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Etude des effets cohérents dans la vapeur de rubidium atomique sous irradiation laser bi-chromatique L'intérêt continu du piégeage cohérent de population (Coherent Population Trapping CPT) et du phénomène associé de transparence induite électromagnétiquement (Electromagnetically Induced Transparency EIT) s'explique par un nombre important d'applications dans divers domaines de la physique tels que le refroidissement laser, le stockage d'informations, la magnétométrie, la spectroscopie, les étalons de fréquence atomique etc. [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF].

La résonance EIT est usuellement formée dans un système Λ ayant deux é t a t sd eg r a n d e durée de vie et un état excité couplés par deux diodes laser CW. Cette résonance indique une forte décroissance de l'absorption alors qu'un maximum est attendu en l'absence de champ laser de couplage (une résonance EIT peut aussi se former dans des systèmes échelle Ξ et V). D'un point de vue applicatif, il est important de réduire les dimensions de la cellule contenant la vapeur d'atomes métalliques où se forme la résonance EIT, mais de conserver en mme temps de bons paramètresderésonance, ce qui permettra la mise au point de dispositifs compacts basés sur des effets cohérents.

En 2002, une première publication décrit une nouvelle résonance (appelée résonance N) qui peut apparaître dans des systèmes Λ dans des conditions similaires àl af o r m a t i o nd e la résonance EIT. Le nombre de possibles applications de cette résonance N apparaît aussi important que dans le cas des résonances. Là encore, d'un point de vue applicatif, il est important de réduire les dimensions de la cellule où se forme la résonance N.

Les premiers résultats préliminaires indiquent que l'utilisation de cellules minces et ultraminces, contenant des vapeurs d'atomes métalliques, afin de former des résonances EIT ou Nn écessitent de bons paramètres pour une utilisation ultérieure. Il est important de noter qu'il n'y avait, dans la littérature scientifique, que deux publications relatives àl af o r m a t i o n des résonances EIT dans des cellules minces submicroniques (avant le début de cette thèse) et aucune relative à la formation de résonance N dans des cellules minces de cette épaisseur.

En conséquence, l'étude de ces problèmes était important tout à la fois d'un point de vue scientifique et du point de vue des applications pratiques.

Dans le chapitre I,u nétat de l'art, c'est-à-dire un examen de la littérature existante, sur l'effet EIT est présenté. Nous y dé c r i v o n sd a n sq u e lt y p ed es y s tème atomique peut se former le phénom ène EIT. La physique appropriée à la technique EIT est décrite en détail.

La théorie de l'effet EIT est expliquée en détail. Les motivations et objectifs de l'observation de la résonance EIT dans des cellules minces sont présentés. 87 Rb. Nous présentons le diagramme montrant tous les systèmes Λ possibles et nous examinons toutes les composantes. Il est ainsi démontréque, dans le cas de la transition D 1 du rubidium 87 Rb, le comportement des 3 composantes dépend de l'écart àlarésonance de la fréquence du laser de couplage des sous-niveaux correspondants.

Ainsi pour un champ magnétique B>350 G, seulement deux composantes sont détectables, et pour B>1200 G, une seule des composante EIT est visible. Les résultats expérimentaux ainsi que les calculs théoriques pour l'isotope 87 du rubidium sont présentés et la comparaison théorie-expérience indique un très bon accord.

Nous présentons ensuite l'étude expérimentale du comportement de la résonance EIT dans des champs magnétiques intenses jusqu'à 1,7 kG dans le cas d'une cellule de 30 μm remplie de vapeur de rubidium atomique et de néon comme gaz tampon. Nous montrons que la résonance EIT pour le système Λ de la transition D 1 du 87 Rb dans un champ magnétique longitudinal se scinde en cinq composantes, dont le comportement en fréquence dépend de la configuration en fréquence des lasers pompe et sonde ainsi que de l'amplitude du champ magnétique.

Nous montrons aussi que l'étude des caractéristiques des composantes de la résonance EIT dans des champs magnétiques intenses permet facilement de révéler l'apparition du régime Paschen-Back pour la structure hyperfine de ces atomes.

Le chapitre III décrit la formation d'une résonance N dans une microcellule. Une présentation de la littérature concernant le phénomè n ed er ésonance N est énoncée. La technique expérimentale utilisée est décrite. Le diagramme de formation de résonance N pour la transition D 1 du rubidium 85 est décrit. L'observation d'une résonance N en cascade à bande étroite se formant dans un système Λ d'atomes de rubidium pour des cellules telles que L =8m me tL = 40-90 μme np r ésence de gaz néon à la pression de 6, 20, 200 et 400 Torr est explicitée. La détection de la résonance N au minimum d'épaisseur de la colonne de vapeur à4 0μm est réalisée. La dépendance des paramètres de la résonance N avec l'angle formé par les deux lasers (qui sont utilisés pour former la résonance) est décrite. Nous reportons aussi l'observation simultanée de la formation de résonances N et EIT à l'aide d'une cellule multi-régions remplie de rubidium naturel et de 150 Torr de néon (pour des régions micrométriques d'épaisseur L variant de 1 μmà9 0μm). Nous avons effectuél ad étection simultanée d'un signal de battement à basse fréquence et d'une résonance N, ce qui permet la détermination direct de la fréquence du laser de couplage. Les applications possibles sont énumérées.

Enfin dans le chapitre IV, nous examinons l'éclatement d'une résonance N dans un champ magnétique en utilisant une microcellule remplie de rubidium et de néon comme gaz tampon. Nous présentons les résultats des études du comportement d'une résonance N formée dans un système Λ de la transition D 1 de vapeur atomique de 87 Rb dans des champs magnétiques variant de 4T h e N -type resonance splitting in magnetic field using microcell with the addition of neon buffer gas 108
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Introduction

The relevance of the subject Continuous interest to coherent population trapping (CPT) and related electromagnetically induced transparency (EIT) phenomena is stipulated by a number of important applications in a variety of fields such as laser cooling, information storage, magnetometry, spectroscopy, atomic frequency references etc. [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF].

EIT-resonance is usually formed in a Λ-system with two long-lived states and one excited state coupled by two cw diode laser fields and displays a strong reduction in absorption where a maximum is expected in the absence of the coupling laser field (EIT can occur also in ladder Ξ-and V -systems). From application point of view, it is important to reduce the dimensions of a cell containing atomic metal vapor where the EIT-resonance is formed, at the sametime keeping good resonance parameters, which will allow creation of compact devices based on coherent effects.

In 2002 it was reported about a new resonance (so-called N -type resonance) that can appear in Λ-system under the conditions similar to that for the EIT-resonance formation [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF].

An u mber of applications of this N -type resonance could be as wide as in the case of the EIT and CPT-resonances. From application point of view, it is important to reduce the dimensions of the cell, where the N -resonance is formed.

The obtained preliminary results indicate, that a successful application of thin and ultrathin cells containing vapors of metal atomstoform the EIT-resonances and N -type resonances with good parameters is necessary for their further use. Note, that there were only two publications concerning the formation of the EIT-resonances in submicron thick cells in the literature (before the beginning of the thesis), and no any publication for the formation of N -type resonances in thin cells of this thickness. Thus, the study of these problemsw a s important from both the scientific point of view and for practical applications.

The aim of the work is a detailed study of the EIT-resonance and the N -type resonance formation in ultrathin (20-1000 nm) and thin (10-700 μm) cells filled with vapors of Rb atoms under the radiation of two narrow-band cw lasers (couple, ν c and probe, ν p ). Particularly, it was important to study the influence of laser intensity, temperature, density of atoms and atomic collisions with the walls of cells. Also of practical interest is to study the EITresonance and N -type resonance under the influence of external magnetic field.

Objectives of the thesis:

1. Development of thin and ultrathin sealed off cells containing vapors of Rb, with the possibility of thickness variation in the range of 20 nm -2mm.

2. Investigation of different Λ-systems in vapors of Rb atoms( D 1 and D 2 -lines) for the formation of narrow EIT-and N -type resonances depending on the thickness L in the r a n g eo f2 0n m -2mm.

3. Investigation of the influence of an external magnetic field on the EIT-resonances in 85 Rb and 87 Rb.

Scientific novelty:

1. For the first time the resonance of electromagnetically induced transparency is registered in a nanocell filled with the vapors of Rb atoms(v aporcolumn thickness L = λ = 795 nm,R bD 1 -line) with the high 40% contrast. EIT-resonance is registered at an extremely low thickness L = λ/2 = 397 nm, but with a lower contrast. The experimental results are in good agreement with theory.

2. It is demonstrated that the addition of a buffer gas in a nanocell with rubidium vapor can significantly increase (compared to the nanocell without buffer gas) frequency tuning range of the EIT-resonance in atomic vapor column of thickness L = λ = 795 nm.

3. For the 85 Rb atoms, for the first time, the splitting of EIT-resonance into five components in a thin cell is observed under influence of strong external magnetic field (< 1700 G). It is shown, that in the case of a magnetic field higher than 1000 G, the Paschen-Back regime for the hyperfine structure starts.

4. For the first timet h eN -resonance with ∼ 10% contrast is detected in a 40 μm cell filled with Rb and neon buffer gas (∼ 100 torr).

5.

For the first time the splitting of N -resonance into five components is observed in a thin cell filled with atomic vapors of Rb and buffer gas under influence of external magnetic fields (< 2200 G), and for magnetic fields higher than 1000 G the hyperfine Paschen-Back regime is identified.

The practical value of the work:

1. Narrow and high-contrast EIT-resonances formed in the columno fa t o mic vapors of thickness less than 800 nm can be successfully applied in practical problems, which require miniaturization.

2. Using the EIT-resonance splitting in 30 μm-cells filled with Rb, in strong magnetic fields, the formation of narrow EIT-resonances (showing a decrease in absorption of the probe radiation) over a wide frequency range of several GHz (shifted relative to the atomic transition at zero magnetic field) is possible.

3. Using the EIT-resonance splitting in 30 μm-cells filled with Rb and buffer gas, in strong magnetic fields the formation of narrow N -type resonances (showing an increase in absorption of the probe radiation) over a wide frequency range of 1-4 GHz (shifted relative to the atomic transition at zero magnetic field) is possible.

4. Narrow N -type resonances, formed in the transmission spectrum of 40 μm-Rb cell filled with a buffer gas, allow the measurement of both homogeneous and strongly inhomogeneous magnetic fields (with 40 μm-spatial resolution) in the range of magnetic field B from 30 to 2200 gauss.

The statements of the thesis:

1. In the absorption spectra of the D 1 -line of Rb atoms placed inside nanocell with thickness L = λ = 795 nm under the radiation of two lasers, the EIT-resonance with high 40% contrast can be detected. EIT-resonance also can be recorded at extremely low thickness L = λ/2 = 397 nm, but its contrast is lower than that for the case of L = λ.

The experimental results are in good agreement with theory. Compared to the nanocell with no buffer gas, addition of a buffer gas in the nanocell with rubidium vapor can significantly increase frequency tuning range of the EIT-resonance.

2. For the 85 Rb (in a L =3 0μm cell) under the influence of magnetic field up to 1700 G the EIT-resonance splits into five components. With the use of magnetic field higher than 1000 G the Paschen-Back regime for the hyperfine structure of 85 Rb starts.

3. In the absorption spectra of the D 1 -line of Rb atoms (with addition of ∼ 100 torr neon buffer gas) placed inside nanocell with thickness L =40μm under the radiation of two lasers, the N -type resonance with 10% contrast can be detected. [START_REF] Sargsyan | N -type resonances formation in micrometric-thin cells filled with Rb and buffer gas: splitting in strong magnetic field[END_REF]. In a L =40μm cell, with addition of ∼ 100 torr neon buffer gas, for the 85 Rb under the influence of magnetic field up to 2100 G, the N -resonance splits into five components.

With the use of magnetic field higher than 1000 G the Paschen-Back regimef o rt h e hyperfine structure of 85 Rb starts.

Approbation of the Thesis Statements

The statements of the thesis were presented and discussed at the seminars of the Institute for Physical Research of Armenian NAS; at the Laboratoire Interdisciplinaire Carnot de Bourgogne, UMR CNRS 6303 Université de Bourgogne, as well as reported at the conferences [START_REF] Mirzoyan | Modification of Initially Forbidden Atomic Transitions of Rb D 2 -line in Magnetic Field[END_REF][START_REF] Sargsyan | Nresonance Forma t io ni nM ic r o metric-Thin Cell Filled with Rubidium and Buffer Gas[END_REF][START_REF] Mirzoyan | Study of the Rb Dark-line atomic resonance splitting in a Strong Magnetic Field[END_REF][START_REF] Sarkisyan | High contrast subnatural resonance of increased absorption formed in cell filled with Rb and buffer gas[END_REF][START_REF] Pashayan-Leroy | Highcontrast dark line atomic resonance of D 1 excitation in nanometric-thin cell filled with rubidium[END_REF][START_REF] Sargsyan | Study of electromagnetically induced transparency in strong magnetic field using Rb nanometric-thin cell[END_REF][START_REF] Sargsyan | Atom-Wall collisions influence on dark-line atomic resonances in submicron thin vapor cells[END_REF].

The main results of this dissertation have been published as articles in 12 peer reviewed journals and 7 abstracts in the conference Book of Abstracts represented in bibliography [START_REF] Mirzoyan | Study of optical narrow-band N -resonance formed in the vapor of isotope 87 Rb atoms in an external magnetic field[END_REF][START_REF] Sargsyan | N -type resonances formation in micrometric-thin cells filled with Rb and buffer gas: splitting in strong magnetic field[END_REF][START_REF] Sargsyan | Splitting of the electromagnetically induced transparency resonance on 85 Rb atoms in strong magnetic fields up to the Paschen-Back regime[END_REF][START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF][START_REF] Sargsyan | Selective Amplification of Narrow Resonance Formed in Transmission Spectrum of Rb nanocell in Magnetic Field[END_REF][START_REF] Sargsyan | A study of dark resonance splitting for the D 1 -line of 87 Rb in strong magnetic fields[END_REF][START_REF] Hakhumyan | Study of Forbidden Atomic Transitions on D 2 line Using Rb nanocell placed in External Magnetic Field[END_REF][START_REF] Sargsyan | Simultaneous Observation of N-and EIT-Resonances in 40-micron Thin Cell Filled with Rb and Buffer gas[END_REF][START_REF] Sargsyan | High contrast D 1 -line electromagnetically induced transparency in nanometric-thin rubidium vapor cell[END_REF][START_REF] Sarkisyan | Laser Spectroscopy with Nanometric Cells Containing Atomic Vapor of Metal: Influence of Buffer Gas[END_REF][START_REF] Sarkisyan | Use of nanocell with the thickness L = λ for study atomic transition of Rb D 2 -line in magnetic field[END_REF][START_REF] Mirzoyan | [END_REF][START_REF] Mirzoyan | Modification of Initially Forbidden Atomic Transitions of Rb D 2 -line in Magnetic Field[END_REF][START_REF] Sargsyan | Nresonance Forma t io ni nM ic r o metric-Thin Cell Filled with Rubidium and Buffer Gas[END_REF][START_REF] Mirzoyan | Study of the Rb Dark-line atomic resonance splitting in a Strong Magnetic Field[END_REF][START_REF] Sarkisyan | High contrast subnatural resonance of increased absorption formed in cell filled with Rb and buffer gas[END_REF][START_REF] Pashayan-Leroy | Highcontrast dark line atomic resonance of D 1 excitation in nanometric-thin cell filled with rubidium[END_REF][START_REF] Sargsyan | Study of electromagnetically induced transparency in strong magnetic field using Rb nanometric-thin cell[END_REF][START_REF] Sargsyan | Atom-Wall collisions influence on dark-line atomic resonances in submicron thin vapor cells[END_REF]. The thesis, which consists of introduction, four chapters and References, comprises 143 pages, contains 70 figures, 1 table and 150 references.

In Chapter I a literature overview of EIT effect is given. It is described in which type of systems EIT can be formed. The physical effect behind EIT technique is presented. The theory of EIT effect is explained in details. Motivations and objectives of EIT-resonance observation in thick cells are presented. The theory of EIT in nanocell is described.

Also the experimental setup for studying EIT-resonance is presented. The technical parameters of all the devices are described. Construction of (nano-and micro-thin) cells containing atomic vapor is presented. Determination of the thickness of nanocell using a laser beam is shown.

The EIT-resonance formation in nanocell on thickness L = λ is shown. The spectra of probe transition in nanocell on thickness L = λ is compared with the theory, and the qualitative similarity is shown. The EIT-resonance formation in nanocell on lowest thickness L = λ/2 is shown for the first time. The spectra of probe transition in nanocell on thickness L = λ/2 is also compared with the theory, and the qualitative similarity is presented.

In Chapter II the behavior of EIT-resonance in magnetic field, for the D 1 -line of Rb atoms, is presented. The short discussion of the papers for this phenomena is given. It This chapter explores electromagnetically induced transparency (EIT) [START_REF] Harris | Electromagnetically induced transparency[END_REF], a quantum coherence effect by which a strong laser is used to cancel absorption for a second, weaker laser propagating in the same medium. The phenomenon will be studied in nanometric cells with atomic vapor column length less or comparable with the resonant wavelengths.

Survey of EIT 1.Introduction to EIT

EIT [START_REF] Harris | Electromagnetically induced transparency[END_REF] is a technique capable of drastically modifying a medium's optical properties near an atomic resonance when an electromagnetic field is applied [START_REF] Kuo-Cheng Chen | Effects of laser pulse shape and beam profile on Electromagnetically-induced transparency[END_REF]. As the name indicates, these properties include a transparency window at a normally highly absorbing resonance, but in addition to this, the dispersion properties of the medium are greatly enhanced. The essence of the phenomenon is the possibility of propagation without absorption of a two-component strong field under the condition of two-photon resonance while each component would be strongly absorbed if propagates through the medium alone.

EIT was first predicted in 1989 in a theoretical work employing aspects of coherent EIT takes place in multilevel atomic and molecular systems interacting with coherent electromagnetic fields. The simplest system in which it is observed is a three-level atomic or molecular system (see Fig. transition) is cancelled leading to an initially opaque medium being rendered transparent for the probe field. This effect is termed Electromagnetically Induced Transparency [START_REF] Harris | Electromagnetically induced transparency[END_REF] owing to the fact that the transparency for the probe field is induced by the other electromagnetic field, coupling laser.

How does EIT work ? The underlying physics is as follows: Quantummechanics requires that when multiple excitation pathways exist, interference between their probability amplitudes will occur [START_REF] Harris | Electromagnetically induced transparency[END_REF]. This leads to one possible picture of EIT as an interference between transition pathways. Consider the three level Λ-system shown in EIT also has a particularly simple explanation in terms of so-called "dark" states that will be presented in Section 1.2.5.

Applications using EIT

As stated above EIT is a quantum interference effect in which coherence between atomic states is used to reduce the absorption in a window around an atomic resonance, while simultaneously generating large dispersion and third order nonlinear susceptibilities within the induced transparency window. Ever since the first few papers on EIT were published by The induced transparency and a subsequently suggested modification of a refractive index [START_REF] Scully | Enhancement of the index of refraction via quantum coherence[END_REF][START_REF] Harris | Dispersive Properties of Electromagnetically Induced Transparency[END_REF][START_REF] Harris | Refractive-index control with strong fields[END_REF], is ultimately responsible for the fascinating phenomenon of efficient mixing. Using EIT, Schmidt and Imamoǧlu [START_REF] Schmi D Ta N Da | Giant Kerr nonlinearities obtained by electromagnetically induced transparency[END_REF] showed that it is theoretically possible to achieve resonantlyenhanced nonlinear (third-order) Kerr nonlinearities that are ten orders of magnitude larger than conventional Kerr nonlinearities. Apart from the EIT Kerr nonlinearity, there have been many advances in using EIT to provide more efficient low-light nonlinear optical media.

The field of EIT enhanced nonlinear optics began in the mid 1990's only a few years after the first experiments in EIT. In 1995 Hemmer et al.d e monstrated that EIT could be used to realize efficient phase conjugate effects [START_REF] Hemmer | Efficient low-intensity optical phase conjugation based on coherent population trapping in sodium[END_REF], and in 1996 highly efficient nonlinear mixing was confirmed by Jain et al. [START_REF] Jain | Efficient nonlinear frequency conversion with maximal atomic coherence[END_REF], where an intense 425 nm beam was converted to a 293 nm beam with 40% efficiency. Hahn, King, and Harris [START_REF] Hahn | Nonlinear generation of 104.8-nm radiation within an absorption window in zinc[END_REF] have applied EIT technique to generate sum-frequency radiation in the atomic zinc using two UV lasers source. Meanwhile, Hakuta, Marmet, and Stoicheff [START_REF] Hakuta | Electric-field-induced second-harmonic generation with reduced absorption in atomic hydrogen[END_REF] have extended EIT technique by using dc electric field for a control laser field and have also shown in the atomic hydrogen a possibility of obtaining high conversion efficiency for second-harmonic generation of Lyman-α radiation.

EIT technique has promising applications not only in nonlinear optical processes but also in fields of laser physics. Conventional lasers require pumping more atomic population in upper states than in lower states in order to achieve a condition of population inversion for light amplification by stimulated emission of coherent radiation. Now, with EIT technique, as t i mulated absorption of radiation from lower states may be reduced more effectively compared with a competing stimulated emission of radiation from upper states at a particular resonant light frequency, thus making possible for laser operating without the need to achieve population inversion in the atomic medium [START_REF] Kocharovskaya | Coherent Amplification of an Ultrashort Pulse in a Three Level Medium without Population Inversion[END_REF][START_REF] Scully | Degenerate Quantum-Beat Laser: Lasing without Inversion and Inversion without Lasing[END_REF][START_REF] Arkhipkin | Radiation Amplification without Population Inversion at Transitions to Autoionising States[END_REF][START_REF] Harris | Lasers without Inversion: Interference of a Lifetime Broadened Resonance[END_REF][START_REF] Imamoglu | Lasers without Inversion: Interference of Dressed Lifetime broadened states[END_REF][START_REF] Fill | Lasing without Inversion via the Lambda Quantum-Beat Laser in the Collision Dominated Regime[END_REF]. Three-state lasing without population inversion has been experimentally demonstrated in somea t o mic systems, e.g., Na [START_REF] Padmabandu | Laser Oscillation without Population Inversion in a Sodium Atomic Beam[END_REF] and Rb [START_REF] Zibrov | Experimental Observation of Laser Oscillation without Population Inversion via Quantum Interference in Rb[END_REF].

Another application of EIT is enhanced isotope discrimination. Laser isotope separation technique is based on a fact that different isotopes of an element absorb light at different frequencies. A particular isotope is selectively excited by means of a monochromatic laser tuned to a resonant atomic transition, thus discriminated from the other isotope species.

Kasapi [START_REF] Kasapi | Enhanced isotope discrimination using electromagnetically induced transparency[END_REF] has proposed and demonstrated an enhanced laser isotope separation process between two isotopes of the atomic lead using EIT technique. This method combines a resonant cancellation of induced absorption via EIT effect in one isotope with an enhanced stimulated absorption for the same probe laser in the other isotope through ac Stark effect by adjusting a control laser strength to supply enhanced separation signals in photoabsorption spectrum.C o mpared with a conventional isotope discrimination method using only one resonantly-tuned laser, an enhanced separation signal using EIT technique is about one order of magnitude higher.

