scale with an uncertainty less than 1 ns at a measurement time interval of 1 day, as 
well as a complex of space satellite duplex comparisons for time scales, providing a measurement 
uncertainty less than ± 1.5 ns; 

- fountain frequency standards for the keeping of units of time and frequency, with a frequency 
instability less than 2 · 10–16; 

- a reference time and frequency complex based on the new generation hydrogen frequency and 
time standards with a daily frequency instability less than 3.0 · 10-16. 

As a result of deep modernization, the metrological characteristics of the State Primary Standard of 
Units of Time, Frequency and National Time Scale were improved several times and reached world-
class values. The target indicator of the GLONAS system was ensured in terms of difference between 
the national time scale and UTC time scale less than ± 3 ns (Figure 1). 

 
Fig. 1 A comparison of time scales UTC(SU), UTC(PTB) and UTC(USNO) for 2020 – 2021 period of 
observation. 
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At the next stage in the development of the GLONASS system, serious work is supposed  for 
improving the  State Primary Standard of Units of Time, Frequency and National Time Scale in order 
to provide the GLONASS system with reference values of time and frequency, a national time scale in 
order to achieve the specified tactical and technical characteristics of the GLONASS system for the 
formation and maintenance of the time scale of the GLONASS system, taking into account modern 
and future requirements.   
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Towards a new definition of the second in the SI based on 
optical atomic clocks 
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The 26th General Conference on Weights and Measures (CGPM), held in Paris in the fall of 2018, 
made the historic decision to redefine four of the seven basic units of the International System of 
Units (SI) - kilogram, ampere, Kelvin and mole. From this moment on, all seven units of the SI 
system are tied to fundamental physical constants. In the International System of Units (SI) the base 
unit “second” for time and frequency has been defined by the 13th General Conference on Weights 
and Measures (CGPM) in 1967 as [1]: 

-the second is the duration of 9 192 631 770 periods of the radiation corresponding to the transition 
between the two hyperfine levels of the ground state of the cesium 133 atom [1]. 

The definition of the second is abrogated at 26th CGPM, however, the new definition did not 
undergone significant changes [2]: 

-The second, symbols, is the SI unit of time. It is defined by taking the fixed numerical value of the 
cesium frequency ΔνCs, the unperturbed ground-state hyperfine transition frequency of the cesium -
133 atom, to be 9 192 631 770 when expressed in the unit Hz, which is equal to s–1. 

Hence, up to the present time, the microwave cesium atomic clock has been the basis for the SI 
second over the last five decades, with a continuous reduction in the uncertainty of realizing the 
definition of the second by about an order of magnitude per decade. Today, the fractional uncertainty 
of best primary cesium clocks can be as low as 2x10-16. On the other side, the performance of the best 
optical clocks is improving at an even faster rate than the best primary cesium fountain clocks. After 
the first decade of the 3rd millennium there are several optical candidates that now achieve or exceed 
the performance of the Cs fountain primary standards used to realize the SI second, raising the issues 
of whether, how and when to re-define it. In particular, the optical frequency standard species now 
surpassing the Cs fountain capability include the 
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199
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to 
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range and even higher. 

In this paper we will discuss in details the tentative roadmap, proposed by the Consultative 
Committee for Time and Frequency (CCTF) of BIPM [3], as well as the scientific activities of 
VNIIFTRI on this direction. The main points of the roadmap is as follows [3]: 

1. At least three different optical clocks (either in different laboratories, or of different species) 
have demonstrated validated uncertainties of about two orders of magnitude better than the best Cs 
atomic clocks at that time. 

2. At least three independent measurements of at least one optical clock of milestone 1 were 
compared in different institutes (e.g.  (i/i) < 5 x 10-18) either by transportable clocks, advanced 
links, or frequency ratio closures. 

3. There are three independent measurements of the optical frequency standards listed in milestone 
1 with three independent Cs primary clocks, where the measurements are limited essentially by the 
uncertainty of these Cs fountain clocks (e.g. / < 3 x 10-16. 

4. Optical clocks (secondary representations of the second) contribute regularly to TAI. 
5. Optical frequency ratios between a few (at least 5) other optical frequency standards have been 

performed; each ratio measured at least twice by independent laboratories and agreement was found 
(with e.g.  (i/k)/ (i/k) < 5 x 10-18). 
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Fig. 1 Tentative schedule towards a new definition of the second. The first five bars represent the five 
milestones discussed above. 

 
The new high-precision time and frequency measuring instruments were developed and introduced 

into the State Primary Standard of Units of Time, Frequency and National Time Scale structure: 
-the second generation an optical frequency standard based on cold strontium atoms with 

frequency uncertainty less than 1 · 10–17; 
- a complex of high-precision means of comparisons of the national coordinate time scale UTC 

(SU) with the GLONASS time scale, which includes a transported quantum clock and optical 
frequency standard that provides keeping of the time scale with an uncertainty less than 1 ns at a 
measurement time interval of 1 day, as well as a complex of space satellite duplex comparisons for 
time scales, providing a measurement uncertainty less than ± 1.5 ns; 

- fountain frequency standards for the keeping of units of time and frequency, with a frequency 
instability less than 2 · 10–16; 

- a reference time and frequency complex based on the new generation hydrogen frequency and 
time standards with a daily frequency instability less than 3.0 · 10-16. 

As a result of deep modernization, the metrological characteristics of the State Primary Standard of 
Units of Time, Frequency and National Time Scale were improved several times and reached world-
class values. 
 
References 
[1] Comptes Rendus de la 13e CGPM (1967/68), 1969, p.103 and Metrologia 4 (1968) 41-45, see also: 
http://www.bipm.org/en/CGPM/db/13/1/. 
[2] Resolution 1 of the CGPM (2018): On the future revision of the International System of Units, the SI, 
https://www.bipm.org/en/committees/cg/cgpm/26-2018/resolution-1. 
[3] Consultative Committee for Time and Frequency (CCTF) https://www.bipm.org/utils/en/pdf/CCTF-strategy-
document.pdf. 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

18 
 

Improved limits for violations of local position invariance 
from atomic clocks 

 
E. Peik, N. Huntemann, R. Lange, J. M. Rahm, C. Sanner, H. Shao, B. Lipphardt, Chr. Tamm, S. Weyers 

Physikalisch-Technische Bundesanstalt, Bundesallee 100, 38116 Braunschweig, Germany 
E-mail: ekkehard.peik@ptb.de 

 
Searches for violations of Einstein’s equivalence principle, such as tests of local Lorentz invariance 
and local position invariance, have become one of the leading applications of low-energy, high-
precision experiments with laser-cooled atoms. At PTB we operate atomic clocks based on the 
microwave ground state hyperfine splitting frequency of caesium and optical clocks based on optical 
transitions of single trapped ytterbium ions. The frequency ratio of an electric quadrupole and an 
electric octupole (E3) transition of Yb+ has been determined with 3×10-17 fractional uncertainty, 
improving upon previous measurements by an order of magnitude. Using two caesium fountain 
clocks, we measure the E3 transition frequency at 642 THz with 80 mHz uncertainty, the most 
accurate determination of an optical transition frequency to date. Repeated measurements of both 
quantities over several years are analyzed for potential violations of local position invariance [1]. We 
improve by factors of about 20 and 2 the limits for fractional temporal variations of the fine structure 
constant to 1.0(1.1)×10-18/yr and of the proton-to-electron mass ratio to −8(36) ×10-18/yr. Using the 
annual variation of the Sun’s gravitational potential at Earth, we improve limits for a potential 
coupling of both constants to gravity. 

We report a measurement of the radiative lifetime of the 2F7/2 level of 171Yb+ that is coupled to the 
2S1/2 ground state via the E3 transition. Our experimental method is based on the coherent excitation 
of the transition. The explicit dependence on the laser intensity is eliminated by simultaneously 
measuring the resonant Rabi frequency and the induced quadratic Stark shift. Combining the result 
with information on the dynamic differential polarizability permits a calculation of the matrix element 
to infer the natural lifetime. The result reduces the relative uncertainty in this exceptionally long 
excited state lifetime by one order of magnitude with respect to previous estimates based on 
experimental observations and ab initio atomic structure calculations. 
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Towards optical time scale at VNIIFTRI 
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Ultra stable frequency standards led to the realization of atomic time scales (TS). International Atomic 
Time (TAI) is a weighted mean of time which is kept by more than 400 atomic clocks of the world's 
leading universities and national metrological centres. Each research centre generates its own TS and 
transmits it in the Coordinated Universal Time (UTC) format associated with the TAI. The TAI is 
corrected once every 2 weeks and the deviation of the local TS of each of the UTC(k) scientific 
centers with the TAI can reach several tens of ns. The leading metrology centers use caesium and 
rubidium standards, as well as hydrogen masers (HM), which act as frequency keepers, to increase the 
accuracy of the local TS generation. This allows to keep the deviation of local TS from TAI at 10 ns 
level. 

The growing requirements for the accuracy of TS coordination force researchers to search for new 
methods of their formation. One of the main directions for solving this problem is the realisation of 
TS using optical frequency standards (OFS) with caesium and rubidium standards [1]. In this work we 
present our recent scheme that allows better frequency stability when we compare the OFS frequency 
with the HM from frequency keepers ensemble. 

The OFS based on ultracold 87Sr atoms and the system for comparison of the OFS frequency with 
HM's included in the GET 1-2018 frequency keepers, was developed at the Russian Metrological 
Institute of Technical Physics and Radio Engineering (VNIIFTRI). The hydrogen maser HM18, 
associated with the group of TS keepers from GET 1-2018, relative to which the frequency of OFS is 
measured, is placed in the same laboratory as the OFS for measurements. Its frequency served as a 
reference for the comparison scheme. The structure of GET 1-2018, in addition to the national TS 
keeping system, in which there are HM's that act as keepers of frequency and time units, also includes 
keepers based on the "fountain" of rubidium atoms [2]. 

The 5 MHz output signal of HM18 is transmitted with optical carrier 1.3 µm through the fibre line 
to the phase comparators, included in the national TS keeping complex of GET 1-2018 to perform 
frequency comparisons. The 5 MHz output signal of HM53, which is included in frequency keepers 
ensemble of GET 1-2018, is transmitted via a fiber link to the optical frequency standards laboratory 
to increase the reliability of comparisons results. A comparison of the HM53 and HM18 frequencies 
is performed using a phase comparator installed in the same laboratory. 

A hardware and software complex for continuous generation of the frequency disciplined by the 
OFS is developed [3]. The beat signal of the optical frequency comb (OFC) is stabilized by the 
emission of a 698 nm clock laser, which is part of the OFS. In the current measurement scheme the 
4th harmonic of the OFC is tuned to 1 GHz to be the reference signal for the low phase-noise radio 
frequency synthesizer. Once the frequency synthesizer is locked to the “optical” reference it generates 
precision 5, 10 or 100 MHz to be measured on the phase-comparator relative to a maser. There is no 
signal generation from the synthesizer when it is unlocked from the reference signal formed from the 
optical clock. At the same time the frequency counter is used to measure the repetition rate, beat 
signal frequency and offset of the OFC to independently measure the absolute frequency of the clock 
laser. All temperature sensitive devices are placed in a box with precisely controlled humidity and 
temperature. With these decisions we typically reach maser and optical clock frequency comparison 
Allan deviation of 8e-14@1 s even if we use a maser signal transmitted through 1 km with an optical 
carrier. Mid-term frequency stability is about 2e-15@1000 s.  

Our improved homemade software in real-time mode determines the HM18 frequency drift and 
calculates the necessary correction, which is made using the high-resolution phase and frequency 
offset generator (PFOG) HROG-5 according to data of the OFS frequency transmitted to the 
computer. Also, the corrected HM18 signal and the signal without correction are compared at the 
phase comparator, where signals from other sources can also be supplied for further comparison with 
the complex. At the same time, new measurements of the HM18 frequency relative to the OFS, are 
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performed, which allows us to constantly refine the drift model of the HM18 [1]. Thus, the output 
frequency of the PFOG is constant and keeps the frequency of the OFS transferred to the radio range. 

The developed scheme allows to realize a frequency keeper in the radio frequency range 
referenced to the optical clock and compare it with an ensemble of hydrogen masers from the primary 
standard GET 1 - 2018. It is also scalable for implementing several optical clocks. 
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Development of optical clocks in the past decades made them a necessary tool for experiments that 
require state-of-the-art precision. They are widely used in fundamental science experiments, but also 
have application in fields such as geodesy, navigation systems, or distant clock comparison. 
Transportable systems, which are required for that, are being developed actively across the world, 
including Russia [1]. There is still an ongoing search for optimal platform for these transportable 
devices. 

Our recent experiments demonstrated unique properties of the 1.14 μm clock transition in thulium, 
that makes it a good candidate for a robust transportable neutral-atom-based clock. Low sensitivity to 
blackbody radiation [2] and suppression of quadratic Zeeman shift using a synthetic frequency [3] 
reduce requirements on the environmental conditions. The first magnetic wavelength that we 
employed, 813.32 nm, introduced no strict requirements for wavelength stabilization, but demands the 
use of tampered amplifier. The clock transition polarizability spectra measured in [2] indicate another 
magic wavelength near 1064 nm. Optical lattice in this spectral region would be much more 
convenient to implement due to availability of high-power single-frequency lasers. 

In order to find the new magic wavelength, we used two different lasers for optical lattice, 
specifically at wavelengths 1070 nm and 1063.9 nm. Optical lattice created using the first laser at 
1070 nm introduced readily detectable clock frequency shift. The polarizability at this point was 
measured to be -0.0078(8) a.u., according to the shift of the excitation spectrum center. With the 
second laser at 1063.9 nm, the shift was significantly smaller and required digital lock of the clock 
laser to the atomic transition for precise measurements. For this, we alternated between two values of 
the optical lattice power and used two separate digital locks. The frequency difference between the 
two alternating locks allowed us to average the frequency shift for a long time until the desired 
precision was met. The clock transition polarizability at 1063.9 nm equals -0.00038(4) a.u. 

Using the two points of polarizability measurements (Fig. 1), we find magic wavelength to be 
1063.59(5) nm, which is close to the wavelength of many commercially available high-power lasers 
or fiber amplifiers. With the new magic wavelength and low sensitivity to electric and magnetic 
fields, the clock transition in thulium appears to be suitable for a robust optical clock. 

The work was supported by the Russian Science Foundation (Grant No. 19-12-00137). 
 

 
Fig. 1 Clock transition polarizability spectrum (two points with measurement error). According to linear fit 
(solid line with shaded area), the new magic wavelength is 1063.59(5) nm. 
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The most important metrological characteristics of an atomic clock are its long-term stability and 
accuracy. One of the main factors limiting these performance metrics is the AC Stark shift of atomic 
levels caused by the presence of any optical fields used to probe the atoms. The AC stark shift is 
particularly problematic for atomic clocks based on coherent population trapping, and optical clocks, 
where optical fields are necessarily present in the interrogation sequence. Understanding, and 
ultimately suppressing, this light shift is therefore important in improving the long-term frequency 
stability of these types of references. 

Several approaches to the problem of the light shift in continuous-wave (CW) spectroscopy are 
known for various types of clocks. The first efforts in this direction were made for microwave CPT 
clocks, for which the light shift can be suppressed by a suitable choice of the rf modulation index of 
the laser field [1, 2]. Light shifts have also been suppressed in conventional optically pumped 
microwave clocks by the appropriate choice of the frequency of the optical pumping field [3]. 
Recently, a method has been proposed that can suppress the light shift for two-photon spectroscopy 
on the transition (5s2S1/2) → (5d2D5/2) in 87Rb through the use of two interrogating laser fields at 
different frequencies [4]. 

We develop two methods for suppressing the light shift and its fluctuation in atomic clocks based 
on either CW or Ramsey spectroscopy. Both methods use a power modulation (PM) with sequential 
alternating operations with two different laser powers P1 and P2. The first method operates with a 
single combined error signal (PM-CES), constructed by subtracting the error signals obtained from 
the two sub-sequences (P1 and P2) with an appropriate normalization factor (calibration coefficient) 
dependent on the ratio P1/P2. The second method uses a two-loop approach to feedback on and 
stabilize the clock frequency ω as well as a second (concomitant) parameter ξ, which determines the 
value of the artificial ``anti-shift'' of the clock transition that actively auto-compensates the original 
shift (we refer to this as ACS). The operation of PM-ACS consists of the correlated stabilization of 
both variable parameters ω and ξ, which leads to the light shift cancelation for the clock frequency ω. 
Another variant of PM-ACS using low frequency harmonic power modulation is also proposed. While 
the two-loop PM-ACS is more complicated to implement than the single-loop PM-CES, it also 
requires fewer constraints as outlined below. Both the PM-CES and the PM-ACS methods can be 
applied in optical clocks using one-photon and two-photon spectroscopy, as well as in rf clocks based 
on CPT resonances and optical pumping clocks. 

A potential experimental implementation of PM-CES is presented in Fig. 1The power modulator 
creates an alternating sequence of two different powers P1 and P2 of the laser. The frequency of power 
modulation is much slower than fmod, the modulation frequency used to generate the error signals. 
Fig. 2 shows a schematic diagram of the implementation of the PM-ACS method, which has two 
feedback loops: a main loop to stabilize the local oscillator detuning δ, and an auxiliary loop to 
stabilize the scale factor ξ for the artificial anti-shift ΔACS. 

This work was supported by the Russian Science Foundation (grant 21-12-00057). 
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Fig. 1 The general scheme of the experimental implementation of the PM-CES method. INT, integrator;  
LIA, lock-in amplifier; PD, photodetector. 

 
 

 
Fig. 2 The general scheme of the experimental implementation of the CW-ACS method for stepwise 
modulation of power. INT, integrator; LIA, lock-in amplifier; PD, photodetector. 
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Absence of narrow-band and frequency-tunable laser sources in the ultraviolet (UV) part of the 
spectrum limits the application of the laser cooling and trapping methods for atoms of organic 
chemistry such as hydrogen, carbon, oxygen, and nitrogen, as well as for technology atoms such as 
chromium, indium, silver, and aluminium. There are numerous applications of such atoms in 
astrophysics, precision measurements and technology, precision experiments with anti-atoms such as 
anti-hydrogen. 

A new approach to laser cooling and trapping in the UV spectral range can be based on 
conventional pulsed laser radiation sources which could be converted into UV radiation with a high 
efficiency. The conversion efficiency of pulses to the UV spectral range is strongly depends on the 
peak laser intensity. Because of these pulsed lasers with a femtosecond pulse duration seems more 
preferable for future applications in the UV spectral range. Trapping with femtosecond laser radiation 
was theoretically considered in [1, 2]. The first experimental implementation of atom localization 
using a sequence of ultrashort pulses was carried out by the E. Riis et. al with picosecond pulses [3]. 

In this work [4] we demonstrated the first experimental optical dipole trapping using the 
femtosecond laser radiation. We used Rb atoms for the investigating of atom trapping parameters. The 
loading of the dipole trap was carried out from a magneto - optical trap (MOT). The atom’s 
temperature reached 40 μK with the usage of a sub-Doppler cooling scheme. The Ti:sapphire laser 
with 50 fs pulse duration and 80 MHz repetition rate was used to form the dipole trap. The central 
wavelength and the spectrum width of the pulsed laser were 825 nm and 13 nm respectively. The laser 
beam was focused (16 μm spot size) into the MOT region. Any resonant with the Rb atoms laser 
spectral components were removed with Rb spectral filter. The scheme of the experimental setup is 
shown on Fig.1. 
 

 
Fig. 1 a) Scheme of the experimental setup for the localization of atoms by femtosecond pulsed laser 
radiation; b) the time sequence of the experimental procedure. 

 
We show that properties of the atom localization in the trap depend on the heating of atoms caused 

by the momentum diffusion due to dipole force fluctuations. We also present a theoretical analysis of 
spectral properties of atoms localized in an optical pulse trap [5]. Calculations show that it is possible 
to localize atoms at a zero shift in the frequency of the D2 transition line of the Rb atom caused by the 
ac Stark effect. This configuration can be used to construct optical frequency standards without the 
need of the “magic” wavelength of the trapping laser radiation. 
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Because of recent developments in high-level individual particle control and detection, bottom-up 
assembly of single molecules in optical tweezers (OTs) has attracted attention for ultracold molecule 
applications, such as ultracold chemistry, precision measurements, quantum simulation, and quantum 
computation. For example, a pair of single molecules may be moved and merged together, allowing 
for the study of chemistry on a single molecule level in the ultracold regime. In this talk, we will 
present the recently experimental advances on coherently forming single ultracold 87Rb85Rb molecules 
using individual 87Rb and 85Rb atoms trapped in a tight optical tweezers [1–3]. By preparing both 
atoms in the lowest motional state of the trap, the atom pair can be coherently associated into a 
weakly bound molecular state by coupling atomic spins to their two-body relative motion. In this way, 
a noticeable displacement can be induced on the wave function of the relative motion under the action 
of a microwave spin-flip transition. The induced displacement could enhance the atom-molecule wave 
function overlap and thus the corresponding Franck-Condon (FC) factor in the molecule formation. 
Such spin-motion coupling (SMC) is mediated by the inherent polarization gradients in a strongly 
focused trapping laser, namely in an OT. The coherent nature is demonstrated by long-lived atom-
molecule Rabi oscillations. We further manipulate the motional levels of the molecules and measure 
the binding energy precisely. This work opens the door to full control of all degrees of freedom in 
atom-molecule systems. 
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Quantum gases are a wonderful tool to explore deeply the intriguing properties of quantum 
mechanics. They offer a widely tunable system where coherence, many-body physics or superfluidity 
can be tested. In particular, these gases can be confined in a large variety of geometries, including 
harmonic traps, optical lattices, box traps, lower dimensional traps, etc. 

In this talk I will describe recent experiments performed at LPL with a Bose quantum gas confined 
in a shell trap. A shell trap consists in confining the atoms on the surface of a “bubble”. The atoms are 
free to move in directions parallel to the surface and are strongly confined in the transverse direction. 
Depending on the strength of this confinement, the system can enter the two-dimensional regime. 

This configuration is enabled by the use of adiabatic potentials for atoms in a quadrupole magnetic 
field dressed by a radiofrequency field [1, 2]. These traps are extremely smooth and can be made 
rotationally symmetric to an excellent precision. I will present two series of experiments that take 
advantage of the shell geometry and of the trap smoothness. 

In the presence of gravity, atoms gather at the bottom of the shell. This results in a very flat gas, 
that can be made two-dimensional, confined in an anharmonic trap – just as a pendulum is 
anharmonic. Starting from a superfluid quantum gas at rest, we set the gas into fast rotation by 
applying a rotating deformation to the shell. The centrifugal force pushes the atoms away from the 
bottom of the shell: the atoms climb the edges and form a dynamical ring, where their linear velocity 
reaches 18 times the speed of sound [3], as illustrated in Fig. 1. This supersonic superfluid flow, with 
a very large angular momentum, remains in rotation for more than a minute, approaching the giant 
vortex state [4–6]. 
 

 
 
 
 
 
 
 

 
Fig. 1 Left: effect of the centrifugal force on atoms rotating at high speed in a shell trap (ring formation). 
Right: top view of the rotating annular gas, taken with an in-situ absorption picture.  
Picture size: 120x120 µm. 

 
On the other hand, if gravity can be compensated, the bubble geometry presents an interesting 

topology. The quantum gas is then expected to fill the whole shell surface. Gravity can be 
compensated using the nature of the trap itself, as a gradient in the rf coupling amplitude pushes the 
atoms upwards. This gradient is made larger by reducing the radius of the shell. I will show however 
that even if gravity is compensated, the dimensional reduction to the shell surface leads to a 
localization of the atoms on an annulus determined by the zero point motion of the strongly confined 
degree of freedom [7]. This happens because of an inhomogeneous rf coupling amplitude on the 
surface. 
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Fig. 2  Evolution of the atomic density as the shell radius is shrunk. Top row: in-situ experimental absorption 
pictures of the atomic density, illustrating the formation of a levitating annular gas to the right of the vertical 
magenta line. Picture size: 120x120 µm. Middle row: predicted atomic density from the ground state of the 
Gross-Pitaevskii equation. Same size. Bottom row: predicted atomic density in a side view, size 60x60 µm. 
The center of mass of the atoms in higher on the shell surface as the shell radius is reduced. 
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Dipolar interactions are fundamentally different from the usual van der Waals forces in real gases. 
Besides the anisotropy the dipolar interaction is nonlocal and as such allows for self organized 
structure formation [1]. Similar to the Rosensweig instability in classical magnetic ferrofluids self-
organized structure formation was expected. However on the meanfield level such a transition is 
instable due to the diluteness of the gaseous sample. In contrast to these predictions in 2015 we could 
observe the formation of a stable droplet crystal and found that this unexpected stability is due to 
beyond mean-field quantum corrections of the Lee-Huang-Yang type. When arranged in a 1D array 
also phase coherence between the droplets was observed, which was first evidence for a supersolid 
state of matter. Upon crossing the transition to the dipolar supersolid a Goldstone mode appears, 
which we have observed. The existence of this mode proofs the superfluid stiffness or the so-called 
phase rigidity of this new state of matter.  Recently we have also measured the static structure factor 
across the transition which allows to show that the characteristic fluctuations correspond to 
elementary excitations such as the roton modes, and that the supersolid state supports both superfluid 
as well as crystal phonons. A recent review on the discovery of quantum dropets and dipolar 
supersolids can be found in ref. [2]. 

At the end of the talk I will quickly introduce a new approach to quantum gas microscopy making 
use of a pulsed ion microscope with resolution below 200 nm, very fast time resolution, large field of 
view and depth of field and the possibility to image in 3D [3]. 
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Laser cooling of ions in radio-frequency traps underlie modern researches aimed at elaboration a new 
generation of ultra-precise atomic clocks [1–2], as well as in the study and implementation of 
quantum logic elements in ionic crystals [3–5]. The implementation fast and simultaneously deep 
laser cooling methods are relevant for these researches. 

Several regimes of laser cooling of ions in radiofrequency trap can be distinguished. The first one 
is the semiclassical regime of cooling is under the conditions when the natural linewidth  of the 
optical transition used for laser cooling is much larger than the vibrational frequency of the ion in a 
radio-frequency trap osc, and low recoil frequency R <<   (R = 2k2/2M is kinetic recoil energy 
obtained in a single act of interaction of a motionless atom of mass M with a field photon is the 
photon momentum k). The mechanisms of semiclassical regime of laser cooling are well understood 
and can be described in terms of Doppler (see for example [6–8]), or sub-Doppler [9, 10] forces acting 
on atom or ion from the resonant light field. The semiclassical regime of laser cooling of ion in the 
trap is very effective and allows to reach temperature of laser cooling of order the Doppler cooling 
temperature kBTD~/2 (or even less in a field with polarization gradient [10]), but much large the 
vibration energy osc and results to population of many vibration states in the trap. 

For the realization the most deep laser cooling down to the lowest vibration state the methods of 
sideband cooling can be used [11–13] that requires the spectroscopic resolution of transitions between 
the ground and excited states with different vibration number, and can be realized for narrow optical 
transition <<osc i.e. for condition that is opposite to the semiclassical regime. This regime of laser 
cooling is very effective for cooling of ions in the trap down to the ground vibration state. However, 
the cooling rate is determined by the rate of Raman transitions coupling the different vibration states 
[12] is proportional to light field intensity and can be extremely low for narrow-line optical transition. 
 

 
Fig. 1 Scheme of energy levels of 172Yb+ ion and optical transitions used for laser cooling. The use of the 
“quench” field is resonant to transition 2D5/2-2P3/2 allows to control the spontaneous decay rates and study 
various regimes of laser cooling to achieve the fast cooling rate and the low temperature. 
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For a number of tasks of laser cooling of atoms or trapped ions with use of narrow-line optical 
transition, the spontaneous decay rate can be artificially controlled by adding an additional “quench” 
field leading to stimulated transitions to another excited state that rapidly decays into the initial 
ground state, is so-called “quench cooling” technique [14]. The main purpose of such a complex 
scheme is to increase the laser cooling rate that is achieved by increasing spontaneous decay rate that 
can be considered as increasing linewidth of cooling transition to an effective value eff > . In other 
words, the “quench cooling” technique opens up the possibility to compare various laser cooling 
regime (from side-band to semiclassical) to find the most appropriate for fast and enough deep laser 
cooling. 

We perform analysis and comparison of various regimes of laser cooling of 172Yb ion in a 
radiofrequency trap with use of quadruple optical transition. An additional “quenching field” is used 
to increase the spontaneous photons decay rate in the laser cooling process that allows to control an 
effective linewidth of cooling transition. The conditions providing the deep and fast laser cooling of 
ions in the trap were described. 

 
The work was supported by RFBR 20-52-12024 grant. 
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One of the simplest and simultaneously most robust techniques in quantum magnetometry is based on 
zero-field level-crossing resonances (LCRs) in alkali-metal vapors (see review [1]). A standard 
scheme involves a single circularly polarized wave, while a transverse magnetic field is scanned to 
observe the LCR in the vapor-cell transmission. This scheme has successfully been implemented in 
miniature magnetic-field sensors for biomedical applications (e.g., see [2]). 

Here we examine a scheme where the second (pump) light wave is added, having the opposite 
circular polarization with respect to the first wave (probe). We show that such a +– pump-probe 
configuration can lead to significant improvement in LCR parameters (see Fig. 1a). A small cubic 
glass cell is used, having spectroscopy volume of about 0.12 cm3. It is filled with cesium atoms and 
130 Torr of neon as a buffer gas. We focus on a low temperature regime (Tcell < 60oC) that can be 
important for several applications. During the conference, we will discuss two possible 
implementations of the scheme, namely, we will analyze (1) a light-field configuration composed of 
two counter-propagating beams and a single DBR laser [3], and (2) a configuration with co-
propagating beams and two independent DBR lasers. The latter case is more appropriate for 
miniaturization of a sensor head in atomic magnetometry applications. 

              
Fig. 1 (a) Comparison of the standard Hanle configuration based on a single light wave with one the 
proposed configurations composed of two counter-propagating light beams. (b) Almost ideal linear 
dependences of the level-crossing resonance linewidth on the ambient magnetic field components By (right y, 
top x axes) and Bz (left y, bottom x axes), Bx is scanned to observe the resonance. 

 
The proposed schemes can be used for developing a magneto-optical switch. Such a quantum 

device controls light wave intensity by means of a magnetic field as weak as just several mG. It can 
be found useful in quantum informatics and optical communications. Besides, the results can be 
applied for improving performance of magnetic field sensors, leading to higher sensitivity and lower 
power consumption. We thank Russian Science Foundation (17-72-20089) for support. A part of the 
work was also supported by Russian Foundation for Basic Research (20-52-18004) and Bulgarian 
National Science Fund (KP-06-Russia/11) in the framework of a joint research project. 
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Atoms in a coherent superposition of different momentum states enable high-precision measurement 
of physical quantities. Matter-wave interferometers typically exploit entanglement between the 
internal state and the motional state of matter. The accumulated matter-wave phases for different 
paths are obtained from the interference signal of the internal states after the closing pulse of the 
interferometer. In order to achieve precise sensing, exquisite control of internal and external states of 
individual quanta is essential. Atoms and ions are ideal matter for such use since they provide us with 
the precise control of their quantum states using optical means. So far, neutral atoms have been used 
for various sensing applications such as detection of gravitational acceleration [1], electric and 
magnetic field [2], rotation [3] and so on. On the other hand, a trapped ion has not been considered for 
a platform to realize sensing of external perturbations until recently. This may partly be because of the 
difficulty in realizing a large interference area due to the tight confinement of the ion trap, which is 
inextricably linked with the advantage of a capability of stable trapping. Quite recently, Campbell and 
Hamilton proposed to utilize a trapped ion for a precise rotation sensing application. In the proposal, a 
trapped ion in a circular motion constructs a Sagnac interferometer. By taking an arbitrary number of 
ion rotations, the sensitivity of the rotation sensing can be tuned, and the ions with multiple circular 
motions may provide us with a large interference area and a compact physical size at the same time. 
To realize rotation sensing with a trapped ion, interferometry of an ion in motion along multiple 
symmetry axes is an important next step. Although matter-wave interference of an ion in a linear 
motion has been observed by many research groups, the matter-wave interference of an ion in multi-
dimensional motion has not been investigated in detail yet. 

 
Fig. 1 Schematic drawing of the experimental setup. 

 
Here we present our experimental demonstration of matter-wave interferometry of a trapped ion in 

a three-dimensional motion, initiated by a momentum kick in a direction diagonal to any of the trap 
symmetry axes [4,5]. We irradiate a mode-locked laser at 355 nm to bring the ion into a superposition 
of one spin state with no momentum and the other spin state with a 2ℏk recoil kick, namely a spin-
motion entangled state. When the laser is applied along the direction diagonal to any of the trap 
symmetry axes, the moving half of the ion wave packet travels in a harmonic potential in a 
complicated way (schematic drawing of the setup is shown in Fig.1). After the free evolution time, we 
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irradiate the second laser pulse to close the interferometer. When the interrogation time is integer 
multiple of the trap periods along three trap symmetry axes, the moving half of the ion wave packet 
meets the other half wave packet and the constructive matter-wave interference appears. Since trap 
frequencies for the three axes are different, the interference signal shows a complicated interrogation-
time dependence. Figure 2 shows the probability of finding the ion in one of the spin states involved 
in the experiment. No interference indicates the probability of 0.5, and the peak structures indicate the 
constructive interference. The green, blue and red markers shown at the top of the figure indicates the 
integer times the trap period along three different symmetry axes. The relatively higher peaks appear 
at the timing of three trap periods to match, and the two separated ion wave packets meet once again 
along all three directions. In the experiment, a slight change in the frequency of one of the trap axes 
causes a sensitive change in the interference signal, indicating that the interference arises from ion 
motion in three dimensions. We theoretically analyzed the interference signal and found good 
agreement between the measured data and the theory. We estimated the rotation sensing sensitivity 
assuming that the ion has a circular orbit with the current experimental parameters. Based on the 
evaluation, we discuss our perspective to apply our system for rotation sensing. 
 

 
Fig. 2 Observed interference fringes. 
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Magnetoencephalography (MEG) is a technology for recording brain activity, characterized by high 
temporal resolution, and allowing to study fast neural processes without violating the integrity of 
tissues. Traditionally, in MEG tasks, SQUID sensors, collected in arrays, are used [1]. Despite the 
high sensitivity and compactness of the sensors themselves, these systems have limitations: the need 
to place SQUID sensors in a common Dewar vessel excludes the possibility of adapting the array to 
the anatomical features of the object and leads to a loss of the signal-to-noise ratio and spatial 
resolution. The stationarity and high cost of these systems are also obstacles to their widespread use. 

Magnetic resonance imaging (MRI) is based on a different principle: a resonance signal is obtained 
by polarizing protons in a high field, followed by recording their free precession with induction coils. 
Since the 1990s, there has been a steady interest in recording MRI signals in an ultralow field (ULF) 
[2]. A serious argument in favor of the development of ULF MRI methods is the potential 
compatibility of the requirements for the parameters of the ULF MRI and MEG detecting systems – 
the latter are characterized by a sensitivity in units of fT/√Hz with a response speed of the order of 
200-500 Hz. Registration of ULF MRI signals requires an expansion of the frequency band (e.g., in a 
0.1 mT field - up to 4.2 kHz). At the same time, the requirements for the dynamic range of such a 
system are becoming more stringent, and especially for its ability to withstand pulsed fields used in 
ULF MRI. 

An alternative to SQUID sensors is an optically pumped quantum magnetometer (OPM) based on 
optically detectable magnetic resonance (MR) in alkali metal atoms. The SERF magnetometers 
operating in the mode of suppressing the spin-exchange broadening of the MR line in zero field [3] 
demonstrate a record sensitivity among OPMs at the level of tenths of fT/√Hz. Their sensing element 
can have a volume of less than 1 cm3, which makes it possible to place the sensors in the immediate 
vicinity of the object. Unfortunately, the spatial uniformity of the field required for MEG systems 
based on SERFs can only be ensured in magnetically shielded rooms. The use of SERFs in ULF MRI 
systems is possible only with the use of special circuits that transfer the MRI signal to the zero field 
region [4]. 

The aforementioned problems are prompting the development of highly sensitive magnetometers 
that would not require zero magnetic fields or ultra-low temperatures. These properties are 
characteristic of nonzero-field OPMs which demonstrated a sensitivity of 1.6 fT/√Hz almost 25 years 
ago [5]. However, this sensitivity was achieved mostly due to the large volume V of the cell 
(~1800 cm3). A decrease in V results in sensitivity lost proportional to √V [6]. An attempt to 
compensate it by increasing the atomic number density leads to an increase in the spin-exchange 
relaxation rate, which limits the sensitivity. Fortunately, in [7] the opposite effect was described (and 
later used in [8, 9]) – a decrease in the spin-exchange relaxation rate in in a “stretched state” which 
can be obtained at high laser intensities. 

On this basis, we tried to develop a nonzero-field Cs sensor for MEG – ULF MRI systems. All our 
schemes were characterized by the following advantages: i) tuning the pumping beam into resonance 
with the F = 3 ↔ F’ = 3,4 transition makes it possible to increase the signal by several times [9]; ii) 
the operation of the sensor in MX mode provides a high response speed unattainable in the MZ 
scheme; iii) the use of transverse linearly polarized beam for signal detection makes it possible to 
further increase the sensitivity, and iv) the transfer of the signal frequency to tens of kilohertz allows, 
in comparison with SERF schemes, to significantly reduce the effect of low-frequency laser flicker 
noise. 
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Fig. 1 (a) “classical” scheme; (b) Bell-Bloom scheme; (c) single-beam Bell-Bloom scheme. 

 
As a basis for our nonzero field sensor, we used a slightly modified two-beam "classical" MX 

scheme (Fig.1a). The ultimate sensitivity of the sensor in cell volume of 0.5 cm3 was estimated (using 
the criteria of the ratio of the MR signal slope to the shot noise spectral density) to be better than 
5 fT/√Hz, and the actual sensitivity measured directly in a gradiometric scheme reaches 18 fT/√Hz 
[10]. 

The next step was the transition to the Bell-Bloom scheme (Fig.1b), which eliminated the RF field 
from the sensor circuit [11]. As it turned out, the Bell-Bloom scheme with sinusoidal modulation of 
the pump radiation polarization does not allow achieving the same degree of squeezing the MR width 
as the "classical" scheme. Nevertheless, it allows obtaining a sensitivity of ~10 fT/√Hz at a speed of 
~1 kHz, and, therefore, is capable of providing a sensitivity of ~40 fT/√Hz in a bandwidth of ~4 kHz, 
and can be used in ULF MRI schemes. On the other hand, in applications where high speed is not 
needed, the maximum line narrowing can be obtained using pulsed pumping [12]. 

The last step to date has been the transition from a two-beam Bell-Bloom scheme to a single-beam 
one (Fig.1c). As shown in [12], pumping in the Bell-Bloom scheme should be switched on at the 
moments when the collective spin of the system is directed along the pumping beam; on the contrary, 
optimum detection efficiency is achieved when the spin is oriented perpendicular to the detection 
beam. This allowed us to combine two beams into one, and to separate in time (within one precession 
period) pumping and detection without loss of sensitivity [13]. Thus, we have achieved the ultimate 
sensitivity better than 10 fT/√Hz in the same cell in a single-beam scheme. At present, we are 
investigating the applicability to this scheme of pulsed low-duty-cycle optical pumping, as well as the 
possibility of implementing a free spin precession sensor on its basis. 
 

Funding: The reported study was funded by RFBR, project number 19-29-10004. 
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In the 1980s, by labeling internal states with momentum quantization, C. J. Bordé has extended the 
Ramsey’s method of separated oscillating field to atomic interferometry with optical transitions 
realizing laser beam splitters and mirrors for matter-waves. At the same time in Novosibirsk, 
pioneering works on interferences with atoms were also made by Chebotayev and Dubetsky based on 
separated optical fields with standing waves. 

Ramsey-Bordé interferometers have thus been developed over decades using cold and ultra-cold 
atom techniques to achieve high sensitivity to rotation, acceleration, accurate determination of the fine 
structure constant, or optical clock realization with supersonic beams reaching a fractional frequency 
instability around 2×10-16. Mach-Zehnder type quantum sensors have also been developed for 
gravitational field measurements. 

During the talk, I will present for the first time, some extended applications of hyper-Ramsey 
composite pulses from the field of optical clocks to atom interferometers, and demonstrate that they 
might be designed to be more robust against pulse defects related to laser field amplitude variation 
coupled to residual Doppler-shifts and light-shifts between multiple interaction zones. 

A new composite laser pulse Mach-Zehnder interferometer will be finally studied protecting 
wavepacket interferences against distortion on phase measurement related to residual Doppler effects 
and light-shifts simultaneously coupled to a potential pulse area error between beam-splitters [1]. 

Hyper Ramsey-Bordé matter-wave interferometry is primarily dedicated to a new class of 
interferometers using long-lived optical clock transitions in fermionic and bosonic alkaline-earth 
species inducing large momentum transfer but suffering from systematics coupled to undesirable ac 
Stark-shifts and magnetic-shift instabilities. 

Advancing atomic and molecular coherent matter-wave manipulation with the latest composite 
pulse techniques will bring atomic sensors to robust real-world application from portable optical 
clocks to mobile gravimeters as well as boosting performances of actual devices with a minimal 
experimental effort. 
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The equivalence principle (EP) is one of the two assumptions of Einstein’s general relativity. Theories 
which try to unify gravity and the standard model, generally require violation of EP. Tests of EP have 
been performed in different ways including Lunar laser ranging, torsion balance, satellite and atom 
interferometers [1]. 

In this presentation, I would like to introduce the work of united test of EP using mass and internal 
energy specified atoms. We improve the Four-Wave Double-diffraction Raman transition method we 
proposed before [1] to select atoms with certain mass and angular momentum state, and perform dual-
species atom interferometer. By combining 85Rb and 87Rb atoms with different angular momenta, we 
measure the differential gravitational acceleration of them, and determine the value of Eötvös 
parameter, η, which is the violation parameter of EP. The uncertainties of η values of the four 
combinations (87Rb|F＝1/2-85Rb|F＝2/3) are all at ~10−10 level [2]. The violation parameter of mass 
and internal energy is constrained to 0 = (-0.8  1.4)  10-10, and the violation parameter of internal 
energy is constrained to E = (0.0  0.4)  10-10 for reduced energy ratio. Our work opens a door for 
mass and internal energy united tests of EP with quantum systems. 
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Single neutral atoms trapped in arrays of optical dipole traps are perspective variant of implementing 
quantum computation and simulations [1, 2]. In the case of alkali-metal atoms, the two working levels 
of a qubit are two hyperfine sublevels of the ground state. Their initialization is obtained by optical 
pumping, and one-qubit gates are realized with individually-addressed Raman or microwave 
transitions between two levels. Entangled states and two-qubit gates can be generated using a 
temporary excitation of ground-state atoms to a strongly interacting Rydberg state. In this talk, we 
will present our recent experimental results on implementing one-qubit gates for two Rb atoms in two 
traps and theoretical results on a new scheme of three-qubit Toffoli gate based on a three-body Förster 
resonance of a new kind. Both results are aimed at quantum information processing with neutral 
atoms. 

First, we report the results of experiments on implementing individually addressable one-qubit 
quantum gates on a microwave transition with two 87Rb atoms in two optical dipole traps [3, 4]. The 
addressing was carried out using additional focused laser light, which results in a differential light 
shift of the microwave transition frequency. In the absence of addressing in each of the atoms, Rabi 
oscillations were obtained on the microwave clock transition 5S1/2 (F = 2, mF = 0)  5S1/2(F = 1, 
mF = 0) between two working levels of qubits with a frequency of up to 5.1 kHz, a contrast up to 98%, 
and a coherence time up to 4 ms. When addressing was turned on, the probability of a microwave 
transition in the addressed atom was suppressed to an average value of less than 5%. The Rabi 
oscillations remaining in the other atom had the same contrast and corresponded to the 
implementation of individually addressable basic one-qubit quantum operations (Hadamard gate and 
NOT gate) from different initial states of a qubit with an average fidelity of (92 ± 3) %. After 
renormalising this fidelity to the error in the preparation and measurement of quantum states of qubits, 
an estimate of (97 ± 3) % is obtained for the fidelity of individual qubit rotations. 

Second, we have performed extended numerical calculations of the new three-body Förster 
resonance for Rb Rydberg atoms 3×70P3/2(|M|=1/2)70S1/2+71S1/2+70P1/2 [5] in the full model, 
taking into account all the Zeeman sublevels of the Rydberg states, as well as their finite radiation 
lifetimes. For spatially localized atoms, the calculations predict the presence of population and phase 
oscillations of collective three-body states. Using them, a new scheme for performing a three-qubit 
quantum Toffoli gate was developed. The scheme from our previous joint work [6] was taken as a 
basis. This scheme, however, required laser excitation of three atoms into three different Rydberg 
states. In the new scheme, all three atoms are excited to the same Rydberg state, which greatly 
simplifies the experimental implementation. Numerical simulations have shown that the maximum 
fidelity of the Toffoli gate can reach 98.5%. 

This work was supported by the Russia-France cooperation grant ECOMBI (CNRS grant No. 
PRC2312 and RFBR grant No. 19-52-15010). The Russian team was also supported by the 
Novosibirsk State University. The French team was also supported by the EU H2020 FET Proactive 
project RySQ (grant No. 640378). 
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One of the daunting challenges in developing a computer with quantum advantage is the need to scale 
to a very large number of qubits while maintaining the fidelity and isolation of pristine, few qubit 
demonstrations. Neutral atoms are one of the most promising approaches for meeting this challenge, 
in part due to the combination of excellent isolation from the environment and the capability to turn 
on strong two-qubit interactions by excitation to Rydberg states. 

Progress in implementing hybrid quantum circuits on a neutral atom quantum processor [1] is 
described. A universal set of quantum gates is deployed using microwave and optical control of Cs 
atom qubits. The qubits are laser cooled to below 5 microK using Lambda Gray Molasses cooling. 
Two-qubit gates are implemented using Rydberg interactions. We show that weak interactions, 
outside the blockade radius, can form the basis of a fast entangling gate protocol using simultaneous 
excitation of atom pairs [2]. 

Work in progress towards finding ground states of the Lipkin-Meshkov-Glick Hamiltonian using 
the Variational Quantum Eigensolver (VQE) algorithm [3] and solving graph optimization problems 
using the Quantum Approximate Optimization Algorithm (QAOA) will be presented. 
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The acceleration of protons with high-intensity laser pulses to kinetic energies of tens of MeV around 
the turn of the millennium has led to a plethora of experimental and theoretical research in the field 
(see, for example, [1] and references therein). The dominant mechanism in most ion acceleration 
experiments is the target normal sheath acceleration (TNSA) mechanism. Here, a laser pulse is 
focused, for example, onto a nanometer- or micrometer-thin foil. The rising edge of the laser pulse 
ionizes the foil’s front side, and a plasma is generated. The pulse peak, with an intensity exceeding 
1018 W/cm2, accelerates electrons through the foil. The accelerated electrons traverse the foil and form 
a negative charge cloud in the vacuum. Between this electron sheath and the positively charged foil, 
an electric field arises with a strength in the order of MV/µm. This field ionizes atoms from the foil’s 
rear surface and subsequently accelerate the generated ions. Due to their highest charge-to-mass ratio, 
protons from hydrogen-containing surface contaminants are accelerated the most. The proton pulses 
exhibit some unique characteristics like a picosecond duration close to the source and a large number 
of particles, up to 1012–1013. These properties make such proton sources interesting for applications. 
However, these sources are usually not as stable as required for sophisticated applications. 
Consequently, more research is needed to deepen the understanding of the acceleration process to 
eventually improve the controllability.  Additionally, a high repetition rate of the laser-proton source 
is desirable for applications. This motivates the investigation of the interaction with targets that can be 
operated at very high repetition rates (  1 Hz). For these purposes, various experiments have been 
performed at the Institute of Optics and Quantum Electronics and the Helmholtz-Institute Jena. 

First, in a campaign at the POLARIS laser system using second harmonic generation (SHG) for 
contrast enhancement, the occurrence of a ring-like proton beam profile formed by protons with low 
kinetic energies was investigated [2] (Fig. 1 (a)). Here, the laser pulses were focused onto plastic foils 
with thicknesses between 100 nm and 800 nm. As the main diagnostic for the online measurement of 
the beam profile, a fast responding plastic scintillator was utilized that was imaged onto two gateable 
CCD (G-CCD) cameras. Due to the difference in the time-of-flight for the different particles to the 
scintillator, it is possible to measure the beam profile for protons within a selected energy interval 
with the G-CCD. By rotating a foil around the vertical axis and thus separating the laser’s forward and 
the foil’s normal direction, it could be determined that this ring-like structure is oriented around the 
latter. An explanation of the ring’s occurrence within the well-established concept of TNSA could be 
found with the help of 2D particle-in-cell (PIC) simulations. Due to the shape of the proton 
distribution during the acceleration process, a lateral charge separation and thus a lateral electric field 
component is generated. Together with the longitudinal field component, it causes the acceleration of 
a large number of protons under the same angle with respect to the target normal direction. Due to its 
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simplicity, the explanation presented may be applied to other experiments showing comparable proton 
beam profiles. 

In an experiment at the JETI 40 laser system using water microdroplets with a diameter of 20 µm 
as the target, the influence of the incidence geometry and the temporal intensity contrast on proton 
acceleration and plasma expansion was investigated [3]. The laser pulses were frequency-doubled to 
inhibit the uncontrolled formation of a pre-plasma prior to the pulse peak’s arrival. The maximum 
proton energy was measured in the laser forward direction, and an ultra-short optical probe laser was 
used to image the plasma expansion on a picosecond timescale. The probe laser propagated 
perpendicular to the main laser and was filtered to off-harmonic wavelengths after the interaction. The 
droplets’ position along the laser’s polarization axis (x-axis) was varied with respect to the focus’ 
position to investigate the influence of the laser’s angle of incidence on the droplet surface while 
measuring the maximum proton energy and acquiring images of the plasma expansion (150 ps after 
the main laser arrived at the droplets’ position) (Fig. 1 (b)). When the laser irradiated a droplet under 
normal incidence , the maximum proton energy was low and the plasma expansion 
small in contrast to the case of grazing laser incidence . In the first case, the laser 
cannot couple energy efficiently into the plasma electrons due to a steep plasma gradient. In the latter 
case, electrons are heated more efficiently since the laser’s electric field points into the droplet. With 
the help of 2D PIC simulations, a hot electron current confined close to the droplet’s surface could be 
identified that further enhances the electric field in that geometry. The introduction of an additional 
pre-pulse that triggers the expansion of a pre-plasma 5 ps before the main pulse’s arrival has a 
significant effect on the proton acceleration and the plasma expansion. In this case, both are relatively 
independent of the incidence angle. Our experiment shows that the use of microdroplets as the target 
for proton acceleration and optical probing with off-harmonic wavelengths has great potential for the 
further investigation of laser-plasma interactions. 
 

                  
Fig. 1 (a) shows the ring-like beam profile emitted from a plastic foil with a thickness of 200 nm. The shown 
beam profile consists of protons with kinetic energies between 1.3 MeV and 1.5 MeV, whereas the 
maximum proton energy in this particular shot, measured with a Thomson parabola, was 7.6 MeV. (b) 
shows, for the droplet experiment, the dependence of the maximum proton energy with respect to the 
droplets’ position along the x-axis (top). Below are exemplary images of the plasma expansion captured with 
the probe laser for three different positions in the scan. 
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At the Center for Relativistic Laser Science (CoReLS) of Institute for Basic Science we have 
developed a 20 fs, 4 PW Ti:Sapphire laser [1] and operated it for the investigations of strong field 
physics for the last five years. The 4 PW laser is a chirped pulse amplification laser with a frontend 
with XPW and OPCPA stages. Recently we achieved the record-breaking laser intensity reaching 1023 
W/cm2 [2]. For the realization of such an ultrahigh laser intensity, the PW laser was focused with an 
f/1.1 off-axis parabolic mirror (OAP) after wavefront correction. For the wavefront correction, we 
used two-stage bimorph deformable mirrors, as shown in Fig. 1 along with the layout of the PW laser. 
The first DM, installed after the final amplifier, corrected the wavefront distortion accumulated in the 
amplifying stages. After the first DM, the beam diameter was enlarged to 280 mm by the final beam 
expander, and then laser pulses were compressed to 20 fs by the pulse compressor. After the pulse 
compressor, the wavefront aberrations were corrected by the second DM. In the target chamber, the 
petawatt laser beam was tightly focused with an f/1.1 OAP, obtaining a near diffraction-limited focal 
spot of 1.1 μm. From the tight focusing of wavefront-corrected PW laser pulses, we achieved the 
focused intensity of 1.1x1023 W/cm2, the first demonstration of laser intensity over 1023 W/cm2. 

With this multi-PW laser GeV electron beams have been generated using the laser wakefield 
acceleration scheme. As part of our strong field physics research, we have investigated nonlinear 
Compton scattering (NCS) between a multi-GeV electron beam and an ultrahigh intensity laser pulse. 
The gamma-rays, measured with a pixelated scintillator LYSO, showed that gamma-ray energy 
exceeding 100 MeV was produced from the NCS experiment. Here the multi-PW laser system and 
strong field physics research at CoReLS will be presented. 
 

 
Fig. 1 Layout of the CoReLS 4-PW laser and the experimental setup to measure laser intensity. 

 
References 
[1] J. H. Sung et al., Opt. Lett. 42, 2058 (2017). 
[2] J. W. Yoon et al., Optica 8, 630 (2021). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

45 
 

From few-cycle to subcycle and unipolar radiation pulses 
 

N.N. Rosanov1, M.V. Arkhipov2, R.M. Arkhipov2 
1Ioffe Institute, 194021, St. Petersburg, Politekhnicheskaya ul., Russia 

2St. Petersburg State University, 199034, St. Petersburg, Universitetskaya Emb. 13B, Russia 
E-mail: nnrosanov@mail.ru 

 
One of the main trends in laser physics is to achieve ever shorter radiation pulses. At present, the 
pulse duration 43 attoseconds have been obtained experimentally [1]. The next stage of the shortening 
of radiation pulses is the generation of unipolar pulses, in which the electric field strength E retains its 
direction during the pulse. 

For the first time, pulses of unipolar radiation were discussed 40 years ago under the term "strange 
waves" [2]. More precisely, such a pulse can be characterized by its electrical area. It defined as [3] 

( ) ( , )E t dt S r E r ;    (1) 

here t is time and r is the radius-vector. It follows from the exact Maxwell’s equation of 
electrodynamics of continuous media that 

rot 0E S ,    (2) 

or, in the plane-wave approximation when radiation propagates along the axis z,  
/ 0Ed dz S     (3) 

[3, 4]. This conservation rule has general nature. It is valid for the linear and nonlinear, isotropic and 
anisotropic media [5]. The rule is not relevant for the multicycle pulses where are the multiple 
oscillations of the electric field strength E, because in this case the area ES  is close to 0, according to 
(1); however the rules have a number of important consequences for very short few-cycle pulses [5–
7]. 

We discuss using by the rule (2) the relationship between the electric area of the pulse, the vector 
potential of the field, and the Aharonov-Bohm effect. We will demonstrate using the conservation rule 
(3), that decrease of the pulse maximum amplitude with propagation in an absorbing medium is 
accompanied by the proportional increase of the pulse duration. The exact expressions are presented 
for the vector field of the electric area in vacuum with moving charges. We show that the effect of an 
extremely short radiation pulse on classical and quantum micro-objects is determined by the pulse 
electric area, and not by its energy. Discussed are different methods for obtaining pulses with a large 
electrical area based on the radiation of accelerated electrons, transformation of standard bipolar 
pulses, and generation of dissipative optical solitons. Transportation of quasi-unipolar pulses is 
possible in coaxial waveguides, and unipolar pulses in the far field are formed by the proper choice of 
the pulse shape in the near field. Important also is the possibility to create dynamic gratings in 
nonlinear media by counterpropagating extremely short pulses non-overlapping inside the medium. 
Such gratings allow one to realize high-precision holography of fast moving objects [5–8]. 

This work was supported by the Russian Foundation of Basic Research, projects 20-32-70049 and 
19-02-00312, and by the Russian Science Foundation, grant 18-12-00075. 
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Coherent combining of high-power femtosecond pulses is one of the promising methods for achieving 
ultrarelativistic intensities. The implementation of such methods is laid down in a number of widely 
discussed projects in different countries for the creation of subexawatt lasers. Among them are the 
European project ELI [1], the SEL and SG-II super X projects in China [2] and the XCELS 
megaproject in Russia [3]. 

In this work we analyze the requirements for the parameters of combined beams of high peak 
power, which depend on the aperture, including the angular instability and the residual angular chirp. 
It is shown that the main difficulties at this stage are associated with the technological level of 
achieving the required angular stability for beams of PW peak power. 

A comparative analysis of various focusing schemes for few-cycle femtosecond pulses in collinear 
and non-collinear geometries is carried out. Focusing with a parabolic mirror is considered, as well as 
spherical (mirrors are located on a sphere, beams are focused to the center), ring (beams in one plane 
are focused to the center), 2 row ring geometries. It is shown that in the noncollinear scheme there is 
an optimal number of beams, depending on the chosen geometry, at which the maximum intensity is 
achieved. The spatial contrast and the space-time distribution in a focused beam with coherent 
combining are analyzed. The Monte Carlo method is used to study the influence of the parameters of 
the beams being combined, such as aberrations, angular instability and time jitter on the efficiency of 
coherent combining in collinear and non-collinear geometries. 

The influence of the spatio-temporal coupling of the combined beams on the spatio-temporal 
distribution of the intensity at the focus is considered. Ways of reducing this influence to achieve 
maximum peak power at the focus with coherent combining are determined. 

An original scheme for temporal compression of pulses in nonlinear media with different signs of 
effective cubic nonlinearity has been developed [4]. It is shown that, in the proposed scheme, it is 
possible to generate a 5-7 fs pulses with small B-integral at the idler wavelength (region of 1.5 µm). 
The magnitude of the nonlinear phase in the range of intensities of the compressed beam of 75-100% 
is more than an order of magnitude lower in comparison with multielement pulse compression 
schemes based on media with positive cubic nonlinearity. It is shown that this method makes it 
possible to increase the focusability of few-cycle pulses and to reduce the level of phase fluctuations 
caused by changes in intensity, and to implement a highly efficient mode of coherent combining of 
such pulses. 

The scheme of development of a two-channel multi-terawatt femtosecond laser system with 
coherent combining, created at the ILP SB RAS, up to the subpetawatt level with high radiation 
quality is discussed. The spatio-temporal structure of compressed and focused pulses after additional 
amplification stages is analyzed using numerical simulation methods. For precise synchronization of 
additional stages of parametric amplification, a digital system for locking the frequency of master 
pump lasers has been developed and experimentally implemented, which allows frequency locking of 
all pump lasers of a multichannel coherent pulse combining system to a common highly stable 
reference frequency source with a relative jitter not exceeding 10-13 s. 
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Multimode fibers (MMFs) have the capacity to carry high-energy beams, which is important for up-
scaling the power of fiber laser sources. Among different types of MMFs, graded-index (GRIN) fibers 
are capable of supporting the propagation of multi-component or multimode solitons [1–3]. These 
nondispersive nonlinear wave-packets are particularly interesting for mode-locked fiber laser sources 
of ultrashort pulses [4]. 

In this presentation, we present our recently discovered properties of femtosecond MMF solitons, 
whose complex spatiotemporal dynamics makes them very different from their well-known 
singlemode counterparts. In singlemode fibers, a soliton forms when chromatic dispersion pulse 
broadening is compensated for by self-phase modulation. This means that a singlemode soliton can 
have an arbitrary temporal duration, provided that its peak power is properly adjusted. In contrast, 
forming a MMF soliton also requires the compensation of modal dispersion. This leads to the property 
that MMF solitons composed of non-degenerate modes with axial symmetry have both a fixed 
temporal duration and energy at each wavelength, independently of the input pulse duration: we call 
these spatiotemporal objects “walk-off solitons” [5]. 

In addition, our numerical and experimental studies of spatiotemporal femtosecond soliton 
propagation over up to 1 km spans of GRIN fibers reveal that initial multimode soliton pulses 
naturally and irreversibly evolve into a single-mode soliton [6]. This is carried by the fundamental 
mode of the fiber, which acts as a dynamical attractor of the multimode system for up to the record 
value (for multimode fibers) of 5600 chromatic dispersion distances. This evidence invalidates the use 
of variational approaches, which intrinsically require that the initial ansatz, involving the multimode 
composition of a soliton, is indefinitely maintained upon propagation, so that no modal energy 
redistribution occurs. 

The simulation shown in Fig.1a shows that, after approximately 120 m of propagation, the 
fundamental mode acquires the energy carried by higher-order modes. In the subsequent 880 m of 
propagation, a substantially monomodal soliton propagates, which experiences a continuous 
wavelength red-shift, owing to Raman self-induced scattering. As the soliton wavelength increases 
above 1700 nm, it loses its energy because of linear loss, leading to a slow temporal broadening 
(bottom-right inset of Fig. 1a). 
 

           
Fig. 1 Numerical propagation of three axial modes over 1 km of GRIN fiber (a); Experimental vs. simulated 
soliton temporal duration at 1550 nm, after 850 m of GRIN fiber (b). 
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We experimentally investigated walk-off soliton generation in a GRIN fiber, by injecting 
femtosecond pulses with 67 fs temporal duration at 1550 nm, Gaussian beam shape (M2=1.3) and 1/e2 
input diameter of approximately 30 µm. Fig. 1b shows the dependence on input pulse energy of the 
measured output soliton temporal duration, after 850 m of GRIN fiber. Different Raman solitons are 
described by separate curves. As can be seen from the blue solid curve (first Raman soliton) in Fig.1b, 
there is an optimal input energy of 1.75-2.25 nJ, leading to minimum pulse width (i.e., 450 fs after 
850 m). For larger input energies, the fission of the input higher-order soliton into fundamental walk-
off solitons leads to a second and then a third Raman pulse.  

The process of high-energy soliton fission in a GRIN fiber was analyzed in details in Ref.[7], again 
by comparing experimental observations and simulations. We always observed that solitons produced 
by the fission have a nearly constant Raman wavelength shift, and the same pulse width over a wide 
range of soliton energies. 

The propagation of GRIN fiber solitons is closely linked with the effect of beam self-imaging. This 
effect is of interest for many applications, such as implementing a fast saturable absorber mechanism 
in fiber lasers via multimode interference. We could experimentally directly visualize the longitudinal 
evolution of beam self-imaging by means of femtosecond laser pulse propagation in both the 
anomalous and the normal dispersion regime of GRIN fibers [8]. Light scattering out of the fiber core 
via visible photo-luminescence emission permits us to directly measure the self-imaging period and 
the beam dynamics.  

The generation of up-conversion luminescence is produced by the multiphoton absorption of 
femtosecond infrared pulses. We directly estimated the average number of photons involved in the up-
conversion process, by varying the wavelength of the pump source [9]. This has permitted us to 
highlight the role of nonbridging oxygen hole centers and oxygen-deficient center defects, and 
directly compare the intensity of side-scattered luminescence with numerical simulations of pulse 
propagation. 

In a last series of experiments, we proposed and demonstrated a new approach for generating 
multicolor spiral-shaped beams [10]. It makes use of standard silica fibers, combined with a tilted 
input laser beam. The resulting breaking of the axial symmetry of propagation inside the fiber leads to 
the propagation of helical beams. The associated output far-field has a spiral shape, independently of 
the input laser power value. When using high-power femtosecond laser pulses, a visible 
supercontinuum spiral emission can be generated. With appropriate control of the input laser coupling 
conditions, the colors of the spiral spatially self-organize in a rainbow distribution. Our method is 
independent of the laser source wavelength and polarization. Therefore, standard optical fibers may be 
used for generating spiral beams in many applications, ranging from communications to optical 
tweezers and quantum optics. 

This work has received funding from the European Union Horizon 2020 research and innovation 
program under the European Research Council (Grant nos. 740355 and 874596), and the Italian 
Ministry of University and Research (Grant no. R18SPB8227). 
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Future technologies underpinning high-performance optical communications, ultrafast computations 
and compact biosensing will rely on densely packed reconfigurable optical circuitry based on 
nanophotonics. For many years, nanophotonics was associated with plasmonics as the only available 
platform for subwavelength optics, but the recently emerged field of Mie resonant metaphotonics 
provides practical alternatives for nanoscale optics by employing resonances in high-index dielectric 
nanoparticles and metasurfaces. High-index subwavelength resonant dielectric structures emerged 
recently as a new platform for nanophotonics and metasurfaces [1]. They benefit from low material 
losses and provide a simple way to realize magnetic response which enables efficient flat-optics 
devices reaching and even outperforming the capabilities of bulk components. 

Here we review the physics of Mie resonances and photonic bound states in the continuum (BICs) 
and their applications in metaphotonics, including enhancement of nonlinear response, light-matter 
interaction, and development of active nanophotonic devices. For metasurfaces composed of 
subwavelength meta-atoms with broken in-plane symmetry, we show that quality factor (Q factor) of 
BICs can be unambiguously controlled by variation of meta-atom asymmetry parameter. We show 
that control of the unit cell asymmetry allows to achieve the optimal coupling condition that 
maximizes the fields inside the metasurface. We apply smart engineering of resonances of asymmetric 
dielectric metasurfaces to design multi-functional metadevices for applications in nanophotonics. We 
employ BIC-empowered silicon metasurfaces to generate efficiently odd optical harmonics up to the 
11th order and explore transition between the perturbative and non-perturbative nonlinear regimes. 
We demonstrate how silicon asymmetric metasurfaces integrated with two-dimensional flakes of 
transition metal dichalcogenides (TMDCs) can be used to boost the intrinsic second-order 
nonlinearity of monolayers. We further explore TMDC resonators composed of structured dielectric 
arrays and individual nanoparticles for strong light-matter coupling phenomena. We discuss the 
extension of metasurface functionalities for biosensing applications in biomarker detection and 
demonstrate how BIC tunability in the momentum space can be used to realize a novel type of 
efficient lasing based on a finite-size cavity with a small footprint. 

As an example, recently we suggested a novel approach to achieve high-Q resonances in individual 
subwavelength resonators by employing the physics of optical BICs [2]. In the near-IR frequency 
range, we vary the resonator diameter to induce strong coupling between a pair of Mie modes. For an 
efficient excitation, we employ a focused azimuthally polarized vector beam with the wavelength 
varying from 1500 nm to 1700 nm. The measured Q factor is about 190, which is more than one order 
of magnitude higher than for conventional dipolar Mie modes. We confirm this mechanism by 
simulating near- and far-field patterns of the electric field of the supercavity mode, and in addition 
confirm this effect in microwave experiments, supplementing experimental results by the data for the 
record-high efficiencies of the third-harmonic generation [3]. 

In summary, recent advances in the physics of dielectric resonant metastructures [4] are based on 
multipolar Mie resonances and bound states in the continuum to achieve high Q factors, with 
applications of these concepts to nanolasers, topological photonics, and sensing. 
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Dielectric metamaterials consisting of periodic nanoparticles or subwavelength structures on or within 
dielectric materials have drawn significant attention in the last decade [1–13], owing to their 
extraordinary features, such as negative index [1–3], directional scattering [4–6], ultra-thin flat lenses 
[7–10], and perfect mirrors [11, 12], which cannot be realized with ordinary materials in nature. 
Unlike metals, dielectric materials with a high refractive index and a low extinction coefficient 
suppress light dissipation and exhibit strong resonances in arrays of dielectric nanoparticles, 
depending on the period of lattice or polarization of the incident light, leading to fluorescence 
enhancement [4, 13], optical sensors [14–16], or color filters [17–20]. 

The electric and magnetic resonances in a spherical dielectric particle with high refractive index 
are predicted by the Mie theory from which electromagnetic fields are expressed as a series of electric 
dipole (ED), magnetic dipole (MD) and higher-order excitations. The metasurface made from such 
dielectric particles spaced with a distance less than the wavelength exhibits unique optical properties 
that was first experimentally demonstrated in [17, 18]. The optical resonances in nanoparticle arrays 
have led to a great interest in the area of dielectric metamaterials from which the various optical 
properties induced by the ED and MD resonances were studied in accordance with the types of 
particle arrays, period of nanoparticles, and light polarization. 

In the following work the electric dipole (ED) and magnetic dipole (MD) resonances in a slab of 
dielectric nanostructures induced by oblique light incidence were analyzed in terms of guided-mode 
wave theory for transverse electric (TE) and transverse magnetic (TM) polarization. Owing to the 
symmetry breaking in TE and TM polarizations at oblique incidences of light, the resonance modes 
produced different features, which were analyzed with comprehensive studies of energy fluxes 
associated with the resonance modes. 

In compare to the case of the medium with low perturbation refractive index the guided mode in 
the slab of requlary spaced dielectric particles with hight refractive index consits of several partial 
components even when the spacial simmetry conditions are broken. Each partial component has its 
own energy propagation direction and thus affected to its own Rayleigh anomaly condition. 
 

 
Fig. 1 Optical energy flow maps in (a), cross-sectional plots of 3D Magnetic field |H|2 in (b), and principal 
components of guided-mode waves in (c) of resonance modes in the slab excited by incident light with TM 
polarization, that corresponds to MD resonance at  = 658 nm (Lx = Ly = 300 nm). The incident angle of 
light is  = 10°. The periodic pattern sizes are d = h = 150 nm with a refractive index of n = 4. The refractive 
index of the substrate is ns = 1.45. 

 
We demonstrate the guide-mode wave structure of  MD and ED resonances in the metasurface. 

The MD resonanse are excited by the guided-mode wave with an energy flux in the opposite in-plane 
direction to the incident ligth for TM polarization (Fig.1), while for TE polarization of incident ligth 



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

51 
 

the guided-mode wave consists of partial componets with energy fluxes in orthogonal to the incident 
plane directions. 
 

 
Fig. 2 Optical energy flow maps in (a), cross-sectional plots of 3D Electric field |E|2 in (b), and principal 
components of guided-mode waves in (c) of resonance modes in the slab excited by incident light with TM 
polarization, that corresponds to ED at  = 545 nm (Lx = Ly = 300 nm). The incident angle of light is  = 
10°. The periodic pattern sizes are d = h = 150 nm with a refractive index of n = 4. The refractive index of 
the substrate is ns = 1.45. 

 
Meanwhile, the ED resonances are excited by the guided-mode waves with energy fluxes in 

various directions (Fig.2), i.e. parralel to teh incident plane, and out of the incident plane for both TE 
and TM polarizations. The analyses of guided-mode waves associated with ED and MD resonances 
explain the stability or vanishing of resonance modes, with variations in the inter-distance between 
nanostructures near the Rayleigh anomaly condition, which were verified by the experimental 
measurements performed with 2D arrays of Si nanostructures for various incident angles with TE and 
TM polarizations. 
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Semiconductor mirrors with saturable absorption [1] is a key element in obtaining a stable mode-
locking regime of lasers. Such mirrors are required to provide a saturable absorption of a given level 
in the spectral gain region of a given laser; have fast enlightenment and recovery of losses; ensure a 
high reflection coefficient in the spectral gain region of this laser. Advances in the fabrication of 
broadband and high-speed mirrors, including layers of A3B5 quantum wells designed for near-IR 
lasers is a subject of this report. 

We developed two sorts of mirrors for the compact femtosecond Yb3+:KY(WO4)2 laser: the 
monolithic mirrors grown from semiconductor ultra-pure materials of the type [2–4] – SESAM – and 
the mirrors combining dielectric reflector and semiconductor structures transferred on the dielectric 
[5] – DSAM. The last type of optical shutter has advantage in twice broader reflector (200 nm versus 
100 nm for the semiconductor one) and lower cost. Typical kinetics of DSAM obtained by pump-
probe technique is shown in the left part of Fig.1; the reflectivity spectrum is presented in the right 
part of Fig.1. 
 

              
Fig. 1 Left – the kinetics of DSAM; τ1 is ionization time of excitons localized in quantum wells, τ2 is 
recovery time of shutter determined by electron-hole recombination, τ3 is quasi-equilibrium installation time 
in excited electrons manifold; right – the spectrum of dielectric reflector. 

 
A stable passive mode-locking regime for a Yb3+:KY(WO4)2 laser with optical pumping by a 

continuous diode laser was obtained using the two types of optical shutters with a saturable absorber 
based on GaAs/In0.25Ga0.75As/GaAs quantum wells. The typical parameters of the mode-locking 
regime were as follows [5]: a pulse duration of about 200 fs for both types of shutter, an average 
power of 2.54 W for the all-semiconductor shutter (SESAM) and 0.92 W for the dielectric mirror with 
a saturable absorber (DSAM). The efficiency relative to the incident pump power was 57% for the 
SESAM and 19% for the DSAM. The maximum pulse repetition rate was 982 MHz. The measured 
recovery time was about 2 ps for both types of saturable absorbers. The mirror damage threshold 
estimate for the SESAM is ~ 8.87 mJ/cm2. Basic parameters of optical shutters dependence on 
semiconductor nanostructures and developed technology will be also considered. 

The study was supported by the RFBR grant No. 18-29-20007. S.A. Kuznetsov and V.S. Pivtsov 
acknowledge partial support from the RFBR Grant No. 19-02-00242, the Ministry of Science and 
Higher Education of the Russian Federation (theme No. AAAA-A17-117030310294-3), and the 
Center for Collective Use “Laser Femtosecond Complex” for hardware support. 
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In this talk we review effects of quantum optics of quantum emitters in nanostructures. The 
mechanisms by which the rates of radiative and nonradiative decay are modified are considered in the 
model of a two-level quantum emitter (QE) near a plasmonic nanoparticle (NP). The distributions of 
the intensity and polarization of the near-field around an NP are analyzed, which substantially depend 
on the polarization of the external field and parameters of plasmon resonances of the NP. The effects 
of quantum optics in the system NP+QE plus external laser field are analyzed-modification of the 
resonant fluorescence spectrum of a QE in the near-field, bunching/antibunching phenomena, 
quantum statistics of photons in the spectrum, formation of squeezed states of light, and quantum 
entangled states in these systems. 
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The appearance of contemporary THz sources and detectors stimulates a rapid development of 
medical applications and causes an increased exposure of human population to THz waves [1, 2]. This 
fact arouses anxiety concerning possible risks for humans being exposed to the THz radiation during 
medical diagnostics and therapy [3]. At the same time, the biological effects of THz radiation remain 
insufficiently investigated [4–7]. This raises a question on the response of biological systems to the 
THz exposure with different physical parameters, as well as on evaluation of the adverse health effect 
threshold. In this paper we overview recent research results in the area of biological effects at 
exposure of molecules, cells and tissues to THz radiation. The study of the THz exposure effects 
implies several aspects: 

1) The safety within diagnostic procedures. For this purpose, it is necessary to develop 
standardized conditions for determining the limitations of THz source applicability in the systems of 
medical diagnostics during sufficient time intervals, such as 10–20 min. When working in this 
direction, it is convenient to deal with cells and cell cultures. 

2) Capabilities of THz waves to participate in programming cell growth and development, its 
effect on the functional state, proliferation, and intercellular interactions, which may be urgent for 
tissue engineering. In this case, it is necessary to exclude the damage of the genetic apparatus of cells. 

3) The long-term consequences (delayed effects) on the functions in complex multicellular 
organism. It is critically important to determine the threshold values of the THz radiation energy 
parameters within which the action turns out to be reversible and safe for further vital activity of the 
biological objects. 

One should keep in mind an impact of the applied analyzing approaches on the obtained results 
when the biological response is studied, since these methods can affect the revealed specific structural 
or functional changes at one or another level of biological organization. Great significance in the 
studies of the THz radiation effect belongs to the new genome technologies allowing for the 
determination of DNA damage in cells and the analysis of certain gene expression patterns [5]. Then, 
we discuss the problem of adequate estimation of the THz biological effects’ specificity, and the 
problem of reproducibility of the results obtained. Finally, we present new experimental data on gene 
sensors that can be used for THz radiation monitoring [8, 9]. 
 
References 
[1] O. P. Cherkasova et al., Optics & Spectroscopy 128(6), 855 (2020). 
[2] K. I. Zaytsev et al., Journal of Optics, October (2019), DOI: 10.1088/2040-8986/ab4dc3. 
[3] V. I. Fedorov, Biophysics 62(2), 324 (2017). 
[4] I. Il’ina et al., High Temperature 56(5), 789 (2018). 
[5] V. Fedorov et al., Journal of Optical Technology 84(8), 509 (2017). 
[6] M.-O. Mattsson et al., Journal of Infrared, Millimeter, and Terahertz Waves 39(9), 863 (2018). 
[7] E. F. Nemova et al., Biophysics 65, 410 (2020). 
[8] D. Serdyukov, T. Goryachkovskaya, I. Mescheryakova et al., Biomed. Opt. Express 11, 5258 (2020). 
[9] D. Serdyukov, T. Goryachkovskaya, I. Mescheryakova et al., Biomed. Opt. Express 12, 705 (2021). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

56 
 

Tunable MID-IR laser sources for trace-gas analysis 
 

D.B. Kolker1–3, I.V. Sherstov1,2, A.A. Boyko1,2,4, B.N. Nyushkov1,3,  
E. Erushin1–3, N. Kostyukova1,2, A. Pavluck2 

1Novosibirsk State University, Laboratory of Quantum Optical Technologies, 1, Pirogova str., Novosibirsk 630090, Russia 
2Institute of Laser Physics SB RAS, 15B, Ac. Lavrentyev ave, Novosibirsk 630090, Russia 

3Novosibirsk State Technical University, 20 K. Marx ave, Novosibirsk 630073, Russia 
4 Tomsk State University, 36 Lenin av. Tomsk 634050, Russia 

 
For remote and local gas analysis, tunable optical parametric oscillators, as well as quantum-cascade 
lasers, are currently used as laser sources. This paper presents experimental gas analytical systems and 
prototypes of operating devices based on quantum cascade lasers and optical parametric oscillators. 