EIT has also been applied to various precision measurement tasks such as magnetometery [START_REF] Hemmer | Stabilization of a microwave oscillator using a resonance Raman transition in a sodium beam[END_REF][START_REF] Scully | High-sensitivity magnetometer based on indexenhanced media[END_REF][START_REF] Fleischhauer | Quantum sensitivity limits of an optical magnetometer based on atomic phase coherence[END_REF][START_REF] Budker | Nonlinear magneto-optic effects with ultranarrow widths[END_REF], spectroscopy [START_REF] Linberg | Dark states in coherent semiconductor spectroscopy[END_REF][START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF], in atomic clocks and improving frequency standards [START_REF] Brandt | Buffer-gas-induced linewidth reduction of coherent dark resonances to below 50 Hz[END_REF][START_REF] Kitching | Miniature vapor-cell atomic-frequency references[END_REF].

The value of EIT for precision measurement is due to the fact that a very narrow (subnatural linewidth) transparency resonance can be created. For example, an EIT linewidth with a full width at half maximum (FWHM) of 20 -100 Hz is not uncommon [START_REF] Brandt | Buffer-gas-induced linewidth reduction of coherent dark resonances to below 50 Hz[END_REF][START_REF] Erhard | Buffer-gas effects on dark resonances: Theory and experiment[END_REF], making EIT a very sensitive tool for the Raman detuning and any environmental changes which affect it.

Alongside the modification of the absorption by EIT is the concomitant modification of the dispersion. This is what makes EIT of such interest, the resulting dispersion has very large slope for frequencies near the center of the transparency window; normally such steep dispersion would be coincident with significant absorption. Such as the steep dispersion can lead to extremely slow group velocities for pulses with frequencies near the EIT transparency resonance [START_REF] Schmidt | Steep dispersion and group velocity below c/3000 in coherent population trapping[END_REF][START_REF] Xiao | Measurement of dispersive properties of electromagnetically induced transparency in rubidium atoms[END_REF]. Several groups used the steep dispersion of EIT to observe slow light propagation in a variety of media, including hot atomic gases and atomic Bose-Einstein condensates. In 1999 a group at Harvard reported an experiment in which the group velocity of a pulse of light traveling through an ultracold gas had been reduced to a mere 17 m/s [START_REF] Hau | Light speed reduction to 17 metres per second in an ultracold atomic gas[END_REF],

ar e d u c t i o nb yaf a c t o ro f1 0 7 from the speed of light in vacuum.S o me months later, a second group (also at Harvard) reported similarly dramatic results (group velocities of about 90 m/s), this time in a hot gas [START_REF] Kash | Ultraslow group velocity and enhanced nonlinear optical effects in a coherently driven hot atomic gas[END_REF]. Group velocities as slow as 8 m/s were induced by Budker et al. [START_REF] Budker | Nonlinear magnetooptics and reduced group velocity of light in atomic vapor with slow ground state relaxation[END_REF]. By 2001, the methods used to slow light have been extended "to stop" a light pulse [START_REF] Turukhin | Observation of ultraslow and stored light pulses in a solid[END_REF] and store it in an atomic quantum state for a short time before coherently retrieving the pulse [START_REF] Liu | Observation of coherent optical information storage in an atomic medium using halted light pulses[END_REF][START_REF] Phillips | Storage of light in atomic vapor[END_REF][START_REF] Kocharovskaya | Stopping light via hot atoms[END_REF] using ideas developed by Fleischhauer et al. [START_REF] Fleischhauer | Dark-state polaritons in electromagnetically induced transparency[END_REF] (See also [START_REF] Lukin | Controlling photons using electromagnetically induced transparency[END_REF]).

The phase information of the stopped light was stored in the quantum s t a t eo ft h ea t o mic polarization, from which it could be extracted by slowly turning on a second laser field. This fully reversible storage process remains one of the most important potential applications of EIT, as it permits the transmission and storage of quantum information. Storage times of up to ten second for light pulses in EIT media are achieved by Longdell et al. [START_REF] Longdell | Stopped light with storage times greater than one second using electromagnetically induced transparency in a solid[END_REF].

The technique of EIT has been used in coherently prepared media to create single photon states, store these photons, and then retrieve them while preserving their quantum properties [START_REF] Eisaman | Electromagnetically induced transparency with tunable single-photon pulses[END_REF].

There are many other applications using EIT. For many more see the review articles by Fleischhauer et al. [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF] and by Marangos [START_REF] Marangos | Topical review electromagnetically induced transparency[END_REF].

Physical constraints on EIT

A physical effect behind EIT technique is a destructive atomic interference between alternative laser-induced atomic transition amplitudes (or atomic coherences) for a given transition process. Any dephasing of these alternative atomic coherences can diminish and suppress an effective destructive interference, thus making EIT effect become non-observable.

We review some of well-known and frequently discussed physical constraints to EIT which can prevent an effective atomic interference effect in real atomic systems. For the following discussion, we consider a three-state Λ-type atomic system. Physical mechanisms for interrupting and destroying coherent phase relationships of laser induced atomic coherences pertinent to EIT can be summarized as follows:

-Spontaneous decay of state |2 on a two-photon (Raman) transition; -Collisional damping;

-Doppler broadening;

-Additional non-interfering photo-absorption transition processes;

-Closely spaced hyperfine or Zeeman sublevels;

-Finite linewidth of a coupling laser applied on a |2 →|3 transition.

Due to these coherence-dephasing processes, one needs to select suitable atomic states (e.g. metastable or long-lived state for state |2 ) and appropriate laser sources (e.g. pulsed or CW lasers with single-or multi-mode) with laser system parameters (monochromaticity and peak power value) in order to overcome coherence-degrading effects due to above inherent homogeneous and inhomogeneous linewidths associated with atomic media, laser sources and experimental conditions (e.g. temperature, pressure due to collisions with a buffer gas or walls of a vapor cell, and atom number density).

For a quantitative description of the EIT-resonance , one can use the following expres-

sion [74] α(Ω c ) α(0) = K 1+Ω 2 c /4Γ 21 γ N , (1.1) 
where α(Ω c ) is the absorption at the probe radiation frequency ω p (at which the EITresonance is detected) in the presence of the coupling radiation, and α( 0 )i st h a ti nt h e absence of the coupling radiation. γ N is the natural linewidth (6 MHz for Rb atoms) of the level, Ω c is the Rabi frequency for the coupling field, and Γ 21 is the dephasing rate of coherence. For a given isotope of alkali metal K is a constant and for the 85 Rb it is K ≈ 29.

Fig. 1.4 shows the ratio of α(Ω c )a n dα(0). As is seen from the figure, the decrease of α(Ω C ) results in a better contrast for the EIT-resonance, and the maximum contrast will be observed, when the α(Ω c ) = 0. It is seen from Eq. (1.1) that in case where Ω C tends to infinity (the coupling laser intensity become very high) or when Γ 21 tends to zero, the ratio α(Ω c )/α(0) tends to zero, i.e. the high contrast EIT-resonance is formed. In case where Γ 21 tends to infinity the ratio α(Ω c )/α(0) increases which leads to the absence of EIT-resonance.

Thus for the formation of EIT-resonance the following condition is needed

Ω 2 c ≫ 4Γ 21 γ N . (1.2)
Consequently, the EIT process is a nonlinear process and the coupling field intensity I c and the ground state decay rate Γ 21 are relevant parameters for EIT. In ordinary size cells Γ 21 gas order of 10-20 kHz and is defined by reverse of time of flight through the diameter of laser beam t = D/V ,a n dγ N ∼ 6 MHz. Consequently in order to satisfy EIT-resonance condition few mW/cm 2 intensity of coupling laser is sufficient, which can be easily achieved experimentally. For the linewidth γ EIT the following expression takes place: [START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF]. It must be pointed out that Eq. 1.1 shows the measure of the ratio α(Ω C )/α(0) only for cases when Δ C and Δ P both are equal to zero.

γ EIT ≈ 2Γ 21 + Ω 2 C /γ N

EIT Hamiltonian

To properly characterize EIT, we will employ a semiclassical approach. The atoms are treated as fully quantum objects, while all fields are treated as classical vector fields. There are fully quantum derivations of EIT [START_REF] Fleischhauer | Dark-state polaritons in electromagnetically induced transparency[END_REF], but we will not discuss them in this thesis, as the semiclassical treatment makes excellent predictions for atom-field interactions [START_REF] Erickson | Electromagnetically Induced Transparency[END_REF].

Outline

There are three energy level configurations for three level atoms that can demonstrate EIT, shown in Fig. 1.1. While all three systemsd e monstrate EIT, we will derive EIT for a three level Λ-atom, as the effects are diminished in cascade and V-systems due to high decay rates from |2 , which shortens the coherence lifetime. The Λ-atom's |2 s t a t ei sametastable state with greatly reduced decays and longer coherence lifetimes.

We are ultimately interested in the optical properties of the medium, specifically the dispersion and absorption of the probe laser. These characteristics are described to first order by the frequency dependent complex valued linear electric susceptibility, which is defined by

P = ǫ 0 χE, (1.3) 
where P is the dielectric polarization of the medium, E is the electric field, and ǫ 0 is the permittivity of free space. Knowledge of χ completely determines the material properties we are seeking. Note that P, E and χ are all macroscopic quantities. However, in order to find χ, we need to consider individual atoms.

We first need a description of how the quantumm echanical atom behaves in the applied field. For this we construct a Hamiltonian (H 0 ) describing the three level atom, and approximate the field's effects as a dipole perturbation (H 1 ), which is given as the energy of the dipole moment operator (d). The full Hamiltonian (H = H 0 + H 1 )c a nb emassaged with some approximations and transformations to a more agreeable form,w h a tw et e r m the EIT Hamiltonian (H EIT ).

The EIT Hamiltonian describes a single atom interacting with the external electromagnetic field, but in our system we have an ensemble of atoms. It is therefore natural to transit from describing the system with single atom wave functions, to describing it with density operators (ρ), which model the state of a population of atoms. From this description of the medium, we can generate an expression of the macroscopic polarization in termso ft h e expectation of the dipole moment operators (P = N d ,w h e r eN is the density of atoms).

We then have the relation N d = ǫ 0 χE,f r o m which we can solve for χ.

Deriving the EIT Hamiltonian

The system under investigation is a three level Λ-atom, consisting of the eigenstates |1 ; |2 and |3 , with corresponding eigenvalue energies ω n . We have labeled the states in order of increasing energy, where |1 is a stable ground state, |2 is a metastable state, and both are coupled to the excited state |3 .

We will write the Hamiltonian in the form

H = H 0 + H 1 , (1.4) 
where H 0 is the Hamiltonian describing the free atom without external fields, and H 1 is the perturbation due to the applied electric field. As we are making the assumption that we only have three states, we can form ac o mplete orthonormal basis consisting of the three states |n , each with a corresponding eigenvalue of ω n .C o mpleteness and orthonormality give:

n |n n| =1 1, n|m = δ nm . (1.5)
Employing these eigenvectors and the eigenvalues, we may write the unperturbed Hamiltonian in terms of states n as:

H 0 = n |n n| H 0 n |n n| = ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ ω 1 00 0 ω 2 0 00 ω 3 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠
.

(1.6)

We will now be perturbing H 0 with an electric field. The |2 →|3 transition is driven by a strong control field of amplitude E c and frequency ω c , while the |1 →|3 transition is driven by a weak probe field of amplitude E p and frequency ω p .T h e|1 →|2 transition is assumed to be a dipole forbidden transition. All other energy levels are assumed to be sufficiently off resonance for other transitions to be negligible.

The applied electric field can thus be written as

E = E p cos(ω p t -k p r)+E c cos(ω c t -k c r), (1.7) 
where k are the wave vectors associated with ω. For incident light with wavelengths λ much longer than the effective radius r of the atom, λ ≫ r,w eh a v ekr ≪ 1 and the electric field becomes

E = E p cos(ω p t)+E c cos(ω c t). (1.8)
The energy of this perturbation will be given by

H 1 = -qE • r, (1.9) 
where q is the electron charge, E is the classical vector valued electric field, and r is the position operator. The term -qE • r,i ss i mply the energy associated with a dipole of charge q and separation vector r in the applied field E. Thus, the assumption λ ≫ r is known as the dipole approximation.

Assuming the dipole is aligned with the electric field, we have: elements. This amounts to assume that the atomsh a v en op e r manent dipole moments, which is true for atoms with spherically symmetric wave functions [START_REF] Shore | The Theory of Coherent Atomic Excitation[END_REF]. This assumption holds for a variety of atomic materials, including rubidium, our species of interest. Under these assumptions, we have:

H 1 = -qE • r. ( 1 
H 1 = -E ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 00 d 13 00 d 23 d 31 d 32 0 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠
.

(1.12)

Rotating Wave Approximation

To find the EIT Hamiltonian, we will invoke the rotating wave approximation, which neglects any rapidly oscillating termsi nt h eH a miltonian. To reveal these terms, we will transform into the interaction picture using the time evolution operator:

U (t)=e iH 0 t/ = ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ e iω 1 t 00 0 e iω 2 t 0 00 e iω 3 t ⎞ ⎟ ⎟ ⎟ ⎟ ⎠ (1.13)
Applying this transformation to H 1 gives

UH 1 U † = -E ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 00 d 13 e i(ω 1 -ω 3 )t 00 d 23 e i(ω 2 -ω 3 )t d 31 e i(ω 3 -ω 1 )t d 32 e i(ω 3 -ω 2 )t 0 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠ , (1.14) 
where dagger denotes hermitian conjugate. We express the electric field in the complex notation

E = E p cos ω p t + E c cos ω c t = E p 2 (e iωpt + e -iωpt )+ E c 2 (e iωct + e -iωct ). (1.15)
Now we apply the rotating wave approximation, which amounts to assume that any quickly oscillating term will be averaged out on the time scale of observation. Recall that ω p is near resonance with the ω 3 → ω 1 transition, so the difference ω 3 -ω 1 -ω p will be small, and any exponentials with these terms will remain since they oscillate slowly. However, terms containing the sum ω 3 -ω 1 + ω p will be large, and so these quickly oscillating termsc a nb e dropped in the rotating wave approximation. Similar reasoning is applied to all terms. So neglecting all termswithsums in the exponents as rapidly varying, we obtain for the non-zero matrix elements

(UH 1 U † ) 13 = - 1 2 E p d 13 e i(ω 1 -ω 3 +ωp)t (UH 1 U † ) 23 = - 1 2 E c d 23 e i(ω 2 -ω 3 +ωc)t (UH 1 U † ) 31 = - 1 2 E p d 31 e i(ω 3 -ω 1 -ωp)t (UH 1 U † ) 32 = - 1 2 E c d 31 e i(ω 3 -ω 2 -ωc)t (1.16)
Reversing the transformation to move back into the Schrödinger picture, we find the EIT Hamiltonian

H 1 = - 1 2 ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 00 d 13 E p e iωpt 00 d 23 E c e iωct d 31 E p e -iωpt d 32 E c e -iωct 0 ⎞ ⎟ ⎟ ⎟ ⎟ ⎠
.

(1.17)

We write the Hamiltonian in terms of the Rabi frequencies. First, let us separate the dipole operator into magnitude and phase:

d 13 = d * 31 = |d 13 |e iϕp , d 23 = d * 32 = |d 23 |e iϕc . (1.18) 
Now define the Rabi frequencies

Ω p = E p |d 13 | , Ω c = E c |d 23 | . (1.19) 
This gives us

H 1 = -2 ⎛ ⎜ ⎜ ⎜ ⎜ ⎝ 00 Ω p e iϕp e iωpt 00 Ω c e iϕc e iωct
Ω p e -iϕp e -iωpt Ω c e -iϕc e -iωct 0 

⎞ ⎟ ⎟ ⎟ ⎟ ⎠ . ( 1 
Ũ (t)= ⎛ ⎜ ⎜ ⎜ ⎜ ⎝
e -iϕp e -iωpt 00 0 e -iϕc e -iωct 0 00 1

⎞ ⎟ ⎟ ⎟ ⎟ ⎠ . (1.22) 
By applying the matrix Ũ (t) to the left of both sides of the time-dependent Schrödinger equation we have

i Ũ (t) ∂ ∂t |n = Ũ (t)H EIT |n , i ∂ ∂t Ũ (t)|n - ∂ Ũ (t) ∂t |n = ŨH EIT Ũ † (t) Ũ (t)|n , i ∂ ∂t Ũ (t)|n = i ∂ Ũ (t) ∂t Ũ † (t)+ Ũ (t)H EIT Ũ † (t) Ũ (t)|n , i ∂ ∂t |ñ = i ∂ Ũ (t) ∂t Ũ † (t)+ Ũ (t)H EIT Ũ † (t) |ñ . (1.23)
Thus in the new basis |ñ = Ũ (t)|n the transformed Hamiltonian also satisfies the Schrödinger equation:

i ∂ ∂t |ñ = HEIT |ñ , (1.24) 
with

HEIT = i ∂ Ũ ∂t Ũ † + ŨH EIT Ũ † . (1.25)
The use of transformation (1.22) leads to a simplified Hamiltonian HEIT ,t h a ti s

HEIT = i ∂ Ũ ∂t Ũ † + ŨH EIT Ũ † = 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 2ω p 00 02 ω c 0 00 0 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ + 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 2ω 1 0 -Ω p 02 ω 2 -Ω c -Ω p -Ω c 2ω 3 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ , (1.26) 
HEIT = 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 2(ω 1 + ω p )0-Ω p 02 ( ω 2 + ω c ) -Ω c -Ω p -Ω c 2ω 3 ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ . (1.27)
HEIT no longer contains any time dependent terms and can be rewritten as

HEIT = -(ω 1 + ω p )1 1+ 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 00 -Ω p 02 ( ω 2 + ω c -ω 1 -ω p ) -Ω c -Ω p -Ω c 2(ω 3 -ω 1 -ω p ) ⎤ ⎥ ⎥ ⎥ ⎥ ⎦
.

(1.28)

As -(ω 1 + ω p )1 1 is not physically relevant, it can be dropped out from Eq. 1.28. Thus, one arrives at

HEIT = 2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 00 -Ω p 02 ( ω 2 + ω c -ω 1 -ω p ) -Ω c -Ω p -Ω c 2(ω 3 -ω 1 -ω p ) ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ . (1.29)
Defining the one-photon laser detunings The dressed basis in which the entire Hamiltonian is diagonalized. The center state is the "dark state," which cannot decay or absorb photons; no states are coupled by electric fields. (d) The dark/light state basis. One state, the dark state, decouples from the excited state, while the light state couples more strongly.

Δ p = ω 3 -ω 1 -ω p and Δ c = ω 3 -ω 2 -ω c ,a n dt h e two-photon detuning δ =Δ p -Δ c ,w eo b t a i n HEIT = -2 ⎡ ⎢ ⎢ ⎢ ⎢ ⎣ 00 Ω p 0 -2δ Ω c Ω p Ω c -2Δ p ⎤ ⎥ ⎥ ⎥ ⎥ ⎦ . ( 1 

Analysis in terms of dressed and dark states

Many phenomena that seem surprising when presented in terms of interactions between lasers and the "bare" (ie. unperturbed) atomic states have simple interpretations under a change of basis. The underlying physics of EIT can be explained in terms of so-called "dressed states".

The dressed states are simply superpositions of the bare states and typically correspond to the eigenvectors of the full (H 0 + H 1 )H a miltonian.

On two-photon resonance (Δ p =Δ c =Δ ,o rδ = 0) the diagonalisation of Eq. (1.30) gives the following eigenstates for the coupled atom-light system in termso ft h ea t o mic bare states [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF] |a + =s i n θ sin ψ|1 +cosψ|3 +cosθ sin ψ|2 ,

(1.31a)

|a -=s i n θ cos ψ|1 -sin ψ|3 +cosθ cos ψ|2 , (1.31b)

|a 0 =c o s θ|1 -sin θ|2 . (1.31c)
with the mixing angles defined as tan θ =Ω p /Ω s ,t a n2 ψ =Ω /Δ, and Ω = Ω 2 p +Ω 2 c being the generalized Rabi frequency. The level diagram for this case is presented in Fig. 1.5(c).

The corresponding eigenvalues read

λ a + = 2 Δ - √ Ω 2 +Δ 2 , (1.32a) 
λ a -= 2 Δ+ √ Ω 2 +Δ 2 , (1.32b) 
λ a 0 =0 . (1.32c) 
The interesting physics in the dressed state picture is that the eigenstate |a 0 contains no contribution from the excited state |3 .M o r e o v e r , |a 0 does not interact with |3 , i.e., 3|H EIT |a 0 = 0 vanishes, since |a 0 is one of the eigenvectors of the system. This means that no interaction can drive the transition between |a 0 and |3 , and an atom has no probability of absorbing or emitting a photon when being in |a 0 .S omedium physically becomes transparent to the probe beam when its initial state is prepared to be |a 0 . For this reason, |a 0 is often called the "dark" or "trapped" state.

Note that state |a 0 decouples from the other two eigenstates entirely, and so an atom in |a 0 cannot evolve into either of the other states. It is possible to populate the dark state by optical pumping: population from |3 can decay via spontaneous emission into either of eigenstates. However, population in |a 0 cannot be re-excited into |3 , leading to a net accumulating in |a 0 . This process is one of the methods behind coherent population trapping (CPT) [START_REF] Cohen-Tannoudji | Atom-Photon Interactions[END_REF].

The important point to draw from Eqs. 1.31 is that, in the limit of a strong coupling laser and a weak probe laser, i.e. Ω p ≪ Ω c (usual situation in many EIT schemes), sin θ → 0a n d cos θ → 1. This leads to the new eigenstates

|+ =s i n ψ|2 +cosψ|3 , (1.33a) |-=c o s ψ|2 -sin ψ|3 , (1.33b 
)

|a 0 = |1 . (1.33c)
If now the probe laser comes into resonance, i.e. Δ = 0, one has ψ = π/4a n dt a nψ → 1, and then the states are

|+ = 1 √ 2 (|2 + |3 ) , |-= 1 √ 2 (|2 -|3 ) , |a 0 =|1 . (1.34)
The dressed atom picture for this case is shown in Ultimately, EIT can be explained in termsinte rms of the coupled ("bright" |B )and decoupled ("dark" |D ) superposition states [START_REF] Aspect | Laser Cooling below the One-Photon Recoil Energy by Velocity-Selective Coherent Population Trapping[END_REF][START_REF] Aspect | Laser cooling below the one-photon recoil energy by velocity-selective coherent population trapping: theoretical analysis[END_REF] of the lower levels |1 and |2 :

|3 = |3 , |B = 1 Ω Ω * p |1 +Ω * c |2 , |D = 1 Ω (Ω c |1 -Ω p |2 ) , (1.35) 
that in the case of pulses read

|B (t)= 1 Ω e -iω 1 t (Ω * p |1 + e -iω 21 t Ω * c |2 ) |D (t)= 1 Ω e -iω 1 t (Ω c |1 -e -iω 21 t Ω p |2 ).
(1.36)

In the rotating wave approximation the electric dipole operator coupling ground and excited states is

V dip = Ω p 2 exp(-iω p t -iϕ p )|3 1 + c.c. + Ω c 2 exp(-iω c t -iϕ c )|3 2 + c.c. (1.37) 
so that with Δϕ = ϕ 1 -ϕ 2 the transition dipole matrix elements into the excited state are

3|V dip |B = 2Ω exp[-i(ω 1 + ω p )t -iϕ p ] × |Ω p | 2 + |Ω c | 2 exp[iδt + iΔϕ] (1.38) 3|V dip |D = Ω p Ω c 2Ω exp[-i(ω 1 + ω p )t -iϕ p ] × (1 -exp[iδt + iΔϕ]) .
(1.39)

When the difference frequency of the two light fields matches the ground state splitting (δ = 0) at proper relative phase (Δϕ = 0) only transitions starting from |B are possible:

3|V dip |B = Ω 2 exp[-i(ω 1 + ω p )t -iϕ p ] (1.40a) 3|V dip |D =0 . (1.40b)
As in the limit that Ω p ≪ Ω c we saw that |a 0 →| 1 ,i nt h es a mel i mit |B →| 2 here.