The mid-IR range (2 - 14 µm) is of great interest for various applications. It contains fundamental 
vibrational-rotational absorption bands of various gases, which allows remote [1, 2] or local gas 
analysis of the atmosphere [3, 4] using lasers with appropriate wavelengths. The absorption of water 
vapor in the atmosphere significantly limits the spectral regions in which laser radiation passes 
through the open atmosphere. The main transparency windows of the atmosphere are located in the 
ranges of 3 - 5 µm and 8 - 12 µm. In addition to water vapor, atmospheric carbon dioxide, which has 
strong broad absorption bands centered near 4.3 and 14 μm, also restricts the propagation of laser 
radiation. In the spectral range of 8 - 12 μm, tunable CO2 lasers are traditionally used for various 
purposes (including atmospheric gas analysis), which emit at various vibrational-rotational transitions 
in the range of 9.2 - 10.8 μm [5, 6]. Optical parametric oscillators (OPOs) and quantum cascade lasers 
(QCLs) are widely used in the range of 3 - 5 μm and 8-12 μm. 

Optical Parametric Oscillators (OPO) is universal solid-state coherent sources with possibility of 
wavelength tuning in the forenamed spectral range. However, conventional OPOs without special 
measures for spectral narrowing have rather broadband radiation spectrum (up to dozens of 
nanometers) incompatible with high-resolution spectroscopy. Therefore, various techniques of 
spectral narrowing were developed for OPOs.  We demonstrate possibility to enhance spectroscopic 
and LIDAR capabilities of mid-infrared pulsed optical parametric oscillators (OPOs) based on fan-out 
periodically-poled lithium niobate (fan-out PPLN) by combining their own wavelength tunability with 
the tunable continuous-wave injection seeding. The achieved spectral narrowing does not noticeably 
affect the OPO output pulse energy, but allows fine wavelength tuning and significantly increases the 
power spectral density which can be available at an analyzed gas absorption line. 

The photo-acoustic (PA) methane gas analyzer based on a quantum cascade laser (QCL; ~7.7 μm / 
1800 Hz / 24 mW), a resonant differential PA detector, and a sealed gas-filled cell was investigated. 
The measurement of methane concentration below the background value in the air (~0.3 ppm CH4) is 
shown, the standard dispersion was (1σ) ≈ (10–11) ppb CH4 with an integration time of 10 s. Under 
conditions of temperature instability (or emission wavelength) of QCL when normalized to a gas-
filled cell, the relative measurement error of the CH4 concentration does not exceed 3%. A decrease 
in the average QCL radiation power (~24 - 12 - 6 mW) leads to a noticeable deterioration in the 
threshold sensitivity of the PA gas analyzer. It is recommended to increase the average QCL power 
level to ~50 mW. The dynamic range of measuring the concentration of methane of the PA gas 
analyzer in the linear mode was ~4 decades (from 0.3 ppm to 2000–3000 ppm CH4). 

This work was partially supported by the Ministry of Science and Higher Education of the Russian 
Federation (grant FSUS-2020-0036). The Fan-out MgO:PPLN chip was prepared by A.A. and V.S 
with support from Russian Foundation for Basic Research (grant RFBR-mk-18-29-20077). 
Spectroscopic experiments were performed by E.E. and D.K. with support from Russian Science 
Foundation (grant 17-72-30006) and CH4 spectroscopic experiments was funded by RFBR, project 
number 19-32-60055. 
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Frequency down-conversion is an effective way of creating tunable radiation sources in the mid-
infrared range. An important advantage of frequency down-conversion devices is the ability to create 
completely solid-state laser systems capable of providing continuous wavelength tuning in a wide 
spectral range, and at the same time, compact, efficient and reliable in operation. 

At the present time, there are a number of promising non-oxide nonlinear crystals, such as ZnGeP2, 
AgGaSe2, BaGa2GeSe6, OPGaAs with high nonlinearity [1, 2]. However, widespread 
Nd:YAG/Nd:YLF lasers with a wavelength of 1 μm cannot be used for pumping optical parametric 
oscillators (OPOs) based on these crystals because of two-photon absorption at this wavelength. 
Therefore, longer-wavelength radiation sources are required for pumping OPOs. Ho:YAG lasers with 
a wavelength of about 2.1 μm are used as such a source. An alternative approach is the use of a 
cascade OPO pumping scheme [3]. The first stage is an OPO based on oxide crystals pumped by 
Nd:YAG / Nd:YLF lasers, and the signal or idler wave are used as a pump wave of the second stage 
containing a non-oxide crystal capable of generating radiation in the spectral range of 5 – 15 μm [3]. 
This paper is devoted to the development of a narrowband tunable radiation source with a wavelength 
of ~2.1 μm based on a near-degenerate OPO with a PPLN crystal. 

The pump source for the OPO was a Nd:YAG laser with a wavelength of 1.064 μm, generating 
pulses with a duration of 8 ns at a repetition rate of 5 kHz. Frequency down-conversion was carried 
out in a MgO: PPLN crystal with a domain structure period of 32.3 μm, an aperture of 2x2 mm and a 
length of 20 mm. Changing the temperature of the nonlinear crystal from 58 °C to 67 °C made it 
possible to tune the output radiation wavelength in the spectral range from 2003 nm to 2269 nm in 
setup without additional narrowing. In this case, the degenerate regime, when the signal and idler 
wavelengths are equal, was observed at a crystal temperature of about 67 °C. The average power of 
the output radiation of the near-degenerate OPO was 1.17 W (234 μJ). The maximum conversion 
efficiency was 29.2%, which corresponds to a quantum conversion efficiency of 58.4%. The 
divergence of the OPO output radiation (half angle) was 5.2 mrad (along X) and 4.52 mrad (along Y). 
The measured duration of the output radiation pulse was 6.8 ns. 

For narrowing of spectral linewidth, a volume Bragg grating (VBG) was added to the optical 
scheme of the experimental setup. The housing of the VBG on the rotation stage made it possible to 
tune the wavelength of the output radiation in the spectral range from 2050 nm to 2117 nm for the 
signal wave, and from 2140 nm to 2209 nm for the idler wave. In this case, the spectral linewidth of 
the output radiation was significantly narrower than in the scheme without VBG. Indirect 
measurements show that the spectral linewidth (FWHM) does not exceed 1 nm. In future, the spectral 
linewidth will be studied in detail. The maximum achieved value of the average output power of the 
OPO with VBG was 617 mW (123 mJ). The maximum conversion efficiency was 10%, which 
corresponds to a quantum conversion efficiency of 20%. In this case, the VBG was located under the 
normal to axis of the OPO cavity. 

The obtained results demonstrate the effectiveness of the presented approach for obtaining narrow 
linewidth radiation (with a linewidth of no more than 1 nm), tunable in the spectral range of 2.05 - 
2.20 μm. Further compactification of the OPO cavity length, as well as the placement of the VBG on 
the linear XZ stage, will increase the conversion efficiency over the entire wavelength tuning range. 
The possibility of smooth tuning of the pump radiation wavelength, in contrast to the discretely 
tunable Ho:YAG laser, makes it possible to more effectively select the conditions for further 
conversion to the mid-IR range. Tunable sources of the mid-IR range are in demand for solving 
problems of gas analysis, including medical, industrial and laboratory applications. 

This work was supported by the Russian Science Foundation (Grant No. 20-72-00032). 
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We have been developed high-power terahertz (THz)-wave sources based on nonlinear optics and 
laser photonics. Studies conducted using THz waves are increasingly reported by researchers 
worldwide, with work including novel industrial and scientific applications. Many professionals 
including physicists, chemists, and biologists have come to use THz waves to investigate their 
subjects of interest to develop up-and-coming THz applications. As our contribution to THz-wave 
science and technology, our research concept emphasizes development of unique TH-wave sources 
with high output, monochromatic spectrum, wide tunability, and room-temperature operation. Our 
THz-wave research using nonlinear wavelength conversion has been established around the original 
concept [1, 2]. 

Specifically, we have developed a high-power THz-wave parametric source with about 100 kW 
peak-intensity and wide tunability in the range of 0.7–4.7 THz [1, 3]. It is a world-class, high-power 
THz-wave source. And we developed a security passengers gate using by terahertz-wave screening 
system [4]. The security gate was based on a gas sensing system with an injection-seeded terahertz-
wave parametric generator and was demonstrated with methanol gas in atmosphere detected as a 
phantom. The measurement was done within one second without disrupting foot traffic. 

Remarkably, we have demonstrated backward THz-wave parametric oscillation using periodically 
poled lithium niobate (PPLN) [5]. The source indicates compactness, high conversion efficiency, wide 
tunability, and narrow linewidth. Because the oscillation of a signal beam or an idler beam counter-
propagating to the incident pump beam requires no cavity mirror, backward optical parametric 
oscillation (OPO) is designated as mirrorless optical parametric oscillation. This simple scheme leads 
to a robust, compact, and lightweight overall system. 

Backward OPO was proposed theoretically in 1966 [6]. To date, several reports have described 
actual experimentally obtained results in the optical region using quasi-phase matching (QPM) 
devices because of compensating momentum mismatch among three waves (pump, signal, and idler 
beams).  In the THz-wave region, backward THz-wave generation based on difference frequency 
generation has been reported in dozens of papers using broadband femtosecond lasers and dual-
wavelength pump sources [7–9]. The collinear phase-matching condition and tunable methods have 
been investigated. Theoretical investigation toward backward THz-wave parametric oscillation (TPO) 
has also been reported [10]. However, backward TPO was not demonstrated because of the low 
temporal overlap of femtosecond lasers and absorption of THz-waves. 

In experiments, THz waves are generated by coupling an incident pumping beam from a microchip 
laser with the 1064 nm wavelength into PPLN. The propagation direction of THz wave is counter to 
the pump beam. The off-axis parabolic mirror with a hole for passing the pump beam is used to reflect 
THz waves to the space. The 110 g box was 80 mm × 30 mm square. To excite the oscillator, a single-
longitudinal mode microchip Nd:YAG master oscillator power amplifier system was used for this 
experiment. The pump energy, pulse width, and spectrum linewidth were, respectively, 8.9 mJ, 670 
ps, and 0.01 nm. The polarization was aligned along the z-axis of the LN crystal to use the nonlinear 
coefficient d33. Backward THz-wave and forward idler wave were generated inside the PPLN crystal. 
The counter-propagating THz-wave provided a strong feedback effect to the pump beam. The 
backward THz-wave was measured using a pyro-electric detector. A PPLN crystal with a poling 
period of 53 µm and a slanted angle of 23 degrees was used. The PPLN crystal length and thickness 
were, respectively, 50 mm and 1 mm. Output THz-wave frequency of 300 GHz was achieved with 
pump intensity higher than 1.6 GW/cm2. The frequency was measured by scanning etalon consisting 
of Si plates. The frequency difference between the pump and idler wavelengths was also 300 GHz, as 
measured using an optical spectrum analyzer. The pump frequency bandwidth was about 3 GHz. 
Therefore, a backward TPO process generated the THz-wave. 
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As for frequency-tuning, the slant-stripe-type PPLN crystal was just rotated to demonstrate 
tunability. Using two PPLN crystals with poling periods of 35 µm and 53 µm, results agree well with 
calculation results. A tuning frequency range of 100 GHz was achieved. A fully angular tuning with 
tunability up to 1.2 THz range can be expected from a disc-shaped PPLN crystal. 

The efficient THz-wave generation was provided by the cascading generation and the actual idler 
energy as a function of pump intensity. The idler beams are generated in order in the first backward 
process, first forward process, and second backward process as the pump intensity increases. 
According to calculation of the phase-matching condition, the THz-wave frequencies of the backward 
TPO process and forward TPG process were, respectively, 0.3 THz and 0.8 THz. Efficient THz-wave 
generation was achieved in the cascading process, which defeats the single conversion theoretical 
limit by the Manley–Rowe relation. The cascaded backward TPO started at 2.4 GW/cm2 pump 
intensity. The generated THz-wave frequency and the bandwidth were, respectively, 0.3 THz and 7 
GHz. The spectral overlap on the THz-wave between first and cascaded processes induced efficient 
conversion in the PPLN crystal. Moreover, higher-order cascaded processes were expected because of 
the counter-propagating phase-matching condition. Results show that the cascaded backward TPO 
paves the way to efficient THz-wave generation. 

In summary, we developed a BW-TPO with wide tunability in the sub-THz-wave range. Mere 
rotation of the crystal provides frequency tuning, leading to rapid and simple frequency tuning. 
Because sub-THz-waves can penetrate materials such as ceramics, wood, paper, plastic, and 
semiconductors better than higher THz frequencies, such THz waves are attractive for non-destructive 
testing. Particularly, three-dimensional information is expected to be crucially important in various 
investigations. The developed BW-TPO has wide tunability. Assuming a tunable range of 0.3–0.8 
THz, higher depth resolution of 350 m is expected to be obtained, while the general resolution is 
about 1.5 mm using an electrical source with 300 GHz and 20% tunability. Therefore, the BW-TPO is 
promising for application as a swept-source THz OCT [11, 12]. 

This work was supported in part as a RIKEN-Topcon collaboration research project, by JSPS 
KAKENHI (JP17H01282 and JP18H01906, 19K05286), JST A-STEP (VP30118067340), JST 
ACCEL (JPMJMI17F2), as a Japan–China Scientific Cooperation Program between JSPS and NSFC 
(JPJSBP120207407), and as Innovative Science and Technology Initiative for Security Grant Number 
JPJ004596, ATLA, Japan. The authors thank Prof. H. Ito of RIKEN/Tohoku University and Prof. M. 
Kumano of Tohoku University for fruitful discussions. 
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Spintronic terahertz (THz) emitters [1, 2] with nano-meter scale ferromagnetic (FM) and non-
ferromagnetic (NM) metallic heterostructure have several advantages over conventional THz emitters, 
such as photoconductive antennas (PCAs). For example, the emission bandwidth is much broader than 
that of a typical PCA [2]. A broad range of optical pump wavelengths from UV to mid-IR region is 
usable [3, 4]. However, the efficiency of spintronic emitters is still low compared to PCAs. Therefore, 
improvement of the THz emission efficiency of spintronic emitters is required for practical 
applications. Fe/Pt heterostructure [5] is one of the most efficient spintronic THz emitters among 
those reported so far. In this work, the authors report their investigations of the spintronic THz 
emission properties of Fe/Pt heterostructure aiming for efficiency improvement. 

THz-wave emission from metallic spintronic hetero-structures is obtained through a two-part 
process, in which an ultrafast laser pulse-induced spin current from a magnetized FM layer is 
effectively converted by inverse spin-Hall effect (ISHE) [6] into a transverse charge current in the 
NM layer, as illustrated in Fig. 1. In the first part, a spin current is generated in the FM layer upon 
optical excitation, when the energy of the femtosecond (fs) laser pulse is absorbed in the FM layer and 
causes an out-of-equilibrium electron distribution. In the second part, ISHE transforms the spin 
current into a charge current upon spin current injection to the NM layer, where the spin-up and spin-
down electrons are deflected to opposite directions of each other. The resulting transverse transient 
charge current, which is perpendicular to both the spin current direction and spin-polarization 
direction, consequently emits THz radiation into the optical far-field. Since the pump optical pulse 
and the generated THz pulse are both strongly absorbed in the metals, optimization of the metallic 
layer thickness is important for efficient THz emission. This can be achieved by a para-metrical 
investigation of THz emission dependent on the FM and NM layer thickness. It was found that 2-nm 
of Fe-layer and 3-nm of Pt-layer thickness is the best combination for the THz emission from the 
Fe/Pt spintronic structure [5]. 

The pump wavelength dependence of THz emission efficiency is important for the selection of the 
pump laser source. We have investigated the pump wavelength dependence and found that the 
efficiency is almost flat from 400 nm to 2,000 nm and gradually decreases with increasing wavelength 
for longer wavelengths (Fig.2). This pump-wavelength dependence is preferable for the construction 
of cost-effective THz time-domain spectrometers with the spintronic emitter by using femtosecond 
NIR laser sources, such as an Er-doped fiber laser at 1550 nm or an Yb-doped solid-state laser at 1030 
nm. 

To improve the THz emission efficiency from the spintronic THz emitter, we introduced antenna 
structures. Fig. 3. (a) shows THz waveforms obtained from (i) a bare spintronic emitter (Fe 2-nm and 
Pt 3-nm) fabricated on a MgO substrate, (ii) a spintronic emitter with a diabolo-shaped antenna of the 
same thickness (Fe 2-nm and Pt 3-nm) (Fig. 3. (b)), and (iii) a spintronic emitter with the same 
diabolo shaped antenna but the thickness of Pt is 100 nm for the antenna flare parts (Fig. 3. (c)). It is 
found that the enhancement of THz emission with the thin diabolo antenna (Fe 2-nm and Pt 3-nm) is 
modest. On the other hand, the enhancement of THz emission with the thick diabolo antenna (Fe 2-
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nm and Pt 100-nm) is significant. The peak-to-peak amplitude in the THz waveform was enhanced by 
around 2 times compared with that from the bare spintronic emitter [7]. 

In addition to the application of the spintronic device as the THz emitter in THz time-domain 
spectroscopy, it can also be used for measurements of the magnetic field. Magnetic field mapping was 
demonstrated by using the magnetic field dependent THz emission from a Fe/Pt spintronic device [8]. 
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We use high power laser interactions and strong magnetic field generation in the laboratory to 
study accretion phenomena in young stellar objects. This coupling allows to model important 
processes related to matter accretion in order to better understand star and planetary system formation 
and evolution. Such scaled experimental approach can complement observations, by providing access 
to the underlying processes, with spatial and temporal resolution that is out of reach to observations. 

The scalability between the laboratory plasma and the astrophysical one is based on the "Euler 
similarity" approach proposed in the works by Ryutov [1–3]. 

We present here three particular examples of our recent experimental results. 
The first is a study of the asymmetry induced upon accretion structures when columns of matter 

impact the surface of young stars with an oblique angle [4]. The complex structure of magnetic fields 
in young stellar objects causes variability of the incident angles of the accretion columns. This led us 
to undertake an investigation, using laboratory plasmas, of the consequence of having a slanted 
accretion impacting a young star. 

Compared to the scenario where matter accretes perpendicularly to the star surface [5], we observe 
a strongly asymmetric plasma structure, strong lateral ejecta of matter, poor confinement of the 
accreted material, and reduced heating compared to the normal incidence case. Thus, slanted accretion 
is a configuration that seems to be capable of inducing perturbations of the chromosphere and hence 
possibly influencing the level of activity of the corona. 

The second one is a modelling of the scenario of matter accretion in the equatorial plane, claiming 
to explain the increased accretion rates of the EXor objects [6]. EXor-type objects are protostars 
which display strong UV-optical outbursts caused by intermittent and powerful events of 
magnetospheric accretion. These objects are not yet well investigated and quite difficult to 
characterize. Several parameters, such as plasma stream velocities, characteristic densities and 
temperatures can be retrieved from present observations, however there is, as of yet, no information 
about the magnetic field values, and the exact underlying accretion scenario is also under discussion. 
Two different facilities (plasma gun and high-power laser) we used to investigate the dynamics of 
plasma propagation across a strong external magnetic field. The propagating laboratory plasma 
streams were found to be well scaled to the presently inferred parameters of the observed episodic 
accretion event of a particular EXor object [7]. 

The third is an investigation of the possibility that the RT instability that would develop at the 
border of an accretion disk may contribute to trigger accretion of mass onto the protostar according to 
the scenario of RT-driven equatorial matter accretion. The laboratory experiment shows the 
propagation of a laterally-extended laser-generated plasma stream across a magnetic field. We 
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demonstrate that: (I) such a stream is subject to the development of the RT instability, and (II) the 
stream, decomposed in tongues, is able to propagate efficiently perpendicularly to the magnetic field. 
Based on numerical simulations, we show that the origin of the development of the instability in the 
laboratory is similar to that observed in magneto-hydro-dynamic (MHD) models of equatorial tongue 
accretion in young stellar objects [8]. 
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The interaction of plasma flow (for example, the solar wind) with a strong magnetic field leads to 
formation of a plasma cavity, i.e. the magnetosphere. In the region where the B field pressure 
overcomes the kinetic pressure of the solar wind, a magnetopause is formed, with currents capable of 
screening the solar wind from the magnetosphere. A long magnetotail stretches in the "anti-sunward" 
direction. Interactions of such kind are typical for the Earth, Jupiter and other planets with strong 
magnetic field, when the cavity size is much larger than the typical kinetic plasma scales. The size of 
the magnetosphere is proportional to the strength of the magnetic field of the source. Objects with a 
size comparable to or less than the ion inertial length (or ion gyroradius) are called 
"minimagnetospheres" and are separated into a different class [1]. In the solar system, such 
minimagnetospheres are formed around magnetized asteroids, spacecraft, and near the lunar surface 
(because parts of the lunar crust might have strong remanent magnetization) [2]. 

Recent experimental and theoretical research of minimagnetospheres indicates that the "large" 
magnetospheres bear strong differences to small-scale (kinetic) objects. First, "large" magnetospheres 
are regularly investigated by long-term satellite missions, while the experimental data on 
minimagnetospheres are rather scattered. Second, the kinetic interaction produces the Hall effect (i.e., 
significant deviation of the ion and electron trajectories), which requires the use of a kinetic or two-
fluid description. As shown by the Chandrayan-1 and Kaguya measurements in the vicinity of the 
Moon, ions interact non-adiabatically with magnetic anomalies and are reflected back into the solar 
wind. The fields of the strongest magnetic anomalies are capable of reflecting up to 100% of the 
incident solar wind, which can play an important role in planning long-term missions and stations on 
the lunar surface. In this case, the electrons remain magnetized and electron heating is observed. 
There are signs of excitation of interchange instability, and there are regions with alternating electron 
anisotropy. Third, the surface magnetic fields are quite chaotic and can be approximated by a set of 
magnetic dipoles only in a few simple cases. 

A series of laboratory experiments were carried out on the KI-1 facility to investigate 
minimagnetosphere properties [3]. The experiment reproduces the interaction of the plasma flow with 
dipolar and nondipolar B field sources typical for the lunar surface. In our study we compare results 
of the KI-1 experiment with the numerical three-dimensional simulations performed by the 3D kinetic 
code iPIC3D. Such numerically expensive 3D simulations became possible quite recently due to the 
widespread use of supercomputers and kinetic computational methods. The code uses implicit 
moment method (IMM), which speeds up the calculation and affords the kinetic approach in large 
computational domains. The calculations are in good agreement with experiment and reproduce such 
features as: generation of the Hall magnetic field, the reflected ion flux, the formation of a large 
density cavity near the field source. Calculations also point to adiabatic heating mechanisms of 
electrons. The results obtained can be used to improve interpretation of satellite observations of the 
vicinity of the Lunar magnetic anomalies. 

The work was supported by the RFBR project 19-02-00993 and the Foundation for the 
Advancement of Theoretical Physics and Mathematics “BASIS,” Grant No. 20–1-2–18-1. 
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Collisionless shocks are ubiquitously in the Universe and are held responsible for the production of 
non-thermal particles and high-energy radiation. Without particle collisions, theoretical works show 
that microscopic instabilities are able to mediate energy dissipation and allow for shock formation. 
Using our platform where we couple high-powerful lasers (JLF/Titan and LLNL, and LULI2000) 
with high-strength magnetic fields, we have investigated the generation of magnetized collisionless 
shock and the associated particle energization. We have diagnosed the plasma density, temperature, as 
well as the electromagnetic field structures and particle energization in the experiments, under various 
conditions of ambient plasma and B-field. We have also modelled the formation and interpenetration 
of the shocks using both macroscopic hydrodynamic simulations and kinetic particle-in-cell 
simulations. By varying the parameters of the expanding plasma launched in the ambient gas, as well 
as those of the background magnetic field, we investigate the bridge between the simulated dissipation 
mechanisms and observed particle energization, as will be reported here. 
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Magnetized collisionless shocks, in which the shock forms in a pre-existing magnetic field, appear in 
many space and astrophysical environments, including planetary shocks, supernovae remnants, and 
galaxy clusters. Of particular interest are high-Mach-number shocks, which are a key component of 
astrophysical plasmas and which have been associated with extremely high-energy cosmic rays. These 
strongly-driven shocks employ fundamentally different dissipation mechanisms compared to low-
Mach-number shocks, resulting in a critical outstanding problem in shock physics: How is energy 
partitioned among particle populations across high-Mach-number shocks? Despite decades of in situ 
studies by spacecraft, telescope observations, and corresponding numerical simulations, there remains 
a lack of understanding of the mechanisms by which particles are heated. 

Laboratory experiments thus provide a significant opportunity to both complement spacecraft and 
remote sensing observations with well-controlled, well-diagnosed, and multi-dimensional datasets, 
and to help benchmark numerical simulations that bridge the gap between experiments and 
astrophysical systems. High-energy laser-driven experiments, coupled with external magnetic fields, 
can produce strongly driven, magnetized collisionless regimes, while simultaneously being dense 
enough so that the plasmas are large compared to fundamental plasma length scales, such as the ion 
inertial length and ion gyroradius. This allows studies with fast, high-Mach-number flows and a large 
separation between macroscopic and microscopic scales, such as shock layers, which occur at the ion-
skin-depth scale. In particular, compared to hyper-local spacecraft measurements and low-resolution 
remote sensing observations, laser-driven experiments can provide a middle ground with both 
localized and high-resolution diagnostics that bridge global and kinetic scales. Only recently, 
however, have laboratory capabilities evolved sufficiently to study laser-driven collisionless shocks. 
We present recent results from experiments and simulations on the formation and evolution of 
collisionless shocks created through the interaction of a supersonic laser-driven magnetic piston and 
magnetized ambient plasma [1–4]. Time-resolved, two-dimensional imaging of plasma density and 
magnetic fields shows the formation and evolution of a supercritical shock propagating at 
magnetosonic Mach number 푀 ≈ 12. By directly probing particle velocity distributions, additional 
measurements reveal the coupling interactions between the piston and ambient plasmas that are key 
steps in the formation of magnetized collisionless shocks. Particle-in-cell simulations constrained by 
experimental data further detail the shock formation process, the role of collisionality, and the 
dynamics of multi-ion-species ambient plasmas. The development of this experimental platform 
complements, and in some cases overcomes, the limitations of similar measurements undertaken by 
spacecraft missions, and allows novel investigations of energy partitioning and particle acceleration 
by high-Mach-number shocks. 
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Fig. 1 Results from experiments. (a) Schematic setup of the experiment. (b) Angular Filter Refractometry 
(AFR) image of a shock separating from the piston on OMEGA EP. (c) Proton radiography (P-RAD) image 
of forming shock on OMEGA. (d) IAW spectrum from Thomson scattering taken at the location of the 
diamond in (c). (e) Ion phase space from a PIC simulation using the code PSC, matched to experimental 
conditions in (d). 
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Active plasma releases in near Earth space conducted in 80s, such as AMPTE and CRRES, revealed 
unexpected behavior of plasma clouds in geomagnetic field. This motivated laboratory experiments in 
USA, Russia and Japan to understand the physics. It turned out that powerful lasers are a most 
suitable tool to model collisionless space plasmas expanding in magnetic fields. Since then lasers 
become indispensable for laboratory space plasma physics and astrophysics. 

In experiments with a laser plasma expanding with a sub-Alfvénic velocity in a magnetic field with 
a high initial beta β, two modes of interaction were found, with magnetized and non-magnetized ions. 
In the first case, flute-like instability is observed, the properties of which are similar to already known 
lower-hybrid drift instability [1]. The diamagnetic cavity reaches its maximum size Rb, and then the 
entire plasma collapses and spreads along the magnetic field. On the whole, such dynamics is well 
modeled by MHD equations. In the case of non-magnetized ions RLi>Rb, the laser experiments have 
shown that MHD is not applicable and a new Large Larmor Radius approach has been developed 
theoretically and in numerical simulations [2]. There are two processes that have not been fully 
explained. 

First, the abnormally fast collapse of the cavity, the larger is RLi/Rb, the smaller the cavity. This 
process is considered phenomenologically as diffusion with a given effective frequency of electron 
collisions. However, in this case, the heating of the plasma to a temperature of the order of β~1 was 
not taken into account, and it is not observed experimentally. The other process which wasn’t 
considered so far is the Hall penetration of the magnetic field into the plasma without energy 
dissipation. The Hall component of the magnetic field has been measured only in [3] and the 
corresponding current appeared to be sufficiently large to drive the cavity collapse. 

Second, experiments have shown that the size of flutes is much larger than predicted by the linear 
theory of instability. Numerical simulations have shown an evolution towards an increase in the size 
of the flutes at the non-linear stage [4]. But the exact mechanism has not been established. Also, the 
different direction of twisting of the flutes in theory and in experiment has not been explained. In 
general, the experiments carried out provided a significant amount of data. Recent experiments have 
provided additional detailed measurements of the dynamics of the magnetic field. Experiments with 
superstrong magnetic fields have also greatly expanded the physical conditions under which similar 
processes are observed [5]. At the same time, numerical modeling and analytical analysis did not fully 
clarify the questions that were formulated back in the 80s. 

At KI-1 Facility first experiments on this problem have been conducted in 80s and flute instability 
was observed for the first time in laboratory [6]. At present, we carry out a new series of experiments 
with the aim to obtain more detailed data and understand the physics of cavity collapse. Opposite to 
previous attempts, we employ a novel approach to measure dependencies on the crucial parameter 
RLi/Rb by varying the size of the pellet and the laser cloud total energy, while keeping all other 
physical values the same. Second crucial feature is to generate spherically symmetrical plasma clouds 
similar to geo-space releases and natural phenomena, which have not been realized before. 
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Expansion of high-speed plasma outflows into a non-uniform poloidal magnetic field is an issue of 
great importance for the formation of bipolar jets observed in the vicinity of young star objects 
(YSO). Indeed, large-scale poloidal magnetic fields have been recently associated with the formation 
of YSO jets [1]. It has been shown both experimentally and numerically that stable and narrow field-
aligned jets could be formed entirely due to the effect of such uniform poloidal magnetic field [2]. 
However, the real structure of the magnetic field in the vicinity of YSOs is substantially different 
from the idealized picture of the uniform magnetic field and, rather, has the hourglass morphology 
compressed in the direction of the protostar [3, 4]. As a result, the outflows from the central region of 
an accreting YSOs interact with a strongly non-uniform poloidal magnetic field with diverging 
magnetic field lines. Laboratory experiments studying such interaction are represented in this report. 

The experiments were conducted at the PEARL laser facility (IAP RAS). To produce a high-
velocity (up to 500 km/s) plasma flow, an optical laser pulse (10-20 J, 1 ns at 527 nm) was focused on 
the surface of Teflon (CF2) target providing the laser intensity on the target surface up to 1013 W/cm2. 
The pulsed magnetic system consisting of two coils with oppositely directed currents was used to 
create a non-uniform magnetic field with strongly diverging field lines and with the magnetic "zero 
point" in the center (Fig. 1); plasma outflow propagation through this zero magnetic field region was 
studied for different positions of the target. When the target was located in the close vicinity of the 
"zero point" region (Fig. 1(a)), the magnetic field did not affect plasma propagation and a diverging 
outflow structure was observed. On the contrary, when the target was shifted into the strong magnetic 
field region (Fig. 1(b)), the topology of plasma expansion completely changed and a collimated 
plasma jet was observed passing through the zero magnetic field region. Processes leading to the 
collimation of plasma flow has been studied; using the Euler similarity [5], the scalability between the 
laboratory and the astrophysical plasmas has been demonstrated indicating that our results could be 
used to develop the models of YSO jet formation in non-uniform poloidal magnetic field with 
hourglass morphology. 

 
Fig. 1 Left panels in (a), (b): experimental arrangement indicating the magnetic field structure (lines), 
magnetic field strength (color) and target positions; plasma flow topology is also depicted qualitatively. 
Right panels in (a), (b): interferometric measurements of plasma flow propagating through zero magnetic 
field region. 
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Precision spectroscopy of the helium atom plays an important role in the theory of three-particle 
problems. The energy levels of such a system are expressed as the sum of nonrelativistic energy, 
relativistic corrections, and radiative corrections that include the Lamb shift. The accuracy with which 
the energy levels of the nonrelativistic problem are found determines the scope of all subsequent 
calculations, that is, the corrections that must be taken into account. 

This paper compares two versions of the numerical calculation of the ground state energy of the 
helium atom. One traditional one, where first the nonrelativistic Schrödinger equation with a fixed 
nucleus is solved, and then, to take into account its motion, the perturbation theory is used in the small 
parameter m/M (the ratio of the electron mass to the nuclear mass) [1]. In another version [2], the 
same problem is solved exactly. Work [2] was carried out in 2000, when the computing power was 
significantly lower than at the present time. Nevertheless, the energies of the levels of various three-
particle systems with Coulomb interaction were calculated - the low-lying levels of the helium atom, 
the ground state of the negative positronium ion and the hydrogen ion, the ground and first vibrational 
states of the positive molecular hydrogen ion. The accuracy of these calculations was 1-2 orders of 
magnitude better than that of other authors. The possibility of calculating relativistic corrections was 
demonstrated. 

Comparison of the options made it possible to determine the error in calculating the ground state 
energy according to the perturbation theory, which is equal to 94 kHz. 

The study was carried out with the financial support of the Russian Foundation for Basic Research 
within the framework of scientific project No. 20-02-00068. 
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We present a construction of the gravimeter on the optical whispering gallery mode (WGM) 
resonator. The gravity measurements using WGM resonators are possible due to high sensitivity of 
such resonators to the change in the distance between the resonator and coupling element. The WGM 
resonator is placed on the end of the elastic cantilever, which is displaced with the influence of the 
gravity acceleration. The coupling element, which is used to couple light from laser into the resonator, 
is placed on the fixed platform. If acceleration of gravity changed, the cantilever moves the resonator 
closer or further from the coupling element. The coupling quality factor is changed proportionally to 
the coupling gap, and due to this the amplitude and width of the eigenmode of the resonator changes 
[1–3]. The gravity acceleration can be calculated using the eigenmode parameters on the output of the 
resonator. The earlier experiments of such systems [4–6] shows the possibility to detect the change in 
acceleration up to 0,7×10-6 g. But such experiments were made at the stationary laboratory bench. The 
direct measurements of change of gravity were not provided. The limits of cantilever displacement, its 
material or size were not studied. We provide a numerical study of cantilever parameters, which 
shows the high sensitivity of the cantilever to the change of gravity. The new limit of construction, as 
measurement techniques limitations, was found. 

The goal of our work is to create a compact, sensitive and fast gravimeter, resistant to the real 
conditions, for example to the vibrations. The gravimeters with the WGM resonators presented earlier  

has limits of the cantilever displacement. It is limited from one side by the coupling element, which 
can be destroyed by the touch of the resonator, and from another side by the maximum gap, when the 
coupling of light inside the resonator will be lost. To predict these situations, we add to the 
construction the controller and the cantilever mover (see Fig. 1). This solution allows to protect the 
construction from the damages during vibrations, and to expand the range of the gravity 
measurements. 

The cantilever is, in fact, a sensor of the gravity in this system. It should be enough elastic to bend 
with the impact of gravity, and enough solid to hold the resonator. We provide computer simulations 
of the cantilever and resonator. We change cantilever material from elastic organic glasses, as 
polymethylacrylate (PMA) to hard ones. We can see from our results, that for the PMA cantilever we 
need to measure the change in mode width of tens GHz, than for SiO2 cantilever – one GHz. Means, 
the cantilever material can increase the sensitivity of gravimeter in 10 times (Fig. 2). 
 

 
Fig. 1 The schema of the gravimeter with the optical WGM resonator on the cantilever. 



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

74 
 

 

 
a) Polymethylacrylate                                                b) SiO2 

Fig. 2 The changes of mode width with change of gravity for two different materials of the cantilever: 
a) Polymethylacrylate; b) SiO2. 
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One of the promising types of microwave frequency standards is standard based on coherent 
population trapping (CPT) resonance as in cold atomic ensembles [1] as well in hot atoms in a gas cell 
[2]. Light shift of the etalon transition can degrade stability of the frequency standard because the 
fluctuations of various parameters such as intensity, phase of the laser radiation, etc. lead to the 
fluctuations of the reference resonance position. One of the most robust is autobalanced Ramsey 
scheme [3] that suppresses the light shift caused by intensity fluctuations. But this scheme gives the 
shift of CPT resonance if the lifetime of the low frequency atomic coherence is comparable to dark 
periods. Method of combined error signals [4] uses normalization coefficient that compensates this 
shift and equalizes the amplitudes of the signals of long and short dark periods if the pulse amplitudes 
stay the same in atomic ensemble. If in the experiment the signal of transmitted radiation is detected, 
it is necessary to take into account absorption of the pulses and phase incursion. These effects lead to 
additional shifts of the error signal because the amplitudes of the signals for long and short dark 
periods become different. It is possible to minimize negative effects of optically dense medium by 
modification of autobalanced and CES methods, that is the goal of this work. 

In our work we investigate CPT resonance in atomic ensemble with finite optical thickness 
detected by autobalanced method for microwave atomic clocks. We analyze light shifts of the CPT 
resonance which appear due to finite lifetime of the low frequency atomic coherence and absorption 
of the reading pulse in an optically dense medium. It is shown that in optically thin medium the shift 
of error signal does not depend on fluctuations of total intensity. We compare autobalanced and 
combined error signal (CES) methods. In optically thin medium CES method allows us to fully 
suppress light shift, but in optically dense medium it has the shift due to different absorption of the 
Ramsey sequences with short and long dark periods. It was found that by variation the normalization 
coefficient of the CES method it is possible to minimize the light shift of the CPT resonance in the 
ensemble with certain optical thickness. Also, it allows us to minimize the sensitivity to fluctuations 
of temperature and/or number of atoms. 

This work was supported by Russian President grant for young candidates of sciences (project 
MK-1452.2020.2). 
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One of the main characteristics responsible for the sensitivity of optical quantum magnetometers  
[1–5] is the polarization of atoms, which can be achieved by optical pumping of alkali atoms. The 
higher the polarization of the atoms can be created, the greater sensitivity of the magnetometer can be 
achieved. The degree of polarization is influenced by the following processes: this is the interaction of 
alkali atoms with a buffer gas, as well as collisions of alkali atoms with each other. 

When alkali atoms collide with atoms of the buffer gas, the electron spin is destroyed, and the 
nuclear spin can be preserved [5, 6]. This fact significantly affects the achievement of the maximum 
polarization of atoms. In the problem of pumping of atomic spin by circularly polarized light, the 
models of complete mixing of populations in an excited state are usually used. 

In our work, we develop a stationary mathematical model describing the excitation of alkali atoms 
by monochromatic laser radiation in a gas cell with buffer gas in order to find the gas polarization 
upon excitation by circularly polarized radiation. The effect of collisions on the main total moment of 
atoms is studied taking into account the breaking of the bond between the outer electron shell and the 
nucleus at the moment of collision. The results are presented both with conservation of the nuclear 
spin and with complete its randomization. The full hyperfine and Zeeman structures of the ground and 
excited states are taken into account. 