So EIT occurs because, for a strong couple and weak probe, |1 and |2 evolve adiabatically into two superpositions. One superposition, state |D , decouples from the excited state, and it is the "dark" state. Once in the dark state an atom is "trapped" and cannot be excited to state |3 making the medium transparent to the optical fields. In contrast to |D , |B is coupled to the excited state and is called the "bright" state, as it is responsible for all absorption and emission in this scheme. Once an atom is excited from the bright state to level |3 it spontaneously decays into either the bright or dark states with equal probability.

This results in coherent preparation and eventual trapping of atomsin|D state which makes the medium appear "darker".

Motivations and objectives

As stated above, continuous interest to EIT phenomena is stipulated by a number of applications in a variety of fields such as laser cooling, information storage, magnetometry, spectroscopy, atomic frequency references etc. [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF]. In many important applications (e.g. quantum frequency standards, compact atomic clocks), the EIT-resonance in cells containing alkali metal vapors is used. Until recently, the cell sizes considered in the majority of works varied in the range of 0 -10 cm. However, for some applications from practical point of view it is important to reduce the dimensions of cells where the EIT-resonance is formed, at the samet i me keeping good resonance parameters.

The relevant parameter for the linewidth of EIT-resonance is the dephasing rate of coherence between the ground states that is inversely related to the duration of coherent interaction between an atom and a field:

Γ 21 =( 2 πt) -1 ,w h e r et = L/v (L is the distance between cell
windows and v is the most probable thermal atomic velocity). In cases, where an atomic vapor is contained in a cell, the relaxation on the walls gives a dominant contribution to dephasing: in fact every collision with a bare cell wall is sufficient to thermalize the ground hyperfine levels, with depolarization probability 0.5 -1 (see [START_REF] De Freitas | Spectroscopy of cesium atoms adsorbing and desorbing at a dielectric surface[END_REF] and references therein). So, one expects that the reduction of the vapor cell size will result in increase of the dephasing rate of coherence Γ 21 leading to broadening of EIT-resonances, as well as to worsening of the EIT-resonance contrast (defined as the ratio of the EIT depth to the height of the shoulders of the EIT window). The effect has been observed in sub-millimeter thin cells [START_REF] Knappe | Dark-line atomic resonances in submillimeter structures[END_REF][START_REF] Fukuda | Dark resonance of Cs atoms velocity-selected in a thin cell[END_REF]. Common ways to reduce this wall relaxation for sub-millimeter cells is the use of buffer gas or paraffincoated walls [START_REF] Budker | Nonlinear magneto-optic effects with ultranarrow widths[END_REF][START_REF] Knappe | Dark-line atomic resonances in submillimeter structures[END_REF][START_REF] Aleksandrov | Interference of Atomic States[END_REF]. Evidently the effect of collisions should be more pronounced with further reduction of cell thickness as the time of coherent interaction of the atom with the fields shortens causing frequent quenching collisions of atoms with the cell windows. Hence, one could expect that the EIT effect would completely wash out in the case where L<1 μm

(2Γ 21 > 100 MHz).
Nevertheless, it is demonstrated experimentally that the EIT-resonance can be observed in thin cells of the size about optical transition wavelength (hundreds of nanometres), or extremely-thin cells (ETC) [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF]. The explanation for this non-intuitive behavior is as follows: when the coupling laser is resonant with an atomic transition, only the atoms flying nearly parallel to cell windows and hence not experiencing wall collisions do contribute to the formation of the EIT resonance.

The possibility to observe the EIT effect in ETC, is of great interest for its potential application to miniaturization of optical devices such as magnetometers with sub-micrometric spatial resolution and precise frequency references. Miniaturization of cells can also result in creating clusters or even matrixes of cells that can be used for storing and processing quantum information, quantum computers, quantum repeaters for telecommunication networks, etc [START_REF] Yuan | Experimental demonstration of a BDCZ quantum repeater node[END_REF]. nanocells make it possible to study the interaction of atoms with a surface through the frequency shift of the EIT resonance [START_REF] Hamdi | Laser Spectroscopy with Nanometric Gas Cells: Distance Dependence of Atom-Surface Interaction and Collisions under Confinement[END_REF].

The peculiarities of the EIT effect in ETC with the thickness of Rb vapor columno ft h e order of light wavelength λ (780 nm), varying in the range of 0.5λ -2.5λ in Λ-systemso n the D 2 -line of 85 Rb and 87 Rb have been studied experimentally [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF] and theoretically [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF].

The results obtained show that thin and extremely thin cells could be used to form EITresonances with good parameters necessary for their further applications. By the timew e started the present research work, there were no many publications concerning this subject (only two publications), so we have considered it to be important to study this problem.

In [START_REF] Stähler | Coherent population trapping resonances in thermal 85 Rb vapor: D 1 versus D 2 line excitation[END_REF] it was shown that for an ordinary cm-size cell, the excitation of D 1 -line results in greater EIT contrast as compared to that for D 2 -line. It was of interest to verify whether this statement holds also in the case of NTC by comparing the measured EIT contrast with that observed earlier for the D 2 -line [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF]. Switching from D 2 -line to D 1 -line also expected to be favorable for forming the EIT-resonance in the fluorescence spectrum when the cell thickness is λ/2. Note that the possibility of EIT-resonance formation for L = λ/2 and less is theoretically predicted in [START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF]. However, this has not been observed experimentally for

D 2 -line excitation.
The main aims of the present study are: (i) to check whether the EIT resonance in a Λ-system on D 1 -line for NTC with L = λ is advantageous as compared with the case of Rubidium is chosen as our atom species most importantly as for the purposes of EIT, it has a suitable atomic energy structure that can be used as an effective Λ-scheme. We choose the isotope 85 Rb, which has previously been used to demonstrate EIT by many authors. 85 Rb is an alkali metal atom having only a single electron in its outer shell. Several fundamental interactions contribute to the level structure of the alcali atoms. The fine structure results from the coupling between the orbital angular momentum L of the valence electron together with its spin angular momentum S. The total electron angular momentum is

J = L + S, (1.41) 
where J is a quantum number that may have the values:

|L -S|≤J ≤ L + S. (1.42) 
In the ground state of 85 Rb, L =0a n dS =1 /2, hence J =1 /2. In the excited state The hyperfine structure results from the coupling between the total electron angular momentum J together with the total nuclear angular momentum I and is given by:

L = 1, therefore J =1 /2o rJ =3 /2
F = J + I. (1.43)
The magnitude F (total atom spin) can take values:

|J -I|≤F ≤ J + I. (1.44)
In the ground state of 85 Rb J =1/2a n dI =5/2, hence F = 2 or 3 (see Fig. 

Assumptions and hypotheses

-We assume that the atomic density N is low enough so that the effect of collisions between the atoms can be ignored and only atom-surface collisions are to be considered; -Animportant point for our theoretical consideration consists in supposition that the atoms lose optical excitation and all memory about the previous state when colliding with the cell windows;

-The incident laser beam diameter largely exceeds the cell thickness; -The velocity distribution is considered to be Maxwellian and is given by

W (v)= N u √ π exp[-( v u ) 2 ]
, where v is the atomic velocity, N is the atomic density, and u is the most probable velocity given by u =2 k B T/M with k B being the Boltzmann constant, T the temperature of the vapor in Kelvin and M the atomic mass.

Basic equations

To interpret the experimental results, we consider four-level Λ-type atomic systems( s h o w n in Fig. 1.7) confined in a cell of thickness L. Level 5 2 S 1/2 (F g = 2) is coupled with level 5 2 P 1/2

(F e =2, 3) by a probe field E p (with angular frequency ω p )forming transitions |1 →|3 , |4 , and level 5 2 S 1/2 (F g = 3) is coupled with 5 2 P 1/2 (F e =2 , 3) by a coupling field E c (with angular frequency ω c ) for the transitions |2 →| 3 , |4 : these transitions will be referred to as the F =2→ F ′ =2 , 3a n dF =3→ F ′ =2 , 3 transitions, respectively. For simplicity, we restrict ourselves to one dimensional situation where the two driving linearly polarized laser radiations are in the z-direction. The probe and coupling lasers are detuned from the corresponding atomic resonances by

Δ p1(p2) = ω p -ω 31(41) , Δ c1(c2) = ω c -ω 32(42) , (1.45)
where the subscripts p (c) mark the detunings for the probe (coupling) lasers, ω ij is the frequency difference between levels i and j. The total Hamiltonian of the system is given by Ĥ = Ĥ0 + ĤI ,w h e r e Ĥ0 describes a free atom and ĤI describes the interaction between the atom and the electric fields. With electric-dipole and rotating-wave approximations, the interaction Hamiltonian ĤI of the system is given by

ĤI = -Ω p1 |3 1| +Ω p2 |4 1| +Ω c1 |3 2| +Ω c2 |4 2| +H.c., (1.46) 
where Ω p1,p2 = μ 1;3,4 E p /2 and Ω c1,c2 = μ 2;3,4 E c /2 are the Rabi frequencies of the probe and coupling fields, respectively, with μ ij being the electric-dipole matrix element associated with the transition from j to i, and H.c. represents Hermitian conjugate.

The internal atomic dynamics is described by a semiclassical density matrix ρ = ρ ij |i j|,t h et i me evolution of which is given by the Liouville equation of motion: where Γ is the relaxation operator :

ρ = -i/ [ Ĥ,ρ]+Γρ, (1.47) 
Γ ij = 1 2 (γ i + γ j )+γ ij δ ij .
H e r eγ i , γ j are the natural decay rates of states |i and |j ,a n dγ ij is the pure dephasing rate.

The density-matrix equations of motion for the system in the rotating framer e a d

ρ11 = -2Im(Ω * 2 ρ 31 ) -2Im(Ω * 1 ρ 41 )+γ 31 ρ 33 + γ 41 ρ 44 , ρ22 = -2Im(Ω * 4 ρ 32 ) -2Im(Ω * 3 ρ 42 )+γ 32 ρ 33 + γ 42 ρ 44 , ρ33 =2Im(Ω * 2 ρ 31 )+2Im(Ω * 4 ρ 32 ) -Γ 33 ρ 33 , ρ44 =2Im(Ω * 1 ρ 41 )+2Im(Ω * 3 ρ 42 ) -Γ 44 ρ 44 , ρ43 = iΩ 1 ρ * 31 -iΩ * 2 ρ 41 + iΩ 3 ρ * 32 -iΩ * 4 ρ 42 -(iΔ hsp +Γ 43 )ρ 43 , ρ42 = iΩ 3 (ρ 22 -ρ 44 )+iΩ 1 ρ * 21 -iΩ 4 ρ 43 +(iΔ c2 -Γ 42 )ρ 42 , ρ41 = iΩ 1 (ρ 11 -ρ 44 )+iΩ 3 ρ 21 -iΩ 2 ρ 43 +(iΔ p2 -Γ 41 )ρ 41 , ρ32 = iΩ 4 (ρ 22 -ρ 33 )+iΩ 2 ρ * 21 -iΩ 3 ρ * 43 +(iΔ c1 -Γ 32 )ρ 32 , ρ31 = iΩ 2 (ρ 11 -ρ 33 )+iΩ 4 ρ 21 -iΩ 1 ρ * 43 +(iΔ p1 -Γ 31 )ρ 31 , ρ21 = iΩ * 4 ρ 31 -iΩ 2 ρ * 32 + iΩ * 3 ρ 41 -iΩ 1 ρ * 42 -(iδ +Γ 21 )ρ 21 .
(1.48)

Here Δ hsp is the hyperfine splitting of the upper levels, and δ is the two-photon Raman detuning. For the Rabi frequency the estimates are obtained from Ω/2π = aγ(I/8) 1/2 ,w h e r e I is the laser intensity in mW/cm 2 , γ is the decay rate of the excited state, and a is a fit parameter (for our case a ≈ 0.2) [START_REF] Krmpot | Sub-Doppler absorption narrowing in atomic vapor at two intense laser fields[END_REF].

Consistent with the above assumptions (see Sec. Anumber of relevant parameters, both inherent to the atomic system and the experimental setup, are included into the model such as hyperfine pumping, phase fluctuations in the laser fields [START_REF] Dalton | Population trapping and ultranarrow Raman lineshapes induced by phase-fluctuating fields[END_REF][START_REF] Agarwal | Exact Solution for the Influence of Laser Temporal Fluctuations on resonance Fluorescence[END_REF], non-correlation of the laser fields [START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF]. To describe the effects of the finite bandwidth of the laser field to the coherence of the interaction, we use the Wiener-Levy phase diffusion model (see, e.g., [START_REF] Eberly | Atomic Relaxation in the Presence of Intense Partially Coherent Radiation Fields[END_REF][START_REF] Agarwal | Exact Solution for the Influence of Laser Temporal Fluctuations on resonance Fluorescence[END_REF]). We assume that both lasers have a Lorentzian spectrum with a full frequency width at half maximum γ L (as obtained from the model adopted). The laser bandwidths are incorporated into the calculations by introducing relaxation termsf o r the nondiagonal density-matrix elements using the procedure developed in [START_REF] Dalton | Population trapping and ultranarrow Raman lineshapes induced by phase-fluctuating fields[END_REF][START_REF] Agarwal | Quantum statistical theory of optical-resonance phenomena in fluctuating laser fields[END_REF].

Absorption spectra

We are concerned with the probe field transmitted through the second window

E out = t 2 E p0 . (1.49)
Here t 2 =2 /(n 2 + 1) is the transmission coefficient of the second window, and E p0 is the probe field inside the cell

E p0 (z, t)= 1 2 E p0 (z)exp[-i(ω p t -k p z)] + c.c. (1.50)
The goal is to find an expression for the field E p0 (z)a ta n yp o s i t i o nz inside the vapor in order to obtain the transmitted signal

I p ∝|E out | 2 .
The field transmitted inside the cell obeys the Maxwell equation for the wave propagation through the resonant medium

∇ 2 E p0 - 1 c 2 ∂ 2 E p0 ∂t 2 = μ 0 ∂ 2 P 0 ∂t 2 , (1.51)
with μ 0 being the magnetic permeability, c the velocity of the light in the vacuum, and where we define the amplitude of the polarization induced inside the vapor at the probe frequency

P 0 (z)a s P 0 (z, t)= 1 2 P 0 (z)exp[-i(ω p t -k p z)] + c.c. (1.52)
The field inside the cell can be represented as

E p0 (z)=E ′ p0 (z)+E ′′ p0 (z). (1.53)
Here E ′ p0 (z) is the probe field inside the empty cell, and E ′′ p0 (z) is the resonant contribution of the medium to the field that consists of two parts : the total backward E b and forward E f propagating responses generated in the medium. These fields can be calculated from Maxwell equation (1.51) by the Green function method and read [START_REF] Dutier | Revisiting optical spectroscopy in a thin vapor cell: mixing of reflection and transmission as a FabryPerot microcavity effect[END_REF][START_REF] Vartanyan | Enhanced selective reflection from a thin layer of a dilute gaseous medium[END_REF] 

E f (z = L)=2πik p L 0 P 0 (z)dz, E b (z =0)=2πik p L 0 P 0 (z)e 2ikpz dz.
(1.54) Note that in a very dilute medium, i.e. E ′′ p0 (z) ≪ E ′ p0 (z), the field E p0 (z)t h a td r i v e s the probe polarization P 0 (z)i nt h emedium is essentially the field E ′ p0 (z)o fa ne mpty cell. Under this assumption, considering the effects of interference and multiple reflections from the cell windows together with the boundary conditions at z =0andz = L, one obtains for the probe field inside the empty cell [START_REF] Dutier | Revisiting optical spectroscopy in a thin vapor cell: mixing of reflection and transmission as a FabryPerot microcavity effect[END_REF] 

E ′ p0 (z)=E p t 1 1 -r 2 exp[2ik p (L -z)] F , (1.55) 
and for the resonant contribution at the cell exit

z = L E ′′ p0 (z = L)= 1 F (E f (z = L) -r 1 E b (z =0)), (1.56) 
where E p is the amplitude of the probe incident filed, and the factor F =1-r 1 r 2 exp(2ik p L) takes into account the influence of the beam reflected by the second wall of the cell (which is important in the case where the cell thickness is L ∼ λ), i.e. the Fabry-Perot effect. Here

r 1 = n 1 -1 n 2 +1 and r 2 = n 2 -1 n 2 +1
are the reflection coefficients of the first and second windows, respectively, and

t 1 = 2n 1 n 1 +1
is the transmission coefficient of the first window.

Using the expressions given in (1.54) one obtains for E ′′ p0 :

E ′′ p0 (z = L)= 2πik p F z ′ =L 0 P 0 (z ′ ) 1 -r 1 e 2ikpz ′ dz ′ . (1.57)
Taking into account the dilute character of the medium (E ′′ p0 ≪ E ′ p0 ), we obtain for the transmitted signal:

I p ≈ t 2 2 E ′ p0 (L) 2 +2Re E ′′ p0 (z = L)E ′ * p0 (z = L) . (1.58)
The absorption signal of the probe field is given by the second term in the brackets

S abs ∼ 2Re E ′′ p0 (z = L)E ′ * p0 (z = L) . (1.59)
To obtain the probe absorption spectra, we need to calculate the polarization of the medium on the frequency of the probe field that is determined by

P 0 (z)=Nd 31 ρ + 31 + ρ - 31 + Nd 34 ρ + 41 + ρ - 41 , (1.60) 
where nondiagonal matrix elements ρ

+ j1 ≡ ρ j1 (z = v z t)a n dρ - j1 ≡ ρ j1 (z = L -v z t)w i t h j =3
, 4r e l a t et ot h ea t o ms flying with the velocity in the positive and negative directions of the cell axis, respectively. We provide this by exact numerical solution of the set of optical Bloch equations as given by Eqs. (1.48). To include the Doppler-broadening effect, we average the density-matrix elements obtained for a single atom over the Maxwellian velocity distribution of the atoms. Inserting formulas (1.55), (1.57), (1.60) to Eq. (1.59) one gets for the Doppler broadened absorption profile -vzt) .

1 E 2 p S abs = - 4πω p Nt 2 2 t 1 cu √ u 1 E p |F | 2 ∞ 0 e -v 2 z /u 2 v z dv z L/v 0 dt × Im i=3,4 d i1 ρ + i1 t, Δ + p ,E p0 (v z t) (1 -r 1 e 2ikpvzt ) ρ + i1 t, Δ - p ,E p0 (L -v z t) 1 -r 1 e 2ikp(L
(1.61)

Here Δ + p =Δ + p ± k p v z are the Doppler shifted detunings of the probe field. The plus sign refers to the atoms with the velocity v in the positive direction of the cell axis, and the minus sign refers to the atoms with the velocity v in the negative direction of the cell axis. A general agreement between the results of our theoretical calculations and those of the experiment is seen.

The experimental setup for the study of EIT

The experimental arrangement is sketched in Fig. 1.8. The beamso ft w os e p a r a t es i n g l efrequency extended cavity diode lasers (ECDL) with λ ≈ 794 nm and ∼ 1 MHz linewidth are well superimposed and directed onto the Nanometric-thin cell (NTC) at near-normal incidence by the first Glan prism (G 1 ). The coupling and probe beamso f3× 2 mm elliptical shape have linear and mutually perpendicular polarizations. Faraday isolators (1 )a r e used to prevent an extraneous feedback from reflected beams. NTC (4 ) is placed inside the three pairs of mutually perpendicular Helmholtz coils (2 ) providing the possibility to cancel laboratory magnetic field as well as to apply homogeneous magnetic field. The transmission and fluorescence radiations are recorded by the photodiodes (3 ) followed by operation amplifiers; the signal of the photodiodes is recorded by a two-channel digital storage oscilloscope Tektronix TDS 3032B.

The radiation power of the coupling and probe lasers was varied throughout the measurement in the range of 1 -30 mW and 0.01 -3 mW, respectively using neutral density filters F.A ni mproved Dichroic-Atomic-Vapor-Laser-Locking technique realized with the help of a separate NTC with L = λ/2, a permanent ring magnet (7 ), λ/4 plate, Glan prism (G 3 ), and an error signal unit for electronic subtraction of two photodiodes signals is used for the cou- pling laser frequency stabilization (see [START_REF] Sargsyan | Efficient technique for measuring laser frequency stability[END_REF]). The frequency reference spectrum was formed with the help of an auxiliary NTC (5 )w i t hL = λ [START_REF] Sargsyan | Efficient technique for measuring laser frequency stability[END_REF]. A second Glan prism (G 2 )w a s used for separating the coupling and probe beams, so that only the probe beam transmission could be monitored.

All the main parameters of the experimental technique are given here after.

a) Semiconductor CW diode lasers

Active development of techniques leads to fabrication of diode lasers radiating in the range 400 -1000 nm with high spectral and specific technical characteristics. These lasers have narrowband radiation with line γ L =0 .5 -10 MHz and intensity of radiation in the range 10 -100 mW. The more attractive characteristics of diode lasers are: the narrowband radiation, compactness and low power consumption and comparatively easy way to vary the wavelength of radiation. The high efficiency of diode lasers is conditioned by the way of the radiation generation which is realized by direct pumping of active media by electric current. The temperature and the pumping current determine wavelength of the radiation and due to that, it is thus important to have stable and noiseless power supply as well as good thermocontroller for stabilization of temperature of diode's case. For linewidth narrowing a external-cavity is used. Tunable ECDL usually use a diffraction grating as the wavelength selective element in the external resonator. They are also called grating-stabilized diode lasers. In our experiments we use the ECDLs with common Littrow configuration.

The common Littrow configuration contains a collimating lens and a diffraction grating as the end mirror. The first-order diffraction beam provides optical feedback to the laser diode chip, which has an anti-reflection coating on the side near end mirror. Peltier element realizes the thermo-stabilization of the diode chip. In order to measure the diode chip temperature the chip is installed on a mount with a thermo-detector, which realizes a feedback with the control module. 

b) Faraday isolator

In fact ECDL have big gain coefficient and it leads to high sensitivity of ECDL to feedback.

It means that ECDL are very sensitive to reflections of the laser beam from optical elements of experimental setup. Strongest reflections appear when it is necessary to direct the laser beam perpendicularly to optical surfaces, for instance perpendicularly to the windows of a nanocell filled with atomic vapors. In this case the nanocell reflects ∼ 7% of the incident beam intensity and back-reflected beam (feedback) causes non-stable regime of the laser process.

In order to avoid the feedback of the laser radiation, FI are used. The principle of working o ft h eF Ii sa sf o l l o w s : t h el a s e rb e a m is directed on a FI at first pass through a first Glan polarizer enlightened by a plane polarized laser radiation. After a first polarizer, the linearly polarized laser radiation passes through a magneto-active element and under the influence of the external magnetic field applied to the magneto-active element undergoes a rotation of the polarization plane of the laser radiation. The magnitude of the magnetic field applied to the magneto-active element is specially adjusted to rotate the plane of polarization of 45 • . After the magneto-active element, the radiation passes through a second Glan polarizer which is rotated of 45 • in respect with the first polarizer and transmits the laser radiation without losses. In this case the back reflected beam, after passing through a second polarizer and magneto-active element, will be rotated one more timeof45 • and will not be passed through 

c) Helmholtz coils and permanent ring neodymiumm agnets

In order to apply the magnetic field to the cell filled with alkali metal vapor, we used Helmholtz coils and permanent ring magnets .

Ap a i ro fH e l mholtz coils consists of two identical circular magnetic coils that are placed symmetrically one on each side of the experimental area along a common axis, and separated by a distance h equal to the radius R of the coil (see Fig. 

B x = μ 0 i 2R [ 1 (γ 2 + γ +5/4) 3/2 + 1 (γ 2 -γ +5/4) 3/2 ] (1.62)
Where B x is the magnetic field, in teslas, at any point on the axis of the Helmholtz coil.

The direction of the field is perpendicular to the plane of the loops.

μ 0 is the permeability constant (1.26x10-6 H/m) i is the current in the wire, in amperes.

R is the radius of the current loops, in meters.

γ is the ratio, x/R, where x is the distance, on axis, from the center of the Helmholtz coil, and R is the radius of the coil. The Helmholtz coils are very useful for applying low magnetic fields, and three pair of coils orientated one orthogonal another can be used for compensating the Earth magnetic field.

But for applying magnetic field B>200 G it is much easier to use neodymium permanent ring magnets.

An e o d y miumm agnet (also known as NdFeB, NIB, or Neo magnet), the most widelyused type of rare-earth magnet, is a permanent magnet made from an alloy of neodymium, which is also chemically stable to Rb vapors [START_REF] Sarkisyan | Thermal Dissociation of Cesium Dimers[END_REF][START_REF] Sarkisyan | Efficient cw Sodium dimer Raman laser operation in a high-temperature sapphire cell[END_REF]. Since a crystalline sapphire has a natural birefringence, the windows of the cells are prepared in such a way that the c-axis is perpendicular to the surface of the window. In this case, if the laser radiation is oriented perpendicularly to the window, the birefringence significantly decreases.

In the study of the magneto-optical processes a great advantage of using garnet is that the birefringence is absent. The plates of a sapphire are transparent in the range 0. Therefore careful and long pumping out of thin cell (as well as nanocell) at high temperatures is important.

The most complicated and important problem is to remove water completely from surface of sapphire or garnet. Note, that in order to get a cell which will have thicknesses of Rb atomic vapor L of several hundreds μm, one should put Ti strip (which works like spacer between the cell windows) thicker of thickness several hundreds μm.I tmeans that the considered construction of the cell is universal for obtaining of thicknesses L in range from 5 μm to 1 mm.

Construction of nanocells containing atomic vapors

The construction of nanocells (the thickness of an atomic columni sv a r i e sf r o m 20 nm to several hundreds of micron) is similar with the one demonstrated on fig. 1.15 and considered in detail in [START_REF] Sarkisyan | Sub-Doppler spectroscopy by submicron thin Cs vapor layer[END_REF]. In this case rectangular, smoothly polished sapphire or garnet plates, with the following sizes: width -20 mm, height -30 mm and thickness -3 mm may be chosen as cell windows. The degree of finishing of a garnet polishing must be very high (more than λ/10). In order to form an a n o metric gap between the cell windows, in the bottom side of the windows, by vacuum deposition, a thin strip (width is 1 mm, length is several mm and thickness -about 1 -2 μm) of sapphire (Al 2 O 3 )i sc r e a t e d .

In case of particular problems, it was obligatory to use windows with a small thickness about 0.7 mm. In those cases after the cell filling and sealing-off under the pressure of the external atmosphere, the windows were pressed to each other, particularly in the region where the stripe are absent (top of plates), decreasing the gap between the cell windows up to 20 -30 nm. In case when the plates of ∼ 0.7 mm were used, to increase plates thicknesses in the bottom part, little sapphire or garnet blocks were glued, which is well seen on fig. 1.16(b).

Inside is put and glued the thin sapphire pipe with the external diameter ∼ 2 mm and ∼ 50 mm length. For this purpose, a hole was drilled in the bottom side of the cell (where the supplementary sapphire blocks were glued) with a diameter of ∼ 2 mm. Further the all construction was gathered and glued in the vacuum chamber [START_REF] Hemmer | Efficient low-intensity optical phase conjugation based on coherent population trapping in sodium[END_REF].

It is important to note, that since the distances between cell windows are small, a more careful and longer pumping (∼ 8 hours) at high temperatures (∼ 400 • C) is necessary. On fig. 1.16(b) is given a photograph of the nanocell with a wedge-shape gap between the windows and L in the range 50 nm -2μm. We would like to pay attention that on this photograph, an interferometric pattern is observed, which appears as a result of the reflection of the sunlight from the internal surfaces of the nanocell windows. This is because the gap between the windows is of the wavelength λ of the sunlight. Note that the interferometric pattern is observed up to thicknesses about 2 -2.5 μm. On fig. 1.16(b) a thermocouple can also be seen. A thermocouple is fixed so that its tip has a good thermal contact with the upper limit of the metallic Rb column inside the sapphire pipe. In order to increase the thermal contact, the tip of the thermocouple is tied to the sapphire pipe by a glass fibber. 

I R 2 I R 1 = 1 R • Fsin 2 (ϕ/2) 1+Fsin 2 (ϕ/2) (1.63)
where R is the cell windows reflection coefficient, Thus, the intensity of the radiation transmitted through the nanocell with L = kλ/2 will have the maximal magnitude, which has the intensity of two reflections less (from the first surface (R 1 )a n df r o m the backside surface (R 3 )) than the initial radiation, i.e. R 1 + R 3 ≈ 16.8% less. When the thickness L =(2k +1)λ/4, the transmitted intensity is 16.8% + 24% = 40.8% less than the initial intensity. Fig. 1.18 shows the variation of the intensity depending of the thickness of the cell calculated with the relation (1.63) (for certain parameters of the nanocell) for λ = 633 nm and λ = 780 nm. Since the calculated curves demonstrates a periodical variation of the reflection, the thickness L can be measured up to a multiple of λ/2, particularly it is impossible to distinguish L = λ/2, L = λ and L =3 λ/2. In order to eliminate this complication, we did the following in our experiments: the nanocell is constructed so, that it contains the thickness L<100 nm. Such kind of small thicknesses are visually observable: the reflection from this thickness is vanishing and visually this region has white color. In the marginal case of zero thickness, an "optical contact" arises and obviously no reflection appears. Hence, measuring the thickness L from the region of L<100 nm,suc h kind of ambiguity will be eliminated. Since for the different wavelength the maximaa n dt h e minima of the reflection achieve for the different thicknesses (see fig. 1.18), in experimental conditions it is more convenient to make a measurement of the nanocell thickness directly using setup DL (for example λ = 780 nm). In this case the thicknesses L = λ/2 (390 nm), L = λ (780 nm), L =3 λ/2 (1170 nm)e t c . g i v eminimal reflection (R 2 = 0), while the maxima of reflection are reached for L = λ/4 (195 nm), L =3 λ/4 (585 nm)e t c . I ti s possible to measure the maximaa n dt h eminima with a high precision, that is to determine the thickness of the gap with the precision ±20 nm.

F =4 R/(1 -R)
The thickness of the gap can be measured as well as by the transmission intensity: for example, in the case of L =(2k +1)λ/2t h eminimum of the reflection is observed, that is in the transmitted light, the maximum of intensity will be detected, and inversely: in the case of L =(2k +1)λ/4, when the reflection is maximal, it will be minimal intensity in transmission.

It is important to note, that in some cases, the region of homogeneous thickness has a small size. It is clearly visible, that the reflection from the region with a homogeneous thickness, has a homogeneous color, due to the interference conditions for a certain wavelength of the light. In this case, in order to increase the precision of the measurement it is necessary to decrease the laser beam diameter in a spot with a diameter D L =0 .3 -0.5 mm.T h e advantage of this method is the possibility to make a measurement during the experiment, this measurement being precisely localized and with high accuracy.

1.6 EIT: The coupling laser frequency is on resonance with atomic transition.

For many applications (someofthem will be given in this thesis), it is important to reduce the dimensions of a cell containing atomic metal vapor where the EIT-resonance is formed, at the samet i me keeping good resonance parameters. The linewidth of EIT resonance in a Λ-system for the case of low laser intensity is given by γ EIT =2 Γ 21 +Ω 2 /γ N [START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF], where Γ 21 is the coherence dephasing rate, with Ω being the Rabi frequency and γ N the natural linewidth. For the case where nanometric-thin cells are employed [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF][START_REF] Sarkisyan | Sub-Doppler spectroscopy by submicron thin Cs vapor layer[END_REF][START_REF] Sarkisyan | Sub-Doppler fluorescence on the atomic D 2 line of a submicron rubidium-vapor layer[END_REF], Γ 21 is highly affected by atom-wall (cell window) collisions; it takes place, though less pronounced, also for sub-millimeter thin cells [START_REF] Fukuda | Dark resonance of Cs atoms velocity-selected in a thin cell[END_REF][START_REF] Knappe | Microfabricated saturated absorption laser spectrometer[END_REF]. It is known that a unique collision with a dielectric surface of an uncoated vapor cell is sufficient to thermalize the ground hyperfine levels, with depolarization probability 0.5 -1 (see [START_REF] De Freitas | Spectroscopy of cesium atoms adsorbing and desorbing at a dielectric surface[END_REF] and references therein). As the thickness of an uncoated and not buffered vapor cell is reduced, the lifetime of the ground-state coherence becomes shorter because of collisions of atoms with cell windows: Γ 21 =( 2 πt) -1 ,w h e r e t = L/v (L is the distance between windows and v is the most probable thermal velocity). Also the contrast of EIT-resonance depends strongly on Γ 21 . Hence, one could expect that the EIT effect would completely wash out in the case of L<1 μm (2Γ 21 > 100 MHz).

Nevertheless, it was demonstrated that the EIT-resonance can be observed in thin cells with thickness as small as ∼ 1 μm [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF]. The explanation for this non-intuitive behavior is as follows: when the coupling laser is resonant with an atomic transition, only the atoms flying nearly parallel to cell windows and hence not experiencing wall collisions do contribute to the formation of the EIT resonance.

In the paper of M. Stahler et al. [START_REF] Stähler | Coherent population trapping resonances in thermal 85 Rb vapor: D 1 versus D 2 line excitation[END_REF] it was shown that for an ordinary cm-size cell, the excitation of D 1 -line results in greater CPT (EIT) contrast as compared to that for D 2 -line.

Let us present some results from this paper. In Fig. 1.19, the energy levels which are involved in EIT process are shown. In this work two lasers where used. The first was tuned to the D 1 transition of 85 Rb at 795 nm, and the second to the D 2 transition at 780 nm.B o t h laser beamsh a dt h es a me diameter, and they were superimposed with a beam splitter such that they traveled along the same path in the cell. Each laser beam was then circularly For measurement of the CPT (EIT) resonance, the synthesizer that produced the microwave frequency was scanned over a range of a few kilohertz near 1.5 GHz, the first subharmonic of the hyperfine transition frequency. Figure 1.20 compares the CPT (EIT) resonance excited by the D 1 transition with that excited by the D 2 transition under the samee x p e r i mental conditions. Each trace was normalized to the Doppler absorption value that was present when the fields were in optical resonance but out of CPT (EIT) resonance. It is clear that the CPT (EIT) width is smaller for D 1 excitation, and the contrast is larger. The contrast for D 1 excitation is close to 10%, whereas for D 2 excitation the contrast is near 2%. So far, it was not verified whether this statement holds also for the case of NTC by comparing the measured EIT contrast with that observed earlier for the D 2 line [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF].

Switching from D 2 line to D 1 line is also expected to be favorable for forming the EITresonance in the fluorescence spectrum when the cell thickness is λ/2 (this was not attainable for D 2 -line excitation). It should be noted that in the case of the NTC the key parameter for EIT (equally for absorption and fluorescence) is not the value of L itself, but L/λ ratio, that is why the high contrast obtained for L = λ can strongly reduce, when L is further decreased [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Pashayan-Leroy | Electromagnetically induced transparency: the thickness of the vapor column is of the order of a light wavelength[END_REF].

The main aims of the present study are: (i) to check whether the EIT resonance in a Λ-system on D 1 -line for NTC with L = λ is advantageous as compared with the case of D 2 excitation and to study the EIT contrast and linewidth dependence on coupling laser detuning; (ii) to investigate the EIT behavior under the further reduction of cell thickness to L = λ/2, also in fluorescence spectrum. One of the cell miniaturization usage is to miniaturize the optical devices such as magnetometers with sub-micrometric spatial resolution and precise frequency references.

The experimental arrangement is presented on section 1.2.

EIT: thickness of the cell L = λ

The L = λ case is of a special interest, since this is the minimum thickness when it is possible to form a high-contrast EIT signal. For L<λ , the Dicke effect causes strong spectral narrowing and absorption increase for the probe laser, which results in reduction of EIT contrast (see below). Relevant energy levels of 85 τ L = L/v z = kL/(2πΔ). This causes frequent quenching collisions of atoms with the cell windows leading to the increase of γ ′ 21 (Δ) (which is equal to 1/(2πτ L )) and consequently, to strong linewidth broadening and contrast reduction of the EIT-resonance. For this case γ EIT can be described by a simple expression.

γ EIT (Δ) = γ EIT ∆=0 +2γ ′ 21 (Δ), (1.64) 
Replacing the gap thickness by a justified parameter L ef f = L/2, we get γ ′ 21 (Δ) = Δ/π for L = λ.F r o m (1.64) for Δ = 40 and 85 MHz we have γ EIT = 50 and 79 MHz, correspondingly, which is in good agreement with the experimental values. We should note that measurement of EIT-resonance linewidth γ EIT at large coupling laser detuning could serve as a convenient tool to study atom-window collisions and properties of window material.

When the coupling laser is off, velocity selective optical pumping (VSOP) peaks located exactly at the atomic transitions and exhibiting reduction of absorption appear in the transmission spectrum of the probe (grey lines) [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF].

When the coupling is switched on with Δ = 0, a high contrast EIT-resonance is superimp o s e do nt h eV S O Pa tF g =2→ F e = 3 transition, while VSOP resonance on F g =2→ F e = 2 transition is inversed, demonstrating an absorption increase. The latter is caused by a transfer of atomsf r o m F g =3t oF g = 2 by the coupling laser, thus increasing the probe absorption on F g =2→ F e =2, 3 transitions.

One can conclude that the best EIT-resonance parame t e r sf o rt h ec a s eo fN T Ca r ea ttained for Δ = 0. This behavior completely differs from that observable for ordinary 1 -10 cm long cell where EIT formed on the wings of the Doppler-broadened absorption line can get narrower [START_REF] Wang | Observation of sub-Doppler absorption in the Λ-type three-level Doppler-broadened cesium system[END_REF]. when the 20 mW coupling laser radiation is resonant with F =3→ F ′ = 3 transition, while the 0.04 mW probe laser radiation frequency is scanned across the F =2→ F ′ =2, 3 transitions. The NTC's side-arm temperature is 140 • C. The linewidth of EIT-resonance is 25 MHz FWHM, while the contrast defined as the ratio of EIT amplitude to the height of the shoulders is 34 % (the peak value of the absolute absorption is 4 %). For a higher coupling Coupling laser (P c =27mW) is resonant with F =3→ F ′ = 3 transition, probe laser (P p = 0.04 mW) is scanned across F =2→ F ′ =2, 3. Grey line: spectrum when coupling laser is off. Graph a:e x p e r i ment; graph b:n u merical calculations for the experimental parameters,

Ω c =1.5γ N ,Ω p =0.06γ N , γ ′ 21 =6M H z .
while showing the same peak absorption value [START_REF] Dutier | Collapse and revival of a Dicke-type coherent narrowing in a sub-micron thick vapor cell transmission spectroscopy[END_REF][START_REF] Sarkisyan | Spectroscopy in an extremely thin vapor cell: Comparing the cell length dependence in fluorescence and in adsorption techniques[END_REF][START_REF] Andreeva | Saturation effects in the sub-Doppler spectroscopy of cesium vapor confined in an extremely thin cell[END_REF]. Moreover, as it was shown recently, it is impossible to form any type of sub-Doppler dip (i.e. VSOP resonance) for L = λ/2, neither in transmission nor in fluorescence spectra, even for the laser intensity as high as several tens of W/cm 2 , as opposed to L = λ where only a few mW/cm 2 probe laser intensity is sufficient for a dip formation. For this reason, the L = λ/2 case is of a particular interest for EIT-resonance formation.

The striking point of this study is that it is possible to form an EIT resonance (a narrow peak of reduced absorption) for the thickness L = λ/2 already at a coupling laser intensity as

Introduction

There is only few works about EIT-resonance in a magnetic field. Results of the study of EIT-resonance splitting in a relatively low magnetic field (< 40 G) are presented in [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF][START_REF] Sargsyan | High contrast D 1 -line electromagnetically induced transparency in nanometric-thin rubidium vapor cell[END_REF][START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF][START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Wei | Splitting of an electromagnetically induced transparency window of rubidium atomsi nas t a t i cmagnetic field[END_REF][START_REF] Iftiquar | Line narrowing of electromagnetically induced transparency in Rb with a longitudinal magnetic field[END_REF][START_REF] Katsoprinakis | High Frequency Atomic Magnetometer by Use of Electromagnetically Induced Transparency[END_REF][START_REF] Yudin | Vector magnetometry based on electromagnetically induced transparency in linearly polarized light[END_REF]. The behavior of EIT-resonances in magnetic fields up to several hundred gauss for Na atoms was reported in [START_REF] Höller | Coherent population trapping on the sodium D 1 line in high magnetic fields[END_REF][START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF]. In [START_REF] Höller | Coherent population trapping on the sodium D 1 line in high magnetic fields[END_REF] the CPT phenomenon in a sodium atomic In [START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF] high-resolution spectroscopy of hyperfine Zeeman components in a sodium atomic vapor has been performed by a coherent population trapping technique. In the experiment the simple configuration of a single laser source with a frequency-swept double-pass acoustooptic modulator was used. Well-resolved CPT dip signals in the presence of longitudinal or transverse static magnetic fields were nicely explained by a theory based on two-photon resonance.

In up mentioned papers, EIT (CPT, dark resonance) was considered as a powerful tool for the hyperfine Zeeman spectroscopy. The study of behavior of EIT-resonances in strong magnetic fields is of interest not only from purely scientific but also practical points of view.

From the scientific point of view, it is important to know the properties of individual atomic transitions between the splitted Zeeman sublevels, because it is known that the probabilities of atomic transitions change significantly and the frequency shifts of atomic transitions deviate from the linear law even in moderate magnetic fields [START_REF] Tremblay | Absorption profiles of alkali-metal D lines in the presence of a static magnetic field[END_REF][START_REF] Aleksandrov | Interference of Atomic States[END_REF]. For practical applications, using the EIT-resonances will allow the formation of narrow optical resonances (of a subnatural width) strongly shifted relative to the atomic transitions (the frequency shift can reach several gigahertz). A further possible application of EIT in high magnetic fields is related to the possibility of selecting a given Λ interaction scheme, including transitions that are forbidden in zero magnetic field, in a multilevel atomic system. This can have an important application in force-assisted velocity-selective EIT laser cooling in which the simultaneous action of two schemes (for example Λ and V ) is necessary. This is often problematic in the transition F =1-→ F =1i nσ + ,σ -fields: the V interaction scheme is quickly depleted because the transition

| F g =1,m F =0>-→ | F e =1,m F =0> is forbidden in zero magnetic
field, but the related transition probability is strongly increasing with increasing magnetic field.

The absence of works on EIT in higher fields (> 500 G) is probably due to the relative complexity of producing strong homogeneous magnetic fields, since the EIT-resonances are formed in cells with a length of a few centimeters filled with atomic alkali vapors and the low limit of laser scanning region.

The use of a thick column of vapors is an important advantage, since it becomes possible to use strong permanent magnets that can create fields of several thousand gauss at short range. The fields of such permanent magnets are strongly nonuniform, and the gradient can reach ∼ 200 G/mm, which excludes the possibility of using cells of several centimeters long; however, with a small thickness of the vapor column, the change in B is four or five orders of magnitude smaller than the measured value of B itself. This remarkable property of thin cells has been used in the studies of absorption spectra of atomic vapors in strong magnetic fields [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF][START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF][START_REF] Hakhumyan | Investigation of Rb D 1 atomic lines in strong magnetic fields by fluorescence from a half-wave-thick cell[END_REF][START_REF] Hakhumyan | High-spatialresolution monitoring of strong magnetic field using Rb vapor nanometric-thin cell[END_REF]. One more advantage is the absence of sidebands of the EIT-resonance that are formed in cells of several centimeters long [START_REF] Sargsyan | Doppler-free satellites of resonances of electromagnetically induced transparency and absorption on the D 2 lines of alkali metals[END_REF]. In Chapter 1 it was reported the possibility of forming a high-contrast EIT-resonance (a 40% contrast was reached) using an ETC with vapor column thickness L = λ in the Λ-system of the D 1 -line of 87 Rb atoms, where the high contrast of the EIT-resonance allowed us to easily record the splitting in a magnetic field of ∼ 10 G.

In this chapter the experimental and theoretical results of EIT-resonance splitting in strong magnetic field for the D 1 -line of 85 Rb and 87 Rb are given.

Experimental technique

In this study, we used an ETC with the thickness of the columno fa t o mic vapors being variable (in the vertical direction) in the range of 0.35 μm [START_REF] Sargsyan | Electromagnetically induced transparency in Λ-system involving D 2 line of Rb atoms confined in sub-micron columns[END_REF]. Rectangular windows with asizeof25× 30 mm and thickness of 2 mm were made from crystalline sapphire. The c axis was perpendicular to the surface of a window, which significantly decreases the birefringence.

The surfaces of sapphire windows were carefully polished (local roughness < 5nm). To form a wedge-shaped gap (between the internal surfaces of windows), a platinum strip 5 μm thick was placed in the lower part between the windows. The side extension of the ETC was filled with natural rubidium (containing isotopes 85 Rb (72 %) and 87 Rb (28%)). The presence of a relatively large region (∼ 1 × 1 mm)o fas u b micron gap with constant thickness L ∼ λ is an important condition for the successful application of the ETC in this study. As c h e matic of the experimental setup for studying the EIT-resonance is presented in Fig. 2.1a. Radiation beams of two continuous wave narrow-band (with the width of about 1

MHz) extended cavity diode lasers (ECDL) were used, one of which (the coupling laser) had fixed frequency ν C and the other of which (with a tunable frequency) was probe laser ν P .

With the help of Glan prisms G1 and G2, polarizations of the coupling and probe lasers were made linear and mutually perpendicular. Both radiation beams ∼1 mm in diameter were superimposed by Glan prism G3 on each other and directed to ETC (2) placed inside an oven (3). Portions of probe ν P and coupling ν C beams were directed to additional (auxiliary) ETC [START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF] with thickness L = λ to form a frequency reference. Note that, if coupling beam ν C is absent, a velocity-selective optical resonance (VSOR) located exactly at the atomic transition [START_REF] Sargsyan | Efficient technique for measuring laser frequency stability[END_REF] is formed in the spectrum of the additional ETC. If the coupling beam ν C is also present, then, in the case of an exact resonance of ν C with the corresponding atomic transition, a EIT-resonance is also formed, which superimposes the VSOR in the spectrum.

Such an experiment allows one, using the frequency difference between the EIT-resonance and the VSOR, to determine the detuning Δ of the frequency ν C from the exact resonance (see below). The radiation beams were recorded by FD-24K photodiodes [START_REF] Sargsyan | Splitting of the electromagnetically induced transparency resonance on 85 Rb atoms in strong magnetic fields up to the Paschen-Back regime[END_REF]. The signals from photodiodes were amplified by an operational amplifier and then directed to a Tektronix TDS2014B four-beam digital oscillograph [START_REF] Sargsyan | A study of dark resonance splitting for the D 1 -line of 87 Rb in strong magnetic fields[END_REF]. Part of radiation of the laser ν C was directed to system [START_REF] Sargsyan | Selective Amplification of Narrow Resonance Formed in Transmission Spectrum of Rb nanocell in Magnetic Field[END_REF] in order to form an error signal and stabilize its frequency [START_REF] Sargsyan | Efficient technique for measuring laser frequency stability[END_REF]. Magnetic fields weaker than 200 G were formed by a system of Helmholtz coils, inside which the ETC and the oven were placed (the coils are not shown in Fig. 2.1a). To formmagnetic fields stronger than 200 G, we used disk-shaped PMs 60 mm in diameter and about 30 mm thick with a hole 2 mm in diameter to transmit the laser beam.T h ep e r manent magnets were mounted on two nonmagnetic tables the distance between which could be smoothly varied. Prism G4 removed radiation of the coupling laser, so that only radiation of the probe laser was recorded.