This work was supported by Russian foundation for Basic Research (project 19-29-10004), State 
assignment for Basic Research (FSEG-2020-0024). 
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Today, one of the leading approaches in the synthesis of nanomaterials is the "bottom-up" approach. It 
consists of the stepwise formation of nanomaterials according to the sequence 
"atoms-clusters-nanoparticles" [1]. A striking example of this approach is laser synthesis methods, 
which are based on the Physical Vapor Deposition (PVD) method. Laser synthesis methods make it 
possible to produce nanoparticles by evaporation of starting materials by exposure to laser radiation 
and subsequent condensation of the vapor of the evaporated substance in a gas or liquid, the so-called 
buffer gas or liquid [2–4]. By varying a number of parameters in the process of laser evaporation such 
as laser radiation power, the composition of the buffer gas in the evaporation chamber, and gas 
pressure it becomes possible to control the physicochemical properties of the resulting nanoparticles. 

Nanopowders CrOx/Al2O3 with the chromium concentration 5 wt% synthesized by cw CO2 laser 
vaporization with the use of various buffer gases in an evaporation chamber (Ar, Ar + O2, Ar + H2) 
were studied by photoluminescence (PL) spectroscopy and UV-vis diffuse reflectance spectroscopy 
(UV-vis DRS), together with a set of other physicochemical methods. The samples under 
consideration are of interest as promising catalysts for isobutene dehydrogenation reaction. According 
to data of high-resolution transmission electron microscopy, the studied samples are represented by 
faceted spherically symmetric nanoparticles with an average size of dm= 15 nm. X-ray diffraction 
patterns demonstrate that in terms of phase composition the samples correspond predominantly to 
γ-Al2O3 with the beginning of the transition to δ-Al2O3. Figure 1 shows UV-vis DRS, PL, and PL 
excitation (PLE) spectra of laser vaporized 5%Cr/nano-Al2O3 nanopowders in different gas 
atmospheres – Ar, Ar + O2, Ar + H2. 
 

              
Fig. 1 DRS spectra (a) and PL, PLE spectra (b) of 5%Cr/nano-Al2O3 samples synthesized in different gas 
atmospheres during vaporization: 1, 6, 9 – Ar + H2; 2 ,5 ,8 - Ar; 3, 4, 7 – Ar + O2. 

 
The obtained UV-vis DRS spectra demonstrate the presence of four bands with maxima at 16500, 

22500, 27100, and 36600 cm-1 in all studied samples. All the PL spectra in each case demonstrate one 
broad band with a maximum at ~14300 cm-1. The PLE spectra contain two broad bands with maxima 
at ~17700 and 23400 cm-1, respectively. 

Based on the analysis of spectroscopic data, it was concluded that in the studied 5%Cr/nano-Al2O3 
nanopowders, chromium is stabilized mainly in the charge states of Cr6+ and Cr3+ in different 
coordination. Thus, according to the UV-vis DRS data (see Fig.1 a), the absorption bands at 16500 
and 22500 cm-1 correspond to d-d transitions in Cr3+ ions located in octahedral oxygen coordination in 
the matrix of nanosized Al2O3 (4A2g→4T2g and 4A2g→4T1g, respectively) [5, 6]. The bands at 27100 
and 36600 cm-1 in UV-vis DRS spectra correspond to the ligand-metal CT bands for Cr6+ ions in 
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tetrahedral coordination of oxygen ions [6]. An increase in the intensity and a change in the ratio of 
the corresponding bands at 27100 and 36600 cm-1 in the UV-vis DRS spectra for the sample obtained 
by laser evaporation in the presence of O2 indicates an increase in the concentration of water-soluble 
forms of Cr6+ in tetrahedral coordination. The band at ~14300 cm-1 in the PL spectra is identified with 
the radiative d-d transition 2Eg→4A2g in octahedrally coordinated Cr3+ ions in the Al2O3 lattice 
(Fig. 1 b). The broad bands in the PLE spectra correspond to the 4T2g, 4T1g→4A2g transitions for Cr3+ 
ions in octahedral coordination [7]. 

Thus, the studies carried out have shown that the cw CO2 laser vaporization method allows one to 
obtain CrOx/Al2O3 nanopowders of spherical nanoparticle morphology. Nanoparticles have an average 
size of 15 nm with chromium ions located on the surface. Varying the composition of the buffer gas 
(Ar, Ar + O2, Ar + H2) during laser evaporation makes it possible to control the properties of the 
obtained CrOx/Al2O3 nanopowders with a change in Cr6+/Cr3+ ratio on the surface. This is particularly 
important in catalytic studies on the dehydrogenation of alkanes using CrOx/Al2O3 systems as 
promising catalysts. 

The study was supported by the Russian Foundation for Basic Research within project 
No. 20-43-540005. 
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Progress in the atomic clocks have led to numerous advances in science and technology: global 
navigation satellite systems, high-speed telecommunications, secure data transfer, relativistic geodesy, 
verification of fundamental physical theories and others. For practical applications, where small size, 
low power consumption, simplicity and reliability of the design are decisive, the passive microwave 
atomic clocks using a vapour cell are most suitable. In particular, atomic clocks based on the effect of 
coherent population trapping (CPT) have a great potential. In this case, all-optical schemes are used 
for clock transition spectroscopy, which is the main advantage of such devices, since the absence of 
microwave resonators in their design makes production technologically advanced and makes it 
possible to achieve significant miniaturization (including the chip-scale). 

One of the main problems limiting the stability and accuracy of CPT atomic clocks is light shift [] 
arising during the interaction of atoms with laser field. Moreover, the magnitude of this shift is 
changed in time due to fluctuations of the field parameters. Therefore, great efforts are being made to 
develop methods for suppressing the influence of light shift and its fluctuations on the stabilized clock 
frequency. In particular, a two-loop autocompensation method and a one-loop method of combined 
error signal [1] have been recently proposed, which are based on alternating interrogation of atoms at 
two values of laser power P1 and P2. In the autocompensation method, together with the frequency an 
artificial antishift, which is proportional to the probe-field power, is additionally introduced and 
stabilized. The combined error signal is generated as a superposition of two standard error signals 
obtained for each laser power separately. The first experimental implementation of the 
autocompensation method for CPT resonance was presented in Ref. [2], which demonstrates a 5-fold 
improvement of long-term stability in relation to the conventional frequency stabilization technique. 
The maximal efficiency and adaptability of the methods [1] will be achieved under linear dependence 
of the light shift on the laser power. However, in the general case, this condition may not be fulfilled, 
which will lead to a residual frequency shift. Therefore, it is an important task to detail study the 
reasons leading to the nonlinearity of the light shift and to determine the conditions for minimizing 
this nonlinearity. 

In this work, we carry out a theoretical and experimental study how the transverse profile of the 
laser field intensity affects on the laser power dependence of the light shift for CPT resonance. It is 
shown that, in the case of a Gaussian profile, such a dependence is essentially nonlinear. It was also 
found that openness of the Λ system has significant influence on the degree of nonlinear behaviour. In 
addition, the magnitude and power dependence of the light shift differ for the resonance peak and zero 
of the error signal. This is due to the lineshape asymmetry arising from the transversal spatial 
inhomogeneity of the shift. Analytical expressions, describing the CPT resonance lineshape taking 
into account both the spatial profile of intensity and light shift, are obtained. The presented results will 
improve the metrological characteristics of an atomic clock based on the CPT resonance. 

Figure 1 shows the dependence of the shift of the resonance peak on the intensity. Figure 2 shows 
the dependence of the shift of the error signal zero on the intensity when the technique of frequency-
jumps at half-width of the resonance (depends on the radiation intensity) is employ ed. Here the 
following notations are used: Ω10 and Ω20 are the CPT Rabi frequencies on the axis of the light beam, 
γsp is the spontaneous decay rate of the excited state. 
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Fig. 1 Shift of the CPT resonance peak δTop as a function of the intensity. 

 
 

 
Fig. 2 Shift of the error signal zero δES as function of the intensity. The error signal is generated by 
frequency-jumps to the half-width of the resonance. 

 
This work was supported by the Russian Science Foundation (grant 21-12-00057), the Presidential 

Grant (MK-161.2020.2). 
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The thallium ion laser is one of the most efficient pulsed metal ion lasers excited in a hollow cathode. 
In particular, on the yellow Tl+ line with λ = 595 nm, the pulse power upon excitation with a single 
pulse and the average power at a pulse repetition rate of 15 kHz were 13.5 W and 285 mW, 
respectively [1, 2]. The resulting specific lasing energy in a Tl laser at the 595 nm line is orders of 
magnitude smaller than the specific lasing energy of a collisional Eu+ laser [3], although the relaxation 
times of the lower states of laser transitions in Tl+ and Eu+ ions are comparable. Simulation of a 
thallium vapor laser makes it possible to answer questions about the mechanisms for limiting the 
lasing energy of a thallium laser. 

The calculations of the experiments presented in [4], in which lasing on the transitions of the 
thallium ion upon excitation by an electron beam, was investigated. The electron beam was generated 
in an open discharge. A system of kinetic equations was compiled to determine the level populations 
of the thallium ion. The equations were written without taking into account forced transitions, which 
makes it possible to calculate the unsaturated gain coefficient. It was believed that the excitation of 
the thallium ion levels mainly occurs only in the processes of charge exchange of neon atoms on 
thallium atoms. The deexcitation of thallium ion levels due to spontaneous transitions, collisions with 
plasma electrons, thallium atoms, and neon atoms was taken into account. The increase in the lifetime 
of the thallium ion levels was taken into account due to the increase of acts of absorption and 
emission of photons during the time that required to radiation escaping from the discharge plasma. 
This effect is called the radiative transfer of excitation. Since the cross sections of many processes and 
many spontaneous emission constants for the transitions of the thallium ion are unknown, the data for 
the transitions of the mercury atom were used, since the thallium ion and the mercury atom have a 
similar levels structure. 

The radiation intensity in the lasing mode was calculated through the saturated gain coefficient at 
Doppler broadening and from the condition of radiation losses only at the mirrors. The output lasing 
power was calculated in terms of the intensity integrated over pulse time. 

The simulation made it possible to determine an influence of various processes on the lasing 
power. It was found that for a triplet transition with a wavelength λ = 595 nm, the upper level 3 0

27  p P  
is deexcited due to collisions with electrons, neon and thallium atoms to closely spaced levels 

3 07  p P  and 36  d D , and the greatest influence is exerted by collisions with thallium atoms due to the 
large cross section of this reaction. The effect increases with increasing thallium vapor pressure. The 
effect of radiative transfer of excitation increases the population of the lower working level at the 
transition with λ = 595 nm by 30% and is practically independent of the thallium vapor pressure. The 
greatest influence on the lasing power with λ = 595 nm at low (<0.1 Torr) thallium vapor pressures is 
exerted by radiative transfer of excitation, and at high pressures (> 0.5 Torr) - by deexcitation of the 
upper working level with thallium atoms. 

The simulation predicts a significant increase in the lasing power with an increase in the share of 
energy deposited into the discharge, which is technically realizable. 
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Experiments at the KI-1 facility [1, 2] and calculations on clusters [3, 4] have been shown that the 
method of resonant interaction of the clots with magnetized plasma makes it possible to control the 
type, frequency, and intensity of quasi-stationary waves. Separate generation of Alfvén, whistler, slow 
magnetosonic waves or their combination is possible. 

One of the main conditions for the generation of the required type of low-frequency waves in 
magnetized plasma is the dimensionless parameter of the ion-inertial length: 

 
 

 ,
 

pi
pi

d

cml
L

R cm
  

where  
p

pi
i

l c



 is dimensional ion-inertial length, 23
0= 8 / (1 )dR Q B     is dynamic range of the laser 

plasma clot. At Lpi <0.3, low-frequency Alfvén and slow magnetosonic waves propagate in the 
background plasma (Fig. 1a); at Lpi> 0.4, whistlers are generated (Fig. 1b). 
 

 
Fig. 1 a) Distribution of the concentration in a magnetosonic wave and the azimuthal component of the 
magnetic field in an Alfvén wave in a hydrogen plasma flow. External magnetic field B0 = 350 G, Lpi = 0.2; 
b) whistler azimuthal magnetic field in an argon plasma flow. External magnetic field B0 =100 G, Lpi = 0.6. 

 
The transient mode of wave generation is observed when the ion-inertial length lies in the range of 

0.3 <Lpi <0.4 (Fig. 2). Here, in addition to whistlers, an Alfvén wave propagates in the plasma. The 
experiment shows that at a concentration of hydrogen plasma n0 = 5 ∙ 1012 cm-3, a whistler 
propagates at the speed of V = 220 km / s and an Alfvén wave (V = 70 km / s). The hodogram of the 
magnetic field has right-handed circular polarization, which is typical for whistlers. Further, the 
polarization is transformed to the left-sided one, which is associated with the arrival of the Alfvén 
wave. 
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Fig. 2 Azimuthal component of the magnetic field of the Alfvén wave and whistlers. The inset shows the 
hodogram of the magnetic field. External magnetic field B0= 175 G, Lpi = 0.36. 

 
This work has been performed in the frame of program № 121033100062-5 of Fundamental 

Studies of ILP (Item 0243-2021-0003), of the Siberian Branch Russian Academy of Science. 
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Forecasting the flood situation in river basins depends on the completeness of information on snow 
reserves and the intensity of snow melting in certain areas. 

Various forecasting models are being developed, but their reliability depends on the efficiency and 
completeness of information on snow reserves, it is pointed out that it is difficult to obtain objective 
information on snow reserves in remote and mountainous areas [1, 2]. 

The proposed method for monitoring snow depth is based on laser scanning of installed measuring 
rulers in remote areas using a UAV (Fig 1.). The measuring ruler consists of a vertical support of 
height hR with periodically located k retroreflective elements. The UAV irradiates the ruler with laser 
radiation. Laser radiation is reflected back by retroreflectors and is received on a matrix of 
photodiodes (photo, video sensor). The retroreflector back reflection indicatrix is much larger than the 
snow reflection indicatrix; therefore, the retroreflectors are well distinguished against the snow 
background. 

The snow level Hs is determined in two stages. In the first stage, the number n of k retroreflectors 
visible in the image is determined. This is a rough definition of height. 

The second stage is the analysis of the number of pixels occupied by one retroreflector in the 
image and the intensity of the received radiation. Because the lower retroreflector can be partially 
covered with snow, then the number of occupied pixels and the intensity of the received radiation will 
be lower compared to the rest of the elements. The difference in the occupied pixels and the intensity 
of the received signal between the lower and other retroreflectors determines the degree of overlap of 
the lower element. Thus, we increase the accuracy of determining the height of the snow. 

The accuracy of measuring the snow level will depend on the ratio of the number of reflectors and 
the number of pixels occupied by one retroreflector. The number of pixels occupied by one 
retroreflector depends on the photo matrix resolution, focal length and distance from the UAV to the 
measuring line. 
 

 
Fig. 1 Laser monitoring of snow level from UAV. 
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This method can be applied to a laser scanning system in the vertical plane and a photodetector 
system based on a single photodiode. This system analyzes the intensity of the reflected signal from 
the laser scanning angle. 

In the method using a matrix of photodetectors, the laser must irradiate the photoline completely, 
otherwise the determination algorithm becomes much more complicated. In the case of a scanner, the 
laser should be configured as a narrow laser knife. In this case, the width of the knife in the area of the 
measuring ruler should be narrower than the height of one retroreflector. 

In accordance with the developed method, rulers with retroreflectors based on reflective films were 
manufactured and installed. The poles were installed on the territory of the Kaitanak training ground 
of the ILP SB RAS in Gorny Altai on the banks of the Katun River, and on the site next to the ILP SB 
RAS building in the Akademgorodok of Novosibirsk. Experiments were carried out on the irradiation 
of segments on poles using a 532 nm sequential laser, both by sequential scanning with a laser beam 
and by irradiation with a beam in the form of a "laser knife". 

Similarly, you can control the water level in remote water bodies. 
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On the basis of analytical and numerical solutions of equations for the density matrix, the physical 
processes forming the spectra of saturated absorption resonances at atomic transitions with full level 
momenta J = ½ and J = 1 under action of two linearly polarized unidirectional laser wave fields of 
arbitrary intensity are studied. 

It is shown that the narrow structures of the saturated absorption resonance spectra and the 
processes forming them at these transitions depend in a specific way on the directions of mutual 
orientation of the light wave polarizations, the openness degree of the atomic transition and the 
saturating wave intensity. 

The conditions under which the nonlinear resonance structures are exclusively coherent due either 
to the coherent beats of the level populations [1, 2], or to the level magnetic coherence induced by the 
optical fields are revealed. In this case, the main contribution is made by the lower state levels, the 
contribution of the magnetic coherence transfer from the upper state levels to the lower ones is 
manifested itself in the resonance form as an additive. The effect of the saturating wave field on the 
shape of coherent resonance structures is studied. 
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In this work presents a comparative analysis of coherent light sources, such as mercury lamps which 
currently being produced and can be used in Fizeau interferometer, and the laser of 532 nm which 
possible use as a light source for this type of interferometer. 

Complexes for testing and measuring the surfaces of optical elements can include a Fizeau 
interferometers with high requirements for the light source. The USSR was produced some types of 
interferometers with high quality optics, the stable mechanical part, but the mercury lamp as a light 
source had a short operating life, about 800 hours. Lamps which possible uses for this type of 
interferometers are produced only in one place in Russia: the Vavilov's State Optical Institute in 
St. Petersburg. The name of this lamp is СМР-1 and useful line is 546 nm. But they make production 
time to time and produced batches are extremely small. Some optical companies with interferometers 
use medical mercury sterilizing lamps as the light source. 

The following mercury lamps were installed in the Fizeau interferometer and tested: a) sterilizer 
lamp of 5 W electric power, b) sterilizer lamp of 15 W electric power, c) СМР-1 lamp. Fig. 1 shows 
the interference fringes on some optical sample which obtained with these light sources. 

a)   b)   c)  
Fig. 1 Interference fringes from different mercury lamps: a) sterilizer lamp of 5 W electric power, b) 
sterilizer lamp of 15 W electric power, c) СМР-1 lamp. 

 
The best result of contrast in lines was given by the light source СМР-1, but this source has several 

disadvantages: high power about 200 W of electrical power and short operating life. Interference as 
the main principle of the Fizeau interferometer, suggests that laser radiation can be used as a light 
source and it will not have disadvantages as when using mercury lamps. 

In some articles (see, e.g., [1, 2]) a He-Ne laser was used as a light source for Fizeau 
interferometer. Another one point why of our choice is that the 532 nm wavelength is closer to the 
original 546 nm wavelength for which the interferometer was designed than the 633 nm He-Ne 
wavelength. Fig. 2 show the design of device that allows the use of laser light for interferometer. 

 
Fig. 2 Design of the device with 532 nm laser light source. 
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When diffuse objects are illuminated with a laser coherent light source, an interference pattern is 
formed at each point in the space, characterized by a given scattered surface. Such an interference 
pattern carries information about the material, its surface treatment, roughness and other properties. 
Due to the high spatial and temporal coherence of laser radiation, light waves scattered by all points 
of the surface are also coherent. The propagation of this reflected radiation to the observation area 
leads to the fact that at a given observation point, the scattered components are added, each with its 
own phase. As a result of the interference of these dephased, but coherent waves, a chaotic alternation 
of light and dark spots is observed, the so-called speckle pattern [3]. When observing the interference 
pattern of the object under study in order to detect optical defects, the so-called laser spot always 
appears, and this irreparable noise is called speckle noise. Speckle noise is often an undesirable 
property of coherent light. It degrades the quality of the image and makes visual and digital 
recognition difficult enough. 

After installing the laser in the interferometer when checking large samples, speckle noise creates a 
visual inconvenience, but the interference fringes possible recognized, Fig. 3a. But when checking 
small samples, the grains of speckle are comparable with the width of the interference fringes and the 
structure is washed out, so that the fringes difficult recognized, Fig. 3b. 

 
Fig. 3 The structure of interference fringes when checking large (a) and small (b) samples. 

 
For reduces speckle effect the device was assembled electric motor on which axis the matt disc 

was fixed (Fig. 2). With the help of this simple device, it was possible to effectively reduce speckle 
noise in the observed fringes structure. The results of reduce speckle noise possible see on Fig. 4. 

 
Fig. 4 The structure of fringes when reduce speckle noise with lage(a) and small (b) samples. 

 
In conclusion, it is possible to say that the laser with a wavelength of 532 nm can be an effective 

replacement for a mercury lamp in a Fizeau interferometer. It was assembled four devices and the 
lamps of interferometers were replaced, the devices work without problems more than one year. 
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Despite the great interest shown today in the study of space, many of its processes still remain 
difficult for studying. One of such processes is a global field-aligned currents formation in presence of 
dense plasma flows in the planetary magnetospheres. This phenomenon is typical of Jupiter, and has 
recently gained relevance due to the discovery of exoplanets such as Hot Jupiters. The 
magnetospheres of hot exoplanets are characterized by ionization and outflow of the upper 
atmosphere. In this paper an experiment to simulate the generation of strong field-aligned currents 
closed at the planet's poles is presented. It was carried out at the KI-1 facility [1, 2] in the Institute of 
Laser Physics of the SB RAS. A distinctive feature of the experiments is the using of energetic plasma 
flows generated by a powerful pulsed CO2 laser. 

A source of a dipole magnetic field (Fig. 1) with a magnetic moment of up to 106 G * cm3 was 
placed inside a vacuum (up to 10-6 Torr) cylindrical chamber with dimensions of 5 * 1.2 m. 
Polyethylene (C2H4) targets were fixed on both sides of the solenoid (at the magnetic poles). The 
targets were irradiated with two beams of CO2 laser simultaneously with an energy of E = 200 J and 
pulse duration of t = 100 ns, creating plasma flows to simulate the inner-magnetospheric plasma of 
Jupiter and, especially, Hot Jupiters. To measure the currents closing through the planet's ionosphere, 
two flat conducting electrodes were used, which were placed at the poles of the dipole. 
 

 
Fig. 1 Schematic representation of the target dipole system. 1 - CO2 laser beams, 2 - polyethylene targets, 3 - 
plasma flows, 4 - a source of a dipole magnetic field. 

 
The experimental results demonstrate that plasma flows formed inside the magnetosphere cause 

field-aligned currents, which directly depend on magnetic dipole field strength. Thus, for the first time 
in laboratory modeling an experiment to simulate a system of field-aligned currents caused by inner-
magnetospheric plasma flows was carried out. Further development of such experiments will make it 
possible to improve numerical models and study the processes occurring in the magnetospheres of 
Jupiter and hot exoplanets. 

The work was supported by RFBR grant № 18-2921018, RNF grant 18-12-00080 and the Grant of 
the Ministry of Science and Higher Education of the Russian Federation (topic No АААА-А17-
117021750017-0). 
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Ultrastable laser systems can be used in a wide range of research areas: gravitational wave detection 
[1], searching for dark matter [2] and the drift of fundamental constants [3]. Such stable laser systems 
are a crucial part of optical clocks - modern frequency standards. The fractional frequency instability 
of optical clocks can reach 6x10-19 in an averaging time of one hour [4]. These opportunities of optical 
standards open perspectives to use them as quantum sensors, for example, to make the geopotential 
map of the Earth [5]. 

To create an atomic clock with fractional frequency instability of 10-19, we need to get a laser 
source with fractional frequency instability of 10-16. Such kind of laser source can be created by laser 
freaquency locking to the Fabry-Perot cavity by Pound-Drever-Hall technique [6]. Frequency 
instability is defined by fluctuations of length between mirrors of the cavity. Stabilization of the 
cavity length requires thermal stabilization and vibrational isolation. Fundamental limit on frequency 
stability is set by the thermal noise of cavity parts: spacer, substrate, and mirror coatings. 

The prospective material to make a cavity with low thermal noise is monocrystalline silicon. The 
main contribution to the thermal noise of the silicon cavity is introduced by dielectric coating. For 
example, the configuration of the silicon spacer and mirrors substrates with SiO2/Ta2O5 coatings yield 
fractional frequency instability of 2.2x10-16. If we switch the coating to a crystalline one made of 
GaAs/AlGaAs, the thermal noise can be lowered down to 5.4x10-17 due to the better mechanical 
quality factor of the crystalline material. 
 

             
a)                                                              b) 

Fig. 1 a) Silicon cavity in a suspension system. b) Photo of the vacuum chamber with the part of the laser 
stabilization system. 

 
Our lab works on developing a pair of laser systems based on silicon cavities with crystalline 

coatings. The length of the cavity is 77.5 mm. These cavities are operated inside the cryostat at the 
temperature of 124 K which corresponds to the zero thermal expansion coefficient of the silicon. The 
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pressure in the cryostats is less than 10-8 mbar. We measured the finesse of both cavities in a wide 
temperature range on a wavelength of 1550 nm and it turned out to be 200000 and 143000. Each 
eigen mode of both cavities is splitted into two components corresponding to different light 
polarization with a frequency separation of 150kHz, which means that the crystalline mirrors coatings 
are birefringent. The frequencies of two lasers are locked to these cavities with Pound-Drever-Hall 
technique. Our next step will be the comparison of two laser systems by measuring the beat 
frequency. 

This work is supported by The Russian Science Foundation (Grant 19-72-10166). 
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In the frequency standards based on the effect of coherent population trapping (CPT) the metrological 
0-0 transition is usually interrogated by two optical fields with circular polarization. In this case, the 
attainable contrast of the reference resonance is significantly reduced. Due to optical pumping a many 
atoms fall into a nonabsorbing extreme magnetic sublevel of the ground state. Several configurations 
of optical fields solve this problem [1–3]. However, the effectiveness of these methods increases with 
radiation intensity. This leads to power broadening of the resonance, which reduces the value of these 
techniques. The method of periodic pulsed pumping and interrogation - the Ramsey spectroscopy 
combines the advantages of high-contrast resonances with a small width. In this method, the linewidth 
of Ramsey-CPT fringes is determined by the time TR separating the two interaction pulses and power 
broadening is negligible, compared to continuous wave (CW) mode. The light shift of the energy 
levels is significantly suppressed, since atoms are not affected by optical fields before the 
interrogation. 

We present here the results of a study of the magnetic field influence on the CPT Ramsey 
oscillations in three schemes: orthogonal linear polarizations of the resonant fields Lin Lin, 
orthogonal circular polarizations σ+-σ-, and parallel linear polarizations Lin||Lin. The last two 
schemes are especially attractive because they can be implemented using a single radiation source. In 
this work, radiation with the necessary characteristics is obtained by using two phased locked 795 nm 
diode lasers. We use several self-made atomic vapor cells filled with 87Rb and buffer gases (Ar, N2). 
 

  
a                                                                  b 

Fig. 1 a) CPT Ramsey oscillations in Lin||Lin configuration at different values of magnetic field. b) 
Dependences of the central Ramsey fringe amplitude on the magnetic field for two free evolution period 
values: TR=1.5ms and TR=3ms. 

 
In the Lin||Lin scheme, the reference resonance is a superposition of two resonances with close 

frequencies, which can be resolved by increasing the magnetic field. In the pulsed mode, this splitting 
appears in the form of a periodic change in the signal amplitude caused by the superposition of 
Ramsey oscillation patterns from each resonance (Fig. 1a). The period of the signal amplitude 
dependence on the magnetic field is related to the Ramsey fringe width (Fig. 1b). In contrast to the 
Lin Lin scheme, in which a similar effect was observed in [4], in the Lin||Lin scheme the Ramsey 
oscillations can be attenuated almost completely at a magnetic field frequency splitting equal to Δν 
(2n + 1), n = 0,1,2 ..., Δν is the width of the Ramsey fringe. We show that the modulation depth of the 
central fringe amplitude depends on the ratio of the signal envelope width and the fringe width. Also, 
a distinctive feature of the Lin||Lin configuration is the periodic inversion of the central fringe with 
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increasing magnetic field, which complicates the determination of the central Ramsey resonance 
frequency. 
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This paper presents an analysis of the interaction of plasma flows in an experiment to simulate the 
stellar wind inflow into the atmosphere of hot Jupiter. The radiation of a pulsed CO2 laser is fed into 
the vacuum chamber of the KI-1 stand, which is divided into two beams and focused on C2H4 targets 
located in pairs on the magnetic dipole body (106 G * cm3). The resulting flow of laser plasma 
simulates the supersonic outflow of the upper atmosphere of hot Jupiter. This experimental scheme 
was first implemented in [1]. The stellar wind is simulated by irradiating a target 53 cm from the 
dipole with a third laser beam. Disturbances of plasma flows were recorded by Langmuir probes and 
magnetic probes. The total longitudinal current, which closes in the polar regions of the 
magnetosphere, and the transpolar potential were also measured using a Rogowski belt and copper 
plates located directly in the places of ablation of laser radiation on a dipole, by the method described 
in [2]. 

The data obtained show that the magnitude of the dipole magnetic field has a direct effect on 
transpolar currents and potentials generated by laser plasma clouds. The angular distributions of 
interacting plasma bunches were measured, and the relative concentrations of the plasma cloud 
formed around the dipole to the impinging plasma flow at different distances and at different values of 
the dipole field were analyzed. The analysis of the angular distribution revealed the asymmetry of the 
interacting flows, which indicates a complex nonlinear structure of the interaction. 

The results of this work will make it possible to better understand the structure and dynamics of 
interacting plasma bunches and currents in the magnetosphere of hot Jupiters, and in the future can be 
useful in the numerical simulation of processes occurring in the magnetospheres of such planets. 
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Lasers with a femtosecond pulse duration have many applications. They are used in chemistry to 
research fast molecular processes, spectroscopy, interaction of plasma with extreme light fields and so 
on. That’s why, generation of a high average and peak power radiation is an important practical issue. 
One of the most perspective way in getting radiation with such parameters is amplification of fs 
pulses by laser systems with a diode pump and based on different materials, doped by Yb3+ ions. 

Notably, that amplification of pulses with a short duration requires gain medium with a broad gain 
bandwidth. However, such materials have a small gain factor and since that getting radiation with a 
both high pick and average power seems to be a hard practical task. 

According to this, some new materials, which are perspective for the implementation in 
amplification systems were investigated, theoretically and experimentally. Some experiments to 
analyze amplification characteristics of the following crystals: Yb:CaF2, Yb:YLF, Yb:GGG, have 
been carried out. Though, Yb:GGG doesn’t have a broad bandwidth, it can be used simultaneously 
with Yb:YAG, which also is a narrow-band material. Using both crystals let us get a broadband gain 
and makes possible amplification of fs pulses, which with a combination of a large gain factor, 
represents Yb:GGG as a perspective material for amplifiers [1]. 

In this research were investigated crystals with the following parameters: Yb:CaF2 active element 
with thin-rod geometry, 1.5 at % doping ratio, YLF element with ≈0.95 at % doping ratio and GGG 
with ≈0.8 at % doping ratio. The parameters of the rod are: the length - 18mm, the diameter - 1mm. 
Yb:YLF crystal’s length - 24,8 mm, Yb:GGG crystal’s length - 30mm. In theoretical part signal 
intensity distribution in all crystals was modeled and a gain factor was calculated. 

In the experimental part a one-pass amplification scheme, based on investigated active elements, 
was constructed. In experiments with Yb:CaF2 a diode pump at 980nm and fs signal at 1030 nm, were 
used. For Yb:YLF crystal a diode pump at 930 nm and continuous-wave signal at 1019 nm, were 
used. For Yb:GGG again: 930 nm diode pump and continuous-wave signal at 1025 nm. 
Experimentally gain factors for all materials for several values of pump, were measured. The 
experimental and theoretical data is presented on figure 1. 

                    
Fig. 1 Experimental and theoretical gain factors for Yb:YLF(left) and Yb:GGG(right) as a function of pump 
power. 

 
Another important issue is a choice of active element’s geometry. To prevent different negative 

thermooptical effects, such as thermal lens, depolarization, thermal stresses induced by significant 
thermal gradients etc, shapes of active elements are tended to be produced with a large surface area 
and small volume [2]. So, that shapes let crystals cool faster and reduce overheating. One of such 
possible geometries is a thin-rod, which is characterized by a big attitude of rod’s length to its 
diameter. In this research Yb:CaF2 thin rod active element with presented beyond geometrical 
parameters was used. Due to the fact that Yb:CaF2 is a broadband material, some experiments of fs 
pulses amplification, were carried out. For these purposes a four-pass amplifier [3] on Yb:CaF2 thin 
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 Fig. 3 Spectra of amplified and non-amplified 
signals after 4-pass amplifier. 

Fig. 4 Temperature distribution in Yb:CaF2 
thin rod crystal. 

Fig. 5 Phase distortion profile. 

rod with 100 W diode pump at 980 nm was constructed. 140 fs laser pulses from Yb:KGW generator 
with a 1030 nm wavelength passed through the amplifier and fell on the analyzing system. The 
measurements of amplified signal as a function of pump power is presented on figure 2, and spectra of 
amplified and non-amplified signals on figure 3. 

                        
   
 
 

To analyze the cooling efficiency of active elements in the thin rod geometry a temperature 
distribution (fig. 4) in the crystal was modeled, and an optical power of the thermal lens was estimated 
(fig. 5). After that experimental measurements of beam divergence were performed, and then an 
experimental value of thermal lens focal distance was estimated by ABCD-method. Theoretical value 
is about - 14cm against experimental - 21.7cm. 

                     
 

 
 

Finally, some researches of another negative effect - Amplified Spontaneous Emission (ASE), 
were carried out. Some specific manifestations of this effect in the thin-rod and other geometries, 
were considered. Especially waveguide ASE propagation in thin rod active elements was considered, 
and then influence of ASE on gain factor in all cases was theoretically estimated and a way of 
reducing amplified spontaneous emission was suggested. In theoretical modeling was noticed that due 
to waveguide effect ASE can’t leave the amplification area and significantly decrease the gain factor 
(almost 30%). What is more important, two maxima of ASE intensity appear near the end surfaces 
and a minimum in the middle of the crystal, which is presented on figure 6 below. 

                        
Fig. 6 ASE intensity distribution 
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Diamonds containing impurity-defect centers, photoactive in the visible spectrum, are promising 
platform for quantum information technologies - quantum computing and quantum cryptography [1]. 
That's why one of the important tasks is the developing of diamond-based laser radiation sources. 

NV-centers (substitutional nitrogen atom+vacancy) in negative charge state (NV-) can be 
photoactive centers in diamond-based laser active media. They have zero-phonon line (ZPL) at 638 
nm. Their absorption gap starts at ZPL and continues to approximately 500 nm (so-called «phonon 
wing», caused by electron-phonon interaction). Their luminescence spectra starts at ZPL and 
continues to approximately 750 nm, luminescence phonon wing is almost symmetrical to the one from 
absorption spectra relatively to ZPL. So, if the crystal contains proper concentration of NV--centers, 
and we pump it by the radiation, which wavelength is shorter than one for ZPL, we can expect the 
observation of superluminescence, or even laser radiation. 

In [2], we reported on the observation of amplification and generation of laser radiation in a 
diamond sample C29 at the phonon wing of the luminescence of the NV center in a broad band 
centered at 719 nm. We decided to move on in that direction and prove this result by observation of 
superluminescence in other diamond samples, with different content of NV--centers. 

Also, in [2] the crystal was pumped by laser radiation at 532 nm. It was interesting to compare the 
cases of pumping the samples at different wavelengths. 

In our work we used 4 diamond samples: C31, C43, C93, C94. Typical spectra for pumping at 532 
nm (second harmonic of Nd:YAG laser LQ215*LG103T, SOLAR Laser Systems) are shown on 
Fig. 1. Superliminescence was observed as rather wide band with the center at 718 nm, when the 
pump intensity was higher than approx. 2 MW/cm2 (Fig. 1). 
 

 
Fig. 1 Typical luminescence spectra for 532 nm pumping. Sample C31. 

 
Pumping at 560 and 575 nm (dye lasers, pumped by 532 nm laser) was more efficient: at lower 

pumping intensities we obtained higher superluminescence bands intensities. Typical spectra are 
shown on Fig. 2. The centers on the bands were shifted a bit: 716 nm for 560 nm pumping, and 714 
nm for 575 nm pumping. 
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Fig. 2 Luminescence spectra for sample C43, pumped by dye laser at 575 nm (left picture) and 560 nm (right 
picture). 

 
With 560 nm pumping we obtained the situation when the phonon wing background is hardly seen 

on the spectrum. Next stage of our work will be the adding the optical cavity to the scheme and 
obtaining laser generation. 

The study was carried out on the state order of the Ministry of Science and Higher Education of 
Russian Federation, project № 0721-2020-0048. 

The authors thank Alexander G. Korotaev - Dean of Radiophysics Faculty, Head of Quantum 
Technologies Center of Tomsk State University - for organizational support of the research. 
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In high-resolution spectroscopy multiple-beam Fabry-Perot interferometers are used in displacement 
measurement devices. The interference patterns in transmitted and reflected light are complementary: 
wide minima with sharp peaks and wide maxima with narrow dips [1]. For a number of problems 
(opaque objects), observation is possible only in reflected light, and an interesting problem is to obtain 
narrow maxima in the spectral dependence of the reflection coefficient [2]. In this paper, we consider 
a new version of the reflecting interferometer (RI), when a thin metal layer is placed at the entrance to 
the multipath interferometer. Previously, such a composition was calculated for the transformation of 
the optical characteristics for s-polarization under the conditions of frustrated total internal reflection 
[3]. 

The usual RI scheme consists of a thin metal layer M placed in front of a highly reflective mirror 
[4]. For the first time, such a scheme was used in laser resonators for mode selection. Figure 1 shows 
the calculation of two design for setting M: at the node (curve 1) and the antinode (curve 2) of the 
standing wave reflected from the mirror. The calculation is made for an 11-layer quarter-wave mirror 
(� � � � � � � mkm). The refractive indices of the dielectric layers H and L are 2.36 and 1.46, 
respectively. The complex refractive index of a thin (thickness h = 5-7 nm) metal layer is equal to n-ik 
= 3.44-i4.7. The calculations use a surface layer model, in which the metal is characterized by two 
parameters: active 2nky and reactive (n2-k2)γ (where γ=4nh/γ) components of the complex surface 
conductivity [4]. The reflection coefficient at   has a maximum of Rmax~1 for curve 1 and Rmin~0 
for curve 2. 

In this study, we consider a variant where instead of a highly reflective mirror, a multiple-beam 
interferometer is attached to the metal layer. Figure 1 shows the calculations of the sequential change 
in the structure (curves 3 and 4) to the final version (curve 5), when the Fabry-Perot type 
interferometer HLHLH-2L-HLHLH is located behind the metal film. As a result, the reflection 
coefficient decreased by ~ 2 times and the spectrum narrowed due to absorption – the minima 
approached the maximum. 

Curve 5 is shown separately in Fig. 2. Here, the dotted line shows the dependence of R() for the 
case when M is absent (a narrow dip on a light background), which corresponds to the reflection from 
the Fabry-Perot interferometer. The same figure shows the calculation of the transmission coefficient 
T. The coefficients R and T are approximately the same (about 45%). In reflected light, the steepness 
of the asymmetric curve R is greater, the minima on both sides of R are close to 0 in contrast to the 
curve T (in transmitted light, the minima do not reach 0). 