Neutral filters F were used to ensure the required powers of laser beams. We studied the Λ-system of the D 1 -line of 87 Rb atoms shown in the diagram in Fig. 2.1b: frequency ν C is in resonance with the 2 → 2' transition (the prime labels the upper levels), and frequency ν P is scanned over the 1 → 1',2' transitions. In the presence of an external magnetic field, Λ-systems involving different sublevels m F are formed. Powers of the coupling P C (130 mW)

and the probe P P (< 1 mW) lasers were chosen so that the EIT-resonance had a minimal spectral width and a good contrast.

2.2

The splitting of the EIT-resonance on three components: 87 Rb, D 1 -line, the vapor thickness L = λ The contrast of the EIT-resonance (defined as the ratio of the EIT-resonance amplitude to the value of the peak absorption) is about 40% with spectral width γ EIT ≈ 30 MHz. Note that close values of the EIT-resonance parameters were obtained in [START_REF] Wei | Splitting of an electromagnetically induced transparency window of rubidium atomsi nas t a t i cmagnetic field[END_REF] for the sameΛsystem of the D 1 -line of 87 Rb using an ordinary cell with L =3c m: EIT-resonance contrast of about 60% and γ EIT ≈ 20 MHz. Thus, along with the advantages of an ETC indicated above, reduction of the thickness of a vapor columnbymore than four orders of magnitude (3 cm/794 nm =3 . 8× 10 4 ) does not significantly reduce the EIT-resonance parameters, which is important for minimizing the cell size in practical applications [START_REF] Knappe | Dark-line atomic resonances in submillimeter structures[END_REF]. The weak dependence of the EIT-resonance parameters on thickness L is explained by the fact that, if the coupling that, as Δ increases, the EIT-resonance amplitude rapidly decreases, with its spectral width increasing at the same rate (the EIT-resonance can have a dispersion form at large Δ). This is the case because, at large Δ, the EIT-resonance is formed by the atoms flying in the direction of laser beam z with velocity V z =2πΔ/k,th usthetime of flight of the atomsfrom one wall of the ETC to the other τ = L/V z is short (for L ∼ 1 μm and V z = 300 m/s, τ ∼ 3 ns). This fact gives rise to a rapid increase in the coherence dephasing rate (CDR), which is the determining factor that governs the characteristics of a EIT-resonance [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF][START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF]. The rapid increase in the CDR significantly broadens the EIT-resonance and reduces its amplitude. 

Frequency detuning MHz

Magnetic field, G It is interesting to note that, as follows from the curve for EIT(3) (Fig. 2.5), Δ ≈ 0i n fields about 1300 G; therefore, a spectrally narrow EIT( 3) is observed on curve 2, while the EIT( 3) is broadened at B = 725 and 1650 G (curves 1 and 3). The inset in the upper left part of the Fig. 2.6 shows the Λ-system with magnetic sublevels m F and also detuning Δ of the coupling laser frequency from the corresponding upper level of the Λ-system.N o t et h a t one can control the magnitude of Δ by changing the frequency ν C of the coupling laser. We will show below that this is feasible.

EIT(1) Transmission, arb. units in order for an EIT-resonance to be formed, the number of EIT-resonance components formed in a constant magnetic field and their frequency behaviors depend on the number and shift of magnetic sublevels m F of the low-lying levels F g =1a n d2 . I nt h ec a s eo ft h eD 1 transitions of 87 Rb, the nonlinear energy shift of magnetic sublevels m F (levels F g =1a n d2

are denoted below as F = 1 and 2) can be calculated by the Breit-Rabi formula presented, for example, in [START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF]:

E(F =2,m F )=hν hf s [-1/8+(1/2)(1 + m F x + x 2 ) 1/2 ]f o rm F = -2 (2.
2)

E(F =2, -2) = hν hf s (3/8 -x/2) for m F = -2 (2.
3)

E(F =1,m F )=hν hf s [-1/8 -(1/2)(1 + m F x + x 2 ) 1/2 ] (2.4)
where x =2μ B B/hν hf s ,μ B is the Bohr magneton, and ν hf s = 6835 MHz. Along with detuning Δ, the Rabi frequencies of the coupling Ω C and probe Ω P laser beams can affect the EIT-resonance parameters. The Rabi frequency linearly contains the matrix element of the dipole moment of an atomic transition [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF][START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF]. It is known that the atomic transition probability significantly changes in strong magnetic fields [START_REF] Tremblay | Absorption profiles of alkali-metal D lines in the presence of a static magnetic field[END_REF][START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF]. Therefore, it is important to know the behavior of the atomic transition probabilities for the probe and coupling radiation beams. For the probe radiation, the transitions (1,m 3), and (6), respectively. It was shown in [START_REF] Hakhumyan | High-spatialresolution monitoring of strong magnetic field using Rb vapor nanometric-thin cell[END_REF] that the probabilities of the first two transitions increase monotonically up to 5000 G, while, for component [START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF], the probability decreases by a factor of 2 at B = 1500 G (as compared to that at B = 0). As for the atomic transition probabilities for coupling radiation indicated in Fig. 2.5 for EIT(1), EIT(3), and EIT [START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF], calculations by the model presented in [START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF][START_REF] Auzinsh | Optically polarized atoms: understanding light-atom interactions[END_REF] show the following: for EIT(1), the probability rapidly drops; for EIT(3), the probability decreases slowly and drops by a factor of 3 at 3000 G; and, for EIT(6), the probability increases and at 3000 G becomes a factor of 3 larger than the probability at B = 0. However, from the practical point of view, the application of EIT( 3) is more expedient because its frequency shift increases monotonically (Fig. 2.8) and amounts to ∼ 4G H za t 3000 G. Consequently, with an appropriate choice of the coupling laser frequency, the EIT(3) can be used to form a narrow resonance at a frequency strongly shifted with respect to the resonance transition of 87 Rb. In addition, using the frequency shift of EIT(3), it is possible to measure both uniform and strongly nonuniformm agnetic fields up to several thousand gauss. In order to measure relatively weak fields ∼ 5 G (in this case, the frequency interval between two neighboring EIT-resonances is ∼ 7 MHz), the powers of the coupling and probe lasers were decreased to 0.1 and ∼ 0.04 mW, respectively, which allowed us to narrow the EIT-resonance width down to 6.5 MHz (the EIT-resonance contrast becomes significantly lower, but it is still sufficient for recording) and to resolve spectrally EIT(1), EIT(3), and EIT [START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF]. It is important to note that the splitting of a EIT-resonance on the Λ-system of the D 2 -line of 87 Rb (both lower levels are the same as in the case shown in Fig. 2.1b) was studied in [START_REF] Iftiquar | Line narrowing of electromagnetically induced transparency in Rb with a longitudinal magnetic field[END_REF] using a similar setup (i.e., two independent diode lasers) and an ordinary Rb cell with L =5c m in the magnetic field B = 3.2 G. Therefore, three EIT-resonances were also detected with a spectral width of about 1.5 MHz. Consequently, the decrease in thickness L by a factor of ∼ 6× 10 4 when using an ETC (the local spatial resolution is improved by the same factor in the case of a magnetic field with a large gradient) deteriorates the spectral resolution only by a factor of ∼ 4. Note that the behavior of the EIT-resonance for the D 1 -line of 87 Rb (Fig. 2.8) in weak fields is similar to that observed for the D 1 -line of Na [START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF] because the systems of levels are analogous.

F =+1-→ 2 ′ ,m F = +2), (1,m F =0-→ 2 ′ ,m F = +1),

2.3

The EIT-resonance splitting in a magnetic field in case of microcell: magnetic field B<2000 G For these researches a micrometer size cell was used. An important advantage of using a thin atomic vapor columnw i t hL =3 0μm is the possibility of implementing strong permanent magnets that can produce B fields up to thousands of Gauss over a distance of a few centimeters. The field of such permanent magnets is strongly inhomogeneous. Its gradient can be as high as 100-200 G/mm. This excludes the use of centimeter-long cells. At the samet i me, owing to a small diameter of the vapor column, the variation of B is several orders of magnitude lower than the absolute value of the field. In addition, a buffer gas (neon) with a pressure of ∼100 Torr is added into the cell for the following reason. As was previously shown [START_REF] Sargsyan | High contrast D 1 -line electromagnetically induced transparency in nanometric-thin rubidium vapor cell[END_REF][START_REF] Knappe | A chip-scale atomic clock based on 87 Rb with improved frequency stability[END_REF], an important condition for the formation of the EIT-resonance in the Λ-system with the use of cells with a micron thickness is the smallness of the frequency detuning Δ between the coupling laser and the respective atomic transition. High magnetic fields automatically result in high Δ. In this case, EIT occurs for the atoms moving in the direction of the laser radiation z at the velocity V z =2πΔ/k,w h e r ek =2π/λ. This leads to a decrease in the timeo ffl i g h tτ = L/V z (where L is the distance between the cell windows) and, consequently, to a fast increase in the phase decoherence rate (Γ 12 =1 /2πτ) between the two lower levels of the Λ-system (a wall collision with a large probability results in the transition of the atom between the lower levels [START_REF] Sargsyan | High contrast D 1 -line electromagnetically induced transparency in nanometric-thin rubidium vapor cell[END_REF]). An increase in Γ 12 leads to a fast decrease in the amplitude and an increase in the width of the EIT-resonance. The presence of a buffer gas (∼ 100 Torr) greatly reduces the mean free path of the alkali atoms( d o w nt o ∼ 1 μm). As a result, they do not reach the walls of the 30-μm cell [START_REF] Knappe | A chip-scale atomic clock based on 87 Rb with improved frequency stability[END_REF].

In this section, we report on the experimental investigation of the behavior of the EITresonance in strong magnetic fields up to 1.7 kG with the use of the 30-μm cell filled with an atomic rubidium vapor and a buffer gas (neon). We show that the EIT-resonance in the Λ-system of the D 1 -line of 85 Rb atoms splits in a longitudinal magnetic field into five components, whose frequency behavior depends on the frequency configuration of the probe and coupling fields and the magnitude of the magnetic field. We also show that the study of the characteristics of the EIT-resonance components in high magnetic fields can readily reveal the onset of the Paschen-Back regime for the hyperfine structure of the atoms, i.e., the regime of decoupling the total angular electronic momentum J and the nuclear magnetic momentum I.

The schemeo ft h ee x pe r i mental setup is similar to the setup presented in Fig. 2.1a. The only difference is the cell. For this experiment we use the cell, which design is similar to that described in [START_REF] Sargsyan | Electromagnetically induced transparency and two-photon absorption in the ladder system in thin columns of atomic vapors[END_REF][START_REF] Hakhumyan | Essential Features of Optical Processes in Rb submicron Thin Cell Filled with Neon Gas[END_REF]. The 20 × 30 mm rectangular windows with a thickness of 2 mm were fabricated of crystalline garnet that does not feature birefringence. To form aw e d g e -s h a pe d gap, 50-and 20-μm platinum bars were placed in the lower and upper parts, respectively (between the windows). This provided gradual variation of the gap thickness in the vertical direction (between the well-polished surfaces of the microcell windows) in the range of 20-50 μm (in the experiment, we used a thickness of 30 μm).

The permanent magnets were mounted onto two nonmagnetic stages with the possibility of gradually adjusting the distance between them.T h emagnetic field in the microcell increased when the permanent magnets approached each other (the technique of the measurement of the inhomogeneous magnetic field is described elsewhere [START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF]).

5S 1/2 5P 1/2 C 3' 2' m F = +2 m F = -3 MHz F g =3 F g =2 3035 m F = +3 m F = -2 362 MHz P Figure 2
.10: Levels of the D 1 -line of 85 Rb atoms participating in the formation of EITresonance. In the presence of the magnetic field, the EIT-resonance components are formed by different m F sublevels.

We studied the Λ-system of the D 1 -line of 85 Rb atoms shown in Fig. 2.10. Here, the frequency ν C is in resonance with the transition F g =3-→ F e =2 '( p r i med numbers stand for upper levels), whereas the frequency ν P is swept through the resonance

F g =2-→ 5P 1/2 .
In the presence of the external longitudinal magnetic field B k (where k is the wave vector of the laser field), the Λ-systems of different m F sublevels are formed (see Figs. 2.10, 2.13).

The power of the coupling (P C = 130 mW) and probe (P P <1 mW) lasers were chosen so that the spectral width of the EIT components would be small at a good contrast. The transmission spectra of the probe beam in the magnetic field increasing from zero to 1480 G are shown in Fig. 2.11.

The EIT-resonance components in Fig. 2.11 are marked by numbers 1-5 (this numbering corresponds to that of the curves shown in Fig. 2.14). The amplitudes of the EIT-resonance components decrease gradually with an increase in the magnetic field; however, the amplitudes in Fig. 2.11 were modified so that all peaks would be visible. Despite the fact that the amplitudes of the EIT-resonance components decrease with an increase in the magnetic 

F g =2-→ 5P 1/2 ).
The lower gray curve is the reference spectrum obtained with the use of the Rb nanocell.

field, the components are reliably resolved up to 1.7 kG without any special technical tricks.

A decrease in the amplitudes of the EIT-resonance components is due to two reasons: an increase in the magnetic field leads to an increase in the detuning Δ of the frequency ν C from the respective atomic transition and (more importantly) to a decrease in the probability of the atomic transitions at the frequencies ν C and ν P [START_REF] Sargsyan | Efficient technique for measuring laser frequency stability[END_REF][START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF][START_REF] Auzinsh | Optically Polarized Atoms: Understanding Light-Atom Interactions[END_REF].

Figure 2.12 presents similar spectra for another configuration of frequencies ν C and ν P shown in the inset. Here, the magnetic field ranges from zero to 1630 G. The EIT-resonance components are marked with the numbers 1 ′ -5 ′ corresponding to the numbering in Fig. 2.15.

The theoretical dependence of the hyperfine levels F g =2,3of 85 Rb atomsonthemagnetic field is shown in Fig. 2.13 (the curves were calculated according to the known model described, e.g., in [START_REF] Aleksandrov | Interference of Atomic States[END_REF][START_REF] Auzinsh | Optically Polarized Atoms: Understanding Light-Atom Interactions[END_REF]). It should be mentioned that 85 Rb atoms exhibit decoupling of J and I in the fields B ≫ A HFS /μ B 700 G, where A HFS is the hyperfine constant for 5S 1/2 and μ B is the Bohr magneton, the level splitting is described by the projections m J and m I ,a n dt h e hyperfine Paschen-Back regime [START_REF] Aleksandrov | Interference of Atomic States[END_REF][START_REF] Olsen | Optical pumping and spectroscopy of C sv a po ra th i g hmagnetic field[END_REF][START_REF] Sargsyan | Hyperfine Paschen-Back regime realized in Rb nanocell[END_REF] Numbering of the EIT-resonance components corresponds to that of the curves in Fig. 2.15. The configuration of ν C and ν P is shown in the inset (the frequency ν P is swept through the resonance F g =3-→ 5P 1/2 ). The lower grey curve is the reference spectrum. 2.14 and 2.15, the experimental results are in good agreement with the theory. According to the experiment, five Λ-systems with the following hyperfine sublevels participate in the formation of the EIT-resonance components 1 -5( 1 As is seen in Fig. 2.14 (the frequency ν P is swept through the resonance F g =2-→ 5P 1/2 ), the frequency slope of all curves becomes positive at B>1kGandasymptotically approaches s = 2.8 MHz/G (see inset in Fig. 2.14). In the case shown in Fig. 2.15, the frequency slope of all curves becomes negative at B>1kGandasymptotically approaches s ′ = -2.8 MHz/G (see inset in Fig. 2.15). Such behavior in both cases is due to the onset of the hyperfine Paschen-Back regime, since the quantities s and s' at B ≫ 700 G are determined by m J ,m I , and g J (g J is the Landé factor of the fine structure of the level 5S 1/2 ). According to Fig. 2.13,

-ν C =[ E(F =3,m F ) -E(F =2,m F )]/h.
′ -5 ′ )( F g =3 ,m F ; F g =2 ,m F ) (see
we have s =( 2 μ B g J | m J |)/B ≈ 2.8 MHz/G and s'=-(2μ B g J | m J |)/B ≈ -2.8 MHz/G (g J ≈ 2
.002; the term g I m I is omitted because g I is four orders of magnitude smaller). Since the frequency slopes of the EIT-resonance components 1-5(1 ′ -5 ′ )asymptotically approach s (s ′ ), the frequency intervals between the EIT-resonance components 1 -5( 1 ′ -5 ′ )i nt h e hyperfine Paschen-Back regimea l s oa s y mptotically approach fixed values. The slope of the EIT-resonance component 1 is > 2 MHz/G. This can be used for measuring high-gradient fields. For example, a 30-μm displacement of the cell at a gradient of 200 G/mm would result in an additional frequency shift of more than 10 MHz, which is easily detectable. Figure 2.15: Magnetic field dependence of the frequency shifts of the EIT-resonance components 1'-5' (the configuration of the frequencies ν C and ν P is shown in the inset in Fig. 2.12). Solid lines are the theoretical curves. Closed squares are the experimental points (the size of the symbols represents an experimental error of ∼ 2%). The slopes of all curves at B>1 kG are negative and asymptotically approach s' = -2.8MHz/G (see inset), which is the manifestation of the hyperfine Paschen-Back regime.

The higher B field is (compared to 700 G) the purer hyperfine Paschen-Back we have.

However, the regime can be regarded as quite perfect already at B ∼ 5 kG, as was established in our previous work with the use of a Rb nanocell [START_REF] Sargsyan | Hyperfine Paschen-Back regime realized in Rb nanocell[END_REF]. At the samet i me, nanocells still remain hardly available for many researchers. Implementation of microcells (which can even be made of glass) is also capable of extending the margins of the phenomena under investigation. In particular, the technique of studying the hyperfine Paschen-Back regime with the u s eo fe l e c t r o magnetically induced transparency is well applicable to other alkali atomsa n d their isotopes. In this respect, 39 Ka t o ms are unique since their hyperfine constant A HFS is much lower than that of 85 Rb and therefore the hyperfine Paschen-Back regime starts to manifest itself already at B = 200 G.

In this chapter the EIT-resonance splitting in magnetic field for the case of D 1 -line of 87 and 85 isotopes of rubidium in nanocell and microcell is studied in details. We calculated the dependence of the frequency shifts of EIT components on the magnetic field. The comparison of experimental and theoretical results are made and the good agreement is shown.

In next chapter the N -type resonance observation in microcell filled with rubidium and buffer gas is presented. The dependence of N -resonance parameters (the FWHM and the contrast) on the angle between two lasers (which are used to form the resonance) is shown. index of refraction without absorption. The narrow subnatural width of the resonances could be very useful in quantum computing. The three-photon transparency resonance inherits the properties of the regular EIT-resonance but has one significant advantage in comparison with usual EIT: it has almost no Doppler background. This unique feature is important for different applications such as atomic clocks and magnetometry.

Literature overview of N -type resonance

The N -type resonance have been firstly demonstrated in hot 87 Rb atomic vapor driven by two coherent electromagnetic fields [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF]. The experimental observation of a new kind of strong and narrow Doppler-free absorption (up to ∼ 95%) and transmission resonances in hot rubidium vapor has been reported. They studied propagation of two electromagnetic fields through isotopically pure 85 Rb atomic vapor. One (drive) field is red-shifted from either D 1 or D 2 -lines of 85 Rb, while the other (probe) field is nearly resonant with one of the atomic transitions.

In Ref. [START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF] the first-order light shifts can be canceled for an all-optical, N -type resonance on the D 1 transition of 87 Rb. This light-shift cancelation facilitates improved frequency stability for an N -resonance clock. For example, by using a tabletop apparatus designed for N -resonance spectroscopy, it is possible to measure a short-term fractional frequency stability (Allan deviation) of ≃ 1.5 × 10 -11 τ -1/2 for observation times of 1 sec ≤ τ ≤ 50 sec . The narrow transparency window is observed on the background of high-contrast Doppler-free subnatural absorption resonance.

Experimental comparison of three-photon-absorption resonances (N -resonances) for the D 1 and D 2 optical transitions of thermal 87 Rb vapor has been observed in [START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF]. They have shown that the D 2 N -resonance has a better contrast but a broader linewidth than the D 1 N -resonance, such that the N -resonance quality factor is comparable for the D 1 and D 2 transitions. This result implies a similar shot-noise limit to N -resonance frequency standard performance on the D 1 and D 2 transitions, in strong contrast with CPT resonances, for which the quality factor is about an order of magnitude worse for the D 2 transition than for D 1 .I n addition, the symmetry features of N -type resonances have been discussed in [START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF] and it is shown that D 2 N -resonance line shape is significantly more symmetric than the D 1 -line shape, indicating that a D 2 N -resonance frequency standard will have reduced sensitivity to certain modulation-induced systematic frequency shifts. Taken all together, these factors imply superior performance for frequency standards operating on alkali D 2 N -resonances, in contrast with coherent population trapping resonances, for which the D 2 transition provides poorer frequency standard performance than the D 1 transition.

The parameters of N -resonances can be improved by using laser radiation from three sources [START_REF] Ben-Aroya | Observation of large contrast electromagnetically induced absorption resonance due to population transfer in a three-level Λ-system interacting with three separate electromagnetic fields[END_REF]. For applications in spectroscopy, metrology etc., it is important to reduce the dimensions of the atomic vapor cell in which optical resonances are formed while maintaining good resonance parameters [START_REF] Knappe | A chip-scale atomic clock based on 87 Rb with improved frequency stability[END_REF][START_REF] Hakhumyan | Essential Features of Optical Processes in Rb submicron Thin Cell Filled with Neon Gas[END_REF][START_REF] Baluktsian | Fabrication method for microscopic vapor cells for alkali atoms[END_REF][START_REF] Sargsyan | Hyperfine Paschen-Back regime realized in Rb nanocell[END_REF].

Experimental technique

For the observation of N -type resonance we have used the experimental technique (the setup is depicted in Fig. 3.1) described below. We use MTC for N -type resonance formation that has the same design as the MTC described in the Section 1.2.1. The N -resonance was formed in a Λ-system by two lasers beamswithλ ≈ 795 nm and 1 MHz linewidth: the probe beam, whose frequency was tunable, and the coupling beam, whose frequency was fixed. The diagram presented in Fig. 3.2 shows the Λ-system for the 85 Rb atom,w h e r eF g =2, 3 are the ground levels, and the combined upper level 5P 1/2 consists of hyperfine levels F e =2, 3. The probe laser frequency ν P was resonant with the F g =2-→ 5P 1/2 transition, and the coupling laser frequency was shifted by the value of the ground state hyperfine splitting (Δ HFS ):ν C1 = ν P +Δ HFS .

The beams of two single-frequency extended cavity diode lasers (ECDL) were carefully superimposed and directed by PBS3 onto the MTC. The coupling and probe beamsw e r e linearly polarized in orthogonal planes. The small thickness of MTC makes it possible to use ap e r manent ring magnet (PRM) in order to apply a strong magnetic field and still obtain ah o mogeneous field over the thickness of the cell: in the MTC, the variation of the B-field inside the atomic vapor column is negligible compared to the value of the applied magnetic field. The magnetic field was measured by a calibrated Hall gauge. To control the magnetic field value, one of the magnets was mounted on a micrometric translation stage that allowed This spectrum served as frequency Reference-1. Furthermore, another portion of the probe beam was diverted to a Rb nanocell with L = λ to obtain a B = 0 transmission spectrum, which served as frequency Reference-2 [START_REF] Auzinsh | Optically Polarized Atoms: Understanding Light-Atom Interactions[END_REF]. The optical radiation signals recorded by photodiodes (3) were amplified and recorded by a four-channel digital storage oscilloscope.

Although the best N -resonance contrast and linewidth can be achieved for cells with thicknesses around 1 cm [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF][START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF][START_REF] Ben-Aroya | Observation of large contrast electromagnetically induced absorption resonance due to population transfer in a three-level Λ-system interacting with three separate electromagnetic fields[END_REF], using an MTC with a thickness as small as 30 to 40 μm still allowed us to obtain good resonance parameters. The MTC side arm,whosetemperature determines the density of Rb atoms, was maintained at ∼ 110 • C (Rb atomic vapor density 10 13 cm -3 ). The atomic configuration of N -type resonance in a Λ system of 85 Rb atoms( D 1 -line) formation is presented in Fig. 3.2. The lower levels of the Λ system are F g =2 , 3 and the upper level is 5P 1/2 (which consists of two Doppler broadened hyperfine levels F e =2 , 3). Probe laser frequency ν P scans the transitions F g =2→ F e =2, 3 and coupling laser frequency ν C1 is fixed. In the probe radiation spectrum, a cascade N -type resonance forms if the frequency difference is ν C1 -ν P = Δ, where Δ is the hyperfine splitting of the lower level (it is important that frequency ν C1 is tuned out by Δ from the transition F g =2→ 5P 1/2 ). It is seen that, if a lower probe laser frequency (Fig. 3.2, dashed lines), which scans the

F g =3→ 5P 1/2
transitions, is used and "laid off" from level F g =2 ,t h ef o r mation of the N -type resonance requires a lower coupling laser frequency, ν ′ C1 = ν C1 -3Δ. It is important that the contrast and spectral width of the N -type resonance are almost the same in both cases. For comparison, Fig. 3.3 shows a schematic diagram for the formation of the EIT-resonance in the same Λ system of 85 Rb atoms(D 1 -line). Here, the same probe laser frequency ν P is used and the coupling laser frequency ν C2 should be lower by 2Δ in this case. Thus, as the coupling laser frequency increases (ν C1 = ν C2 + 2Δ), the "dark" resonance (exhibiting a decrease in absorption) that forms in the probe radiation spectrum of the Λ system becomes a bright N -type resonance (exhibiting an increase in absorption).

We have studied the dependence of the process on rubidium vapor column thickness L and showed that the N -resonance has a good contrast and a narrow spectral width even at as mall thickness (L =50μm). We have also investigated the splitting of the N -resonance in magnetic fields for 85 Rb atoms( D 1 -line). An analysis of the recorded spectra demonstrates that the initial and final levels are represented by the lower levels of the atom, F g =2, 3. The characteristics of the N and EIT-resonances that form in the same Λ system are compared as functions of vapor column thickness L. The noncollinear geometry of N -type resonance formation was studied, and possible practical applications were noted.

The diagram presented in Fig. 3.4a shows the Λ-system for the Rb atom,w h e r eF g =2,3 are the ground levels, and the combined upper level 5P 1/2 consists of hyperfine levels F e =2,3.

The probe laser frequency ν -P was resonant with the F g =3 → 5P 1/2 transition, and the coupling laser frequency was shifted by the value of the ground state hyperfine splitting (Δ HFS ): ν C = ν P 1 -Δ HFS .T r a n s mission spectra of the probe radiation through the MR-cell containing N -type resonance are presented (Fig. 3.4b) for two cases : i) with L =0.5mm (the upper curve) and the linewidth (full width half maximum) about 4.5 MHz (i.e. the linewidth is the sub-natural, since the natural linewidth is 6 MHz), the contrast is 35 %; ii) L =40 μm (the middle curve), the linewidth is about 6 MHz and the contrast is ∼ 10 %. Spectra were obtained under nearly identical conditions. For convenience, the spectra are shifted in the vertical direction. The lower grey curve presents the spectrum of Reference-2. The physical origin of N -type resonance formation is as follows. The probe radiation causes a strong optical pumping effect, which transfers a large number of Rb atomsfrom F g =3toF g =2 (the presence of buffer gas enhances optical pumping process, meanwhile weakly influences on the ground levels broadening), thus assuring the condition N 2 >N 3 , conventionally shown by a large and small disks (where N 2 and N 3 are the populations of the F g =2 and F g =3 levels, respectively). For the condition ν P 1 -ν C =Δ HFS , a strong 2-photon-type absorption of the probe radiation via F g =2 → F g =3 occurs at the frequency ν

P 1 = ν C +Δ HFS ,f o r ming the N -type resonance. 2-photon absorption is ∼ exp -[(N 2 -N 3 ) × σ 2PA × L],
where the cross-section σ 2PA for 2-photon absorption of the probe beam ν P is given by formula (3.1) from [START_REF] Sargsyan | Narrow and contrast resonance of increased absorption in Λ-system observed in Rb cell with buffer gas[END_REF]:

σ 2PA = λ 2 16π 2 × γ N γ 21 × d × E C × Δ (3.1)
where E C is the electric field of the coupling laser radiation (note that the probe laser crosssection depends on intensity of only the coupling laser), d is the matrix element of the atomic transition dipole moment, Δ is the laser frequency detuning from the state 5P With prism G 2 , the coupling laser radiation was cut off and only the probe radiation was detected.

In the experiment, we used cell of thickness L =8mm filled with rubidium vapor and gaseous neon at a pressure of 6, 20 and 400 Torr (when studying the dependence of the N -type resonance on thickness L, we also used a wedge cell with a column thickness of 50 -90μm and a neon pressure of 200 Torr). Two beams with frequencies ν P and ν C were brought into coincidence and directed to the cell with atomic vapor and neon at a pressure of where I is the laser intensity (mW/cm 2 )a n dγ N is the natural width of the upper level (5.8

MHz), yields 40 and 18 MHz for the coupling and probe lasers, respectively. The spectral width (full width at half-maximum)o ft h eN -type resonance is approximately 10 MHz.

When the coupling or probe laser power decreases, the N -type resonance contrast decreases to several percent and the spectral width narrows significantly (to 2 MHz). The lower curve in Fig. 3.6 shows the transmission spectrum of the frequency reference at NTC thickness L = λ. This spectrum contains sub-Doppler optical resonances, which are selective in atomic velocities and are located exactly at atomic transitions [START_REF] Sargsyan | Dark-line atomic resonances in a submicronthin Rb vapor layer[END_REF]. Note that the parameters of the N -type resonance at a pressure of 20 Torr (contrast, spectral width) are approximately the same as those at a pressure of 6 Torr. However, the contrast decreases to 10% at a gaseous To study the behavior of the N -type resonance as a function of the angle Θ between the coupling and probe lasers is important from both fundamental and applied standpoints.

Practical importance consists in the fact that, when the coupling and probe lasers have the same polarization, the only possibility of detecting the probe radiation is its spatial separation from the coupling radiation. Figure 3.8 shows the spectra that demonstrate the behavior of the N -type resonance at various θ angles (geometric scheme is shown in Fig. 3.9). The angular dependence of the spectral width is shown in Fig. 3.9. The solid line is the approximation of the spectral width by the empirical formula Γ(MHz)=9+0.02 θ 1.9 (mrad).

Asimilar angular dependence was detected for EIT-resonance in [START_REF] Carvalho | Angular dependence of an electromagnetically induced transparency resonance in a Doppler-broadened atomic vapor[END_REF], which is explained angles [START_REF] Carvalho | Angular dependence of an electromagnetically induced transparency resonance in a Doppler-broadened atomic vapor[END_REF]. A further increase in θ leads to a rapid decrease in the contrast and to an increase in the spectral width, as was detected for the EIT-resonance.

3.4

The low-frequency beating signal when the condition ν C ≈ ν P is fulfilled 

P 2 = ν C -Δ 2 ,t h u s ,ν P 1 -ν P 2 =Δ 2 -Δ 1 .
EIT-resonances is equal to Δ 2 -Δ 1 = 3799 MHz.

In this chapter the study of N -type resonance formation in microcell filled with rubidium and buffer gas is made. The explanation of N -resonance formation is given. The comparison between N -and EIT-resonance formation is made. 87 Rb atoms; lower levels F g =1,2;F e = 1, 2; at frequency ν C -ν P =Δ . T h eN -resonance is formed in the spectrum of probe radiation; the resonance exhibits enhancement of absorption. Large circle shows the population N 2 of the level F g = 2a n dt h es mall circle the population N 1 of the level F g =1 .

The experiment used a microcell, of ∼ 50 μm thickness, filled with rubidium vapor mixed with 100 torr pressure neon as a buffer gas. Rectangular windows with sizes 20 × 30 mm and thickness of 2 mm were fabricated of crystalline sapphire. The c-axis was perpendicular to the window surface which reduced essentially birefringence of transmitted radiation. Surfaces of sapphire windows were carefully polished (local roughness 5 < nm). In order to produce a wedge-shaped gap (between the inner surfaces of windows), platinum strips, 20 and 80 μm thick, were placed between the windows in the upper and lower parts, respectively. The wedge-shaped gap between the windows was needed for revealing the least thickness of atomic vapor column, for which the studied process is still occurring effectively. This was important for further miniaturization of the cell with the purpose of practical applications [START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF]. Filling of the microcell was realized with natural rubidium consisting of isotopes 85 Rb (72%) and 87 Rb (28%). More details of construction of microcells are given in [START_REF] Sargsyan | Electromagnetically induced transparency and two-photon absorption in the ladder system in thin columns of atomic vapors[END_REF][START_REF] Hakhumyan | Essential Features of Optical Processes in Rb submicron Thin Cell Filled with Neon Gas[END_REF].

Diagram of the experimental setup is similar to that shown in Fig. 3.5. The 50 μm thick cell was used.

For creation of magnetic field in the needed direction a system of Helmholtz coils [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF] was employed with the microcell located inside. Radiation of the coupling laser was cut by means of prism G2 and only the probe radiation was recorded. For better selection of the frequency of probe radiation an additional interference filter (6) was used; it had following parameters: 50% transmission at the wavelength 795 nm with the 10 nm width of the transmission peak. Temperature of the side-arm of the microcell (which determines the number density of rubidium atoms in the cell) was about 70 • C (vapor density ≈ 5 × 10 11 atoms/cm 3 ). The frequency of probe laser ν P was scanned through the transitions F g =1 -→ F e = 1, 2 and the frequency ν C of the coupling laser was fixed (Fig. 4.1). Shown in Fig. 4.2 (upper curve) is the transmission spectrum of probe radiation when the coupling radiation is present. The contrast of N -resonance (defined as the ratio of the resonance amplitude to its peak absorption) is seen to be reaching 15 %. Note that the contrast of N -resonance is considerably lower in case of employing pure rubidium vapor (interpretation is given below). High contrast of N -resonance in case where buffer gas is used allows easy tracking its behavior in the external magnetic field in a wide range of field values, from several G to several hundreds of G. In the case of employing 87 Rb atomstheN -resonance splits into three or four components (depending on mutual orientation of the magnetic field B and the laser radiation direction k ). As will be noted below, the behavior of the N -resonance in a magnetic field helps also to identify the physical mechanism of its formation. In case of splitting of N -resonance in magnetic field the lower levels are F g =1a n dF g = 2, which split in the external field, respectively, into three and five sublevels as shown in Fig. 4.3. Hence, measuring the frequency distance between the components enables determination of the value of the applied magnetic field. As seen in Fig. 4.1, for the formation of N -resonance the following condition should be fill:

ν P -ν C =[E(F g =2,m F ) -E(F g =1,m F )]/h, (4.1) 
and the number of components of N -resonance formed in a constant magnetic field and their behavior with frequency are determined by the number and shifts of magnetic sublevels m F of lower levels F g =1 ,2 . I nc a s eo fD 1 -line of 87 Rb the nonlinear energy shift of magnetic sublevels m F (notation F = 1, 2 stands below for F g =1 ,2 )may be calculated by the Rabi-Breit formula given, e.g., in works [START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF][START_REF] Auzinsh | Optically polarized atoms: understanding light-atom interactions[END_REF]:

E(F =2,m F )=hν hf s [-1/8+(1/2)(1 + m F x + x 2 ) 1/2 ]f o rm F = -2 (4.2) E(F =2, -2) = hν hf s (3/8 -x/2) for m F = -2 (4.3) E(F =1,m F )=hν hf s [-1/8 -(1/2)(1 + m F x + x 2 ) 1/2 ] (4.4)
where x =2μ B B/hν hf s ,μ B is the Bohr magneton, and ν hf s = 6835 MHz. As show the described results on splitting of N -resonance in magnetic field, the initial and the final states are the lower levels F g = 1, 2. Hence, the following mechanism of formation of N -resonance is possible: probe radiation moves atomsf r o m the level F g = 1 to the state 5P 1/2 with subsequent decay to F g = 2 (the so-called process of optical pumping [START_REF] Happer | Optical Pumping[END_REF]). This leads to depletion of the level F g = 1 (its population N 1 is shown in Fig. 4.1 by a small circle) and increase in population of the level F g = 2 (its population N 2 is shown by a larger circle). As a result, population inversion arises, N 2 >N 1 and at corresponding frequency of the coupling laser two-photon absorption occurs [START_REF] Letokhov | original in Russian: "Nelineynaya lazernaya spektroskopiya sverkhvysokogo razresheniya[END_REF]: the atom absorbs from the level F g = 2 a photon of probe radiation ν P ,t h e ng oe st oF g =1e mitting a photon at the frequency ν C . As a consequence, in the spectrum of probe radiation a narrow N -resonance appears (which may be more correctly called cascade resonance) demonstrating enhanced absorption.

The amplitude of N -resonance is proportional to exp[σ ta (N 2 -N 1 )L] , where σ ta is the crosssection of two-photon absorption (it depends on the detuning Δ, intensity of the coupling laser, and probabilities of transitions F g =1-→ 5P 1/2 , F g =2-→ 5P 1/2 )a n dL the length of the rubidium vapor column. An additional confirmation of this mechanism is also the fact of abrupt improvement of the contrast of N -resonance when a buffer gas is used. This is explained by the fact that in the case of Λ-system lower levels are weakly broadened by the buffer gas [START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF] and the prevailing effect is the increase in the timeo fs t a y i n go fa t o msi n laser beam (atomic diffusion rate in the presence of buffer gas is several orders of magnitude lower than the thermal velocity of atoms in pure rubidium vapor) and, hence, more efficient optical pumping which is proportional to the time of interaction. This leads to the increase in the population N 2 and consequently to the increase in the amplitude of N -resonance.

4.2

The N -type resonance splitting on five components: 85 

Rb, D 1 -line

The N -resonance was formed in a Λ-system by two lasers beamswithλ ≈ 795 nm and 1 MHz linewidth: the probe beam, whose frequency could be tuned, and the coupling beam,w h o s e frequency was fixed. The diagram presented in the inset of Fig. 4.6 shows the Λ-system for the 85 Rb atom,w h e r eF g = 2, 3 are the ground levels, and the combined upper level 5P 1/2 consists of hyperfine levels F e = 2, 3. The probe laser frequency ν P is resonant with the F g =3-→ 5P 1/2 transition, and the coupling laser frequency is shifted by the value of the ground state hyperfine splitting (Δ HFS ):ν C = ν P -Δ HFS .T h ee x p e r i mental arrangement is sketched in Fig. 3 In the case of the pure Rb vapor (the upper curve) the change of the probe transmission over the N -resonance was ΔT Rb ≈ 7%, and its lineshape was symmetric. For the buffered cell (the lower curve) the change was larger (ΔT Rb+Ne ≈ 12%), and the N -resonance shape was asymmetric, consistent with the results reported in [START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF]. However, the sharp profile of the transmission signal in this case makes it convenient for studying the splitting of N -resonances in a magnetic field.

The N -resonance was split into 5 components in a magnetic field. This splitting is shown in Fig. 4.7 for the B-field varying from 59 G to 460 G. The coupling and probe beam powers Figure 4.9 presents the dependence of the frequency of the magnetic sublevels of the 85 Rb F g =2,3 ground hyperfine states on the magnetic field, as calculated by a well-known model (see, for example, [START_REF] Auzinsh | Optically polarized atoms: understanding light-atom interactions[END_REF]). The system is described in the basis of (F, m F ) in the low-field (Zeeman) regime ,a n di nt h eb a s i so f( m J , m I ) in the strong-field (hyperfine Paschen-Back

[HPB]) regime, when B ≫ 700 G [START_REF] Sargsyan | Hyperfine Paschen-Back regime realized in Rb nanocell[END_REF]. N -resonance components are observed whenever the 2-photon resonance conditions are satisfied: The upper curve in Fig. 4.11 shows the N -resonance for the case when the magnetic field is absent (B =0). Themedium curve demonstrates the splitting of the N -type resonance into six components in a magnetic field B = 30 G (transverse magnetic field B ⊥ k is applied).

ν P -ν C =[ E(F=3,m F )-E(F=2,m F )]/h.
We used a cell with rubidium vapor and neon at a pressure of 20 Torr. The powers of the coupling (P C ) and probe (P P ) lasers were 18 and 3 mW, respectively. As is seen from Fig. 4.11, all six components have a good contrast and a width of approximately 6 MHz, which is smaller than the initial N -resonance at B =0b yaf a c t o ro f1 . 4 . As i milar narrowing was reported in [START_REF] Iftiquar | Line narrowing of electromagnetically induced transparency in Rb with a longitudinal magnetic field[END_REF], where the splitting of the EIT-resonance in a magnetic field was studied. Figure 4.12 shows the diagram of the F g =2a n dF g = 3 levels of the 85 Rb atom, which split into 2F +1 Zeeman sublevels (5 and 7 sublevels, respectively) in an applied magnetic field. For clarity, the splitting of the upper 5P level is not shown in Fig. 4.12 (the effect As is seen from the diagram, the frequency shift between two neighboring components is 0.465 + 0.465 = 0.93MHz/G. If one of the lower levels of the hyperfine structure (F g =2o r 3) is assumed to be an initial level and one of the upper levels is final (F e = 2 or 3), the frequency shift between two neighboring components should be as follow. In the case where the lower level is F g = 2 and the final upper level is F e = 2, the frequency shift should be 0.465 -0.155 = 0.31 MHz/G; if the final upper level is F e = 3, the frequency shift should be 0.465 + 0.155 = 0.62 MHz/G. The quantities determining the shifts of the Zeeman sublevels with projection m F in a magnetic field are given in [START_REF] Sarkisyan | Fluorescence of Rb in a sub-micron vapor cell: spectral resolution of atomic transitions between Zeeman sublevels in moderate magnetic field[END_REF]. The frequency distance between components 6 and 1 (Fig. that the spectral resolution achieved using the N -resonance is better by a factor of 5 -6 than that obtained in [START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF], in which sub-Doppler resonances were used. The splitting into five components was reliably detected in magnetic fields up to 700 G (to form high magnetic fields, we used the equipment described in [START_REF] Sarkisyan | Fluorescence of Rb in a sub-micron vapor cell: spectral resolution of atomic transitions between Zeeman sublevels in moderate magnetic field[END_REF]). from resonant with F g =3 → 5P 1/2 to resonant with F g =2 → 5P 1/2 ,t h eN -type resonance components frequency shift will be the same multiplied by "-1".

Physical mechanismso fN -type resonance formation

We now discuss the N -type resonance formation mechanism. The configuration of frequencies ν C and ν P forms letter "N " (see Fig. 3.2 and [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF][START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF][START_REF] Ben-Aroya | Observation of large contrast electromagnetically induced absorption resonance due to population transfer in a three-level Λ-system interacting with three separate electromagnetic fields[END_REF]). In [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF] the authors developed a theoretical model to explain the N -type resonance formation mechanism.I nt h a tmodel, a Λ system of the rubidium atom levels is reduced to the cascade set of levels described above, in which the initial level is one of the lower levels of the hyperfine structure (F g = 2 or 3) and the final level is one of the upper levels of hyperfine structure 5P (F e = 2 or 3). The model satisfactorily describes the detected N -type resonance parameters, but it cannot describe new experimental results. In particular, the splitting of the N -type resonance in a magnetic field indicate that lower levels F g = 2 and 3 are the initial and final levels. It does not follow from the model in [START_REF] Iftiquar | Line narrowing of electromagnetically induced transparency in Rb with a longitudinal magnetic field[END_REF] that the addition of a buffer gas should improve the contrast; however, the results in [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF][START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF][START_REF] Ben-Aroya | Observation of large contrast electromagnetically induced absorption resonance due to population transfer in a three-level Λ-system interacting with three separate electromagnetic fields[END_REF] and our data demonstrate that this is the case. The diagram shown in Fig. 4.18 (configuration of frequencies ν C and ν P ) well describes these features for the following N -type resonance formation mechanism: the probe radiation transfers atomsf r o m level F g = 2 to level 5P 1/2 from which decay to F g = 2, 3 takes place. This is the well-known optical pumping process [START_REF] Happer | Optical Pumping[END_REF]: level F g = 2 is depleted (population is indicated by the small circle) and the population of F g = 3 increases (population is indicated by the large circle). As a result, population inversion N 3 >N 2 appears and two-photon absorption occurs at a certain coupling laser frequency [START_REF] Letokhov | original in Russian: "Nelineynaya lazernaya spektroskopiya sverkhvysokogo razresheniya[END_REF]: an atom from level F g = 3 absorbs a probe radiation photon at frequency ν P ,e mits a photon at frequency ν C , and passes to level F g = 2. This results in the formation of a narrow N -type resonance (cascade resonance, to be correct), which exhibits enhanced absorption, in the probe radiation spectrum.T h eN -type resonance amplitude is approximately exp[σ TA (N 3 -N 2 )L], where σ TA is the cross section of two-photon absorption (which depends on detuning Δ, the coupling laser intensity, and the probabilities of the F g =3→ 5P 1/2 and F g =2→ 5P 1/2 transitions). It is seen that, if the probe radiation is in resonance with the transition F g =3→ 5P 1/2 , this leads to the depletion of level F g = 3 and an increase in the population of level F g = 2. As a result, inversion N 2 >N 3 appears and an atom passes from F g =2t oF g = 3 due to two-photon absorption at frequency ν' C (this process is indicated by dashed lines for ν' C1 in Fig. 3.2). This mechanism is also supported by a substantial improvement of the N -type resonance contrast when a buffer gas is used. This fact is explained as follows: it is known that the lower levels of a Λ-system are weakly broadened by a buffer gas in the pressure range 10-100 Torr (for the case of rubidium atoms and gaseous neon, the collisional cross section that causes electron flipping between F g =2a n d3i sa bo u t1 0 22 cm 2 ) [START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF]. Thus, the dominating positive effect is an increase in atom transit time t in a laser beam t = d/v,w h e r ed is the laser beam diameter and v is the atom velocity (i.e.,t i me t of interaction of laser radiation with an atom increases), since the atom velocity (diffusion rate) in the presence of a buffer

Conclusion

In this work, we made the detailed observation of coherent effects, such as electromagnetically induced transparency resonance (using nanocell and microcell) and N -type resonance (using microcell) in rubidium atomic vapor under bi-chromatic laser radiation.