To synthesize a new multipath interferometer with narrow bands in reflected and transmitted light, 
in contrast to the Fabry-Perot interferometer, where the interference patterns of reflection and 
transmission are additional, a composition of a thin metal layer and a Fabry-Perot interferometer was 
used. 
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We consider possibility of sub-Doppler laser cooling of 6Li atoms on 2 2
1/2 3/22 2S P  (Fig. 1) optical 

transition. The 6Li atom is one of the atoms actively used in various laser cooling experiments around 
the world. We note that the hyperfine splitting of the upper levels is much smaller than their natural 
width , which does not make it possible to distinguish a closed optical transition and use the results 
of the known theories of laser cooling. Therefore, the creation of an adequate theoretical model and 
the search for optimal schemes for laser cooling is an important task for achieving deep laser cooling 
of 6Li atoms. 

First of all we note the sub-Doppler laser cooling of neutral atoms require light fields with 
nonuniform spatial polarizations and atoms with energy levels degenerated over angular momentum. 
Sub-Doppler cooling effects originate from polarization gradient contribution to force on slow atoms 
[1–3]. These effects are well studded in semiclassical approaches [1–3] and quantum approaches  
[4–5] that uses reduced equation for atomic density matrix in ground state only with adiabatic 
illumination of non-diagonal and excited elements of density matrix. 

 ˆˆ ˆ ˆ ˆ[ , ] { }gg gg gg
eff

i H
t
   

  
 

 (1) 

with effective Hamiltonian ˆ
effH . In our recent works [6, 7] we clearly show that approaches based on 

equation (1) and describing sub-Doppler cooling are valid in the limit of extremely low semiclassical 
parameter 2 / 2 1R k M    even the consideration is done with taken into account quantum recoil 
effects and the atoms with optical transitions characterized 0.01R   temperature characteristics of 
cooled atoms differ significantly from sub-Doppler cooling temperatures predicted in models based 
on reduced equation (1). 

In particular for Li atoms on 2 2
1/2 3/22 2S P  optical transition the recoil parameter is not 

extremely low 0.0125R  . And the first goal is to compare the results of the semiclassical approach, 
which takes into account a more complex real structure of an atomic transition (four-level model) with 
a simple two-level scheme. 

In the following work we consider the MOT for 6Li atoms operating on 2 2
1/2 3/22 2S P  transition 

(Fig. 1), formed by the light waves with elliptical polarizations. 
 

 
Fig. 1 Four level scheme of 6Li atom. 
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First of all, we find cooling of 6Li atoms in molasses configuration formed by waves with linear 

orthogonal LinLin polarization gives qualitatively identical and quantitatively similar results to 
standard two-level model Fg=3/2Fe=5/2 with degenerated over the angular momentum energy 
levels (Fg, Fe are the angular momenta of the ground (g) and excited state(e)). However for σ+σ- 
field configuration polarization we see qualitative difference between standard model and the 6Li 
scheme (Fig. 1). See the results on Fig. 2. This difference appears due to the negative contribution of 
additional levels (Fig. 1) to the sub-Doppler laser cooling mechanism. 

We note, the molasses cooling with use of LinLin field configuration is more attractive and 
gives much lower temperature then standard σ+σ- field configuration usually used for laser cooling 
in MOT. This is especially become evident with light field intensity growth. 

However, the LinLin field configuration cannot be used for realization MOT cooling, but makes 
reasonable to study different field configurations formed by waves with elliptical polarization to 
optimize regimes of laser cooling of Li atoms. 

This work was supported by a grant from the President of the Russian Federation (№ 075-15-
2021-128). A. A. Kirpichnikova work was supported by RFBR 19-29-11014 grant. O. N. Prudnikov 
work was supported by RSF 20-12-00081 grant. 
 

 
Fig. 2 Dependence of kinetic energy on the depth of optical shift in the σ+σ- configuration field for a) 
Two-level model Fg=3/2Fe=5/2, b) Four-level model. Dashed line marks the kinetic energy of Li atoms 
corresponding to Doppler limit temperature kBTD h/2. 
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Laser cooling of atoms is currently used for a wide range of modern scientific research in quantum 
physics: to create quantum sensors based on atomic interferometers (gyroscopes, gravimeters, and 
accelerometers); to obtain Bose condensates [1, 2]; for the development of quantum computers; to 
create optical frequency standards [3–5] used for navigation systems and fundamental research. 
Research in these areas stimulates the development of effective methods for laser cooling of atoms. 

Despite a very complete theoretical description and well-developed methods of laser cooling, the 
problem of choosing the optimal parameters of the light field and predicting the minimum attainable 
temperatures of laser cooling remains open for specific experimental conditions. Within the 
framework of the semiclassical theory [6–8], it is indicated that the temperature of sub-Doppler laser 
cooling in low-intensity fields can be less than the Doppler limit and amount to several recoil 
energies. To achieve the deepest laser cooling, the possibility of using narrow optical transitions was 
also considered, which, according to the classical theory, should lead to lower temperatures of the 
Doppler laser cooling. However, when narrow optical transitions are used, the quantum recoil effects 
become significant [9], and the well-known classical theories become inapplicable [10]. 

The analysis with total accounting of the quantum recoil effects demonstrates the well-known 
picture of sub-Doppler cooling is applicable only for extremely small recoil parameters 

 [10] (is the ratio of the recoil energy R received by an atom as a result of a single 
act of absorption or emission of a photon to the natural linewidth  of the optical transition used for 
laser cooling). For laser cooling of atoms with enough large values of εR, the effects of sub-Doppler 
cooling become less effective [10], especially for the  field configuration, which is usually 
used in magneto-optical traps. 

One interesting example of laser cooling of atoms with an insufficiently small recoil parameter εR 
is laser cooling of Li atoms. Among the alkali metals, the lithium atom is the best candidate for 
studying quantum effects that occur at extremely low temperatures, since it is the lightest element. 
Lithium is also ideal for comparing the studying behavior of bosons and fermions atoms, as it has 
stable isotopes with both integer and half-integer nuclear spins: 6Li (I =1, natural abundance 7.5%) 
and 7Li (I = 3/2, natural abundance 92.5%). Due to the low mass and the need to use high 
temperatures to generate a significant density of atoms cloud in the traps, the cooling of lithium atoms 
starts at significantly higher temperatures. In addition, usage of standard theories to describe the 
processes of laser cooling of lithium atoms is enough difficult, since the hyperfine splitting of the 
excited state levels of optical transitions of the D2 line is small compared to the natural width, which 
does not allow distinguishing a closed optical transition, as for heavier atoms (for example, Cs or Rb). 
Thus, the cooling and trapping of atoms is a difficult process to implement [11]. 

Thus, the problem of analysis and development of effective methods for laser cooling of lithium 
atoms is very urgent. The most researchers use the sympathetic method of cooling Li atoms in a 
magneto-optical trap, which imposes certain restrictions on the use of cold atoms in the future, since it 
is difficult to completely extract buffer atoms from the trap [12–14]. 

We study the laser cooling of 6Li atoms in monochromatic fields with for different polarization 
configurations with taking into account hyperfine energy structure of the atom. It was shown that the 
deep laser cooling can be achieved in the field of linlin configuration is in the resonance to the D2 
line and results in induced transitions between the level of the ground state with the total angular 
momentum F = 3/2 and the levels of excited states with the total angular momentum F = 1/2, F = 3/2 
and F = 5/2 simultaneously. Note that the use of the conventional  field configuration results 
in cooling to significantly higher temperatures than it was found for linlin field. Comparison with 

310/   RR
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the results of various experiments showed that the obtained theoretical limit has not yet been reached 
even for this field configuration [15]. In addition, a perspective of using the light field formed by the 
waves with elliptical polarization for deep laser cooling of lithium atoms was analyzed. 

This work was supported by a grant from the President of the Russian Federation (№ 075-15-
2021-128). A.A. Kirpichnikova work was supported by RFBR 19-29-11014 grant. O. N. Prudnikov 
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Nowadays investigations of the red nanophosphors are of interest to the material research community 
[1–3]. Alumina (Al2O3) is one of the typical phosphor matrices for activators emitting in the red 
spectral region. Al2O3 possesses some remarkable properties, among which is a large transparency 
window from the short ultraviolet to the near-infrared spectral region, and has excellent mechanical 
properties and good chemical stability. Therefore, Al2O3 is a suitable host for Eu3+ ions. In this study, 
the CO2 laser vaporization technique was used for the preparation of Al2O3:Eu3+ nanophosphors. The 
present study aims to study the photoluminescence (PL) performance of laser synthesized Al2O3:Eu3+ 
nanophosphors depending on the synthesis conditions. 

Al2O3:Eu3+ nanophosphors were obtained by laser vaporization of α-Al2O3:Eu3+ 
([Eu]=1.0±0.2 wt%, Tcal. =1250 °C/4h) ceramic targets irradiated by a cw CO2 laser (the power 
density up to ~0.06 MW/cm2) with subsequent condensation of vapor in buffer gas flow in a 
vaporization chamber [1–3]. To investigate the influence of synthesis conditions on PL properties of 
Eu3+, the Al2O3:Eu3+ nanophosphors were synthesized in different buffer gas: a) helium (99.99%), b) 
argon (99.99%), and c) helium supplemented with oxygen (99.7%). To obtain nanophosphors with the 
different mean sizes of nanoparticles, the gas pressure in the vaporization chamber was varied from 
0.1 to 0.9 bar. 

Vaporization in He and Ar buffer gas at 0.1 –0.9 bar pressures leads to the formation of Al2O3:Eu3+ 
nanometer particles. The sample obtained at 0.1 bar (He) contains predominantly faceted 
nanoparticles with the mean size of 7.2 ± 4.1 nm. When He gas pressure in the vaporization chamber 
is raised to 0.9 bar, the mean particle size increases to 20.9 ± 17.7 nm. The morphology of 
nanoparticles becomes closer to the spherically symmetric shape. Similar changes occur also when 
ambient He gas is replaced by Ar. Sizes of the particles obtained at 0.1 bar (Ar) and 0.3 bar (Ar) 
pressures are 14.9 ± 9.0 nm and 16 ± 9.4 nm, respectively. The phase composition of the synthesized 
Al2O3:Eu3+ nanophosphors is represented mostly by γ-Al2O3 with the cubic structure (Fd3m). 

It was found that PL properties of Al2O3:Eu3+ nanophosphors under direct (to 7F0→5L6 transition) 
and indirect (to charge transfer О2-→Eu3+ transition) excitation are predominantly determined by Eu3+ 
ions red emission with inhomogeneously broadened bands in the region of 550-750 nm. These bands 
correspond to 5D0→7FJ (J=0-4) transitions of Eu3+. Hypersensitive transition 5D0→7F2 dominates in 
the spectrum and is responsible for the red emission of nanophosphors. It was shown that Eu3+ ions 
incorporate into the nanosized Al2O3 matrix in positions with C3v local symmetry. Shortening of the 
PL lifetime of the 5D0→7F2 (λmax =618 nm, λex=232 nm) transition in Eu3+ ions was observed for 
samples with the smallest sizes. This is related to the interaction of Eu3+ ions with OH groups, which 
leads to nonradiative relaxation. The analysis of the asymmetry coefficient revealed also that for the 
size series of Al2O3:Eu3+ samples the greatest distortion of octahedral positions with europium ions 
takes place in nanoparticles with the greatest sizes. The observed effects are caused by the synthesis 
conditions (composition of the atmosphere and pressure in the vaporization chamber) of nanoparticles 
upon laser synthesis. A comparison of PL data for samples obtained by laser vaporization in different 
atmospheres demonstrated that the introduction of oxygen during the synthesis increases the PL 
intensity of Eu3+ ions and the PL decay time due to the 5D0→7F2 transition. 

The CIE color chromaticity coordinates obtained from the PL spectra of Al2O3:Eu3+ 
nanophosphors are marked on the CIE 1931 chromaticity diagram. The change of the red emitted light 
from the samples was confirmed by the corresponding calculated color coordinates. The values of the 
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color chromaticity coordinates (x, y) were found to be (0.613, 0.386), (0.679, 0.320), (0.615, 0.385), 
(0.609, 0.391), (0.606, 0.393), and (0.704, 0.296) for Al2O3:Eu3+ nanophosphors obtained at 0.1 bar 
(He), 0.1 bar (He+O2), 0.1 bar (Ar), 0.3 bar (Ar), 0.9 bar (He), and 0.9 bar (He+O2), respectively. 
According to the National Television Standard Committee (NTSC), the ideal value of red color 
coordinates is (0.67, 0.33). This illustrates that Al2O3:Eu3+ nanophosphors are suitable for luminescent 
devices and applications. 

The absolute quantum yield (QY) measured using integrating sphere pumped at 395 nm for the 
Al2O3:Eu3+ nanophosphors obtained at 0.1 bar (He), 0.1 bar (He+O2), 0.1 bar (Ar), 0.3 bar (Ar), 
0.9 bar (He), and 0.9 bar (He+O2) was 2.8, 6.4, 3.6, 4.6, 11, and 14.3%, respectively. The QY of the 
nanophosphor is strongly dependent on the Eu3+ concentration, particle size, PL quenching, and 
crystallinity of the nanophosphor. Therefore, there is reason to believe that in the future, the 
optimization of these parameters will allow obtaining a higher QY. 

This work was financially supported by the Russian Foundation for Basic Research (RFBR), 
Project No. 19-32-60027. 
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To create radiation sources with short (nanosecond) or ultrashort (picosecond and femtosecond) 
pulses based on frequency down-conversion it is necessary to take into account the influence of high-
order nonlinear optical processes on the parametric processes. The nonlinear refraction leads to self-
focusing or self-defocusing of radiation within nonlinear material, spatial distribution, and pulse 
broadening. Nonlinear absorption reduces conversion efficiency and even leads to damage to the 
element. Such nonlinear effects can lead to phase mismatch, and thereby reduce the conversion 
efficiency [1, 2]. To analyze changes in the spatial, spectral, and temporal characteristics of high-
power laser radiation, it is necessary to know the value of the nonlinear optical characteristics of 
materials. 

Barum chalcogenide compounds BaGa4Se7 (BGSe) and BaGaGe2Se6 (BGGSe) having relatively 
high χ(2) nonlinear optical coefficient and wide transmission range [3, 4] are promising crystals for 
frequency down-conversion conversion in the mid-IR range. We have previously shown that two-
photon absorption (TPA) is observed in a BGGSe crystal at 1.053 μm, while no TPA effect in a BGSe 
[5]. 

The experimentally measured data of the nonlinear refractive index of the BaGa2GeSe6 crystal at a 
wavelength near half the band edge for e- and o-polarization is presented. The Z-scan measurements 
were performed with Q-switched nanosecond Nd:YLF laser at 1.053 μm at different radiation 
intensities and pulse repetition rates. The nonlinear refraction for e-wave at 100 Hz and 1000 Hz is 
1.4∙10-13 cm2/W and 6.5∙10-13 cm2/W, respectively. 

The experimental stand for the Z-scan was developed with the financial support of the Russian 
Foundation for Basic Research and the Government of the Novosibirsk Region within the framework 
of the scientific project No. 20-42-543004. The BaGa2GeSe6 test plate was made and prepared for the 
experiment with the financial support of the Russian Foundation for Basic Research within the 
framework of scientific project No. 19-32-60055. This work was supported by the Ministry of Science 
and Higher Education of the Russian Federation within the framework of the State Assignment FSUS 
2020-0036. 
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A promising design of a quantum optical gyrometer is proposed. The scheme is based on Mach-
Zehnder interferometer instead of conventional Sagnac interferometer. When the reference frame of 
the device rotates in the plane of the interferometer, phase shifts of opposite signs appear in its inner 
arms. The input state of the radiation is a two-mode squeezed vacuum. Therefore, the same numbers 
of photons arrive at both inputs of the interferometer. The average difference in the numbers of 
photons in the output arms turns out to be zero in all cases, while the noise of this difference only 
appears due to rotation. Based on the noise level, it is possible to determine the absolute value of the 
angular velocity 훺⃗ projected onto the unit vector normal to the plane of the interferometer. 

The main properties of the proposed scheme are investigated with a reference to the registration of 
the angular velocity of the Earth's rotation around its own axis and to the geometric parameters of the 
existing fiber optic gyrometers. The possibility of attaining the Heisenberg limit in the accuracy of 
measuring Ω in a certain range of the squeezing parameter  푟 is found. The existence of an optimum 
with respect to this parameter was proved in the context of the problem of minimizing the Cramer-
Rao boundary, which is equal to the reciprocal of the Fisher information shown in Fig. 1. This 
boundary is reached in the proposed scheme and, moreover, the achievement of the Heisenberg limit 
at the optimal value of 푟 is not lost. 

 
This work was supported by the Russian Science Foundation (Grant No. 20-12-00081) 

 
 

 
Fig. 1 Fisher information depending on the squeezing parameter. 
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Despite huge progress recently, the creation of high intensity laser systems with high pulse repetition 
rate is still challenging due to thermally induced distortions of the radiation [1]. Negative thermal 
effects are the key factor in decreasing of the efficiency of laser amplification limiting pulse repetition 
rate. Currently, there are research efforts aimed at obtaining optical material with non-uniform dopant 
distribution of optical centers in an active medium in order to suppress thermo-optic effects [2]. 

In the Institute of Laser physics of the Siberian Branch of the Russian Academy of Sciences a 
high-intensity high average power laser radiation source with pulses carrier-envelope offset shift 
stabilization is developed. The source operates with 1 kHz pulse repetition rate and comprises a Ti:Sa-
based system [3] and Yb3+-based scalable subjoule laser system [4]. The scalable system includes 
multipass laser amplifier with high power diode pump and closed-loop cryogenic cooling. Total diode 
pump power is 1600 W and cryogenic system provides effective cooling up to 40 K. 

High power diode pumping and cryogenic cooling lead to high temperature gradients in active 
elements of the amplifier. The numerical three-dimensional non-stationary model based on balance 
equations and the thermal conductivity equation [5] was applied to study the dynamic of laser 
amplification process in Yb:YAG disks of the multipass amplifier. To reduce heat load and decrease 
temperature gradients in active elements, laser media with an inhomogeneous concentration profile 
are proposed. The amplification model is expanded with the dependency of coefficient of thermal 
conductivity on temperature and doping ions concentration. 

The dependencies for gain and optical path difference of the amplified radiation are obtained. It is 
shown that wavefront aberrations in amplified radiation could be significantly decreased while 
keeping high gain coefficient by means of pump parameters. Radial dopant ion concentration profiles 
are proposed for suppression of amplified stimulated emission. It is possible to decrease parasitic gain 
in direction orthogonal to pump beam axis up to two times using non-uniform radial concentration. 

The results allow one to optimize the parameters of cryogenically cooled amplifiers with high 
power diode pumping. 

The reported study was funded by RFBR, project number 20-02-00529-а, RFBR and Novosibirsk 
oblast government according to the research project № 19-42-543007. 
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Since the seminal work of Purcell [1] light interaction with atoms localized inside a cavity or 
waveguide as well as near its surface has attracted a considerable attention. Now it is understood that 
a cavity modifies the spatial structure of modes of electromagnetic field. This leads to modification in 
radiative properties of atoms, in particular, to the enhancement and inhibition of the spontaneous 
decay rate [2, 3]. Therefore, one has an exciting tool to control over the atomic radiative properties by 
choosing the cavity parameters appropriately. Light matter interaction in the presence of nanophotonic 
structures, such as nanofibers, photonic crystal cavities and waveguides propose future applications 
for quantum metrology, scalable quantum networks and quantum information science. 

Modification of the spatial structure of field modes causes changes not only in the spontaneous 
decay rate but also in the nature of photon exchange between different atoms. In its turn it leads to 
alteration in dipole-dipole interatomic interaction [4–7] as well as associated cooperative effects  
[8–11]. Cooperative effects cause density-dependent shifts of atomic transition as well as distortion of 
spectral line shape. It influences both on the properties of atoms as well as on scattered radiation 
characteristics. 

We report the results of fully three-dimensional calculation of light intensity transmitted through a 
random ensemble of point scatterers in a waveguide. Based on self-consistent quantum microscopic 
model treating atoms as coherent radiating dipoles [12], we have shown that the nature of light 
transport dramatically depends on the transverse sizes of a waveguide. Thus, when a waveguide is 
single-mode with respect to resonant transition wavelength, the regime of Anderson localization is 
realized even for an arbitrarily low atomic density. An increase in the transverse size turns a single-
mode waveguide to a multimode one that, in turn, instantly cancels Anderson localization and restores 
classical diffuse radiation transfer. Moreover, the transmittance magnitude undergoes complex step-
like dependence on the transverse sizes of a waveguide. 

The work was supported by State assignment for basic research (FSEG-2020-0024). 
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Among the two-photon resonances in gases, which make it possible to get rid of Doppler broadening, 
the phenomenon of coherent population trapping (CPT) occupies a special place [1, 2]. When a 
bichromatic laser field interacts with a three-level (in the simplest case) quantum system, a quantum 
superposition state arises that does not interact with radiation. The characteristic features inherent in 
the CPT effects allow them to be used in such applications as: quantum frequency standards, ultra-
high resolution spectroscopy, lasers without inversion, quantum magnetometers, devices for recording 
and processing quantum information. 

Historically, the majority of work on the study of the CPT phenomenon was carried out in cells 
containing active atoms and a buffer gas. This work is devoted to the study of the combined effect of 
atomic motion and hyperfine splitting of the excited state on the shape of the resonance of coherent 
population trapping in a rarefied gas and in cells with antirelaxation coating of the walls. The 
theoretical approach is based on the solution of the quantum kinetic equation for a monatomic density 
matrix in an optically thin medium. 

In a rarefied gas, it is shown that in the presence of a hyperfine structure of an excited level, the 
motion of atoms leads to a light shift of the CPT resonance. An analytical expression for this shift is 
obtained for individual velocity groups of atoms. It is found that there is an additional CPT resonance 
arising due to the interaction with a nonresonant excited hyperfine level. The influence of the 
magnitude of the hyperfine splitting of the ground and excited states, as well as the temperature, on 
the magnitude of the shift of the CPT resonance is considered. 

When studying cells with an antirelaxation wall coating in the elastic reflection model [3], it was 
found that taking into account the influence of motion and collisions with walls in the case of 
nondegenerate ground and excited states leads to a significant change in the shape of the spectrum, the 
appearance of a comb of additional resonances, as well as shifts of the “main” resonance of coherent 
population trapping, which turn out to be non-monotonically dependent on the cell size. 

The work was supported by State assignment for basic research (project № FSEG-2020-0024). 
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Zero-field level-crossing resonances serve as the basis for the simplest and most robust optically 
pumped atomic magnetometers. Such state of the art sensors demonstrate sensitivity of the order of 10 
fT/Hz1/2, while dimensions of a sensor head can be much less than 1 cm3. These magnetometers find a 
variety of biomedical applications (e.g., see [1]). A typical optical design of these sensors uses a 
single light wave and an alkali-metal vapor cell filled with a buffer gas. To observe the nonlinear 
magneto-optical resonance in the vapor cell transmission, a static magnetic field is usually scanned 
around a zero value. This configuration is often referred to as the Hanle scheme. 
 

 
Fig. 1 (a) An example of the magneto-optical EIA resonance, having a minimum width. The laser frequency 
is tuned to the optical transition Fg = 2 → Fe = 1 in the D1 line of 87Rb. Signal recording duration ≈ 20 ms in 
a frequency bandwidth of 1 kHz. (b) Observation of the high-contrast EIA resonances superimposed on the 
optical absorption line of the atoms. 

 
In this work, we experimentally study a modification of the standard Hanle scheme, which consists 

in using an additional backward pump wave (pump-probe configuration). In our experiments, the 
counterpropagating waves have mutually orthogonal linear polarizations. As it was demonstrated 
earlier, in this scheme a high-contrast resonance of electromagnetically induced absorption (EIA) can 
be observed [2, 3]. In our experiments, the parameters of the resonances have been further improved. 
In particular, in the pyrex glass cell filled with 87Rb vapors and 12 Torr of argon, the resonance 
contrast as high as 40% has been obtained. The minimum width (FWHM) is around 2 mG (200 nT). 
Some examples of the magneto-optical resonances are shown in Fig. 1. The vapors were heated to a 
relatively low temperature of ≈ 60 °C, which is noticeably lower than in most other atomic magnetic 
field sensors where the temperature is usually much higher than 100 °C. 

The proposed magneto-optical configuration has good prospects for applications in atomic 
magnetometry. The work was supported by RFBR (grant no. 20-52-18004) and by Ministry of 
Science and Higher Education of the Russian Federation (Theme No. АААА-А19-119102890006-5). 
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Of all the sources of coherent radiation with a wavelength in the region of 10 μm, CO2 lasers are the 
most widespread. Waveguide CO2 lasers with rf discharge excitation occupy a special place among 
many designs. For many tasks, especially for use in portable gas analysis instruments, lasers of this 
type with small overall dimensions are required. Increasing the laser length complicates the selection 
of wavelengths. During thermal expansion of the laser housing with cavity mirrors, the longitudinal 
modes move along the gain line of the CO2 molecule. As a result, the radiation wavelength is tuned 
along the generation lines. The generation lines are repeated with a period equal to λ/2. The set of 
signatures of the CO2 laser wavelengths, with a cavity length of about 155 mm, when the laser body is 
heated, can be seen on Figure 1. 
 

 
Fig. 1 An example of a set of CO2 laser signatures (Experiment). 

 
Using the developed model, a numerical calculation of the spectral composition of radiation from a 

CO2 laser with a cavity length in the range 155 - 156 mm was carried out. The calculations were 
carried out on the basis of equations for calculating the gain lines of CO2 molecules and longitudinal 
modes of the Fabry Perot resonator, as well as the Rigrod equation. The calculation used the spectral 
characteristics of real mirrors with a transmittance of 3, 5, and 8 percent at a wavelength of 10.6 μm. 
The pressure of the active mixture CO2: N2: He = 1: 1: 5 + 5% Xe varied in the range of 60 - 180 torr. 
Subsequently, the calculation results were compared with experimental data, during which the 
working pressure and transmission coefficients of the mirrors were varied, as shown in the diagrams 
in Figure 2. The comparison results showed a qualitative agreement between theory and experiment. 
The most attractive from the point of view of practical use is the possibility of controlling the spectral 
characteristics of the laser, in particular, the exclusion of lasing at 10 μm lines of the R-branch with 
increasing pressure and decreasing the transmission coefficient of the output mirror. 
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Fig. 2 Results of numerical calculation of the spectral composition of CO2 laser radiation. 

 
Numerical modeling of the line tuning of a small-sized CO2 laser with small changes in the cavity 

length and subsequent experimental verification showed a change in laser signatures, which is 
influenced by the operating pressure of the laser and the transmission coefficient of the output mirror. 
The results show the possibility of obtaining optimal signatures without using special selection 
elements, which is important for increasing the metrological parameters of devices based on these 
lasers. 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

115 
 

Plasma creation with  
complementary laser and microwave plasmatron 

 
A. Medvedev, P. Pinaev, A. Smirnov, G. Grachev 

Institute of Laser Physics SB RAS, 630090 Novosibirsk, Russia 
E-mail: medvedev@laser.nsc.ru 

 
In order to optimize the conditions for obtaining diamond films [1], a reactor has been created that can 
operate in three modes: microwave plasmatron, laser plasmatron, and complementary (laser and 
microwave) plasmatron [2]. Switching modes is provided by supplying power to the camera of the 
appropriate frequency range. Complementary plasmatron mode work occurs with the simultaneous 
supply of microwave 1 and laser power 2 to the reactor chamber 3. The emission of a 10.6 μm CO2 
laser 2, passing through the antinode 4 of the microwave wave of the quasi-cylindrical resonator 3 in 
the TM012 mode, where the microwave plasma is formed, is focused outside the cavity of the 
resonator, forming a coaxial core 5 in the supersonic flow of the microwave plasma 6, which makes it 
possible to control the density, temperature characteristics and composition of the components of the 
complementary created plasma. The plasmatron operates at ambient air pressure. 
 

 
Fig. 1 Diagram of the technological head in the organization of complementary microwave and laser action 
on the plasma-forming gas and calculation of electric field configuration in a quasi-cylindrical cavity, 
TM012–mode, copper, f = 2.47 GHz, P = 5 kW. Plasma simulation - graphite, σ =10-4 Sim/m, ε = 12, Еmax= 
75 кV/cm. 

 
Since the simultaneous microwave and laser action on the gas is of both fundamental and practical 

interest, the result of such action is studied in detail in this work. The microwave generator operates 
synchronously with laser pulses with adjustable amplitude, duty cycle and delay relative to the leading 
edge of laser pulses, providing the entire spectrum of necessary parameters of the background 
microwave plasma. The composition of the components of the complementary plasma and their 
characteristics are studied by emission spectroscopy methods. 

Work supported by the Russian Foundation for Basic Research (Grant No. 18‒29‒19130 MK). 
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High-resolution spectroscopy of atoms and molecules has many applications in both fundamental and 
applied science [1, 2]. Thus, it provides robust techniques for stabilization of laser radiation 
frequency. One of the widely used methods is based on saturated-absorption resonances. It usually 
uses two counterpropagating light waves with the same optical frequency . However, being 
successfully applied to development of transportable optical frequency standards (OFSs) [2], this 
method has not yet demonstrated any acceptable results in development of a miniaturized OFS that 
could be comparable in weight, size, power consumption and fractional frequency stability (Allan 
deviation, y) with microwave atomic clocks. In the past four years, however, miniature OFSs got 
their second wind after a series of publications. For instance, a two-photon spectroscopy of rubidium 
vapors was proposed and successfully implemented in a microcell-based miniature OFS [3]. 

Here we examine an alternative approach based on a dual-frequency sub-Doppler spectroscopy of 
cesium atoms [4]. A high optical frequency stability (y ≈ 2×10–12 at 1 s) was demonstrated in the 
earliest experiments with a vapor Cs microcell [5]. Furthermore, it has recently been tested in a 87Rb 
vapor cell [6]. Therefore, this approach has good prospects for development of a miniature OFS. To 
solve the problem of miniaturization, here we propose to avoid using an electro-optic modulator 
(EOM) as in [4–6]. Instead, we study a possibility of using directly-modulated distributed-Bragg-
reflector (DBR) laser diode to produce a required two-frequency regime of atom excitation. In this 
case, the light field is composed of many frequency sidebands that worsen a signal-to-noise ratio 
(SNR) of the resonance. To overcome this problem, we use a polarimetric technique for the resonance 
observation (the details will be presented at the Symposium). Fig.1 shows the obvious benefits of 
using this technique in term of a quality factor of the resonance: Q = (Amplitude/FWHM)/Noise. 

          
Fig. 1 (a) Quality factor in polarimetric technique of registration and (b) in regular absorption technique at 
different cell temperatures. 

 
The work has been supported by RFBR (Grants 20-32-90029, 20-02-00075). 
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Materials with a quadratic nonlinear optical response based on donor-acceptor organic chromophores 
with high hyperpolarizability have a great potential for creating electro-optical (EO) devices and 
developing methods for studying nanobjects [1–3]. The non-centrosymmetric orientation of the 
chromophores is obtained in an external electric field during the poling process and is preserved due 
to fixation in the host polymer matrix. To construct a material with a large macroscopic nonlinearity, 
it is necessary to achieve extremely high concentrations of chromophores in the host matrix, which do 
not lead to decrease of the nonlinear response. The "guest-host" materials like the chromophore-
polymer in the form of thin films are actively studied to establish a relationship between the structure 
of the chromophore and the nonlinear response of the material. 

The study of concentration dependence, time and temperature stability of the NLO response of 
"guest-host" films based on polycarbonate and new original synthesized dyes at high concentrations 
are considered in the report. The data were obtained in comparison with the original dyes with 
dendron substituents, which improve the solubility of the chromophore for insertion into the polymer 
matrix. 

The dispersion of the refractive indices near the chromophore absorption band was determined for 
all synthetized dyes. The concentration dependences of the refractive index and the nonlinear optical 
coefficient d33 were studied. The investigation of d33 were performed by the method of second 
harmonic generation. 

The concentration of chromophores was achieved of 3 1020 cm-3 (Fig. 1). Value of the d33 for this 
concentration was found to be 80 pm / V (at 532 nm). 
 

 
Fig. 1 Dependence of the coefficient d33 on the chromophore density N for different chromophores. Time 
stability of the nonlinear response of samples with the maximum concentrations (inset). 

 
The stability of the nonlinear response during storage of film samples at room temperature was 

checked for a month. For all dyes, a small decrease in the response of 5-7% occurs during the first 
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week, then the response stabilizes and almost does not fall off during the month of storage (Fig. 1, 
inset). 

All the samples remain stable when heated up to 100 °C, and the temperatures of the irreversible 
reduce of the nonlinear response lie in the range of 105-110 °C. 

This work was supported by RFBR 19-42-540003 grant. 
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Zirconium dioxide (ZrO2) has high thermal, chemical, and mechanical stability, as well as 
biocompatibility, as a result of which the preparation and study of the properties of nanosized 
ceramics based on ZrO2 is one of the actual tasks of materials science. Of particular interest are the 
tetragonal and cubic phases of zirconium oxide, which become stable only at temperatures above 
1170 and 2370 °C, respectively. However, such phases can be stabilized at room temperature by 
decreasing the grain size or by adding lower valence cations to the ZrO2 structure. The use of trivalent 
europium (Eu3+) as a dopant for ZrO2 allows not only to stabilize the tetragonal phase, but also to 
obtain a material with intense red luminescence. This paper presents a vaporization method under the 
action of a cw CO2-laser for producing zirconium oxide doped with europium (ZrO2:Eu3+) 
nanopowders with a tetragonal phase content up to 98%, as well as a study of the physicochemical, 
including luminescent, properties of ZrO2:Eu3+ nanopowders depending on the concentration of 
europium (0.04–6.85 wt.%). The capacity of the facility for the synthesis of nanomaterial averaged 
about 1 g/h. The preparation of a series of samples was carried out in an argon atmosphere (99.99%) 
at a pressure of 0.1 bar, as a result of which, according to transmission electron microscopy data, the 
size of the obtained nanoparticles was about 10 ± 4 nm. The shape of the particles is close to 
spherical. The experimental facility for producing nanomaterials by laser vaporization was designed 
by the authors of Ref. [1], its diagram is shown in Figure 1. 
 

 
Fig. 1 Experimental setup for laser evaporation of materials [1]. The solid arrows show the laser radiation 
direction; the dashed arrows show the gas flow direction. 

 
Using the X-ray diffraction method, it was found that the phase composition of the samples is 

represented by monoclinic and tetragonal phases and the fraction of the tetragonal phase in the 
nanopowders increases over the entire range of Eu3+ concentration from 88 to 98%. The specific 
surface area of nanoparticles, characterized by the method of low-temperature nitrogen 
adsorption/desorption, remains practically constant throughout the entire concentration series and 
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averages 93 m2/g. The temperatures of phase transitions were studied using thermogravimetric 
analysis. 

It was shown by photoluminescence spectroscopy that the red emission of the nanoparticles is 
caused by bands with maxima of about 593 and 606 nm, which correspond to the 5D0 → 7F1 and 5D0 
→ 7F2 transitions of the Eu3+ ion, respectively. The intensity of red luminescence increases up to a 
europium concentration of 3.66 wt.%. In addition, the photoluminescence spectrum of nanoparticles 
contains a broadband in the blue region, which is caused by the emission of oxygen vacancies that 
arise when zirconium oxide is doped with europium. The luminescence decay kinetics of the Eu3+ ion 
is described by a bi-exponential function, which is caused by the contribution to the luminescence of 
two types of nonequivalent Eu3+ centers located on the surface and in the bulk of nanoparticles. The 
average decay lifetime is in the range from 2.9 to 4.0 ms. The absolute quantum yield of luminescence 
reaches the highest value for a sample with a europium content of 3.66 wt.% and is 18%. 

This work was financially supported by the Russian Foundation for Basic Research (RFBR), 
Project No. 19-32-60027. 
 
References 
[1] V. N. Snytnikov, Vl. N. Snytnikov, D. A. Dubov et al., Journal of Applied Mechanics and Technical Physics 48, 2 
(2007). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

121 
 

Highly-reflecting fiber Bragg gratings  
for multimode fiber Raman lasers 

 
I.N. Nemov1, A.G. Kuznetsov1, A.A. Wolf1,2, S.I. Kablukov1, S.A. Babin1,2 

1Institute of Automation and Electrometry of the SB RAS, Novosibirsk, Russia 
2Novosibirsk State University, Novosibirsk, Russia 

 
Starting from first demonstration [1], multimode Raman fiber lasers (RFL) directly pumped by high-
power LDs are rapidly developing as a unique wavelength-agile source alternative to conventional 
rare-earth-doped fiber lasers. Its important features such as output power, beam quality and linewidth 
are mainly defined by cavity mirrors, which are usually made of fiber Bragg gratings, inscribed in 
multimode graded-index fiber (GIF) core by CW UV or femtosecond IR lasers. Here we compare 
both types and show that UV-inscribed FBGs are better for highly reflecting (HR) mirror whereas fs-
inscribed FBGs are better for output coupling (OC) mirror. Inscription and characterization of HR 
FBGs and their use in different multimode RFL configurations are presented below. 

Highly reflective FBG is fabricated by the interference method with CW UV laser: it has relatively 
low losses at high reflection although its mode selective properties are rather poor as a large part of 
the core area is illuminated at the inscription process. Low-reflection output FBG is produced by the 
point-by-point inscription technique with a femtosecond laser. Such fs-FBG inscribed in GRIN fiber 
of 62.5-m core has a narrow (~1x8 m) transverse cross-section located near the core center. In 
contrast to UV FBG with nearly the same reflection coefficient for several low-order mode groups, 
the fs FBG has a dominant peak for fundamental whereas higher order modes are suppressed by >10 
dB: resonances for these groups of modes shifted to shorter wavelengths against the main resonance 
are separated by 2 2

1Δ / ( )NA dn    where NA is the fiber numerical aperture, d is the core diameter, 
n1 is the cladding refractive index. 

Highly reflective (R~80%) fiber Bragg gratings (FBGs) of various length (1,6mm and 9mm) were 
written in graded index multimode fiber. Transmission/reflection spectra of the FBGs as dependent on 
radiational modal composition as well as generation characteristics of Raman fiber lasers with MM 
FBG acting as highly reflective mirror in its cavity were investigated. It is shown that short gratings 
have better lasing features [2]. 

Experiments on Raman lasing in 62.5-µm core GRIN fiber with such FBGs show a possibility to 
generate nearly singlemode radiation at 954 nm and has already demonstrated output power level of 
50 W at 954 with high slope efficiency (67%) in simple and reliable all-fiber configuration based on 
conventional multimode GRIN passive fiber pumped by three commercial multimode LDs at 915 nm. 
The obtained output beam quality (M2~2.6) is not far from that for single-mode RE-doped fiber lasers 
and considerably better than that for other LD-pumped Raman fiber lasers of the same power level. 
The quality improvement is provided jointly by the Raman beam clean-up effect and mode-selection 
properties of the narrow-band output FBG inscribed by fs pulses in the central part of the GRIN fiber 
[3, 4]. 

Experiments on Raman lasing in 100-µm MM GRIN fiber and further optimization of GRIN fiber 
length and pumping scheme was performed. As a result, 62 W of CW power has been obtained at a 
wavelength of 954 nm with a slope efficiency of 85%. Also achieved significant beam quality 
enhancement for the generated Stokes beam (M2s < 3) in comparison with that of the pump radiation 
(M2p > 30). Furthermore, demonstrated for the first time a high-power Raman laser with a generation 
wavelength of 976 nm, that showed (49.1 W), high slope efficiency (70%) of pump-to- Stokes 
conversion and good beam quality of the generated Stokes beam (M2 varies depending on the output 
power in the range from 1.86–2.04) [5, 6]. 

Later experiments with cascaded generation of 2nd Stokes, optimizing of HR FBGs, pumping 
scheme and fiber length allowed us to demonstrate lasing at 1019 nm in the all-fiber scheme of 
directly LD-pumped (at 940 nm) multimode graded-index fiber Raman laser with FBG cavity formed 
for the intermediate 1st -order Stokes wave (976 nm). Two different cavity schemes for the 2nd-order 
Stokes generation were investigated and it was revealed that the generated beam quality of 
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conventional RFL and random RFL is excellent in both cases and almost independent of power, 
M2=1.3-1.4, that is close to the diffraction limit. Though random Rayleigh feedback gives slightly 
better value, it is close to that one obtained with optimized output FBG [7, 8]. 

By transition from direct LD pumping to Yb-based pump laser we demonstrate a high-power 
Raman oscillator based on 62.5-µm core graded, great brightness enhancement (BE) is achieved. 
Continuous-wave power of 334 W with a M2 value of 2.8 and BE value of 5.6 were obtained at a 
wavelength of 1120 nm with an optical-to-optical efficiency of 49.6%. Output power and efficiency 
have been maximized to 434 W and 64.8%, respectively, by optimizing the cavity outcoupling in a 
way of adjusting the number of weakly reflective FBGs, while M2=3.5 and BE=4.2 at maximum 
power [9, 10]. 

All reported lasers contain HR FBG as cavity mirrors. It’s shown that spectral and modal 
properties of laser highly depend on cavity mirrors, thus enhancement of modal selectivity, 
reflectance and loss reduction will improve laser output properties and achieve better results in Raman 
lasers. 

The work is supported by Russian Science Foundation (21-42-00019). 
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Intermolecular interactions are crucial for the transport functions of albumins, so interactions with 
different agents to be transported in vivo are the subject of extensive investigation. Albumin 
conformations determine the possibilities of binding with oxygen, nitrous oxide, various metal 
complexes of biological significance. The effect of preliminary terahertz radiation on conformation 
changes in albumin molecules has already been traced as changes in albumin binding with molecular 
oxygen, in albumin-mediated NO - NO2 equilibria, and in the rates of interaction with ozone. The 
possibility to assess conformation changes in globular proteins is provided by the presence of 
paramagnetic centers in these biopolymers: the parameters of their EPR spectra (the general structure, 
hyperfine splitting constants, line width, and decay kinetics) allow one to determine chemical 
structure, mobility, oxidation state, lifetimes of paramagnetic centers formed and decayed in various 
interactions. Paramagnetic centers permanently existing in albumin molecules in aqueous solutions 
interact not only with dissolved oxygen molecules and nitrous oxide but also with the same centers of 
other albumin molecules. These kinds of interactions are strongly dependent on conformation states, 
so it could be expected that preliminary irradiation of filmed albumin preparations in the terahertz 
range (before dissolution) would affect also intermolecular binding between protein molecules. 

The goal of the work was to quantify the influence of terahertz radiation on coupling between 
albumin molecules in the presence of oxygen and in its absence. To assess the rates of intermolecular 
interactions, a quantitative EPR-based technique was applied in combination with high performance 
liquid chromatography and the methods of qualitative chemical analysis. 

Bovine serum albumin BSA (Sigma-Aldrich, lyophilized powder) was dissolved in distilled water 
to prepare a solution with the concentration 1 mg/mL, and then 0.05 mL of the solution was applied 
onto a substrate made of crystal quartz. After drying in the air, the resulting film was THz-irradiated 
in the pulse mode, with pulse duration 2–3 ps, pulse repetition rate 80 MHz, in the spectra range of 
0.2–1.5 THz, with peak power 20 mW. Irradiation time was 60 min. Then the samples were dissolved 
in deionized water for EPR investigation. EPR spectra were recorded with a Bruker EMX 
spectrometer (Bruker, Germany) within the X band. Dihydropyrazine-1,4-dioxide (DPDO) was used 
as a spin probe precursor to examine paramagnetic centers in BSA. Chromatographic studies were 
carried out with Milikhrom A-02 chromatograph equipped with an UV detector (Econova, Russia). 
Intermolecular interactions were simulated using the CS Chem 3D Pro software, version 5.0 
(Cambridge Soft Corporation, UK). 

The effects of THz radiation detected by us previously included an increase in the number of 
paramagnetic centers, lower mobility of these centers and increased adsorption of molecular oxygen 
in THz-irradiated BSA samples in comparison with non-irradiated ones [1]. A weak broad triplet (aN 
= 0.94 mT) observed in EPR spectra of the aqueous solutions in addition to rather intense signals (aN 
= 1.47 mT) related to the paramagnetic centers in BSA was attributed to a nitrogen-to-nitrogen bound 
cluster, because the hyperfine splitting constant (hsc) for nitrogen atom has changed dramatically. The 
intensity of this weak triplet was found to be affected by preliminary irradiation in the terahertz range. 
In addition to different hsc, the width of lines in the EPR spectra recorded in the differential form was 
found to decrease. This means that THz-irradiation causes an increase in the mobility of paramagnetic 
centers in BSA. This was rather unexpected result, since the mobility of paramagnetic centers 
characterized by the strong EPR signal was previously demonstrated to decrease under irradiation. A 
possible explanation of an increase in the mobility of weak paramagnetic centers under irradiation 
might be their dependence on oxygen adsorption, which was proved to be stronger in irradiated BSA 
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sample. To test this hypothesis, we studied the dependence of the weak EPR signals on irradiation in 
the absence of oxygen. Oxygen adsorption on BSA after film dissolution was found to be an 
equilibrium process, so oxygen was removed from solution by bubbling argon for 20 min. After the 
removal of molecular oxygen, the integral intensity of these weak EPR signals was detected to 
increase by a factor of 2.4 in comparison with non-irradiated BSA samples treated in the same way. 
To check whether these signals are due to the clusters formed by several BSA molecules interacting 
through the nitrogen atoms of their heterocycles or due to the interactions participated by DPDO, 
chromatographic investigation was carried out. Detection was performed by measuring the optical 
absorption at 230, 246 and 258 nm. An intense peak related to unbound DPDO was present in all 
chromatograms, though its intensity was about 20 % lower in the chromatograms of THz-irradiated 
BSA. Two very broad peaks with low intensity were detected in the chromatograms. Their absorption 
spectra were identical, but retention times differed greatly. Relying on concentrational dependencies, 
we assumed that these peaks relate to monomeric BSA and a cluster formed by two BSA molecules 
held together through rather strong hydrogen bonding. Under aerobic conditions more clusters are 
formed in non-irradiated BSA than in the THz-irradiated sample, while under anaerobic conditions 
(after removal of dissolved molecular oxygen) coupling is stronger in irradiated BSA samples than in 
non-irradiated ones. 

To determine the reasons of changes in intermolecular coupling of BSA, simulation was carried 
out to evaluate the strength of hydrogen bonds formed between different functional groups of all the 
compounds present in the system. It was shown that oxygen molecules adsorbed on BSA molecules 
occupy the same positions that are involved in intermolecular coupling. Simulation of the structure of 
cluster formed by coupling revealed that two BSA molecules are held together through SH---O2---HS 
bonds, while under anaerobic conditions intermolecular coupling is provided mainly by _S----S_ 
interactions, with a small (about 15 %) contribution from the interactions of a nitrogen atom in 
heterocycle with a hydroxyl group of another BSA molecule. Conformational transition induced by 
irradiation within the THz range removes the steric hindrance for oxygen adsorption, and removal of 
oxygen frees these positions for intermolecular coupling between BSA molecules. 

So, irradiation of biomacromolecules within the terahertz range affects the rotational and/or 
rotational-vibrational transitions in these molecules, thus inducing changes in their conformations. 
These changes affect the steric states, which simplifies or hinders the adsorption of specific agents. 
Under anaerobic conditions, these conformational changes may enhance intermolecular coupling, 
which was demonstrated experimentally for albumin molecules. The studied effects of terahertz 
waves may lead to diverse biological consequences. For example, it was reported [2] that THz 
irradiation affects cell adhesion, which may be a consequence of conformation changes in the 
structures on cell shells. A link is still to be traced from the molecular effects of terahertz radiation to 
its effects on much more complicated systems, such as cells, tissues, and organisms. 
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Microwave photonics is based on the use of laser radiation, modulated by a microwave signal, in the 
tasks of receiving, transmitting and processing information [1, 2]. The transition to microwave 
photonics provides noise immunity, information security, broadband, reduced noise distortions during 
signal processing, compact hardware implementation. This allows the creation of devices with 
parameters unattainable for traditional microwave electronics. 

For ultrafast microwave photonic systems, high-speed light modulators and demodulators are 
critical. The efficiency of such existing devices drops sharply after exceeding their critical microwave 
frequency, which for the fastest of them is about 100 GHz. 

We have proposed a nonlinear optical demodulator, the efficiency of which increases with an 
increase in the signal modulation frequency. Structurally, such a demodulator is a nonlinear optical 
planar single-mode optical waveguide inside a microstrip line (Fig. 1). 
 

Fig. 1 Planar nonlinear optical waveguide with strip line. 
 

Both a modulated signal light wave and a much more intense light pump wave, the frequency of 
which coincides with the carrier frequency of the signal wave, are fed to the input of the waveguide. 
As a result of the nonlinear optical interaction of these waves, a microwave is formed that propagates 
along the strip line in the same direction. Due to the fact that the intensity of the pump wave is much 
higher than the intensity of the signal wave (which means that in the process of nonlinear optical 
conversion it can be considered constant), the amplitude of the microwave turns out to be linearly 
related to the amplitude of the modulated light wave. Therefore, in such a demodulation scheme, there 
are no nonlinear distortions. 

The theoretical calculation of the nonlinear optical demodulation process was carried out in the 
approximation of slowly varying amplitudes. The polarizations of all waves were considered linear 
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and oriented orthogonally to the planar waveguide. In this case, the nonlinear optical transformation is 
carried out due to the components of the second order nonlinear susceptibility tensor of the optical 
waveguide core, which are the largest in magnitude. For the case of harmonic amplitude modulation 
of a signal wave, the description of the demodulation process is reduced to solving a coupled system 
of 3 linear ordinary differential equations of the 1st order. 

Quantum efficiency η of the proposed nonlinear optical demodulator can be represented as 
follows: 

η = η |G| sin
푧

√퐺퐿
, 

where 푧 is the modulator length, 퐿 = 32휋
Ω

 Ω 휒( )(0; 휔, −휔)  is the nonlinear interaction 

length,  퐺 = 1 (푔 + 푞 )⁄ ,  η = 1 + 푘 푘⁄  휒( ) 휒( )   [퐴 퐴∗ 퐴∗⁄  퐴 ] , 퐴, 퐴 , 퐴  are the 
amplitudes of the pump wave and modulated waves with frequencies 휔, 휔 + Ω, 휔 − Ω and wave 
vectors 푘, 푘 , 푘 , respectively; 휒( ) = 휒( )(−Ω; −휔, 휔 + Ω), 휒( ) = 휒( )(−Ω; 휔, −휔 + Ω); 

 푔 = 휒( ) 휒( ) ∗
− (푘 푘⁄ ) 휒( ) ∗

휒( ) 휒( ) , 휒( ) = 휒( )(−휔 − Ω; 휔, Ω), 휒( ) =

휒( )(−휔 + Ω; 휔, −Ω), 푞 = 푣 − 푉 Ω퐿 /2; 푣  and 푉  - are the group velocity of the pump 
wave and the phase velocity of the microwave; 푛  and 푛Ω are refractive indices at the respective 
frequencies. 

For small values of the argument of the function sin (푥), the quantum efficiency η = η ; 
so it quadratically depends on the length of the demodulator 푧 and increases linearly with increasing 
modulation frequency Ω. With negative 퐺 values, the sine becomes hyperbolic. As a consequence, the 
intensity of the microwave and the quantum efficiency of the demodulation process increase 
exponentially with the increase in the length of the demodulator. 

The study was supported by the Ministry of Education and Science of the Russian Federation 
(project ‘II.10.2.1. Photonics of micro- and nanostructured media’ state registration No. AAAA-A17-
117060810014-9). 
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The negative biaxial crystal of bismuth triborate (BiB3O6) belongs to a non-centrosymmetric 
monoclinic space group C2. BIBO is a promising nonlinear optical material that was demonstrated as 
an ultraviolet radiation source, a second harmonic generator, and a parametric frequency converter of 
ultrashort pulses [1]. Its dielectric x-axis coincides with crystallophysical Y-axis (crystallographic 
b-axis) and the angle ϕ between the axes z and X is about 47° [2]. We have previously shown that the 
crystal is sufficiently transparent in the range below 2 THz and exhibits noticeable birefringence [3]. 
However, due to the small thickness of the samples, we could not reliably measure the absorption 
coefficient. In this work, samples with a thickness of 5 mm were studied. We refine the absorption 
coefficient of the crystal and obtain some new data on the optical properties of the BIBO at terahertz 
frequencies. 
 

 
Fig. 1 Measured refractive index of BIBO crystal in the sub-THz range. 

 
The absorption coefficient in the sub-THz region was found to be less than 0.5 cm-1 for all axes. 

We have measured ϕ angle using TeraScan frequency-domain spectrometer (Toptica photonics) 
having linewidth of about 10 MHz. The measurements were carried out with the crossed high-quality 
polarizers (the contrast > 105). It was shown that the dielectric frame xyz in the sub-THz is rotated 
more than 6 degrees from the visible with the dispersion of about 5 degrees. The phase-matching 
curves were simulated showing the optimal value of the angle θ to be around 25.5°±1° for a 
millimeter-wave generation under the pump of 1064 nm laser radiation. 

In comparison with well-known β-BBO, or LBO crystals, BIBO shows the highest nonlinear 
coefficients and the lowest absorption in the THz range, which in turn positions it as a promising 
downconverter of high-power laser radiation. 
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At the present time, one of the most stable frequency standard is the optical frequency standard based 
on single trapped and laser-cooled ions. In such setups, strongly forbidden transitions with a narrow 
spectrum are used as reference optical frequencies. 

We report experiments on determining of ion heating rate and 3D simulations of electric fields 
inside the ion trap. One of the ways for suppressing the parasitic field is also considered in this work. 

For trapping single Yb-171 ion miniature quadrupole radiofrequency Paul trap is used. The 
quasicycling 2S1/2 (F=1) → 2P1/2 (F=0) electric dipole transition with natural linewidth of 23 MHz at 
370 nm is used for Doppler cooling and detection of the ion. 

To obtain information about heating rate of the ion in the trap, the signals of the fluorescent ion 
(after some time without using of cooling laser) were recorded using a PMT (photomultiplier). In the 
result, for current configuration of the trap electrodes we got the heating rate of trapped ion. 

Because of design of the ion trap a holder of endcap electrodes produce distortion of quadrupole 
shape of trap potential. To avoid this effect, we can use shielding plates that will shield RF radiation 
emitted from the holder. Simulations was conducted to show that shielding reduce parasitic electric 
RF filed caused by endcap electrodes holder. 

In the current ion trap design shape of the electrodes are conical, but this shape produces 
difficulties in processing of electrodes, meaning that processing of flat surface can be polished with 
more precision. Simulations for the case of flat electrodes show no effect on the shape of quadrupole 
potential when conical electrodes were replaced. 

The reported study was funded by RFBR according to the research project № 20-32-90135. 
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At the Institute of Laser Physics of SB RAS a multiterawatt femtosecond diode-pumped system with 
pulse repetition rate up to 1 kHz based on all diode-pumped Yb3+-doped media is developed [1]. The 
base stage of laser amplification channel is a diode-pumped cryogenically-cooled amplifier [2]. The 
operating temperature of the Yb:YAG active-mirrors at the maximum pump power is close to 120-
130 K. To study a complicated character of thermal and amplification processes in case of Yb:YAG 
active medium at low temperatures the three-dimensional non-stationary model based on balance 
equations and the thermal conductivity equation was enhanced by wavelength dependencies of active 
medium properties. Also, the model was introduced to take into account the effect of amplification of 
spontaneous emission. 

The dependencies for gain coefficient at 250, 500 and 1000 Hz pulse repetition rates were 
calculated and experimentally measured. It is shown that the gain coefficient much higher in case of 
single frequency amplification model in contrast with experimentally obtained. The simulation data is 
in good agreement with the experimental results, which confirms the correctness of the enhanced 
model of laser amplification. The results allow one to optimize the parameters of cryogenically cooled 
amplifiers with high power diode pumping. 

The reported study was funded by RFBR, project number 20-02-00529-а, RFBR and Novosibirsk 
oblast government according to the research project № 19-42-543007. 
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One of the important directions in the problems of modern acousto-optics is considered - acousto-
optic interaction at infra-low frequencies. To date, various methods have been developed for discrete 
point control of infrasound in the atmosphere using microphone sensors. Laser lines, used as 
continuous pressure sensors, can operate in the atmosphere on linear paths up to a thousand meters 
long, while being subjected to simultaneous pressure P (t) from the infrasound along the entire length 
of the line. This causes a change in the speed and frequency of propagation of laser pulses due to a 
change in the refractive index of air ni [1]. 

The paper considers an approach to increase the sensitivity of these parameters to acoustic-optical 
conversion at infra-low frequencies through the use of modern small-sized frequency standards with 
stability up to 10-16. This expands the possibilities for estimating the dynamics of the parameters of 
the refractive index ni, when laser pulses propagate with a frequency of F and along a surface path of 
length L [2]. 

As is known, the propagation time of a laser pulse Tp depends on ni, and it, in turn, depends on the 
temperature T, pressure P(t), aerosol A(t) and gas G(t) composition of the atmosphere along the path 
L. On short paths with a length of about 1 km, the rate of change of these parameters is more than 
hundreds of milliseconds (the period of the frozen atmosphere), with the exception of the rapid 
change in P (t) caused by acoustic infrasonic oscillations. Thus, if we measure the propagation time or 
frequency of pulses Fp at periods less than hundreds of milliseconds, it is possible to estimate the 
effect of variable acoustic pressure P a on the change in Fp. 

To assess the characteristics of the laser method for detecting and measuring infrasound, stands 
have been developed and measurements are carried out on the mountain routes of the NIP "Kaitanak" 
and at the stand of the laboratory building of the ILP SB RAS, where a dotted line of infrasound 
sensors is connected in parallel. In experiments, modulated laser radiation at a wavelength of 808.2 
nm is transmitted simultaneously through two channels - atmospheric and fiber-optic. In this case, 
synchronous transmission of pulses with a relative frequency stability of 10-11 from the 5 MHz 
frequency standard is used. 

 
Fig. 1 Oscillogram of the coincidence of pulses that have passed the atmospheric path (first pulse) and 
optical cable (second pulse). Scale 50 ns /cell. 
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In accordance with the calculated estimate, confirmed experimentally, the flow of laser pulses 
through the atmosphere has a leading time shift Z (t) = 4.8×10 -8 s with respect to the flow of pulses 
through the fiber-optic channel. (Fig. 1). Evaluation of the characteristics at a wavelength of 532 nm 
of laser speckles at the exit of the atmospheric and fiber channels showed a rapid fluctuation of the 
speckles at the exit of the atmospheric line. 

Measurements of the characteristics of the shift Z(t) by the methods of precision frequency 
measurement make it possible to estimate the parameters of the infrasound. The use of an ultraviolet 
line with a wavelength of 380 nm at the stand in the future [3] will improve the assessment of the 
dynamics of the parameters of acoustic vibrations by increasing the time shift. 

The development of this method opens up the possibility for high-precision spatial laser scanning 
and measurements of acoustic fields by monitoring the dynamics of fields and objects in the 
monitoring area. This will increase the predictability of dangerous manifestations of anthropogenic 
and natural processes. 
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Rapid progress in the field of optical clocks led to its application in different fundamental and applied 
problems [1]. For many tasks like geodesy and navigation, transportable devices are required. Such 
devices are being developed all over the world based on different platforms. Devices based on neutral 
atoms tend to have higher stability, and single ions optical clocks are usually more robust. 

One of the prospective platforms for transportable optical clocks are neutral thulium atoms due to 
unique properties of the λ = 1.14 μm clock transition with a linewidth of γ = 1.2 Hz. Previously, we 
demonstrated that clock transition in thulium atoms has ultralow blackbody radiation (BBR) shift 
(2.3(1.1)×10-18 at T = 300 K [2]). Operating protocol [3] allows us to completely suppress frequency 
shift associated with magnetic field. The magic wavelength near λ = 1.064 μm enables the use of 
stable high-power laser to form optical lattice. 

In this work, we describe a new compact system for thulium transportable optical clock, 
demonstrate trapping of atoms in a magneto-optical trap (MOT) in this system, and optimize loading 
parameters. Due to small BBR shift of the clock transition, the atomic oven can be close to the MOT 
capturing area without significant influence on the clock transition frequency. In the developing 
system, the Zeeman slower is removed and the atomic oven is placed at a distance of 11 cm from the 
MOT region. Removing the Zeeman slower allows us to decrease the size of the vacuum chamber to 
60x30x30 cm3, and vacuum volume to 5 litters. 

The effective capturing of atoms using traditional 6 cooling beams directly from the atomic flux 
was demonstrated. Usage an additional counter-propagating to atomic flux laser beam with an 
additional coil allows us to pre-decelerate atoms and increase the capturing rate. Total optical power 
used in the experiment is 18 mW. The number of captured atoms is up to 1 million in 6-beam scheme 
and up to 13 million atoms with the additional beam. Typical number of atoms in optical clock 
experiments is of the order of 1 million, that our setup can be achieved in 100 ms. The lifetime of 
MOT was measured to be 1s. 

 
Fig. 1 The loading and the loss dynamics of 6-beam (circles) and 7-beam (stars and triangles) MOTs. The 
legend shows time constants inferred from fits. Number of atoms in millions. 

 
These results show that the designed system can be a used for transportable thulium optical clock. 
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Photon echo induced by collisions was generated at the transition 174Yb (6s2) 1S0 ↔(6s6p) 3P1 (type 
0↔1) by two pulses of resonant radiation with linear mutually orthogonal polarizations in the 
ytterbium vapor mixed with buffer gases He, Ne, Ar, Kr, Xe. 

The nature of collision relaxation anisotropy lies in the dependence of collision relaxation rate on 
the velocity of active atom. For the transition 0↔1, the relaxation rate of transition dipole moment 
can be presented by two components: the component in parallel to active atom (in our case 174Yb) 
translational velocity Γ0+iΔ0, and the orthogonal one component Γ1+iΔ1 [1]. Anisotropy parameter 
λ=Γ0+iΔ0−Γ1–iΔ1 is determined as the difference between these decay rates. The real parts are 
corresponding to homogeneous broadening of the transition due to collisions with buffer gases, and 
the imaginary parts are responsible for the collision-induced shift of the transition 0-1 in 174Yb atom. 
The quantity |λ| determines the amplitude of photon echo induced by anisotropy of collision 
relaxation. 

The first experimental registration of collision-induced photon echo was made in [2]. Later [3], the 
non-monotonous collision-induced photon echo decay kinetics was investigated (Fig.1a, b). This 
kinetics was approximated by formula PcolPE (|λ| )4 · exp(−4γ), where  is time delay between 
exciting pulses, and γ is isotropic collision broadening of the transition. In the same gaseous mixtures, 
the conventional (generated by two pulses with identical linear polarizations) photon echo kinetics 
was exponential one, approximated by formula PPE exp(−4γ). 

   
a b c 

Fig. 1 Non-monotonous kinetics of collision induced photon echo generated in mixtures Yb + rare gases 
(a,b); dγ/dp for homogeneous spectral line broadening due to collisions of 174Yb atoms with buffer atoms (c). 

 
The values |λ|/γ determined experimentally varied from 0.15 till 0.20 (accuracy 0.08) for buffer 

gases Ne, Ar, Kr, Xe and increased with buffer atom mass. Both anisotropy parameters |λ| and 
homogeneous broadening values γ increased   linearly with buffer gas pressure p. The decay of both 
types of photon echo are determined by homogeneous broadening γ. Corresponding decay constants 
found experimentally dγ/dp proved the same. The increase of dγ/dp with buffer atom mass is shown in 
Fig.1c. 
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The study of the space plasmas and the processes occurring in the space environment is a rather 
complex task. One of the methods to investigate these objects is laboratory modeling with keeping of 
the dimensionless parameters characteristic of the processes. One of the processes well suited for 
laboratory modeling is the study of mini-magnetospheres [1] formed by the Solar wind (SW) around 
the areas of local magnetization of the lunar surface, the so-called Lunar magnetic anomalies (LMA). 

One of the most important parameters determining the interaction of the LMA with the SW is the 
Hall parameter D=Rb/Lpi, relating the size of magnetosphere with ion inertia length. It is assumed 
that in the strongest LMA there is an area with a height of about 10 km, partially protected from direct 
penetration of SW plasma, and the distance to the pressure balance point between the SW pressure 
and the magnetic field of the LMA is about 30 km [2, 3]. Taking into account the value of inertial 
length of SW ~ 100 km, the Hall parameter (D) above the LMA is significantly less than unity and 
approximately equal to 0.3. In this work, the conditions D≈0.5 were realized (Table 1), which are 
quite close to the real interaction of the solar wind plasma with the LMA. 
 

Interaction 
regime n, cm-3 V, 

km/s 
μВ, 

G×cm3 Lpi, cm Rb, cm D Kn 

High pressure 4.5×1011 60 1.7×105 33,9 23,5 0,69 31 

Low pressure 2×1011 30 1.7×105 50,8 33,9 0,66 3 
Lunar mini-

magnetosphere 10 300 ~1,8×1012 ~107 3×106 0,3 ~107 
Table 1 Dimension and dimensionless parameters of the laboratory experiment and typical lunar mini-
magnetosphere. Column designations (from left to right): ion concentration, average velocity, magnetic 
moment, ion plasma length, distance to the pressure balance point, Hall parameter, Knudsen number. 

 
The experimental results presented show the structure of mini-magnetosphere around quadrupole 

magnetic field, particle fluxes. In particular, the reflected flux of ions was measured (Fig. 1), and the 
obtained value appears to be comparable with available satellite observations, which gives grounds 
for further research. Also, a direct comparison with numerical kinetic modeling for verification of 
existing codes can be of great importance [4]. 

The work was supported by the RFBR projects 19-02-00993 and 18-29-21018, as well as within 
the project of the Ministry of science and higher education of the Russian Federation 
(№121033100062-5). 
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Fig. 1 Spatial distribution of the fraction of reflected ions along the line of collectors’ motion. Data for 
nearest collector are shown by black circles for the wind of high pressure and by gray circles for the wind of 
low pressure. Black squares show data for the distant collector for the wind of low pressure. The dotted gray 
curve shows the average level of reflection measured by the distant collector for the wind of high pressure. 

 
References 
[1] I. F. Shaikhislamov et al., Advances in Space Research 52(3), 422 (2013). 
[2] Q. Wang, J. Cui, D. Wang, Advances in Space Research 50(12), 1600 (2012). 
[3] C. Lue, Y. Futaana, S. Barabash et al., Geophysical Research Letters, 38(3), L03202 (2011). 
[4] J. Deca, A. Divin, A. Lembège et al., Journal of Geophysical Research-Space Physics 120.8, 6443 (2015). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

136 
 

CPT resonances in multifrequency field 
 

K. Savinov1, A. Dmitriev1,2, A. Krivetsky1 
1Novosibirsk State Technical University, 630073, Novosibirsk, Russia 

2Institute of Laser Physics SB RAS, 630090, Novosibirsk, Russia 
E-mail: K.N.Savinov@yandex.ru 

 
Since the inception of masers and lasers, continuous work has been carried out to improve the stability 
of quantum frequency standards [1]. One of the most widespread are rubidium clocks based on CPT 
resonances, which were predicted in [2] and almost immediately recorded in a cell with sodium atoms 
[3]. 

One of the main factors affecting the stability of frequency standards is light shift. To reduce the 
light shifts of CPT resonances, it was proposed to use multifrequency radiation of a femtosecond laser 
[4]. However, there are no data on successful experiments. This is apparently due to the fact that the 
emission spectrum of a femtosecond laser is many times larger than the width of optical transitions 
used to pump CPT resonances, which leads to a low signal-to-noise ratio. 

It was proposed to use as a pump multifrequency radiation, the spectrum of which coincides with 
the optical lines of rubidium. Such a spectrum was realized in a diode laser with an external cavity 
[5]. 

In this paper, we present the results of experiments on the registration of CPT resonances in the 
absorption in a cell with rubidium-87 under multifrequency pumping by a diode laser with an external 
cavity. 

A diode laser with a wavelength of 795 nm and a threshold current of 55 mA was used as a pump 
source. The laser radiation frequency was set near the frequency of optical transitions, which 
corresponded to an injection current of 75 mA. The frequency of the microwave generator was 
scanned around a value equal to half the clock transition frequency (3.417 GHz). Additional FM 
modulation at a frequency f0 (9 MHz) made it possible to create multifrequency radiation. The 
structure of the emission spectrum in the sidebands and carrier was recorded using a heterodyne laser 
(Fig. 1). 
 

 
Fig. 1 Emission spectrum in the LF (a), carrier (b) and HF (c) bands under the combined action of 
microwave (3.417 GHz, 16 dBm) and VHF (9 MHz, -8 dBm) modulation. 

 
The spectrum on each of the side and carrier bands contains several VHF components spaced from 

each other by the modulation frequency (9 MHz). 
CPT resonances arise when the frequency difference between the interacting components is equal 

to the clock transition frequency. It is easy to show that the interval between CPT resonances is equal 
to f0/2. 

At a modulation frequency of 9 MHz, resonances of maximum amplitude are observed at a 
deviation of -8 dBm. With a further increase in the modulation power, the amplitudes of all 
resonances decrease. 

In fig. 2 shows the CPT resonance record (a) and the differential signal obtained from it (b). 
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Fig. 2 CPT resonances (a) under only microwave modulation (grey line) and under simultaneously action of 
microwave and VHF modulation (black line) and derivative of this signal (b). Frequency of microwave 
modulation scanned with deviation equal 5 MHz for both case. 

 
At a frequency of 3.417 GHz, a CPT resonance with a width of about 1.5 kHz was recorded. There 

are also two side resonances spaced from the central one by an interval of f0/2 in this case equal to 4.5 
MHz. With an increase in the VHF modulation amplitude, the amplitude of the central resonance 
decreases. 

In this way, when rubidium cell pumped by a diode laser, the injection current of which is 
modulated simultaneously by microwave and VHF signals, CPT resonances are recorded in the 
absorption, spaced from each other by an amount equal to half the VHF modulation frequency. 

This work was supported by a grant of the RF Ministry of science and education within the basic 
part of the state assignment No. 3.6835.2017/8.9. 
 
References 
[1] T. Quinn, Metrologia 42, 1 (2005). 
[2] E. Arimondo, G. Orriols, Lettere Al Nuovo Cimento 17, 333 (1976). 
[3] G. Alzetta, A. Gozzini, M. Moi, G. Orriols, IL Nuovo Cimento 36, 5 (1976). 
[4] E. Baklanov, S. Bagaev, A. Dmitriev et al., Laser Phys. 24, 074007 (2014). 
[5] A. Isakova, K. Savinov, N. Golovin et al., Rus. Phys. Jour. 63, 171 (2020). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

138 
 

Towards to Ytterbium compact optical clock 
 

A. Semenko, D. Sutyrin, G. Belotelov, S. Slusarev 
VNIIFTRI, Mendeleevo, Russia 
E-mail: av_semenko@mail.ru 

 
At this moment the best optical clocks have reached an uncertainty lower than 10-18 [1]. This fact 
opens new opportunities to use such systems for applied and theoretical physics. Optical clocks can be 
used to measure the gravitational potential of the Earth. The results will help to create an accurate 
map of the gravitational field; to improve the accuracy of navigation systems; to synchronize 
geographically separated frequency standards to form an international time scale; to make 
measurements in the field of theoretical physics (for example, the test of Einstein's general theory of 
relativity). Due to the uncertainty of the gravitational potential at the location of the optical clocks, as 
well as other effects (movement of tectonic plates, the ebb and flow of the oceans, the influence of 
atmospheric pressure, etc.), it becomes necessary to use the optical clocks on a space satellite. In 
Russia and abroad, transportable optical clocks are developing. 

Transportable optical clocks can be used to measure the difference in heights of two systems 
located at different points on the earth's surface. We are developing transportable optical clocks based 
on ultracold Yb atoms. Laser cooling wavelengths for Yb allows to use a compact commercial diode 
lasers. For our project the vacuum chamber (Fig. 1, a) and optical frequency distribution scheme for 
first and second cooling stages, detection and Zeeman slower were designed. For stabilization of 
optical frequencies we used a specially designed system based on ULE cavities [2]. This system 
allows to stabilize several lasers in one time by locking to high-quality ULE cavity. 

 
Fig. 1 Vacuum chamber (a) and blue MOT (b) 

 
To measure height difference with accuracy about 10 cm it is necessary to rich uncertainty about 

1·10-17. Stark shift of lattice laser is one of the main causes of undefined systematic error. Our 
calculations for optical spectrum of the our lattice laser optical spectrum shows that amplified 
spontaneous emission in Yb optical clock may leads to a relative frequency light shift up to 2·10-14. 
This frequency shift could be reduced by using an optical fiber and optical filter. We also started to 
study the influence of lattice laser field polarization, intensity and wavelength on frequency 
uncertainty in detail. The polarization is affected by the stress in the vacuum chamber windows. The 
frequency shift due to intensity is minimized at a certain frequency detuning from the “magic 
wavelength”. 

At this moment the blue MOT (Fig. 1, b) was obtained. Total power of cooling beams is 14 mW 
(frontal and two lateral directions). Magnetic field gradient is 50 G/cm. Now we are working on a 
two-color MOT to reduce magnetic field gradient [3]. Portable optical clock with single-beam MOT is 
under development. A model for such a system was created. We use a conical reflector or diffraction 
grating to obtain 1-D MOT. 
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Technologies based on the use of terahertz (THz) radiation are actively developed and implemented in 
various areas of human activity including diagnostic and therapeutic medical practices. First of all, 
this raises the issue of biosafety of these technologies which is closely related to the problem of 
biological activity of THz radiation itself. In this area, the effects associated with changes in gene 
activity are the most important and critical. 

Non-thermal effects of THz radiation on the integrity and activity of the genetic apparatus had 
been proven many times [1] and it is being actively studied, while the tools for assessing such effects 
require increasingly advanced approaches. The living cell-based biosensor technologies are of 
particular interest: firstly, they have important advantages in comparison with the classical molecular 
genetic methods [2], and secondly, they are a completely new direction in the THz biomedical 
science, since only our studies [3–6] are known to date. 

For the development THz-sensitive fluorescent biosensors based on Escherichia coli (E. coli) cells, 
the hybrid genetic plasmid constructs that combined the promoter of the THz-sensitive gene and the 
structural gene of the green or yellow fluorescent protein, were created. At this stage, the basic 
plasmid vectors pTurboGFP-B and pTurboYFP-B (Evrogen, Russia) were used; the promoters of the 
THz-sensitive genes were selected based on the genome-wide RNA sequencing screening data [7]. In 
the next stage, the obtained constructs were introduced into E. coli strain JM109 cells. The biosensors 
thus obtained were tested under THz irradiation with “Novosibirsk Free Electron Laser” facility 
(Budker Institute of Nuclear Physics of the Siberian Branch of the Russian Academy of Sciences) [8]. 
Additionally, the effect of heat shock or chemical stress on the biosensors was investigated. In all 
cases, the fluorescence parameters were analyzed at excitation and emission wavelengths of 485 and 
535 nm, respectively. 

Four biosensors were obtained, the fluorescence of which reflects the activity of four different 
gene promoters and changes in the following four cellular functions: biofilm formation, 
multicomponent anti-stress protection, digestion of chitobiose and cellobiose, serine and threonine 
metabolism. Under the irradiation conditions used (frequency 2.31 THz, pulse repetition rate 5.6 
MHz, pulse duration 100 ps, average power density ∼0.14 W/cm2; biosensors in the form of liquid 
suspension cell cultures with a volume of 50 μl, irradiation heating of samples to 37°C, and duration 
of treatment 15 or 30 min), all obtained biosensors were activated for a long time (up to 4.5 h after 
THz exposure) compared to the control (heating to 37°C in the air thermostat). Taking into account 
the data on the absorption of THz radiation by aqueous media [9], the use of a special cuvette 
(described in more detail in [3]) set the sample thickness to 40 μm (in the direction of radiation 
propagation) and thus ensured THz exposure of the aqueous cell suspension in its entire volume. At 
the same time, the THz irradiation under the described conditions had no effect on cell survival and 
on the number of hybrid plasmid constructs in the cells. 

In additional experiments, it was shown that there is no reaction of biosensors (fluorescent 
response) when exposed to an elevated temperature, namely, thermostating at 42°C for 30 minutes 
(the optimal temperature for E. coli cells is 37°C). When chemically acting on biosensor cells 
(hydrogen peroxide, phenol, etc.), the response of biosensors is almost always absent (with rare 
exceptions, when the activation of the promoter was caused by its natural specific response of the cell 
to the stress). 
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The obtained THz-sensitive fluorescent biosensors can be used in scientific work to assess the 
activities of several gene promoters in living cells and changes in the corresponding cellular functions. 
Moreover, these biosensors are applicable to the development of environmental THz radiation-
monitoring systems. 
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Sulfur hexafluoride (SF6, elegas) is an effective gas insulator widely used in the electric power 
industry, as well as one of the most dangerous “greenhouse” gases. The sensitivity of commercial SF6 
leak detectors is ~1 ppm SF6, which is often not enough to detect small leaks and quickly measure 
mass SF6 leakage. 

Among the various modern methods of gas analysis of the atmosphere, the method of laser photo-
acoustic (PA) spectroscopy [1] has high sensitivity and efficiency, and allows real-time analysis. The 
method is based on measuring the absorption of laser radiation pulses by molecules of the studied gas 
using photo-acoustic detectors (hereinafter - PAD). To implement this method in practice, it is 
necessary to hit the laser radiation wavelength in the absorption band of the gas under study. 

Sulfur hexafluoride has a broad, strong absorption band centered at ~948 cm-1 (λ ≈ 10.55 µm) [2], 
which coincides with the central emission lines of CO2 laser in the 10P band near 10.6 µm. This 
makes it possible to build a highly sensitive PA gas analyzer of SF6 [3] based on a small-sized RF-
pumped waveguide CO2 laser and a resonant differential PAD. Fig. 1 shows an optical diagram of 
laser PA gas analyzer for SF6 with a dynamic range of concentration measurements of ~10 decades 
(from ~0.1 ppb to 100% SF6). 