For this purpose in the first chapter we demonstrated that usage of nanocell filled with atomic vapors and narrow-band extended cavity diode lasers allows to obtain narrow electromagnetically induced transparency resonance with good (40%) contrast, which allow to realize spectroscopy of high resolution, and to observe the behavior of EIT-resonance under the influence of high magnetic field. We have proved advantages of the methods based on use of a nanocell in further usage of EIT-resonance for magnetic field mapping and miniaturization of devices, where the effect of EIT can be used.

In second chapter we present the behavior of EIT-resonance in magnetic field, for the D 1line of Rb atoms. We showed, that due to B magnetic field the initial EIT-resonance splits into new 3 EIT-resonances (3 components) in case of 87 Rb D 1 -line. We demonstrated, that for the case of 87 Rb D 1 -line, the three components behavior is depending on the frequency detuning of the couple radiation from the corresponding sublevels. We showed, that for a magnetic field B>350 G only two components are detectable, and for B>1200 G only one of EIT components is seen. The experimental results for the isotope 87 of Rb are presented.

The theoretical calculations for 87 Rb are made. Comparison of theoretical and experimental results is made and good agreement between them is presented, which allows one to develop the magnetometer based on EIT effect on D 1 -line of 87 Rb.

Also we reported about the experimental investigation of the behavior of the EIT-resonance in strong magnetic fields up to 1.7 kG with the use of the 30 μm cell filled with an atomic rubidium vapor and a buffer gas (neon). It is shown that the EIT-resonance in the Λ-system of the D 1 -line of 85 Rb atoms in a longitudinal magnetic field splits into five components, whose frequency behavior depends on the frequency configuration of the probe and coupling fields and the magnitude of the magnetic field. It is also shown that the study of the characteristics of the EIT-resonance components in high magnetic fields can readily reveal the onset of the Paschen-Back regime for the hyperfine structure of the atoms.

In chapter three we presented the N -type resonance formation in microcell. We presented the diagram of D 1 -line of 85 Rb for N -resonance formation. Observation of narrow-band cascade N -resonance that forms in a Λ-system of rubidium atoms in cells with L =8mm and 40-90 μm in the presence of neon gas at a pressure of 6, 20, 200, and 400 Torr is done.

Detection of the N -resonance at a minimum vapor column thickness of 40 μm is presented.

The dependence of N -resonance parameters on the angle between two lasers (which are used to form the resonance) is presented. Also we made the report of simultaneous observation of the N -and EIT-resonance formation using multi-region cell filled with natural Rb and 150 Torr neon gas (containing micrometric-thin region with the thickness L varying in the range of 1 μm -9 0μm). Simultaneous detection of the low-frequency beating signal and N -resonance is made, which allows the coupling laser frequency direct determination. Possible applications are addressed.

In fourth chapter we presented the N -type resonance splitting in magnetic field using microcell with the addition of neon buffer gas. Results of studies of behavior of N -resonance formed in a Λ-system of D 1 -line of atomic 87 We also presented the N -resonance splitting on six components for D 1 -line of atomic 85 Rb in magnetic field. The experimental results and theoretical calculations are presented and the good agreement between them is shown.

Physical mechanismso fN -type resonance formation are described.

  Le dispositif expérimental d'étude de la résonance EIT est expliqué. Les param ètres techniques de tous les dispositifs sont décrits. La construction de nano et micro cellules contenant des vapeurs d'atomes métalliques est explicitée. La détermination de l'épaisseur d'une nanocellule à l'aide d'un faisceau laser est démontrée. Nous démontrons de mme la formation de résonances N dans des nanocellules d'épaisseur L = λ. Le spectre de la transition sonde dans une nanocellule d'épaisseur L = λ est comparé avec le spectre théorique avec un bon accord qualitatif. La formation d'une résonance EIT dans une nanocellule d'épaisseur L = λ/2 est réalisée pour la premi ère fois. Le spectre de la transition sonde dans une nanocellule d'épaisseur L = λ/2 est comparéa v e cl es p e c t r e théorique avec un bon accord qualitatif. Dans le chapitre II,n o u sp r ésentons le comportement de la résonance EIT dans un champ magnétique, pour la transition D 1 d'atomes de rubidium. Une brève présentation de la littérature concernant ce phénomène est énoncée. Nous montrons que, d au champ magnétique B,l ar ésonance EIT éclate en 3 nouvelles résonances EIT (3 composantes) dans le cas de la transition D 1 du rubidium
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 9211045 1 à 200 G pour une microcellule d'épaisseur L =5 0μm. Le modèle théorique utilisé explique très bien l'éclatement de la résonance N en trois composantes dans un champ magnétique externe pour la transition D 1 du 87 Rb. L'éclatement de la résonance N en cinq composantes pour la transition D 1 du 85 Rb pour des champs magnétiques longitudinaux de 1 à 2100 G est décrit. Les résultats expérimentaux sont présentés. Les calculs théoriques du décalage en fréquence des composantes de la résonance N sont explicités. La comparaison des résultats expérimentaux et théoriques indique un très bon Introduction Literature overview of N -t y p er e s o n a n c e ..................... 3.2 Experimental technique ............................... 3.3 Formation of N -type resonance in the vapor of atomsR b ,D 1 -line, in the presence of neon buffer gas ............................. 3.4 The low-frequency beating signal when the condition ν C ≈ ν P is fulfilled . . . Simultaneous Observation of N -and EIT-Resonances in Micrometric Thin Cell 105

1 Formation

 1 is shown, that due to B magnetic field the initial EIT-resonance splits into new 3 EITresonances(3 components) in case of87 Rb D 1 -line. The diagram, showing all the possible Λ-systems is presented, and all components are discussed. It is shown, that for the case of87 Rb D 1 -line, the three components behavior is depending on the frequency detuning of the couple radiation from the corresponding sublevels. It is shown, that for a magnetic field B> 350 G only two components are detectable, and for B>1200 G only one of EIT components is seen. The experimental results for the isotope 87 of Rb are presented. The theoretical calculations for 87 Rb are made. Comparison of theoretical and experimental results is made and good agreement between them is presented. Also the report on the experimental investigation of the behavior of the EIT-resonance in strong magnetic fields up to 1.7 kG with the use of the 30 μm cell filled with an atomic rubidium vapor and a buffer gas (neon) is given. It is shown that the EIT-resonance in the Λ-system of the D 1 -line of87 Rb atoms splits in a longitudinal magnetic field into five components, whose frequency behavior depends on the frequency configuration of the probe and coupling fields and the magnitude of the magnetic field. It is also shown that the study of the characteristics of the EIT-resonance components in high magnetic fields can readily reveal the onset of the Paschen-Back regime for the hyperfine structure of the atoms.In Chapter III the N -type resonance formation in microcell is presented. Literature overview of N -type resonance is given. The experimental technique is described. The diagram of D 1 -line of85 Rb for N -resonance formation is presented. Observation of narrow-band cascade N -resonance that forms in a Λ-system of rubidium atoms in cells with L =8mm and 40-90 μm in the presence of neon gas at a pressure of 6, 20, 200, and 400 Torr is done.Detection of the N -resonance at a minimum vapor column thickness of 40 μm is presented.The dependence of N -resonance parameters on the angle between two lasers (which are used to form the resonance) is presented.Also the report of simultaneous observation of the N -and EIT-resonance formation using multi-region cell filled with natural Rb and 150 Torr neon gas (containing micrometric-thin region with the thickness L varying in the range of 1 μm -9 0μm)i smade. Simultaneous detection of the low-frequency beating signal and N -resonace is made, which allows the coupling laser frequency direct determination. Possible applications are addressed.In Chapter IV the N -type resonance splitting in magnetic field using microcell with the addition of neon buffer gas is presented. Results of studies of behavior of N -resonance formed in a Λ-system of D 1 -line of atomic87 Rb vapor in external magnetic fields in the range of 1-200 G, with the use of microcell with the thickness of column of rubidium atoms L =50 μm are presented. Considered theoretical model explains well the splitting of N -resonance into three components in the external magnetic field for the case of D 1 -line of 87 Rb. The N -type resonance splitting on five components in D 1 -line of atomic 85 Rb in range of longitudinal magnetic field 1-2100 G is presented. Experimental results are shown. The theoretical calculations of the frequency shift of N -resonance components are made. Comparison of theoretical and experimental results is made and good agreement between them is presented. The N -resonance splitting on six components in D 1 -line of atomic 85 Rb in magnetic field is presented. The diagram, describing the Λ-systemsi n v o l v e di nN -resonance components formation is shown. The experimental results and theoretical calculations are presented and the good agreement between them is achieved. Physical mechanismso fN -type resonance formation is described. Chapter of narrow resonances using the process of electromagnetically induced transparency (EIT) in cells of micrometer and nanometer thickness filled with Rb vapor
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 11 Figure 1.1: EIT capable three-level atomic or molecular systems coupled with two electromagnetic fields: a) Λ scheme; b) V scheme; c) Ξ (ladder) scheme. Each has two dipole allowed transitions and one dipole forbidden transition, with the only difference being the relative arrangement of the energy levels.
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 1112 Figure 1.2: Simple EIT Plot. When the control laser is applied, the absorption peak splits revealing a transparency at what was the maximal absorption.
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 1113 Figure 1.3: A three-state Λ atom interacting with two lasers in (a) a bare-state representation and (b) a dressed-state representation.
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 14 Figure 1.4: . The α(Ω C and α(0) are shown for the case where Δ C and Δ P are equal to zero.
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 1013233311 We now will define the dipole moment operator as d = qr, and the elements of the operator in the eigenbasis of H 0 by d nm = d * mn = n|m . The perturbation becomes H 1 = -dE = -To simplify the dipole moment operator, we assume d 12 = d 21 = 0, consistent with the forbidden |1 →| 2 transition. Additionally we assume d ii =0 ,r e moving all the diagonal

Figure 1 . 5 :

 15 Figure 1.5: The EIT atom under various unitary transformations into dressed states. (a) The bare, unperturbed basis. (b) The dressed basis producing two split excited states. (c)The dressed basis in which the entire Hamiltonian is diagonalized. The center state is the "dark state," which cannot decay or absorb photons; no states are coupled by electric fields. (d) The dark/light state basis. One state, the dark state, decouples from the excited state, while the light state couples more strongly.

Fig. 1 .

 1 5(b). One sees a splitting of the new eigenstates by Ω due the atom light interaction. This splitting can be detected by using the probe transition. The probe light couples only to the |3 part of |+ and |-which have opposite signs in these states. This causes Fano-type interference [23] of the two excitation paths from |1 to |+ and |1 to |-, leading to zero absorption on the probe transition from |1 to |3 .As one can see from Eqs.(1.34), in the case considered (Ω p ≪ Ω c and all lasers on resonance), the ground state |1 coincides with the dark state |a 0 from which excitation cannot occur. So, EIT offers an alternative way of populating the dark state. If one ensures an adiabatic evolution of the fields[START_REF] Oreg | Adiabatic following in multilevel systems[END_REF], then the state |1 will evolve into the dark state and decouple from the other states. Unlike the case of CPT, where the time scale for population trapping in the dark state is several radiative lifetimes, in the case of EIT the effect is established (within a single atom)i nat i meo ft h eo r d e ro f1 /Ω c , which is generally much faster.

D 2

 2 excitation and to study the dependence of EIT contrast and linewidth on coupling laser detuning; (ii) to study the influence of laser intensity, temperature and density of atomic vapor, collisions of atoms with the cell walls; (iii) to investigate the EIT behavior under the further reduction of cell thickness to L = λ/2, also in fluorescense spectrum. Furthermore, the study addresses the influence of a buffer gas on EIT-resonance formation.For the realization of these aims the following objectives have been tasked : 1) development of sealed-off thin and extremely thin cells containing Rb vapor with the possibility of smooth change of the atomic vapor column in the range of 20 nm -2 mm; 2) the study of different Λ-systems around D 1 and D 2 -lines of Rb for the formation of narrow EIT-resonances depending on the cell thickness in the range of 20 nm -2 mm.1.4 Theory of EIT in nanocells 1.4.1 Interacting systems: atomic vapor and electromagnetic fieldsWe choose an atomic rubidium vapor and two laser fields as an interacting system. A brief overview of the line structure of the85 Rb D 1 -line used for the EIT experiments in this thesis is given in this section. We model here the rubidium atom as a four-state Λ-type atom within its D 1 -line (5 2 S 1/2 → 5 2 P 1/2 ) and correspond these atomic states to energy eigenstates of the bare atom Hamiltonian H 0 , i.e. to the four states |1 , |2 , |3 and |4 . 1.4.2 Modeling of the rubidium atom within the D 1 -line

.

  The transition to J =3 /2i sk n o w na st h eD 2 -line (5 2 S 1/2 → 5 2 P 3/2 ), and the transition to J =1 /2i sk n o w na st h eD 1 -line (5 2 S 1/2 → 5 2 P 1/2 ) which is presented in Fig.1.6. 

Figure 1 . 6 :

 16 Figure 1.6: 85 Rb D 1 -line. The dotted lines show the states used as for a Λ-atom. The data are taken from [77].

Figure 1 . 7 :

 17 Figure 1.7: Λ-type four-level atomic system.

  1.4.3), we ignore the collisional broad-ening of optical transitions compared to the spontaneous decay rate and to the relaxation of atoms traveling out of the diameter of the laser beam. The dephasing rate of the ground-state coherence, Γ 21 , is determined in the model by the finite time of flight of atoms between the cell windows. Under the assumptions made, this parameter, usually introduced into theoretical calculations as a phenomenological constant to fit the experimental data, is taken into account in the model exactly by solving the temporal density-matrix equations with proper boundary conditions for each atom separately.

Figure 1 . 8 :

 18 Figure 1.8: Sketch of the experimental setup. 1 -Faraday isolators (FI); G 1,2,3 -G l a np r i s ms; 2 -H e l mholtz coils; 3 -photodiodes; 4main NTC; 5 -auxiliary NTC of L = λ; 6 -auxiliary NTC of L = λ/2; 7 -pe r manent ring magnet (for details, see the text); BD-beam damp.
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 19 fig. 1.19. Stabilized noiseless current generator and thermo-stabilisation supply with feedback

  The control module is equipped with input connector for the external modulation of the laser diode current. That allows to change the laser radiation wavelength (in case of low frequency modulation ∼ 0.1 -10 Hz) as well as frequency modulation (FM) (high frequency modulation ∼ 0.5 -100 kHz).For synchronization with external devices, control module is also equipped with an output connector which passes train of triangular pulses from internal generator to external devices.Main characteristics of diode lasersare represented in table 1.1. In our experiments we use ECDL producing a wavelength λ = 780 nm (D 2 -line of Rb) and 794.7 nm (D 1 -line of Rb) with tuning range 10 -40 GHz. For beam collimation a 2 -4 mm focal length lens is used. It results a divergence of 1 mrad of the outgoing beam.

  the first Glan polarizer due to perpendicular polarization of reflected beam in respect with the initial polarization. FI used in our experiments have return losses equal to 40 dB. It means that the reflected beam is 10 4 times attenuated. It is enough for stable work of ECDL.

  Figure 1.10: Helmholtz coil schematic drawing.
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 111112 Figure 1.11: Magnetic field lines in a plane bisecting the current loops. Note the field is approximately uniform in between the coil pair. (In this picture the coils are placed one beside the other: the axis is horizontal)

Figure 1 .

 1 Figure 1.13 demonstrates the superior central field uniformity of an ideal Helmholtz coil

Figure 1 . 13 :

 113 Figure 1.13: Dependence of the magnetic field on distance from center for ideal Helmholtz coil)

Figure 1 . 14 :

 114 Figure 1.14: The magnetic performance comparison of neodymiummagnets with other types of permanent magnets

2 - 6 Figure 1 . 15 :

 26115 Figure 1.15: Description of thin cell (nanocell): 1 -sapphire or garnet plates, 2 -titanium or platinum strips, 3 -glue, 4 -sapphire tube, 5 -glass side-arm.

( a )

 a The thin cell with Rb. (b) The nanocell with Rb.

Figure 1 . 16 :

 116 Figure 1.16: The photograph of thin cell and nanocell: (a) thin cell, thickness L varying in range from 50 to 90 μm; (b) nanocell with thickness L varying in range from 50 nm to 2 μm.

1. 5 . 3

 53 Determination of the thickness of a nanocell using a laser beamThe method is based on the interferometry of reflected laser beamsf r o m two internal surfaces of the cell. Since the cell windows form a wedge, by directing the laser radiation perpendicularly to the cell, one gets three reflections, demonstrated on fig.1.17: R 1 -reflection from the first (external) surface, R 2 -reflection from the inner gap, which is a interferometric pattern of reflections from the two internal surfaces and, as a result, contains information about the thickness of the gap; R 3 -reflection from backside surface. A nanocell can be considered as low-Q Fabry-Perot interferometer[START_REF] Dutier | Collapse and revival of a Dicke-type coherent narrowing in a sub-micron thick vapor cell transmission spectroscopy[END_REF]. Because of this, by measuring the ratio of the intensities I R 2 /I R 1 for a certain λ, it is possible to determine the thickness L using the following relation for a Fabry-Perot interferometer[START_REF] Jain | Efficient nonlinear frequency conversion with maximal atomic coherence[END_REF]:

2

 2 and ϕ =2 πδ/λ = 2π 2Lc o s α / λ=4 πL/λ (α is practically ∼ 0). From(1.63) it follows: the maximum of the reflection is achieved for ϕ/2=( 2 k +1)π/2i tmeans that L =( 2 k +1)λ/4a n dt h e minimum of the reflection (i.e. R 2 /R 1 = 0) is obtained for ϕ/2=πk/2t h a ti sf o rL = kλ/2, where k is an integer. In case of usage of garnet plates as nanocell windows with refraction coefficient n =1 .82 (for λ = 780 nm), R =[ ( n -1)/(n +1 ) ] 2 =0 .084 (i.e. 8.4%), F =0.4 and ratio reaches to its maximum: R 2 /R 1 =2.85 (maximum for thicknesses L =( 2 k +1)λ/4). Hence, the maximal value of the reflection coefficient from the inner gar (R 2 ) achieves R 2 (max)=2.85 × 8.4% ≈ 24% and R 2 (min)=0. Itisimportant to mention, that one may obtain the maximal and the minimal coefficients of the reflection, only when the region of the uniform thickness (i.e. L = const) inside nanocell is larger than the diameter of laser beam. Hence, the achievement the maximal and the minimal reflection, indicates a correctly selected homogeneous region L.
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 117118 Figure 1.17: Configuration of reflections from nanocell: R 1 -reflection from first surface, R 2 -reflection from inner gap (interferometric pattern), R 3 -reflection from backside surface.
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 119 Figure 1.19: Energy levels, which are involved in EIT process

Figure 1 . 20 :

 120 Figure 1.20: CPT resonance for excitation on A, the D 1 transition and B, the D 2 transition with a resonant laser intensity of 160 μW/cm 2 .
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 121122 Figure 1.21: Relevant energy levels of 85 Rb D 1 line involved in EIT process.

Fig. 1 .

 1 Fig. 1.23 shows the transmission spectrum of the probe laser for L = λ (λ = 794 nm)

Figure 1 . 23 :

 123 Figure 1.23: EIT spectrum for 85 Rb D 1 line. L = λ = 794 nm. Coupling laser is resonant with F =3→ F ′ = 3 transition, probe laser is scanned across F =2→ F ′ =2, 3 transitions. Inset: dependence of the EIT linewidth on the coupling laser power.

1. 6 . 2 Figure 1 . 24 :

 62124 Figure 1.24: Probe laser transmission spectrum for 85 Rb D 1 line. L = λ/2 = 397 nm.Coupling laser (P c =27mW) is resonant with F =3→ F ′ = 3 transition, probe laser (P p = 0.04 mW) is scanned across F =2→ F ′ =2, 3. Grey line: spectrum when coupling laser is off. Graph a:e x p e r i ment; graph b:n u merical calculations for the experimental parameters, Ω c =1.5γ N ,Ω p =0.06γ N , γ ′ 21 =6M H z .

  vapor was investigated. The black lines in the fluorescence path have been classified according to the nonabsorbing coherent superposition of ground states to which they correspond. The CPT dips corresponding to different nonabsorbing coherent superpositions have different contrasts. This has been explained in termso fp u mpings toward levels not resonant with the laser light, and it has been shown that the relaxation of the coherences is not relevant for the experimental conditions analyzed here. The role of the Doppler broadening has been discussed. From ac o mparison of the experimental data with the predictions obtained with the Rabi-Breit formula R. Höller et al. conclude that they have observed the whole spectrum of dark resonances that correspond to the dark superpositions of two Zeeman sublevels of two different ground-state hyperfine components. Thus all possible dark resonances within the sodium D 1 -line have been demonstrated together with the work in which dark coherentsuperpositions of sublevels of the same ground-state hyperfine component were considered[START_REF] Höller | Coherent population trapping on the sodium D 1 line in high magnetic fields[END_REF]. The observation of the whole spectrum of the dark resonances in the Λ-systems within the D 1 -line is a necessary step for the future study of the coherence transfer among different Λ-systems. A possible new method for detecting collision-induced coherence transfer between two or more Λ-systems is proposed. The method relies on the possibility of establishing within av e r ys mall region two or more black lines by use of only a two-frequency laser light and strong magnetic fields.

Figure 2 . 1 :

 21 Figure 2.1: (a) Schematic of the experimental setup: (ECDL) narrow-band diode laser, (1) Faraday insulator, (G1, 2, 3, 4) Glan polarizers, (2) main ETC, (3) oven, (4) PMs, (5) photodiodes, (6) auxiliary ETC, (F) optical filter, (7) device for stabilizing the coupling laser frequency, (8) digital oscillograph, and (D) an aperture. (b) The levels of the D 1 -line of 87 Rb atomsi n v o l v e di nf o r mation of the EIT-resonance. In the presence of a magnetic field, different sublevels m F take part in the formation of the EIT-resonance.

Figure 2 .

 2 Figure 2.2 presents the transmission spectrum of the vapors for L = λ (with zero magnetic field) containing an EIT-resonance.

Figure 2 . 2 :

 22 Figure 2.2: An extremely thin cell with L = λ = 794 nm: the transmission spectrum of ν P , the EIT-resonance is indicated by an arrow, the EIT-resonance contrast is ∼ 40%, and γ EIT ≈ 30 MHz. The behavior of the EIT-resonance amplitude and γ EIT in the presence of detuning Δ for the ν C frequency are shown in the inset.

Figure 2 . 4 :

 24 Figure 2.4: EIT for 87 Rb D 1 line. Seven Λ-systemsa r ef o r med in magnetic field. For B< 300 G, EIT components marked by the sames y mbol (circle, square or rectangle) have the same frequency, i.e. ν 6 ∼ = ν 7 ; ν 1 ∼ = ν 2 ; ν 3 ∼ = ν 4 ∼ = ν 5 .
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 25 Figure 2.5: Dependence of the detuning Δ of the ν C frequency on the distance of corresponding transitions for EIT-resonances (1), (3), and (6) on the magnetic field (see text).

Figure 2 .

 2 Figure 2.5 shows the dependence of the detuning Δ of the coupling laser frequency ν C on the magnetic induction for several upper levels. For EIT-resonances (1), (3), and (6), the behavior of detunings Δ of the coupling laser frequency ν C from the frequencies of atomic transitions (2, m F =+ 1→ 2', m F = +2), (2, m F =0→ 2', m F = +1), and (2, m F =1→ 2', m F = -2), respectively, is shown. The horizontal dashed line shows zero detuning. One can see in Fig. 2.5 that, for the EIT(1), | Δ | rapidly increases already in fields stronger than 350 G and, consequently, the EIT(1) is absent (see also further Fig. 2.8). For the EIT(6), | Δ | also rapidly increases in fields stronger than 1200 G and, consequently, this resonance is absent. For the EIT(3), | Δ | rapidly increases in the fields stronger than 1600 G; consequently, this EIT-resonance should be present in the transmission spectrum in weaker fields.