A resonant differential PAD [4, 5] was used in the PA gas analyzer of SF6. This detector is an 
upgraded version of the differential PAD [6] (Miklos’s scheme), which was proposed to suppress the 
noise of air pumping through the PAD. The detector housing (see Fig. 1) contains two parallel 
acoustic resonators (Ø9×90 mm), separated by a thin partition (1 mm). The ends of the acoustic 
resonators on both sides connected to the buffer cavities (Ø20×8 mm). 

In the middle of each acoustic resonator of the differential PAD, there is one electret microphone 
(see Fig. 1), which register pressure oscillations that occur inside the PAD due to the absorption of 
CO2 laser pulses by SF6 molecules. In one of the acoustic resonators opposite the microphone, a 
small-sized piezoelectric sound emitter (SE) is installed, which is used to excite the natural acoustic 
oscillations of the detector and determine the current lowest resonant frequency of the differential 
PAD (f1 ≈ 1750-1780 Hz) practically in real time (less than 0.1 s) [7]. 

 
 

Fig. 1 Optical scheme of the laser PA gas analyzer of SF6 
[8]: RF - RF pump oscillator; PAD - resonant differential 
photo-acoustic detector; Ref - sealed gas-filled cell; SE - 
sound emitter; T° - temperature sensor; Mid - PA-
detector of middle concentrations; DA - differential 
amplifier; Pump - air pump. 

Fig. 2 Fragments of SF6 concentration measurement (1 min 
each) in various gas mixtures: 0-1 - 1000 ppm SF6;  
1-2 - 40 ppm SF6; 2-3 - pumping air (0.6 LPM) with an 
admixture of 75 ppb SF6; 3-4 - background signal of PA gas 
analyzer when pumping room air (0.6 LPM); 4-5 - readings 
of PA gas analyzer in the background subtraction mode 
when pumping room air (0.6 LPM). 

 
Fig. 2 shows the fragments of the experimental records of the response of PA gas analyzer (at 

integration time 0.1 s) at various concentrations of SF6. The threshold sensitivity of this PA gas 
analyzer was ~0.1 ppb SF6 (background signal in the background subtraction mode) with the standard 
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dispersion ~10 ppt SF6 (at integration time of 10 s). The dynamic range of the optical scheme in the 
Ref-Mid-PAD combination was from ~0.1-1 ppb to 1000 ppm SF6. It has been shown experimentally 
that by normalizing the absorption signals in a PAD to the absorption signals in a gas-filled Ref-cell, it 
is possible to practically get rid of the effect of spontaneous tuning of the wavelength of the 
waveguide CO2 laser emission near ~10.6 μm. To ensure a high sensitivity of PA gas analyzer (ppb 
level), the minimum average radiation power of waveguide CO2 laser should be at least ~150 mW. 

With an increase in the relative fraction of SF6 (χ = nSF6/n) from 0.1% to 100% in the analyzed gas 
mixture (nitrogen, air), the lowest resonance frequency of the differential PAD f1(χ) noticeably 
decreases (see Fig. 3). This effect is associated with a change in the speed of sound with an increase in 
the concentration of SF6 (relative molecular mass is 146.06) [9]. In our case, the lowest resonant 
frequency PAD f1(χ) is proportional to the speed of sound in the analyzed gas mixture. Then the 
measurement of the relative fraction of SF6 (χ) can be realize using the expression: 

χ = CHC·[ε(χ) – ε(0)], 
where CHC(N2, air) = [ε(1) – ε(0)]–1 is the calibration factor of gas analyzer at high concentration of 
SF6 (0.1-100%); parameter ε(χ) = Tg/f1

2(χ); Tg is the temperature of the gas mixture (°K); ε(0) and ε(1) 
are the values of parameter ε(χ) for air (or N2, index 0) and pure SF6 (index 1), respectively. 

  

(a) (b) 
Fig. 3 Fragments of the response of resonant differential PAD near its lowest resonant frequency (f1) when 
the detector is filled with gas mixtures with different SF6 content: 1 - air; 2 - nitrogen; 3 - a mixture of N2 + 
0.1% SF6; 4 - a mixture of N2 + 1% SF6; 5 - a mixture of N2 + 10% SF6; 6 - 100% SF6. 

 
Experiments have shown that in the range of changes in the relative SF6 concentration of 0.1-

100%, the value of the calibration coefficient Cs1(xSF6) has a nonlinear character associated with a 
change in the value of γ = CP/CV from 1.4 (nitrogen, air) to ~1.1 (pure SF6). Therefore, to operate a 
PA gas analyzer in the range of 0.1-100% SF6, it is necessary to pre-calibrate the response of 
differential PAD (lowest resonant frequency f1, temperature Tg) using test gas mixtures with different 
SF6 content in the air and nitrogen. 

Thus, the experimentally demonstrated the possibility of measuring the SF6 concentration in the 
range from ~0.1 ppb SF6 to 100% SF6 (~10 decades) using the developed laser PA gas analyzer. The 
innovative optical scheme of the PA gas analyzer contains a combination of Ref-Mid-PAD detectors 
(for range ~0.1-1000 ppm SF6), which virtually eliminates the effect of spontaneous wavelength 
tuning of the waveguide CO2 laser operating in the free-running mode near 10.6 µm. To measure high 
concentrations (range 0.1-100% SF6), the experiments used the effect of changing the lowest 
resonance frequency of the differential PAD (f1) with increasing SF6 concentration (when CO2 laser 
not used). 
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In the nearest years, the modulation frequencies in optical communication lines (λ=1.5 microns) are 
expected to increase to 0.1—0.3 THz. At these frequencies, silicon electronics devices become 
inefficient, and therefore nonlinear optical methods of signal processing are proposed. Thus, the 
search for suitable materials, appropriate for solving this problem is relevant. 

GaSe can be a promising material, since it has a high nonlinear coefficient d22=54 pm/V, high 
thermal conductivity, sufficient transparency at λ=1.5 mkm and in the sub-terahertz (sub-THz) range. 
It is also suitable for creating planar structures by molecular beam epitaxy, which is promising for 
integrated optical devices. The disadvantages of the crystal are almost zero hardness on the Mohs 
scale and a large number of structural defects. The disadvantages can be compensated by doping the 
crystal with sulfur elements, which, on the one hand, increases the hardness, reduces the number of 
defects, but at the same time leads to a decrease in the nonlinear coefficients of the crystal. 

In this regard, the aim of this work is to find the optimal degree of doping of a GaSe crystal with S 
elements for the detection of sub-THz radiation using femtosecond laser pulses with a wavelength of 
1.5 mkm. 

For the study, several samples of the composition Ga50%Se50-x%Sx% were made at the IG&M SB 
RAS, where x takes the values: 0, 1, 5, 6, 8, 11. The atomic occurrence of sulfur was determined by 
the EDRS SEM method. A pulsed THz spectrometer based on a femtosecond fiber erbium laser has 
been assembled at the IA&E SB RAS. The generator of THz radiation is an InAs semiconductor in a 
magnetic field of 0.8 T. Detection of THz radiation is based on the Pokkels effect in a GaAs crystal of 
orientation (110). 

Beforehand the optical and THz refractive indices for each GaSe:S sample were measured, the 
coherence length lc was calculated for detecting a band up to 1.5 THz, which was ~ 0.3 mm, and 
samples of the specified thickness were cut. 

It is experimentally shown that the most sensitive THz detector is a sample with a 6% atomic 
content of sulfur. At the same time, it is 2.2 times less sensitive than the GaAs crystal. In accordance 
with the obtained data, the electro-optical coefficient of the samples is GaSe:S was r33~1 pm/V. 

The authors express their gratitude to the Center for collective use "Spectroscopy and Optics" at 
the IA&E SB RAS for the equipment provided. 
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We report about the study of nonlinear optical effects induced in nematic liquid crystal (NLC) film 
deposited onto the substrate. Usually, the liquid crystals are examined in glass cells, but, in our case, 
one surface of the NLC film is in contact with the air (Fig. 1a), which causes various orientational 
processes along with the distortion of the free surface shape [1]. 
 

 
Fig. 1 General scheme of light-NLC interaction (a), microscope image of the illuminated area in crossed 
polarizers (b), the corresponding far-field diffraction pattern (c). Images (b) and (c) were obtained at oblique 
incidence (45°) of a focused light beam with the intensity of I = 1.4 kW/cm2. 

 
The indium tin oxide (ITO) treated glass cells were used as substrates. The 90 nm thick ITO layer 

with 3 nm roughness provides the homeotropic alignment of an NLC film and has weak (~ 3%) light 
absorption. 

The air environment restricts the heat outflow in the liquid crystal and it is locally heated by a cw 
light beam (the beam waist radius is w0 = 30 m, the light wavelength is  = 532 nm). This leads to 
the occurrence of thermocapillary effect. Similarly to the isotropic liquids, a reduction in the surface 
tension with an increase in temperature causes a distortion of the surface shape and a decrease in the 
thickness of the liquid crystal layer in the illuminated area, which results in the self-defocusing of 
light beam [2]. Numerical calculations of the heat flux caused by light beam absorption in an NLC 
cell and the corresponding director deformation fit well the experimental results. 

Another process is the light-induced orientation caused by the temperature gradients (thermal 
orientational effect) [3]. The heat outflow in the bulk of the NLC leads to an axially symmetric 
director reorientation with an axis normal to the substrate plane, which is visualized by a bright cross 
in crossed polarizers illuminated by red light emitting diode (Fig. 1b). 

This director orientation is accompanied by a thermocapillary effect, but these two effects have 
different characteristic development times: tens of seconds are required for the dimple formation, 
while the elastic deformation is formed in tens of milliseconds. These two processes are also different 
in the sign of the light-induced phase shift. The NLC director deformation enlarges the phase shift, 
whereas the decrease in the film thickness reduces it. The overlapping two light-induced phase 
profiles shifted with respect to each other results in the appearance of a complicated diffraction 
pattern, previously observed in a photorefractive effect in liquid crystal [4]. 

The thermal orientational effect occurs at the light beam intensities one order of magnitude lower 
than the threshold of light-induced Freedericksz transition. Unlike most of the light-induced 
orientational phenomena, this effect does not depend on polarization and on the light beam incidence 
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angle. The thermal orientational effect of the light beam is completely non-local: the area of director 
deformation can be several times larger than the diameter of the light beam. 

The obtained results open up new possibilities in the development of highly sensitive optical 
materials based on NLC with a free surface, and also indicate the importance of taking into account 
the thermally induced processes when considering the interaction of light beams with soft matter. 

The study was supported by the Russian Science Foundation (project no. 20-72-00178). 
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The study of the optical properties of rubidium vapors has recently acquired considerable relevance 
due to the prospects for creating precision atomic time standards [1–3], as well as other quantum 
devices using long-lived polarized states of rubidium atoms [4, 5]. In order to increase the lifetime of 
polarized states, which can be destroyed in collisions of atoms with the walls of the cell, various 
antirelaxation coatings based on saturated hydrocarbons are used: paraffin, ceresin [6]. Recently, 
coatings have been discovered that further increase the lifetime of polarized states of alkali metals 
based on high molecular weight alkenes - hydrocarbons with one double bond. 

When creating an atomic clock, both the method of double radio-optical resonance and 
bichromatic laser radiation can be used. Under certain conditions, bichromatic laser radiation is 
capable of creating a coherent population trapping (CPT) resonance [7–9] between the ground state 
sublevels, split due to the interaction of the nuclear spin with the orbital moments and electron spin. 
The main condition for CPT resonance is the coincidence of the frequency difference of the 
bichromatic laser radiation with the hyperfine splitting of the ground state, which is the frequency 
reference for atomic frequencies. A CPT resonance is observed by the phenomenon of induced optical 
transparency, since CPT produces a coherent superposition of hyperfine sublevels of the ground state 
that does not interact with bizromatic laser radiation. 

Of interest are other aspects of such interaction without the purposeful creation of a CPT. Earlier in 
[10], a long decay of the fluorescence of rubidium vapor in a spherical cell of a special design with a 
ceresin coating, which does not have a source of rubidium vapor with a free metal surface, was found 
[11]. In [10], one sufficiently intense laser pumping radiation had a fixed frequency, resonant to one 
of the transitions between the hyperfine components of the ground state (52S1/2) and the excited state 
(52P1/252P1/2) in a natural mixture of 85Rb and 87Rb vapors. The second intense probe laser radiation 
was frequency modulated according to a triangular law. The frequency modulation range was about 9 
GHz, overlapping the spectral interval in which all allowed electric dipole transitions between the 
hyperfine sublevels of the 52P1/2 and 52S1/2 states are located. The frequency modulation period could 
be adjusted from 3 to 10 milliseconds. The long decay of the fluorescence of rubidium vapor was 
superimposed on the fluorescence spectrum and started at the time when the pump and probe radiation 
were in resonance with the three-level Λ level scheme, with the upper 52P1/2 state and the lower levels 
formed due to hyperfine splitting of the ground state. 

In this paper, we present the results of a series of experiments similar to [10], but carried out with 
different configurations of laser beams with respect to the cell. The pump laser radiation frequency 
was chosen to be resonant to the 52P1/2 –52S1/2  (F = 3) transition of the 85Rb isotope. Figure 1a shows a 
scheme for measuring the fluorescence signal, in which the cell with rubidium vapor consists of a 
spherical part 12 cm in diameter and a relatively thin tube 8 mm in diameter and 10 cm long. The cell 
is covered with ceresin from the inside. A piece of metallic rubidium is placed at the end of the tube 
farthest from the ball. The pump radiation propagates from right to left from the side of the ball. 
Probing radiation propagates in parallel to the pump radiation and towards it. The graphs of the 
fluorescence signal depending on the observation time associated with the frequency of the probe 
radiation with frequency modulation according to the triangular law for two registration zones are 
shown in Fig. 1b. In fact, Fig. 1b shows the fluorescence plots for half the period of frequency 
modulation of the probe radiation. The capillary zone (zone 1 in Fig. 1a) corresponds to graph 1 in 
Fig. 1b. For the center of the spherical part (zone 2 in Fig. 1a), the fluorescence signal is shown in 
graph 2 in Fig. 1b. 

The fluorescence peaks in the region of the capillary 1 reproduce the shape of the absorption lines 
taking into account the optical pumping for each of the rubidium isotopes. In the center of the 
spherical part of the cuvette, the time dependence of the fluorescence signal is qualitatively different 
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(graph 2 in Fig. 1b). In addition to the fluorescence peaks associated with the shape of the absorption 
lines, a slowly decaying fluorescence signal is clearly observed when the probe radiation has ceased 
to be resonant to the 52P1/2 –52S1/2  (F = 3) transition of the 85Rb isotope, starting from the time interval 
0.006 sec. In addition, a permanent backing appears in the fluorescence signal, which is apparently 
associated with the overlapping of slowly decaying fluorescence signals from different periods of 
frequency modulation of the probe radiation. Those. the slowly decaying fluorescence signal starts 
when the probe radiation is resonant with the 52P1/2 –52S1/2 (F = 2) transition of the 85Rb isotope and 
lasts much longer than the half-period of frequency modulation, the duration of which in this 
experiment is about 0.012 sec. Graphs ha fig. 1b have truncated tops due to saturation of the recording 
system, the gain in which was increased in order to emphasize the amplitude of the slowly decaying 
fluorescence signal. 

Fig. 1 A scheme for measuring the fluorescence signal (a), fluorescence signal from registration zones 1 and 
2 of the cell. 

 
The experiment, the results of which are shown in Fig. 1, does not seem completely "clean", since 

the fluorescence radiation was reflected and scattered on the walls of the cuvette and on the ceresin 
coating. Therefore, at the next stage of research, the experiment was modernized in order to reduce 
the contribution of scattered light to the fluorescence signal. The schematic of the experiment is 
shown in Fig. 2a. The pump laser beam (in Fig. 2a, it is higher than the center of the spherical part of 
the cell) and the probe beam (it is lower than the center of the spherical part of the cell) are directed 
into the tube. With this geometry of the experiment, the level of scattered light in the spherical part of 
the cell decreased significantly. It is clearly seen that the fluorescence spectrum recorded in zone 1 
(graph 1 in Fig.2b) qualitatively coincides with graph 2 in Fig. 1b. It differs significantly from the 
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fluorescence spectrum recorded in zone 2. With an open pump beam, the fluorescence spectrum of 
zone 2 (graph 2 in Fig. 2b) is mainly a long-term feature with a weak remnant of absorption lines of 
rubidium isotopes. The fluorescence spectrum of zone 2 (graph 3 in Fig.2b) with a closed pump beam 
represents four weak, at the level of noise, peaks characteristic of the absorption spectrum of rubidium 
isotopes, which appeared, apparently, from the action of the residual scattered probe radiation. The 
same mechanism of the appearance of weak peaks outside the zone of action of the probe radiation is 
also manifested in graph 2 in Fig. 2b. Graphs 1 to 3 in Fig. 2b are spaced vertically to better 
distinguish the spectral-temporal features of the fluorescence signal of rubidium isotopes. 

 
Fig. 2 Fluorescence signal from registration zones 1 and 2 of the cell (b) with oblique propagation of the 
probe laser beam and the pump beam (a). Frequency scale is the same as in fig. 1. 

 
The experimental results demonstrate the dependence of the dynamics of relaxation processes in 

rubidium vapor on the size and dimension from registration scheme of the fluorescence signal. In the 
one-dimensional case (Fig. 1, registration zone 1), long decay time of the fluorescence is njt observed. 
The growth of the decay time of fluorescence can be used as the basis for a simple method for 
determining the quality of the coating of the cells. 
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In laser cladding, the interaction of laser radiation with the powder flow and the substrate plays a key 
role. Surface heating depends on the distribution of radiation on the surface of the material, which is 
determined by the interaction of radiation with the flow of the powder microparticles. Usually, in 
models for calculating laser beam attenuation, the interaction of radiation with microparticles is 
limited to a simple geometric consideration based on the ratio of the cross-section area of the particles 
to the total area of the cross-section under consideration, without taking into account the influence of 
diffraction. Radiation propagation is also considered in еру geometric approximation. The presented 
model allows taking into account the phenomenon of diffraction on powder microparticles. 

When modeling the laser cladding process, three main problems are considered (Fig. 1): particle 
transport with a gas flow, interaction of particles with laser radiation, and interaction of particles and a 
laser beam with a substrate. In most studies, methods for calculating the attenuation coefficient of a 
laser beam when interacting with powder particles were based on a simple geometric approach, as 
shown in Fig. 2. The intensity attenuation coefficient I(z + Δz)/I(z) was determined from the ratio of 
the total cross-section area of the particles to their total area. 

To build the model, we assume that all the particles are the same and have an ideal spherical shape. 
In the case of a homogeneous medium, one could use the Fresnel-Kirchhoff diffraction integral to 
calculate the radiation propagation [1, 2], but in the presence of microparticles, the medium is no 
longer uniform. To calculate the spatial propagation of radiation in an inhomogeneous medium, it is 
necessary to use the equation from [2, 3] 

ˆ2i i ,Uk U k n U
z 


    


                                                          (1) 

where k = 2π/ is the wave vector,  is the complex refractive index that affects both the phase and 
the amplitude of the field U. Equation (1) is derived from the Maxwell wave equation in the 
approximation of slowly varying amplitudes. To solve this equation, a method based on the separation 
of physical processes of radiation propagation (diffraction and refraction-absorption) is used. This 
method is based on the algorithm described in [3], which is used to calculate the propagation of 
radiation in the active laser medium or in the atmosphere. 

For clarity, we compare the radiation attenuation coefficients obtained in [4] using a geometric 
approach, as well as those calculated using the proposed method that takes into account the effect of 
laser beam diffraction on powder particles. We will use the same basic parameters of the particle flow 

n̂

  
Fig. 1 Schematic diagram for calculations in the presence of 
particles in the focus area. 

Fig. 2 The scheme of the laser beam interaction with 
powder particles. vz - velocity towards the z-axis. 
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and laser beam as in [3]. The powder particles are distributed randomly over the volume of the 
calculated area according to the specified concentration. The normalized value of the particle 
concentration used in the simulation and calculated using the formulas of [3(4)], the mass flow rate of 
the powder is 1.0 g/s. 

  
Fig. 5 Spatial distribution of particles in the computational 
domain. 

Fig. 6 Intensity distribution sections at a distance of 2 (1), 4 
(2), 6 (3), 7,5 (4) mm from the nozzle section.;  

 
 

Fig. 8 Calculated laser beam attenuation coefficient for 
several distances from the nozzle cross section. The results 
are taken from [3(4)]. 

Fig. 9 Calculated laser beam attenuation coefficient for 
several distances from the nozzle section. Method for 
calculating radiation propagation in the diffraction 
approximation. 

In contrast to the data from [4], the attenuation obtained in the present calculations starts earlier in 
the central region and manifests itself more strongly. This is probably the result of interference from 
many particles. Moreover, in contrast to the research data of [4], it has been found that for a laser 
beam radius of more than 3.2-3.5 mm, the value of the attenuation coefficient exceeds unity. The 
width of the laser beam increases (the beam is blurred) by diffraction on microparticles in comparison 
with the propagation of radiation without the influence of powder microparticles. At the radius 
characteristic of the latter case, the intensity value is close to zero, but even its small increase due to 
diffraction on particles leads to the fact that the value of the attenuation coefficient exceeds unity, 
which is represented as an increase in intensity in this region. 

The presented numerical model for calculating the attenuation and propagation of radiation in the 
diffraction approximation is applicable for complex analysis of the interaction between a laser beam, a 
particle stream, and a surface. It allows estimating the attenuation of the laser beam when interacting 
with a stream of microparticles, as well as obtaining the intensity distribution on the surface of the 
substrate. In this case, both calculated and experimentally measured values can be used as the initial 
intensity distribution. 

The study was supported by a grant from the Russian Science Foundation No. 18-19-00430, 
https://rscf.ru/project/18-19-00430/ 
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In the course of the experiments, a luminescence band of color centers with a maximum in the region 
of 800 nm was found (Fig. 1). 
 

 

 
Fig. 1 Luminescence spectra in a LiF-Mg crystal (0.05 wt.%) One hour after irradiation with an X-ray dose 
(top) and a day later (bottom). 

 
These color centers (CCs) have luminescence that flickers in the second-minute range. Flickering 

can be caused by the fact that between the two main singlet levels there is a triplet level, upon hitting 
which the color center does not luminesce. Another reason for the absence of luminescence in the 
process may be the reorientation of the center, as a result of which the electric field vector becomes 
perpendicular to the vector of the dipole moment of the quantum transition. As a result, the absorption 
of the exciting radiation stops. 

These centers are formed at the initial stage of irradiation. With an increase in the radiation dose, 
the intensity of this luminescence band quickly saturates, while the luminescence of intrinsic color 
centers, such as F2, F3

+, continues to increase. In a highly irradiated crystal, these color centers are not 
visible. These facts confirm the impurity nature of these centers. 

In this work, a crystal of lithium fluoride with an impurity of 0.05 wt. % magnesium grown in air, 
i.e. in an oxidizing atmosphere. Based on the data obtained, we can assume that the band with the 
maximum λmax=800 nm and with a decay time constant of 26.8±1 ns belongs to the color centers, 
which include magnesium (see also [1]). It is registered in crystals grown under both reducing and 
oxidizing conditions; therefore, oxygen is not included in the composition of such a center. 
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The relaxation processes of the concentration of color centers over time, shown in Fig. 1, are 
caused by the slow migration of F2

+ centers and their aggregation with other centers, as a result of 
which the concentrations of F3

+ and F2 centers increase. In the course of such relaxation, the 
concentration of the centers under study with a luminescence band of 800 nm does not increase, but 
slightly decreases. This means that the centers under study are not negatively charged, because in this 
case, they would effectively connect to the migrating F2

+ centers. Most likely, they are not positively 
charged either, since their concentration decreases with the movement of positively charged F2

+ 
centers. Apparently, these are neutral centers. 

It should be noted that defect formation under irradiation of lithium fluoride crystals with 
magnesium impurity was studied by V.M. Khulugurov [2]. He registered color centers in such crystals 
with a luminescence band with a maximum at 850 nm (300 K). A band with a maximum at 800 nm 
was not observed in his experiments. 
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A method for converting pulsed-periodic laser radiation into low-frequency waves has been proposed 
at the Institute of Physics of the SB RAS: in gases is infrasound; in a magnetic field and magnetized 
plasma (hereinafter referred to as the background) is various types of extended quasi-stationary waves 
and a plasma flow of clots localized in the magnetic flux tube of the background. The effect manifests 
itself in narrow range parameters of environmental and clots that are sequentially created at a fixed 
point or along the magnetic field line. In air, clots are created by optical breakdowns at the focus of 
laser radiation or on the surface of a solid (hereinafter referred to as the target), and in the 
background, on the target. The most important property of the method is that the wavelength linearly 
depends on the number of clots, and the waves contain more than half of the energy of the clots. The 
wavelength from a single bunch weakly depends on its energy. 

Experiments on the ILF laser facilities were supplemented by calculations on supercomputers, 
which made it possible to study the propagation of waves over a long distance. Three CO2 lasers with 
a pulse duration of ~ 1 μs were used. In a repetitively pulsed laser with an average power of ~ 2 kW, 
the repetition rate of pulses in trains is f ~ 10 ÷ 150 kHz, the number of pulses in trains and the 
repetition rate of trains were varied. On the KI-1 facility, designed for simulating space processes, 
plasma clots were created by successive irradiation with two pulses (with energies of ~ 200 J) of a 
target in air or in a background with plasma concentration of ~ 1012 ÷ 3 1013 cm-3 and varied magnetic 
field is B0 = 50 ÷ 350 G. 

Resonant interaction of clots with gases. 
Resonance occurs when the following two conditions are met. 
1. The initial pressure in the clots is hundreds of times higher than the gas pressure, which is 

necessary to create intense shock waves and combine them into a single low-frequency wave. 
2. A train of clots creates a single wave if dimensionless repetition rate is equal to the resonance 

value , where f is the dimensional frequency of clots, Rd ~ (Q / P0)1/3 is the 
dynamic radius, Q is the energy of the clot, P0 is the gas pressure, C0 is the velocity sound. At ω << 
ωr, a train of clos generates a sequence of noninteracting shock waves that transform into sound. 
Frequencies ω >> ωr are not optimal - the single wavelength is small. The uniqueness of the method is 
that by varying ω and the number of clots in trains, it is possible to form sound in the infra-ultrasonic 
frequency range. Operational restructuring of the sound spectrum is possible, for example, playing a 
melody or generating simultaneously infra and ultrasound, including at a large distance from the laser, 
which is impossible with traditional acoustics methods - ultrasound is absorbed by air, and infrasound 
has a wide directional pattern. 

Resonant interaction of clots with magnetized plasma. 
The following extended packets of quasi-stationary waves, which can transfer energy fluxes along 

a magnetic flux tube, were investigated: slow magnetosonic (MQW) - longitudinal pulse of 
compressed background plasma; torsional Alfvén (AQW) - angular momentum of the rotating 
background plasma; whistlers are high-frequency oscillations. The waves contain strong magnetic 
field variations> 0.1. The radius of the waves depends on the energy of one clot, and the length 
depends on the number of clots, which makes it possible to create intense quasi-stationary flows. 

Resonance manifests itself when the following conditions are met, which relate the parameters of 
the clots and background. 

0 4 5r df R C    
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1. The pressure in clots is much higher than the total pressure of the magnetic field and 
background plasma. 

2. The resonant repetition frequency of clots is  , , where 
B0 is the background magnetic field, β is the ratio of the background plasma pressure to the 
background magnetic field pressure, CA is the velocity of Alfvén waves, f is the dimensional 
frequency. 

3. The Alfvén Mach number is equal to MA = V0 / CA ~ 0.2 ÷ 2, where V0 is the velocity of the clot 
expansion. For AQW, the optimal value is MA ~ 0.2 ÷ 0.5, for MQW MA ~ 0.5 ÷ 1, and for whistlers - 
MA ~ 1 ÷ 10. In the range MA ~ 0.5 ÷ 2, AQW and MQW are generated simultaneously, with β << 1 
AQW is ahead of MQW (see fig.1), and for β> 1 the waves are aligned. A quasi-stationary flow of the 
clot plasma is formed in the force tube in the range of MA ~ 0.1 ÷ 5, the energy fraction in the flow 
decreases with an increase MA. At MA ~ 0.1, only the clot plasma flow is generated. With a high 
content of neutrals in the background in front of the MQW, a bow shock wave is formed. 

 
Fig. 1 A train of ten periodic clots generate MQW and AQW. 

 
4. Ion-inertial length , c - speed of light, ωpi - ion-plasma frequency in the 

background. The range of Lpi ~ 0.1 ÷ 0.25 is optimal for AQW and MQW, at Lpi ~ 0.3 ÷ 0.5 AQW 
and whistlers are generated simultaneously, in the region Lpi> 0.5 - only whistlers. 

5. Larmor radius of clot ions is R ~ Rd. 
6. β < 2. In the limiting case β = 0 (the background contains a magnetic field, the plasma 

concentration is zero), clots of two-component plasma create a quasi-stationary flow of rotating 
plasma of clots in the flux tube, the properties of which are close to AQW and MQW. Here, each 
subsequent wave propagates in a flux tube filled with the plasma of the previous clots. At β >> 1, the 
efficiency of wave generation decreases. 

The effect is revealed - plasma clots generate low-frequency and high-frequency whistlers, which 
create an extended plasma “antenna” along the flux tube, which makes it possible to form a narrow 
directional pattern of the whistlers. 

Conclusion. 
The method of resonant interaction of laser radiation with gases and the background makes it 

possible to solve the following problems: generation of sound in the infra-ultrasonic frequency range 
and quasi-stationary pulse fluxes, angular momentum and electromagnetic radiation in a magnetic 
flux tube, all at the same time or only of the required type. A flow of rotating plasma clots is formed 
in a magnetic field. The waves are localized in a narrow background flux tube and contain more than 
half of the energy of the clots. If the resonance conditions are violated, the energy transfer to the 
background is close to spherically symmetric. The resonance conditions do not contain restrictions on 
gases and background, as well as the type of clots - pre-Alfvén or super-Alfvén, which makes it 
possible to scale the conditions for setting up an experiment - the choice of energy and frequency of 
repetition of clots, velocity and mass of ions. 

This work has been performed in the frame of Program №121033100062-5 of Fundamental 
Studies of ILP (Item 0243-2021-0003), of Siberian Branch Russian Academy of Sciences. Parallel 
computing simulations, key for this study, have been performed at the Computation Center of 
Novosibirsk State University, the SB RAS Siberian Supercomputer Center, the Joint Supercomputer 
Center of RAS. 

0.3 0.5r d Af R C     2 1/3
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Optically pumped rare gas lasers (OPRGL) suggested recently as a chemically inert analog of diode-
pumped alkali lasers (DPAL) are under extensive study at present. OPRGLs employ metastable atoms 
of heavier rare gases (Rg*) in He bath produced in discharge plasma. Ar* OPRGL is the most popular 
system at present, due to presence of a narrow band diode pump and abundance of Ar. However, Ne* 
OPRGL is interesting due to its visible lasing wavelength (703.2 nm) and presence of channels of 
energy transfer in Ne-He plasma that facilitate Ne* production. 

OPRGLs utilize transitions between metastable electronically excited states of rare gas atoms. 
These states are initially populated by means of a low-power electric discharge. OPRGLs are, in 
essence, three-level systems. Optical pumping is achieved by excitation of the s5 → p9 transition. A 
population inversion between p10 and the s5 level is generated by rapid collisional relaxation from p9 
to p10. The collisional partner for this step is He. The system then lases on the p10 → s5 transition [1]. 
Hence, the entire lasing medium is chemically inert. Analogous to DPAL, this lasing medium can 
provide hundreds of watts of laser output out of cubic centimeter. Diode-pumped rare gas laser 
systems may ultimately outperform the classic DPAL system. Recent progress includes CW laser 
demonstrations of Ar* and Xe* lasers operating at 7.3 and 1.3 W, respectively [2, 3]. 

The detailed description of the experimental setup is given in our previous work devoted to a 
similar study of Ar-He laser [4]. Metastable neon atoms Ne* were produced in the plasma of a 
repetitively pulsed glow discharge (RPD). The discharge was ignited between a pair of tungsten 
(cathode) and platinum-coated titanium electrodes with geometric dimensions of 1.5 × 0.4 cm and 
3 mm interelectrode distance. The electrodes were located inside a 0.5 L stainless steel chamber with 
mutually perpendicular channels for optical pumping and laser output. A laboratory made high-
voltage pulse generator operated at 200 kHz with pulse duration 80 ns to sustain the discharge. 
Transverse optical pumping at 640.2 nm, corresponding to the Ne s5 → p9 transition, was provided by 
a dye laser Sirah PrecisionScan, pumped by the second harmonic of a Quanta-Ray Pro Nd:YAG laser. 
Pump laser radiation was formed into a narrow oval beam to provide a high power density of optical 
pumping with the help of a x3 beam expander and a system of cylindrical lenses. The pump intensity 
varied by no more than 20% along the optical axis of the resonator. The intracavity losses did not 
exceed 8%. Lasing at 703.2 nm, corresponding to the Ne p10 → s5 transition, was recorded with the 
help of an Avantes fiber spectrometer. 
 

 
Fig. 1 a) Dependence of the laser pulse energy on the percentage of Ne in He at 400 Torr, discharge power 
10 W and pump intesity 21 MW cm-2; b) Dependence of the laser pulse energy on the pump intensity at 
425 Torr, discharge power 10 W and 4% Ne in He. 

(a) (b) 
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Experiments with transverse optical pumping by a narrow band dye laser showed that lasing in the 

Ne*:He mixture could be produced easily. Pumping at the maximum of pump intensity distribution 
21 MW cm-2 was transferred to the central region of the discharge at an equal distance from the 
electrodes. Figure 1(a) shows the dependence of the lasing energy on the percentage of neon in the 
mixture, obtained at 400 Torr in the discharge zone and an electric discharge power 10 W. The lasing 
reached a plateau starting from 2% of neon in the mixture. In further experiments, a 4% content of 
neon was chosen. 

The main goal of this work was to determine the lasing threshold of the pump intensity for s5 → p9 
line. The 640.2 nm pump radiation was attenuated using calibrated Thorlabs neutral light filters. In the 
experiments, it was found that the lasing threshold strongly depended on various geometric factors, 
such as the width of the pump laser beam, the position of the pumping region between the electrodes 
and the quality of the resonator alignment. Figure 1(b) shows the typical dependence of the relative 
lasing energy on the pump intensity obtained at a pressure in the discharge chamber 425 Torr, 4% 
neon content in the gas mixture and a discharge power 10 W. The linear function approximation of 
the dependence section where weak lasing appears allowed determining the minimum value of 
pumping intensity threshold to be 1.1 ± 0.1 kW cm-2. 
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Optical frequency standards of a new generation with extremely low frequency uncertainty and 
instability, Δν/ν < 10-18 are of great interest both for basic physical research and various applications, 
for example, in navigation and metrology. Currently the most promising frequency standards are 
based on neutral atoms trapped in an optical lattice operating at the magic wavelength: 87Sr, 171Yb, 
199Hg, 169Tm, 24Mg, and on single ions trapped in a Pauli radio frequency trap: 27Al+, 199Hg+, 88Sr+, 
171Yb+. The magnesium atom has some attractive properties for application in optical frequency 
standards, such as, narrow intercombination transition and the smallest blackbody radiation frequency 
shift of the 1S0–3P1 ‘clock’ transition and is perspective for development of an optical frequency 
standard with relative uncertainty and long-term frequency instability at the level of 10-17–10-18. Here 
we show the progress achieved in the clock laser frequency stabilization by narrow Ramsey-Bordé 
resonances of Mg atoms cooled and localized in a magneto-optical trap (MOT). 
 

 
Fig. 1 Schematic of the frequency standard based on cold magnesium atoms. Mg atoms are captured from the 
thermal beam in the MOT formed by three pairs of laser beams. For cooling the Mg atoms, frequency-
doubled radiation of the R6G dye laser stabilized by the Fabry-Pérot interferometer (etalon) is used. The 
clock transition spectroscopy is performed with the frequency-doubled titanium-sapphire (Ti:Sa) laser 
stabilized by an ultra-stable Fabry-Pérot etalon. Laser pulses for recording Ramsey-Bordé resonances are 
created with acousto-optical modulators (AOMs). The frequency of the Ti:Sa laser is compared with a 
reference frequency source using an optical frequency comb (OFC) based on a femtosecond titanium-
sapphire laser. The frequency of the clock laser system is tuned by using a computer and an Agilent N5181A 
frequency synthesizer, which controls the AOM frequency in the frequency stabilization system by the 
Fabry-Pérot etalon. 

 
Cooling of Mg atoms on the 1S0–1P1 transition is performed with R6G dye laser with frequency 

doubling in BBO crystal in an enhancement cavity (Fig. 1). The spectroscopy of the 1S0–3P1 ‘clock’ 
transition is carried out with a cw titanium-sapphire laser with frequency stabilization by a high stable 
etalon, and frequency doubling in KNbO3 crystal in an enhancement cavity. The clock laser frequency 
is stabilized to the 1S0–3P1 transition in Mg atoms by locking to a time-domain Ramsey-Bordé atom 
interferometer. The frequency stability of the clock laser was measured using an optical frequency 
comb. The pulse repetition rate of the frequency comb was stabilized by an Yb:YAG/I2 optical 
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frequency standard, or an optical frequency standard based on a single Yb+ ion. In Fig. 2, the orange 
line shows the Allan deviation of the frequency measurements of the clock laser system, which 
characterizes the stability of the optical frequency standard based on magnesium atoms. 
 

 
Fig. 2 Allan standard deviation of the frequency measurements of the Mg standard. Orange diamonds show 
Allan deviation characterizing the frequency stability of the Mg optical frequency standard; black and green 
squares – measured when stabilizing the frequency comb using the Yb:YAG/I2-standard; red circles – when 
stabilizing the frequency comb using the etalon-stabilized clock laser for the Yb+ standard; magenta triangles 
– while stabilizing the comb using the Yb+ standard and blue circles show Allan deviation of the Mg optical 
frequency standard calculated from the residual signal in the feedback loop of the frequency stabilization 
system. 

 
As can be seen from the graph, the long-term stability of the clock laser system stabilized by 

magnesium atoms is 1·10-15 at the averaging time τ = 103 s. The continuous measurement time was 
1.5 h. The short-term stability is 4.7·10-15 at the averaging time τ = 1 s. Prelimenary measurements of 
frequency stability were also conducted while stabilizing frequency comb by Yb+ frequency standard 
and is shown in the Fig. 2 as magenta triangles. 

Currently the main factors limiting the frequency stability measurements of our Mg frequency 
standard are the stability of the reference oscillators used to stabilize the pulse repetition rate of the 
frequency comb and aging of the base material of the second interferometer and temperature 
fluctuations in the laboratory that cause the frequency drift of the clock laser system. At long 
averaging times, the measured stability equals the stabilities of the reference Yb:YAG/I2 standard and 
Yb+ standard, which is assumed by an analysis of the residual signal in the feedback loop of the 
frequency stabilization system of the Mg frequency standard by Ramsey-Bordé resonances. The Allan 
deviation (blue line in Fig. 2) calculated from the residual signal allows one to suggest the stability of 
the Mg frequency standard to be 7·10-16. For correct stability measurement, it is necessary to use an 
independent frequency standard. In our laboratory, such measurements are planned in the near future 
using a second MOT for Mg atoms and a new MOPA system at 457 nm based on the diode laser and 
tapered amplifier operating in a double-pass scheme [1]. We plan to improve the frequency stability 
of the standard by implementing sub-Doppler cooling of magnesium atoms [2, 3] and localizing Mg 
atoms in an optical lattice. 

This work was supported by the Russian Foundation for Basic Research (Project No. 19-02-
00514), the frequency stability measurements using a frequency comb and study on Mg atom 
interferometry was funded by the Russian Foundation for Basic Research (Project No. 19-29-11014). 
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Carbon quantum dots (CQDs) were synthesized by plasma treatment of glucose at atmospheric 
pressure and room temperature. 

The objective of this work was the formation of carbon quantum dots by the plasma method, the 
study of the spectral-kinetic characteristics of their luminescence and identification of the specific 
features of their synthesis. 

Scanning confocal fluorescence microscope MicroTime 200 with picosecond time resolution with 
a spatially-selective time-correlated single photon counting was used to determine spectral-kinetic 
characteristics of photoluminescence of the synthesized CQDs. Spectra of photoluminescence (Fig. 1) 
measured under excitation by picosecond laser at different wavelengths were recorded by the 
spectrometer Ocean Optics 65000. 
 

 
Fig. 1 Normalized photoluminescence spectra of synthesized CQDs at excitation wavelength 375, 405, 470 
and 532 nm. 

 
СQDs have a wide emission spectrum in 400 - 800 nm range at excitation in the 375 - 532 nm 

range. CQD have a bright radiation in the blue range. The concentration of quantum dots was 
controlled by varying the microplasma treatment duration of the glucose solution. The time-resolved 
fluorescence decay curve was measured by the time-correlated single photon counting (TCSPC) 
method. The luminescence kinetics has three exponential components with decay time constants of 
0.65, 2.2, and 6.2 ns. The formation of these components is presumably associated with the quantum 
confinement effect and with the presence of different functional groups between which quantum 
transitions take place. 

This work was supported by the Basic Research Plan of the Russian Academy of Sciences for the 
Period up to 2025 (Project No. 0243-2021-0004). 
  



IX International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2021) 

160 
 

Dependence of the CPT resonance frequency on the buffer 
gases pressure in atomic mini-cells 

 
M.I. Vaskovskaya, E.A. Tsygankov, D.S. Chuchelov, S.A. Zibrov, V.V. Vassiliev, V.L. Velichansky 

P. N. Lebedev Physical Institute of the Russian Academy of Sciences, 119991, Moscow, Russia 
E-mail: vaskovskayami@lebedev.ru 

 
One of the ways to form the optical field required for CPT resonance observing is microwave 
modulation of the pump current of a vertical-cavity surface-emitting laser (VCSEL). As a result of 
this modulation the radiation spectrum becomes polychromatic. In this case, each component of the 
optical field causes a light shift in the energy levels of the atom, and, consequently, in the CPT 
resonance frequency. It is known that the total light shift resulting from the action of all optical fields 
can be reduced to zero by the correct choice of the spectral distribution, i.e. microwave modulation 
index [1]. In this work, the effect of buffer gases (BG) in an atomic cell on the total light shift was 
investigated. The dependences of the CPT resonance frequency on the microwave power for cells 
with different total pressures of BG (Ar+N2 mixture) show two values of the microwave power where 
there is no response to light power variations (Fig. 1). On increasing the BG pressure, the two points 
approach each other and merge at critical pressure Pm. At higher pressures, in accordance with theory, 
the complete suppression of the light shift is impossible. 
 

 
Fig. 1 Dependence of the CPT resonance frequency on the microwave power (cells 29, 75, 115, and 140 
Torr) with simultaneous modulation of the total radiation intensity (modulation depth is about 30%), which, 
due to the light shift, manifests itself in a small-scale frequency change. The absence of this change indicates 
suppression of light shift, the points at which this occurs are marked with circles. For convenience, each 
curve has been shifted downward by a value corresponding to the shift caused by the buffer gases. 

 
As a result, a method was proposed for stabilizing the modulation depth of the laser current, i.e. 

power of the microwave field, assuming the use of a cell with the total pressure of buffer gases Pm 
(around 115 Torr for our cells with a diameter of 8 mm and a length of 15 mm). With the help of 
feedback, the power of the microwave field should be stabilized at a minimum of the frequency 
dependence on the microwave power, which coincides with the point of zero light shift. Using this 
method can improve the long-term stability of the frequency standard. 
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Tm-doped potassium lutetium double tungstates are well known for excellent laser properties. They 
have rather high gain cross-sections and would allow an efficient diode pumping by widely available 
laser diodes and bars emitting at 800…810 nm [1–2]. It should be noted that they have about low 
thermal conductivity (3 W/m·К) and microhardness (∼5), but in our previous works it was 
demonstrated the possibility of increasing the output power of thulium lasers by using active elements 
of a special shapes (thin disks [3], epitaxial [4] and composite structures [5], slabs [6]). 

The single crystal of double potassium lutetium tungstate 5% Tm3+:KLu(WO4)2 for our 
experiments was grown by the low-gradient Czochralski method in the Institute of Inorganic 
Chemistry SB RAS. After that, the two Nm-cut slabs with the dimensions of 6.0(Nm)0.7(Np)0.36(Ng) 
mm3 were produced and lasing was studied. The laser cavity was formed by a spherical rear mirror 
(r=-40mm), AR-coated YAG crystal lens with a focal length of 20.0 mm and flat output coupler (OC), 
with the distance between the rear mirror and OC not less than 80 mm. The transmission TOC of the 
OC is 10% in the spectral range 1850–1950 nm. Figure 1a shows the dependences of the output laser 
power on the QCW diode pump power (pump pulse duration 7 ms, pulse repetition rate 20 Hz, duty 
cycle 14%) for two identical samples of slabs. The optical powers of the light beams (pumping and 
lasing) were recorded using were measured with powermeter Ophir L50A. All output spectrum 
emission patterns (see figure 1b) were recorded by MDR-204 monochromator, an FR-185 
photoresistor, and a Unipan-233 selective nanovoltmeter as a preamplifier. The spectral resolution 
was ~0.5 nm. The output power over 1.4W at 1908 nm has been demonstrated on all samples with 
slope efficiencies being of over 40%. 
 

                  
Fig. 1 Input-output dependences of Nm-cut 5at.%Tm:KLu(WO4)2 slabs (a) and normalized output spectrum 
(b). 

 
We have demonstrated a high-efficiency QCW output of 1.5W for Nm-cut Tm:KLu(WO4)2 slab 

well compared to other Tm3+-doped double tungstate gain elements including thin disks, epitaxial 
structures that have been studied previously. The further work will be focused on the increasing laser 
output power up to 10…20W in CW regime by combining two active elements into one common 
resonator. Also we will be plane to optimization of laser cavity parameters to improve laser beam 
quality, Q-switching mode testing and studying other rear earth doped KLu(WO4)2 crystals, for 
example Ho3+-doped KLu(WO4)2. 
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Since the 60s of the last century, the frequencies of quantum mechanical transitions in atoms and 
molecules have been actively used as frequency references in highly stable frequency standards 
(atomic clocks) [1–3]. Transitions in atoms are less sensitive to external disturbances, such as changes 
in temperature, pressure, aging, and differ in less frequency drift, in contrast, for example, to a crystal 
oscillator. One of the promising trends in the development of atomic clocks is coherent population 
trapping based clocks. The distinctive features of this type of clock include compactness, efficiency 
and high stability. For quite a long time, there has been interest in atomic clocks from 
telecommunications companies that use frequency standards to synchronize networks. 

The quality of the optical surface of the windows of spectroscopic cells is extremely important 
when carrying out experiments, including creating a quantum frequency standard. Among the many 
possible options for manufacturing cells in the literature, the method of manufacturing using induction 
welding has not yet been found. In our work, induction welding is used to weld flat windows and a 
cylindrical cell body. We used spectroscopic cells manufactured at the Ekran-Optical Systems JSC 
plant located in Novosibirsk, Russian Federation. Structurally, the cells consist of two flat windows, a 
glass cylinder and magnetically conductive rings required in the cell manufacturing process. A feature 
of these cells is the way of bonding the windows and the cylindrical base of the cell. The windows are 
hermetically welded to the cylindrical base using induction welding. In this case, the magnetically 
conductive ring is "immersed" in the molten glass from all sides, so that the alkali metal inside the cell 
does not come into contact with the ring. This manufacturing method can significantly reduce optical 
distortions in the windows of the cells, which occur during production by other methods, for example, 
by glass blowing. Since the induction welding process takes only a few seconds, flat windows do not 
experience significant heating and deformation. Consequently, optical radiation passing through the 
cell is not refracted or scattered, as is the case with small spherical cells. 

An optical setup was assembled to test the spectroscopic cells. We used a vertical cavity 
surface-emitting laser (VCSEL) emitting at a wavelength of 895 nm (Cesium D1 line). To obtain CPT 
resonance, microwave modulation of the laser frequency at a frequency of 4.596 GHz was used. The 
laser optical frequency was stabilized by an automatic frequency control system by the D1 absorption 
line in the Cs atom. The frequency difference arising between the ± 1 sidebands coincides with the 
frequency of hyperfine splitting of the ground state in the cesium atom. The microwave generator, in 
turn, is "locked" in frequency to a voltage controlled crystal oscillator (VCO). The radiation was 
modulated by mixing microwave frequencies into the pump current of the diode laser through a 
T-shaped filter (Bias-Tee). The frequency of the microwave generator was stabilized by an automatic 

                
          Fig. 1 Laser absorption spectrum                                                             Fig. 2 CPT resonance 
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stabilization system, which has a principle similar to the Pound - Drever - Hall method [4]. The 
microwave generator has an output unit for forming a 10 MHz rectangular signal. The 10 MHz signal 
was fed to a frequency meter, where it was processed and recorded. Figure 3 represents Allan 
deviation, measured in our experiment. 
 

 
Fig. 1 Allan deviation, observed in 50 Torr cell 

 
The work demonstrates the possibility of using induction welding for the manufacture of 

spectroscopic cells. This approach makes it possible to improve the optical quality of windows, 
increase the repeatability of sample preparation, and simplify the creation of spectroscopic cells filled 
with alkali metal vapors. The characteristics of the observed resonances are not worse to those usually 
observed in cells manufactured by the glass blowing method. In addition, a laboratory prototype of a 
microwave quantum frequency standard based on CPT resonances was created. The measured relative 
frequency stability, characterized by Allan deviation, was σy ≈ 7.5 · 10-12 for 1 s of averaging and 
6 · 10-13 for 1000 s. Consequently, the proposed method for manufacturing cells can be used in 
various laser technologies, including creation of highly stable compact atomic clocks. 

This research has been supported by RFBR and Ministry of Science and Innovation Policy of the 
Novosibirsk Region (project № 19-42-543001). 
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Nowadays the best modern optical clocks have reached the level of relative uncertainty and instability 
of 10–18 [1, 2]. Optical clocks connected with links [3] create great opportunities in such fields of 
science and technology as the formation of national and international time scales, relativistic geodesy, 
satellite navigation, very-long-baseline interferometry, tests of fundamental theories, search for dark 
matter, etc. Transferring signals of such kind of frequency standards with preserving of their 
characteristics using radio frequency methods is not possible, since the latter cannot provide fractional 
instability better than 10–16 [4]. However, it is possible to reduce the level of the phase noise 
introduced by the communication link by transferring signals using optical carrier and active noise 
compensation technique. The rapid development of stationary and transportable [5] optical clocks 
shows the necessity of designing both fiber [6] and open-air [7] links for the highly stable signals 
transfer. 

We have developed an atmospheric 17 m link operating at 1550 nm. We have obtained more than 
11 000 s of uninterrupted data and have showed that our active noise compensation system allows to 
reduce the fractional frequency instability caused by air turbulence from 2.6∙10-16 to 1.7∙10-19 at 
averaging time of τ = 1000 s in terms of Allan deviation (Fig.1) calculated from data measured by 
K+K phase recorder. The link contribution to inaccuracy of transferred signal is reduced from  
1.9∙10-17 to 5∙10-20. 
 

 
Fig. 1 Allan deviation vs averaging time. Blue empty triangles correspond to the correction signal (that is to 
the detected and compensated link noise), green filled squares – to the remote signal (that is to the stabilized 
delivered signal), red empty circles – to the inloop signal (that is to the signal used in the feedback loop). 
Symbols are connected by lines for eye guidance. 

 
As a next step we plan to increase the link length up to 500 m and use an unmanned aerial vehicle 

with a mirror fixed on it as a moving receiver model. 
This work is supported by the Russian Science Foundation (Grant 19-72-10166). 
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The interaction of bichromatic laser radiation with atomic ensembles under certain conditions leads to 
the appearance of the phenomenon of coherent population trapping (CPT) [1–4]. This phenomenon 
occurs in a resonant manner with respect to the frequency difference of the incident fields. It is 
noteworthy that the width of such resonances turns out to be many times smaller than the width of the 
natural emission line. This opens up wide opportunities for using this effect for various practical 
applications, such as optical magnetometers [5, 6], high-resolution spectroscopic devices [7, 8], 
devices for recording and storing quantum information [9–11], lasers without inversion [12–15]. Of 
particular importance is the use of the CPT effect in the development of a small-size quantum 
frequency standard [16–21]. 

Recently, a widespread method for detecting CPT by means of a pulsed supply of an external field 
(Ramsey scheme) [22]. The first long-term (pumping) pulse transfers the system to a stationary CPT 
state, then a dark pause follows, during which the system freely evolves, followed by a second short 
(reading) pulse, which detects the system in the CPT state. In this case, CPT resonances become the 
envelope for new narrower resonances. The width of such resonances turns out to depend only on the 
duration of the dark pause and can reach hundreds or even tens of hertz [23]. 

In the process of creating a frequency standard, it is necessary to increase the signal, which can be 
realized by increasing the number of active atoms. At a certain concentration of active atoms, one 
begins to speak of an optically dense medium. The influence of the effects of the optical density of the 
medium on the line shape of CPT resonances detected by the Ramsey method was theoretically 
considered in papers [35–37]. In turn, the concentration can be increased by increasing the 
temperature of the medium. However, the motion of atoms leads to additional effects such as Doppler 
and collisional broadening. In this regard, the aim of this work is to answer the question of how 
exactly CPT resonances change at a nonzero temperature in an optically dense medium. In this case, 
the dependences of the shifts of the reference resonances on the frequency scale on temperature are of 
particular interest. Since random temperature fluctuations will lead to fluctuations in the position of 
CPT resonances and reduce the stability of the standard built on the basis of such resonances. 

In this work, a mathematical model was constructed for the interaction of bichromatic laser 
radiation with an optically dense atomic medium having a nonzero temperature. Within the 
framework of this model, the quantum state of the medium of mobile atoms is described by the one-
particle density matrix method in the Wigner representation, which allows one to simultaneously take 
into account both the Doppler effect and collisions of active atoms with buffer gas atoms. When 
describing the energy structure of an atom, a four-level model is used, which takes into account the 
hyperfine splitting of its ground and excited states, which makes it possible to study the behavior of 
the resulting light shifts of resonances. To take into account the optical density of the medium, the 
system of equations for the density matrix was supplemented with truncated transport equations for 
the electrical components of the incident fields. 

A numerical scheme for solving the system of integro-differential equations obtained within the 
framework of the considered model was proposed. Using this scheme, we simulated the interaction of 
two laser pulses spaced in time with an atomic medium. 

The results of this simulation were analyzed for changes in the shape and frequency shifts of CPT 
resonances with temperature changes depending on various parameters of the medium and laser 
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pumping. The range of pump parameters was determined in which the temperature dependence of the 
light shift turns out to be the weakest. 

This work was supported by the Ministry of Education and Science of Russia: State task (basic 
part), "Precision spectroscopy of quantum systems and nanoobjects in a wide range of energies", 
FSEG-2020-0024, 2020 - 2022; as well as the Grant of the President of the Russian Federation for 
state support of young Russian scientists - candidates of sciences, MK-1452.2020.2, 2020 - 2021. 
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It is known that at cryogenic temperatures, the thermal conductivity of sapphire sharply increases and 
its spectroscopic characteristics change, which makes it possible to use high pump intensities and 
provide the highest output power of generation of titanium-sapphire lasers. 

Measurements of the quantum efficiency (QE) of TiSa laser generation were carried out mainly at 
room temperatures. For example, in [1], the internal QE was measured in the generation of a Ti: 
sapphire laser at room temperature (64%). In [2], when a titanium-sapphire laser was pumped by blue 
lines of an argon-ion laser, the quantum efficiency in laser generation was ~100%. In [3], qualitative 
indications are given that at cryogenic temperatures and when a TiSa crystal is pumped at 
wavelengths of ~ 450 nm, the QE of fluorescence is greater than 100%. The authors of [4] performed 
measurements of the fluorescence quantum efficiency in a wide temperature range (150–550 K), 
when excited by a laser with a wavelength of 543 nm. According to our data, quantitative 
measurements of the quantum efficiency of a titanium-sapphire crystal by the fluorescence method at 
cryogenic temperatures at excitation wavelengths in the region of 454 nm and below are absent. 

The issue of quantum efficiency at cryogenic temperatures is very topical and is of scientific 
interest from the point of view of the processes occurring during excitation of a TiSa laser, as well as 
when choosing the optimal pump wavelength for TiSa lasers and amplifiers at low temperatures. 

The aim of our work is to quantitatively measure the fluorescence quantum efficiency of 
Ti3+:Al2O3 at cryogenic temperatures and excitation by laser diodes at wavelengths 507 nm, 454 nm 
and 405 nm. 

The experimental setup is shown in Fig. 1. Linearly polarized radiation from a laser diodes (LD) 
with radiation wavelengths of 507 nm, 454 nm and 405 nm is collimated by telescope (x0.3) to 
diameter of ≈1 mm and directed in Ti3+:Al2O3 crystal. The fluorescence from the crystal is collected 
by the lens (L) and recorded by the photodetector (FD). Unabsorbed radiation emerging from the 
crystal is reflected from an interference filter (F), (transmission 600-950 nm) to a photodetector (FD) 
to control the absorbed power. 
 

 
Fig. 1 Experimental setup. LD – laser diode, х0.3 – collimator, Cryo – cryostat F – interference filter, L – 
collected lens, PD – photodetectors, TiSa – titan-sapphire crystal. 

 
The Ti3+:Al2O3 crystalline rod grown by the Czochralski method with a diameter of 5 mm and a 

length of 10 mm with Brewster-cut and optically polished facets was placed in cryostat (Cryo) whose 
temperature could be changed from 77 K to 320 K. Fluorescence was excited by pumping from an 
appropriate laser diode into the π absorption band. 

Fig. 2 shows the plot of crystal absorption as a function of wavelength (points) and its 
approximation with Gaussian curves. 

To determine the quantum efficiency under pumping with radiation from 507 nm to 454 nm or 405 
nm, the corresponding curve of the dependence of the fluorescence intensity as a function of 
temperature was recorded. The temperature dependence of the fluorescence at excitation at 454 nm 
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and 405 nm was compared with the “reference” dependence obtained at excitation at 507 nm. The 
data obtained at 507 nm are normalized to the value of the fluorescence quantum efficiency (69.5%) 
at room temperature, measured by the calorimetric method in [5]. The output powers of the lasers are 
selected so that the same number of photons are absorbed in the Ti3+: Al2O3 crystal. (yellow line) by 
Gaussian curves (red curves). 
 

 
Fig. 2 Optical absorption spectra (points) and corresponding fitting results of Ti: Al2O3 crystal with Gaussian 
curves. Thick lines – wavelength of laser diodes. 

 
Figure 3 shows a plot of the dependence of the fluorescence intensity of titanium ions in sapphire 

under excitation by radiation with λ = 507 nm, 454 nm and 405 nm as function of temperature. 
 

       
Fig. 3 Quantum efficiency of the Ti3+:Al2O3, pumped by 507 nm, 454 nm and 405 nm, as function of 
temperature. 

 
The fluorescence quantum efficiency of Ti3+:Al2O3 when pumped at 507 nm was 97% ± 5%, and 

when pumped at 454 nm it was 117% ± 5%. The quantum efficiency under pumping at 405 nm 
practically did not change with temperature and amounted to about 23% ± 5%. Similar measurements 
were carried out for a titanium-sapphire crystal grown by the temperature gradient method (TGT). 
The quantum efficiency at pumping at 507 nm and 454 nm was 95% and 114%, respectively. The 
quantum efficiency when pumped at 405 nm was 23%. 

The reasons for the quantum efficiency of more than 100% can be associated with the presence in 
the Al2O3 matrix of pairs of ions Ti3+-Ti3+, Ti3+-Ti4+, which form their own scheme of energy levels 
with absorption bands in the 450 nm region. Excitation from such levels can be transferred to two Ti3+ 
ions. 

This work was performed using the equipment of the Multiple-access center "High-resolution 
spectroscopy of gases and condensed matters" in IA&E SB RAS, Novosibirsk, Russian Federation. 
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We present the design and first results of new type model experiments – with the Laser-produced 
Plasma Clouds (LPC) of spherical form, typical for plasma bunches in some active space plasma's 
experiments like an artificial Barium releases. Such LPC's were created at KI-1 facility of ILP, by 4-
beams laser irradiation scheme (tetrahedral one with 1 cm plastic target) and were used for the first 
time to model 3D-effects of deceleration and instabilities of sub-Alfvenic and photo-ionised Ba-
plasma releases in geomagnetic field. Here we try to simulate, at the new level, such releases, like a 
past «King Crab» [1, 2] in ionosphere or AMPTE [3] in magnetosphere (with both of Ba-mass M ~ 1 
kg) or some CRRES Ba-releases [4] (with M ~ 10 kg), and, finally, recently proposed SMART one 
[5] with M up to 150 kg. A lot of them were done with a spherical-like (AMPTE, CRRES) or 
cylindrically-symmetrical [1, 2] explosive shape, for better interaction of Ba-plasma with ambient 
magnetic field B. Therefore our choice to use a spherical LPC for simulation of Ba-releases is the 
most general approach, which allows us also to compare our results with well-known theoretical [6–8] 
and numerical [2, 9, 10] models. According to them, across to uniform B0-field, a spherical plasma 
cloud (of energy E0), due to field’s exclusion, should be stopped at MHD-radius Rb = (3E0/B0

2)1/3, 
while along to B0 plasma could expand almost free [7–9]. While indeed, due to development of 
various instabilities at plasma boundary (flute’s type [2, 9, 10] or lower-hybrid drift one [11, 12]), 
plasma and field could interpenetrate. As a result, the maximal radius of diamagnetic cavity Rc should 
be less than Rb, while a plasma could propagate (transverse to B) beyond Rb. In our previous 
experiments [12–16] at KI-1 Facility of ILP, with quasi-spherical LPC (by 2-beams irradiation of 
filament and spherical [16] plastic target), it was shown for first time, that in spite of such instabilities 
(including large-scale flutes ~ RL [13, 16]), LPC could interact with the field in rather MHD-manner, 
if the ion directed Larmor RL=V0(m/z)C/eB0 is smaller than Rb, i.e. criterion b = RL/Rb  1. But since 
many important features of Plasma-Field’ interaction are strongly depend upon initial 3D’ Plasma 
shape, to simulate them in Laboratory we need to use near-Spherical Plasma Clouds (SPC). Such 
technic to great SPC by symmetrical 4-Beam Laser (4BL) irradiation of spherical target, was 
developed earlier at high power Laser Systems like “ISKRA-4” (VNIIEF [18]) or GEKKO IV (Japan 
[19]) within Fusion studies. Here we present for the first time results of laser experiment with 4BL-
scheme and SPC to simulate evolution of AMPTE [3] Ba-release in space. 

The given experiment Cloud-4 was fullfiled at KI-1 within classical 4BL-scheme via focusing 4 
beams of CO2-laser (with total energy up to 500 J in the pulse of 0,10,3 s duration) from the 
vertices of tetrahedron, inscribed into vacuum chamber of KI-1 ( 1,2 m of 5 m length). All beams in 
a space around target (polyethylene sphere  1 cm) have a sizes around 1215 mm and almost the 
same energy. Beside a form of expanding SPC (Fig. 1), its main parameters were measured in vacuum 
by a systems of Langmuir probes and Collectors (in a total 46 directions). While at presence of 
uniform magnetic field B0 (up to 400 G) – the symmetry of its exclusion by magnetic B-dot magnetic 
probes (almost in 4 directions, for example see Fig. 1C). Additionally to such kind of important 
methodical data, the registered symmetrical parameters of SPC (especially, its low front velocity V0 ≈ 
130 km/s) allowed us to for the first time (with the really spherical plasma), to test the influence of 
criterion b on opportunity to create a diamagnetic cavity of maximal theoretical size Rb [6]. It was 
done by comparison the data of two regimes: 1) magnetized case, in the field B0 = 400 G, where for 
the SPC energy E0 ≈ 25 J and average <m/z>≈2,5 a.m.u. of ions, their RL1≈ 8 cm with RB1≈ 17 cm, 
therefore b  0,5 and 2)Low- magnetized one at field 100 G, where their RL2≈32 cm, RB2≈42 cm and 
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b≈ 0,8 (~1), for wich one could expect significant difference beetwin theoretical RB and experimental 
cavity size - Rc. 

  
 

a)  DT 0,5 s/ B0=0 

 

 
 

b)  DT 0,25 s/ B0=0 
 

c)  DT 0,5 s (24.05.21/#2) 
 

Fig. 1. Photos (with exposition DT) of Laser-produced Spherical Plasma Clouds (SPC) from 2 
directions: a, c) along to Z-axis of cylindrical Chamber KI-1; b) from its Back-side (tranverse to 
Z). They were done in various shots, but same time 1,5 s. Scales at a) and b) are different and at 
the left – image has  30 cm. At b) – symbol ш marked ceramic tube ( 2 mm, almost along to 
B0) for target support; c)form of SPC in B0 (400 G) is shown, where upper in the left (for scale) – a 
pair of PE-probes situated (with distance 3.2 cm beetwin them, at R = 6 cm). 

 
At Fig. 1c a form of SPC in magnetic field (perpendicular to paper) is shown at the stage of start 

its deceleration by field and the beginning of the flute-like instability at its boundary, which has an 
average radius R ≈ 11 cm. For comparison, at Fig. 2a shown a typical dynamics of ion plasma flow Jp 
= ezniVi at distance R = 25 cm (at presence of weak magnetic field B0 = 100 G). 

 

a

 
b  c  

 
Fig. 2. a) Free expansion of SPC across 100 G field at 25 (and 33) cm with its exclusion up to R 
more than 33 cm; b) diamagnetic cavity of SPC in strong field 400 G at time t=4,2 s (of its 
maximal size Rc≈14 cm, close to Rb ≈ 17 cm); c) deceleration (n9) of SPC in strong magnetic field 
600 G (by probe PE1 at distance R≈25 cm, 30.06.21) in comparison  with  its free expansion (n3) 
without magnetic field. 

 
In conclusion we note, that due to such improoved 4BL-scheme of target irradiation we did not 

observed a jets formation (along to beams) which were revealed in our 2-beams runs [16]. 
This work has been performed in the frame of Program №121033100062-5 of Fundamental 

Studies of ILP (Item 0243-2021-0003), of Siberian Branch Russian Academy of Sciences. 
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Today a number of various experiments with Laser-Produced Plasmas (LPP), done at very-high 
magnetic fields (up to  MG [2–4]) are using to model the physics of Astrophysical [2, 3] and Space 
[5, 6] Jets, a various processes of their formation and long-range propagation at various angles  to 
magnetic fields [4]. We discuss the opportunity and present the first results of new-type simulative 
Jet-experiments with LPP at KI-1 facility of ILP at moderate magnetic field ~ kGs. They were done 
on the base of all our preliminary studies [6–10], both at large-scale, high-vacuum chamber (1,2 m 
of KI-1) and some others devices with LPP. Here we present the design and some opportunities of 
new type model experiments on Jets and possible analysis of their results on the base of modern 
3D/MHD-model [12] of LPP in vacuum uniform magnetic field B0 (as development of classical quasi-
2D model [11] for spherical plasma). 

A most of last time experiments with LPP for simulation of Jets formation [1–4], were done in 
(almost) axial-symmetrical 2D-geometry (along to B0) with the main goals: a) to realize conditions 
most close to Astrophysical Jets (AJ); b) to test a various numerical codes of AJ-formation and 
propagation. But a lot of more practical usages [12] of LPP with B0-fields and various Jets 
(diamagnetic or paramagnetic ones) at near-Earth space [5, 13] deals with the 3D-effects of Jets 
propagation across to B0. All previous [6, 7], recent [8–10] and current experiments on Jets at KI-1 
were done with the propagation of LPP across to B0-fields or quasi-perpendicular to it (at  ~ 
450600). At Fig. 1 the photo of such Jet (in last case) is presented under conditions of modified 
Cloud-4 experiment [14]. 
 

 
Fig. 1 Photo of the Jet at the moment t=2 s (negative with exposition 1,5 s): In the Centre – a black Spot 
of LPP (at the place of laser target - polyethylene sphere 1 cm), irradiated by only 2 beams (instead of 4 
[14]). At the Bottom visible the Line corresponding to ceramic tube for support of probes at its left side, 
which distance to the centre of Spot is R = 25 cm. So, the velocity of the tip of Jet (suited between Spot and 
Line) is equel V = R/t ≈ 125 km/s, well corresponding to the initial expansion velocity of spherical LPP [14] 
in total 4-beams scheme (with the same Laser pulse Intensity q ~ 5*108 W/cm2). Here the uniform magnetic 
field B0 ≈ 400 Gs is directed perpendicular to page of Photo. For effective energy [9] of 1-beam LPP ~ 30 J 
ion magn. parameter is Rb/RLi  0,5. 

 
Since the directed Ion Larmor radius RLi = V0(m/z)C/eB0≈ 8 cm (for <m/z> ≈ 2,5 a.m.u. of ions), 

we can conclude, that at the first stage (2 s) of such Large-Scale Jet (LC-Jet) propagation across B0-
field up to Distance D ≈ 25 cm (Fig. 1), its relative scale has a value i = D/RLi  3 (and up to ≈ 5 
later). In the previous experiments on Jets at KI-1 [8–10] this Scale was only near i ≈ 2, while in the 
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case of Space LC-Jet [13], i  10. This work has been performed in the frame of Program 
№121033100062-5 of ILP. 
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A brief description of the theory of mode locking of a semiconductor laser when the modulating 
generator frequency is close to the intermode frequency is given. It is shown that during mode locking 
there is phase locking, due to which the wave dispersion in the interpulse interval tends to zero. The 
results of first experiments are presented indifferent modes: in the free-running mode and when the 
laser is synchronized. There is a considerable difference in the noise distribution. Possible 
applications of this type of lasers are considered. 

As noted in a number of papers, a diode laser with an external cavity is a convenient tool for 
studying the process of forced mode locking owing to relatively simple ways of obtaining locking 
modes [1, 2] and the possibility of choosing parameters of the external cavity with a convenient 
intermode frequency [3, 4]. 

The procedure of obtaining forced mode locking should be divided into two stages. The first stage 
is the free running mode (preparation, tuning, etc.), and the second stage is obtaining of an active or 
forced mode locking. First of all, the needed free running mode must be obtained. This implies 
choosing an external cavity with appropriate intermode frequencies and parameters of the cavity (the 
coupling coefficient of the cavities, output mirror, etc.). The interaction of the semiconductor diode 
and the external cavity causes the excitation of natural oscillations with the difference between the 
intermode frequencies of the microwave range, which allows studying the processes in the nonlinear 
element itself. This free running mode can be called "noisy", because it takes place at all possible 
modes. In this case, the phase noise determined by the expression can be very important, since there is 
a strong interaction through the diode current. At the beginning of forced locking  a redistribution of 
the noise is observed. This is mostly due to the pulling effect, when there is phase alignment of the 
modes (1 = 2 = 3 =etc.), which is confirmed experimentally. At the same time, other types of noise 
with random phases and amplitudes remain practically unchanged. 

At the theoretical study yields an interesting result. 
We have a multimode operation. The total field strength is written as 

 0( , ) k k ki i t ik z
k

k
z t e        , (1) 

where 0 2 /V     is the photon field strength. For simplicity, consider a ring cavity. The fields 

of individual modes are in a coherent state , ki
k k k k k ka e      , where ka  is the annihilation 

operator for the k -th mode. The stationary distribution function for the k -th mode can be presented 
as 

 21( ) exp ( ) / 2
2k k k k

k

P n 


     
, (2) 

where kn  is the average number of photons in a mode, and k  is the variance of the photon 
distribution function in the mode, , 1k k k kn d d    [3, 4]. 

The distribution for the total field intensity is presented in the form [3] 
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In formula (3), the intensity is taken to be dimensionless ( 0 1  ) and is sought for at point z=0. In the 
absence of mode locking averaging over k  yields 

 
22( ) ( ) ( )

N

k k k
k k

W E E P d      . (4) 

Presenting the delta function in the form 
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   , substituting into (4) and 

integrating k  and with respect top  we obtain 
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where ,k k k k
k k k

n n n d       . In the case of mode locking k l   for all kind l we set 

0k k    , where k varies from -N/2 to N/2 (N is the number of modes). For simplicity, the 
amplitudes of all modes are assumed to be approximately the same. 

Then for 
2E  we have [5, 6] 
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The expression for 
2( )W E  is as follows: 

 
2 22 ( ) /21( ) / 2

2
ip E n ip fW E dpe d e e  


      , (7) 

where n is the average number of photons in one mode, and is the variance for one mode. 
Integrating in (7), we obtain 

 2 2 2 21( ) exp ( ) / 2
2

W E E nf f
f

     
. (8) 

With (8), for the variance of the number of photons in the total field we have 
2( ) ( ) ( )(1 ( ))n t nf t df t   . Thus, outside the pulse the variance for the total field is zero. 

Fig. 1 below shows an experimental setup we used earlier [2]; the only difference is that a 
photodiode with the maximum speed and a corresponding spectrum analyzer were used. 
 

 
Fig. 1 Block diagram of the experimental setup: 1 – semiconductor laser; 2 –direct current source; 3 – 
photodetector; 4 – microwave amplifier-limiter; 5 – adjustable power amplifier; 6 – power supply of the 
semiconductor laser; 7 – spectrometer; 8 – photodetector; 9 – RF spectrum analyzer/optical spectrum 
analyzer, 10 –damping plate, M1 and M2 – splitter mirrors. 

 
Fig. 2 demonstrate phase locking and mode locking, that is, the transition process 1 = 2 = 3 =… 

One can see a considerable redistribution of noise. 
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Fig. 2 

 
However, in real experiments both the number of modes and their amplitudes are not constant; this 

puts into doubt the theoretical conclusion about the variance for the total field outside the pulses. This 
brings the question of the limits of applicability of this theoretical conclusion and calls for additional 
experimental studies. 
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Waveguide CO2-lasers with radio frequency (RF) excitation are widely used in technology, 
instrumentation, and medicine. As an active medium, as a rule, a mixture of gases CO2, N2, He, and 
Xe is used at a total pressure of several tens to hundreds of torr. One of the important parts of this type 
of laser is the RF transmission line. The RF transmission line is the electrical circuit for exciting the 
active medium of the laser, which includes an RF pump generator, a transmission cable, a matching 
circuit, a vacuum RF input, and an electrode assembly. The RF path plays an exceptional role, since it 
determines the efficiency of the laser operation and the stability of the discharge ignition. 

The electrode assembly consist of an optical waveguide with electrodes for exciting a transverse 
RF discharge. Inductors are connected in parallel to the electrodes, forming a high-Q parallel 
oscillatory circuit tuned to a resonant frequency close to the frequency of the RF generator. The 
parameters of the inductors are determined by the geometric dimensions of the elements of the 
electrode assembly. 

In this paper, three numerical models of the RF transmission line are considered: a model with 
lumped elements suitable for studying small-size electrode assemblies, a model taking into account 
the properties of a long line, which more accurately reflects the characteristics of the RF transmission 
line, and a model taking into account the properties of a long line and a return conductor, modeled 
using graph theory and complex for numerical calculations, but giving a high degree of correlation 
with experimental results (Fig 1). 

The calculation results in the absence of a discharge in the laser were compared with impedance 
measurements using an OBZORTR1300/1 vector reflectometer. To confirm the simulation results, 
determine the optimal parameters of the RF transmission line, and refine the technique for tuning the 
matching circuit, a discharge was turned on in the laser at various geometric dimensions of the RF 
transmission line elements, and the actual SWR was measured using a directional coupler at various 
excitation pulse repetition rates. The simulation results together with the obtained experimental data 
will be used to optimize the design of a CO2 waveguide laser. 
 

 
Fig. 1 Theoretical (red) and experimental (blue) dependence of impedance against frequency. 
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Currently, one of the promising areas of terahertz (THz) photonics is high-intensity mobile 
sources of THz radiation. The development of such devices will make it possible to approach 
the creation of a compact terahertz lidar for efficient monitoring of the environment due to 
the absence of THz radiation scattering by aerosols. 

Nonlinear crystals of potassium titanyl phosphate KTiOPO4 (KTP) can be promising 
converters of laser radiation frequencies into millimeter waves. Previously, the optical 
terahertz properties of KTP crystals were investigated and the possibility of down-conversion 
of laser radiation in them was shown [1–2]. The aim of this work is a more detailed study of 
the terahertz properties of KTP crystals in the range of 0.2 ÷ 1 THz (1.5 ÷ 0.15 mm) in a wide 
temperature range (-195° С ÷ + 150° С). 

On a pulsed terahertz spectrometer in a focused beam using two film polarizers, the THz 
optical properties of two high-resistance (~ 1010 Ohm-1 cm-1) samples of the KTP crystal in 
the form of polished plane-parallel plates 10×10×3 mm in size, oriented along the optical 
axes were studied. The samples were grown by the Czochralski method. Measurements were 
carried out at room temperature (+ 23° C), when heated to temperatures: + 50° C, + 100° C 
and + 150° C, when cooled in a cryostat to temperatures: - 50° C, - 100° C, - 150° C, -195° 
C. 

Refractive indices and absorption coefficients of the main optical axes of the crystal were 
calculated for all temperatures. The dispersion of the refractive index components was 
approximated in the form of the Sellmeier equations, the coefficients of which are calculated 
by the least squares method. The results show that the temperature dependence of the 
Sellmeier coefficients for all three main optical axes is close to linear and, most likely, does 
not experience an extremum in the vicinity of the activation temperatures of the cationic 
conductivity of the KTP crystal at -73 ... -23 ° C. Based on the approximations obtained, the 
thermo-optical coefficients were calculated and the temperature dependence of the angle Vz 
of the KTP crystal for the millimeter wavelength range. A weak frequency dependence of the 
Vz angle in the range 0.2–1 THz was confirmed. 

The authors acknowledge the Shared Equipment Center CKP “Spectroscopy and Optics” 
of the Institute of Automation and Electrometry SB RAS for the provided terahertz 
spectrometer. 
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