Figure 2 .

 2 Figure 2.6 presents portions of spectra containing EIT-resonances (indicated by arrows).

Figure 2 . 6 :

 26 Figure 2.6: The extremely thin cell with L = 794 nm: 1-3 fragments of the transmission spectra containing EIT (6) and EIT (3) (indicated by arrows) with a magnetic field of 725, 1220, and 1650 G, respectively; 4 is the transmission spectrum of the ETC with L = 794 nm at B = 0 (the VSOR and the EIT-resonance coincide in frequency).
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 27 Figure 2.7: An extremely thin cell with L = 794 nm, B = 350 G: (1) transmission spectrum containing EIT(3) and EIT(6), while EIT(1) is very small; (1') frequency reference in which the EIT and the VSOR are superimposed on one another; (2) spectrum with the ν C frequency chosen so that the condition Δ ≈ 0 is satisfied; and (2') frequency reference with the EIT and the VSOR shifted relative to each other.
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 29 Figure 2.9: Splitting of EIT-resonance into three components. The labels denote corresponding transitions shown in Figures 2.4, 2.8. The lower grey curve shows frequency reference spectrum.

  Figure 2.8 presents seven curves constructed using equations (2.1)-(2.4) that describe the frequency shift of EIT-resonances in the magnetic field. Black circles represent the experimental results. The numbers of curves 1 -7c o r r e s p o n dt ot h en u mbers of the EIT-resonance components. One can see in Fig. 2.8 that three EIT-resonances (1), (3), and (6) are formed in fields weaker than 300 G. The EIT-resonance[START_REF] Sargsyan | Selective Amplification of Narrow Resonance Formed in Transmission Spectrum of Rb nanocell in Magnetic Field[END_REF] appears with fields in the range of 500-630 G. In fields stronger than 1200 G, only the EIT-resonance (3) is observed in the high-frequency wing of the spectrum of probe radiation. As noted above, this is explained by the behavior of the detuning Δ of fixed frequency ν C from the corresponding upper level of the Λ-system.I n particular, for the EIT(1), Δ already rapidly increases in fields stronger than 350 G, which leads to absence of the EIT(1); at B>1200 G for the EIT(6), Δ rapidly increases and, consequently, this EIT-resonance is absent; for the EIT(3), Δ begins to grow rapidly in fields stronger than 1700 G, with this resonance consequently being detected up to such fields.

  and (1,m F = -1 -→ 2 ′ ,m F = -2) of the D 1 -line of 87 Rb are involved in the formation of EIT-resonances (1), (

Figure 2 . 11 :

 211 Figure 2.11: Transmission spectra of the probe beam at B = 0, 180, 480, 760, and 1480G (the spectra are vertically shifted for convenience). The numbering of the EIT-resonance components corresponds to that given in Fig.2.14. The microcell with L =3 0μm filled with rubidium and neon is used. The temperature is ∼ 100 • C. The configuration of ν C and ν P is shown in the inset (the frequency ν P is swept through the resonance F g =2-→ 5P 1/2 ). The lower gray curve is the reference spectrum obtained with the use of the Rb nanocell.
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 212 Figure 2.12: Transmission spectra of the probe beam at B = 0, 175, 380, 850, and 1630 G.Numbering of the EIT-resonance components corresponds to that of the curves in Fig.2.15. The configuration of ν C and ν P is shown in the inset (the frequency ν P is swept through the resonance F g =3-→ 5P 1/2 ). The lower grey curve is the reference spectrum.

1 Figure 2 . 13 :

 1213 Figure 2.13: Theoretical magnetic field dependence of the hyperfine structure of 85 Rb atoms with F g = 2, 3. Digits indicate the m F sublevels participating in the formation of the EITresonance components 1 -5. the condition ν P -ν C =[ E(F =3,m F ) -E(F =2,m F )]/h.
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 25214 Figures 2.14 and 2.15 show the theoretical curves for the EIT-resonance components 1-5

Fig. 2 .

 2 Fig. 2.13): (3, +2; 2, +2), (3, +1; 2, +1), (3, 0; 2, 0), (3,-1; 2, -1), and (3, -2; 2, -2). No additional EIT-resonance components with different combinations of the lower sublevels were detected.
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 31 Figure 3.1: Sketch of the experimental setup. ECDL -diode lasers; FI -Faraday isolator; 1-MTC in the oven; PBS-polarizing beam splitters; 2-permanent ring magnets; 3-photodetectors; IF -interference filter with 10 nm transmission bandwidth at 795 nm; F -neutral density filters; BD-beam dump to block ν c . PBS5 is used to single out ν p for detection.

Figure 3 . 2 :

 32 Figure 3.2: Λ system of D 1 -line 85 Rb atoms. Probe laser frequency ν P scans the transitions F g =2 → F e =2 ,3a n daN -type resonance forms in the probe radiation spectrum. If scans the transitions F g =3→ F e = 2, 3 (dashed lines), N -type resonance formation requires a lower coupling laser frequency ν ′ C1 = ν ′ C1 -3Δ.

3. 3

 3 Formation of N -type resonance in the vapor of atoms Rb, D 1 -line, in the presence of neon buffer gas

Figure 3 . 3 :

 33 Figure 3.3: Λ system of D 1 -line 85 Rb atomsatthesame probe laser frequency ν P but another coupling laser frequency, ν C2 = ν C1 -2Δ. The formed dark resonance demonstrates a decrease in the absorption.

Figure 3

 3 Figure 3.4: a: Relevant energy levels of the 85 Rb D 1 -line involved in the N -type resonance formation, Δ 1 =Δ HFS = 3036 MHz, b: The upper and the middle (is multiplied by 3) curves shows N -type resonance for the thickness L=500 and 50 μm, correspondingly; P C =25 mW, P P =1 mW, N -type resonance on D 1 has dispersive profile), the lower grey curve is the Reference-2 spectrum.

3 / 2 (Δ ∼ 3

 323 GHz), γ N = 6 MHz, γ 21 ∼ 0.1 MHz, λ = 780 nm,( d × E C )/ =Ω≈ 60 MHz.

Figure 3 .

 3 Figure3.5 shows the schematic diagram of the experimental setup for the case of ordinary cm-size cell, for observation of N -type resonance contrast dependance of the angle between two laser radiations. We used the radiation of two continuous narrow-band (with a width of about 1 MHz) extended cavity diode lasers (ECDLs), one of which had fixed frequency ν C (coupling laser) and the other had tuned frequency ν P (probe laser); both lasers had a wavelength of ∼ 795 nm. Both laser beams2mm in diameter were carefully superimposed by Glan prism G 1 (the polarizations of the coupling and probe lasers were linear and mutually perpendicular) and then directed to the cell with atomic vapor. Part of the probe radiation was directed to additional NTC 5 of thickness L = λ, which was used to form a frequency reference according to the technique described above. The laser radiations were detected with FD-24K photodiodes 3. Interference filter 6 with a transmission of 50% at a wavelength of ∼ 795 nm with a bandwidth at half-maximum of 10 nm was placed in front of the photodiode detecting the probe radiation. The signals from the photodiodes were amplified with an operational amplifier and were then supplied to a four-channel TDS2014B digital oscilloscope 7. We used a set of Helmholtz coils 2 inside which cell 4 with atomic vapor was placed in order to cancel the laboratory magnetic field and to form a magnetic field in the given direction.

Figure 3 . 5 :

 35 Figure 3.5: Schematic diagram of the experiment: (ECDLs) extended cavity diode lasers, (1) Faraday insulators, (G 1,2 ) Glan polarizers, (2)H e l mholtz coils, (3) photo-diodes, (4) cell with atomic vapor, (5) auxiliary NTC, (F) neutral optical filters, (6) interference filter of a wavelength of 795 nm,a n d( 7) digital oscilloscope.
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 36 Figure 3.6 (upper curve) shows the N -type resonance formed in the transmission spectrum of the probe radiation. The contrast of the N -type resonance reaches 75% (if it is determined as the ratio of the resonance amplitude to the peak absorption in the absence of the coupling radiation). The estimation of the Rabi frequency with the expression Ω/2π = γ N (I/8) 1/2 [11],

Figure 3 . 6 :

 36 Figure 3.6: (upper curve) Transmission spectrum of the probe radiation with an N -resonance. The cell thickness is L =8mm, the neon pressure is 6 Torr, and the reservoir temperature is 70 • C. (lower curve) Transmission spectrum of the frequency reference at NTC thickness L = λ ; it contains sub-Doppler resonances at atomic transitions.
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 37 Figure 3.7: Photograph of a two-section (TS) cell containing rubidium vapor and gaseous neon. NTC is shown at the top: the wedge gap between the inner surfaces of the windows changes in the range 50-3000 nm. NTC is connected with the cell of length L, to which another sapphire tube filled with metallic rubidium (reservoir) is connected. At the bottom, the metallic holder on which the TS cell is fixed and the thermocouple used to determine the reservoir temperature are visible.
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 39 Figs.[START_REF] Mirzoyan | Study of optical narrow-band N -resonance formed in the vapor of isotope 87 Rb atoms in an external magnetic field[END_REF].8 and 3.9, the parameters degrade relatively slowly at low angles (∼ 10 mrad), which can be used for the spatial separation noted above. The residual Doppler width resulting
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 3103312 Figure 3.10: The diagram (left part) shows the configuration of ν C and ν P 1 required for the N -type resonance formation; the right part shows the configuration of ν C and ν P 2 for low-frequency beating signal formation ν C ≈ ν P 2 .
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 313 Figure 3.13: The diagram (left part) shows the configuration of ν C and ν P 1 required for the N -type resonance formation ν P 1 = ν C -Δ 1 ; the right part shows the configuration of ν C and ν P 2 for the EIT-resonance formation ν P 2 = ν C -Δ 2 ,t h u s ,ν P 1 -ν P 2 =Δ 2 -Δ 1 .
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 41 Figure 4.1: Λ-system of D 1 -line of87 Rb atoms; lower levels F g =1,2;F e = 1, 2; at frequency ν C -ν P =Δ . T h eN -resonance is formed in the spectrum of probe radiation; the resonance exhibits enhancement of absorption. Large circle shows the population N 2 of the level F g = 2a n dt h es mall circle the population N 1 of the level F g =1 .
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 42 Figure 4.2: Upper curve transmission spectrum involving N -resonance. Contrast is 15%, FWHM 16 MHz. Powers of coupling and probe lasers are, respectively, 27 mWa n d1mW. The lower curve FR is the frequency reference.
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 43 Figure 4.3: In external magnetic field the lower levels F g =1a n dF g = 2, participating in formation of N -resonance, split into, respectively, three and five sublevels (number of sublevels of a level with quantum number F is 2F +1 ) .

Figure 4 . 4 :

 44 Figure 4.4: Spectra of splitting of N -resonance into three components at different values of the magnetic field: 50, 100, and 150 G. Components are labeled by numbers 1, 3, and 6; component 1 may contain additional component 2 not frequency-allowed; component 3 may involve additional components 4 and 5; component 6 can involve component 7 (see Fig. 4.5).

Figure 4 .

 4 Figure 4.5 demonstrates seven curves drawn from formulas (4.1)-(4.4) and describes the frequency positions (shifts) of components of the N -resonance in the magnetic field; black circles are experimental points. Note that the frequencies given by curves 4 and 5 coincide completely at all values of the magnetic field, therefore only six different frequency components of N -resonance are possible.Figure 4.5 shows that in fields below 200 G three

Figure 4 .

 4 [START_REF] Sargsyan | Splitting of the electromagnetically induced transparency resonance on 85 Rb atoms in strong magnetic fields up to the Paschen-Back regime[END_REF] shows that in fields below 200 G three components of N -resonance are formed: 1 (may contain additional component 2), 3 (may contain additional components 4 and 5), and 6 (may contain additional component 7). These additional components may possibly be recorded, if formation of narrower (with the width of 12 MHz) components of the N -resonance will be provided. In formation of components 1, 3, and 6 of the N -resonance, as in the case of study of electromagnetically induced transparency[START_REF] Motomura | High-resolution spectroscopy of hyperfine Zeeman components of the sodium D 1 line by coherent[END_REF], three Λ-systems are involved with the following lower sublevels of hyperfine structure of the lower level 5S 1/2 (F g =1 ,m F ; F g =2 ,m F ):(1,+1,2,+1), (1,0,2,0), and(1,-1,2,-1), respectively.

Figure 4 . 5 :

 45 Figure 4.5: Magnetic field dependence of frequency-shifts of N -resonance components. Solid curves: theory, black circles: experiment.

  .1.

Figure 4 . 6 :

 46 Figure 4.6: Transmission spectra of the probe radiation through the MTC with L =4 0μm.Spectra containing an N -resonance are presented for two cases: pure Rb vapor (upper curve), which give a linewidth of around 10 MHz, and Rb with 150 Torr Ne (lower curve), which give a linewidth of around 8 MHz. Spectra were obtained under nearly identical conditions. For convenience, the spectra are shifted in the vertical direction. The lower grey curve is the spectrum of Reference-2. Inset: relevant energy levels of85 Rb involved in N -resonance formation.
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 474848 Figure 4.7: Splitting of the N -resonance in a moderate B-field. a: spectrum of Reference-1 for B =0 ;b-d: N -resonance spectra for B =5 9G( b), 190 G (c), and 460 G (d ). The labels 1-5 denote corresponding transitions shown in Fig. 4.10. The lower grey curve shows spectrum of Reference-2.
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 49 Figure 4.9: Splitting of 85 Rb 5S 1/2 ground level hyperfine structure in an external magnetic field.
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 46410 Figure 4.10 shows the magnetic field dependence of the frequency shift for the five observed N -resonance components. Other N -resonance components expected from the calcu-
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 3 The N -type resonance splitting into six components:85 Rb, D 1 -line For85 Rb atoms, the N -type resonance in a magnetic field splits into five or six components depending on the mutual orientation of field B and laser radiation direction k .

Figure 4 .

 4 Figure 4.11: (upper curve) N -resonance at B =0 ,( medium curve) splitting of the Nresonance into six components in a transverse magnetic field B = 30 G, and (lower curve) transmission spectrum of the frequency reference at UTC thickness L = λ.
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 412 Figure 4.12: Diagram of levels F g = 2 and 3 of the85 Rb atom, which split into 5 and 7 sublevels in an applied magnetic field, respectively. Ten possible pairs of the coupling (ν C ) and probe (ν P ) laser frequencies are shown. The pairs for which probe laser frequencies are the same are indicated by different colors. Components (1) and (6) contain one transition. This diagram is seen to be the same if frequencies ν C and ν P are permuted.
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  .11) is (5 × 0.93MHz/G)× 30 G = 139.5 MHz; for the case shown in Fig. 4.13, the frequency distance between components 5 and 1 is (4 × 0.93 MHz/G) × 15 G = 54.8 MHz. Therefore, the initial and final levels are lower levels F g =2a n dF g =3 .It is important that, irrespective of which of levels F g = 2 and 3 is the initial or final level, the frequency shift between neighboring components is 0.93 MHz/G, which is observed in experiments (this is true for fields lower than 200 G, where the shift of m F sublevels depends linearly on the magnetic field[START_REF] Sargsyan | A novel approach to quantitative spectroscopy of atomsi namagnetic field and applications based on an atomic vapor cell with L = λ[END_REF].

Figure 4 . 13 :

 413 Figure 4.13: Splitting of the N -resonance into five components in a longitudinal magnetic field B = 15 G. The atomic vapor column thickness is 50 μm, and the reservoir temperature is about 100 • C.

Figure 4 . 14 :

 414 Figure 4.14: Splitting of the N -type resonance in a low B-field. a: spectrum of Reference-1 for B =0 ;b-d : N -type resonance spectra for B = 15 G (b), 40 G (c), and 50 G (d). The labels 1-6 denote corresponding transitions shown in Fig. 4.12. The lower grey curve shows spectrum of Reference-2.

  Fig 4.14 N -type resonance splitting in 6 components in low magnetic field is shown. The reservoir temperature is about 80 • C, cell of thickness L =4 0μm (neon pressure of 150 Torr) and an applied longitudinal magnetic field (B k ). Powers P P and P C were 1 and 4.5 mW, respectively. Spectra showing splitting for stronger B-field values (250 -640 G) are presented in Fig. 4.15. Although the amplitudes of the N -resonance components tend to decrease with B, but someo ft h e m were observable up to B = 1400 G.

Figures

  Figures 4.16aand 4.17a show the magnetic field dependence of the frequency shift for

  Figures 4.16aand 4.17a show the magnetic field dependence of the frequency shift for the six observed N -type resonance components. The diagrams explaining the N -type resonance formation are shown in Fig. 4.16b and 4.17b. Note that changing the frequency ν P

Figure 4 . 15 :

 415 Figure 4.15: Splitting of the N -type resonance in a moderate and high B-field. a -c: Nresonance spectra for B = 250 G (a), 425 G (b), and 640 G (c) labels 1-6 denote corresponding transitions shown in Fig. 4.12. The lower grey curve shows spectrum of Reference.

Figure 4 .

 4 Figure 4.16: a: Frequency shifts of the N -resonance components in a B-field. Solid lines: theory; symbols:e x p e r i ment. The inaccuracy does not exceed 2%, b: 85 Rb D 1 line diagram shows the configuration of ν C and ν P for N -type resonance formation.

Figure 4 .

 4 Figure 4.17: a: Frequency shifts of the N -resonance components in a B-field. Solid lines: theory; symbols:e x p e r i ment. The inaccuracy does not exceed 2%, b: 85 Rb D 1 line diagram shows the configuration of ν C and ν P for N -type resonance formation.
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 418 Figure 4.18: Illustration for the N -type resonance formation. The probe radiation in resonance with the transition F g =2→ 5P 1/2 transfers atomsf r o m level F g =2t ol e v e lF g = 3, increasing its population (large circle) and decreasing the population of F g =2( s mall circle). This transfer creates inversion N 3 >N 2 , and two-photon absorption at frequency ν P accompanied by N -type resonance formation occurs at proper frequency ν C .

  Rb vapor in external magnetic fields in the range of 1-200 G, with the use of microcell with the thickness of column of rubidium atoms L =50 μm are presented. Considered theoretical model explains well the splitting of N -resonance into three components in the external magnetic field for the case of D 1 -line of 87 Rb. We presented the N -type resonance splitting on five components in D 1 -line of atomic 85 Rb in range of longitudinal magnetic field 1-2100 G. Experimental results are shown. The theoretical calculations of the frequency shift of N -resonance components are made. Com-parison of theoretical and experimental results is given and good agreement between them is presented.

  

  

  

  Harris et al., EIT have developed into a very active research area. The number of papers mentioning the term have exponentially increased, and a wide range of phenomenon have been investigated that employ EIT. Someo ft h e m are briefly discussed in this subsection.

Table 1 .

 1 The emission wavelength can be tuned by rotating the diffraction grating. For this purpose diffraction grating (DG) is installed on a piezoelectrical (PZT) mount, which may rotate by

	DL parameters	DL without external cavity	ECDL
	Emission wavelength	780 nm, 795 nm, 894 nm, 852 nm 780 nm, 795 nm, 894 nm, 852 nm
	Spectral linewidth Emission power Divergence	5 -30 MHz 10 -80 mW ∼ 1m r a d Power supply parameters 0.7 -1M H z 10 -40 mW ∼ 1m r a d
	Injection maximal current	200 mA	200 mA
	Current setting precision	0.1 mA	0.1 mA
	Stabilization of current Internal modulation Current of modulation External modulation Temperature range	±0.03 mA 10 -3000 Hz 0 -5m A 0 -100 mA +5 .. +55 • C	±0.01 mA 10 -3000 Hz 0 -4m A 0 -100 mA +15 .. +30 • C
	Precision of temperature	0.1 • C	0.1 • C
	measurement		
	Temperature setting pre-	0.1 • C	0.1 • C
	cision		
	Temperature stabilization	0.03 • C	0.01 • C

1: Technical characteristics of DLs changing the voltage applied on PZT chip.

  takes place. The EIT-resonance occurs under

	Transmission, arb. units	5S 1/2 5P 1/2 C	L= 30 m, 100 Torr Neon F g =3 F g =2 3035 MHz P b 1' 1' 5' 4' 3' 2' 2' 3' 4' 5' 5' 4' 2' 3' a	e d c
			Reference	1144 MHz
			Probe frequency detuning, MHz
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low as ∼ 0.1 W/cm 2 (see Fig. 1.24(a)). The grey curve shows the 120 MHz-wide sub-Doppler transmission spectrum for L = λ/2 when the coupling laser is off. The theoretical spectra for the parameters matching exactly the corresponding experimental conditions of Fig. 1. 24(a) are shown in Fig. 1.24(b) (for theoretical model, see Section 1.5).

The linewidth of the resonant fluorescence spectrum for L = λ/2 is 70 -80 MHz, which is ∼ 1.7t i mes narrower than that of the transmission linewidth. Yet it is possible to form a narrow dip of reduced fluorescence when P c = 0.1 W/cm 2 , which is a manifestation of EIT for L = λ/2. Also for this case there is a good agreement of experiment and theory.

Chapter 2

The EIT-resonance splitting in a magnetic field using a nanocell and a microcell.

Interestingly, with the use of an ordinary cell several centimeters long, the situation is quite the reverse -namely, narrower EIT-resonances are formed at Δ = 0 [START_REF] Wang | Observation of sub-Doppler absorption in the Λ-type three-level Doppler-broadened cesium system[END_REF].

Transmission, arb. units 4 3 2 [START_REF] Sargsyan | Narrow-Band N -resonance Formed in Thin Rubidium Atomic Layers[END_REF] (

EIT ( 6)

EIT [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF] (

EIT [START_REF] Mirzoyan | Study of optical narrow-band N -resonance formed in the vapor of isotope 87 Rb atoms in an external magnetic field[END_REF] Frequency difference, MHz where k is the wave vector of the laser radiation). As the magnetic field increases [START_REF] Scully | High-sensitivity magnetometer based on indexenhanced media[END_REF][START_REF] Knappe | Dark-line atomic resonances in submillimeter structures[END_REF][START_REF] Hakhumyan | High-spatialresolution monitoring of strong magnetic field using Rb vapor nanometric-thin cell[END_REF], and 200 G for curves 1-4, respectively), the frequency distance between components (1),

(3), and ( 6) increases (the number in parentheses corresponds to the number described in the Fig. 2.8 and to the Λ-systems presented in Fig. 2.4).

Zeeman splitting of the ground levels F g =1,2 described by quantum number m F and the Λ-systems involved in EIT-resonance components formation are presented in Fig. 2.4.

In the formation of components (1), (3), and (6), three Λ-systems with the following lower sublevels (see the Fig. 2.4) of the hyperfine structure (F g =1 ,m F ; F g =2 ,m F ) take part:

(1, +1; 2, +1), (1, 0; 2, 0), and (1, -1; 2, -1). Apart from the frequency shift, a certain spectral broadening of the EIT-resonance takes place because Δ = 0. Since the magnitude laser so that (using curve 1 in Fig. 

(4),( 5) 2.9 shows three EIT components, when B = 596 G longitudinal magnetic field is applied (upper curve). The lower curve shows frequency reference spectrum. It is interesting to note, that in the case of a good adjustment of the coupling and probe beamsa tt h e conventional ETC (Fig. 2.1a), an EIT-resonance appears in the reference spectrum, which is narrower than VSOR presented in the frequency reference spectrum when the coupling is not well adjusted.

Since it is necessary to satisfy the condition

Chapter 3

N -resonance formation in micron thickness cells, filled with the Rb atom vapors and neon buffer gas Introduction Mediated by the effects of CPT and EIT [START_REF] Marangos | Topical review electromagnetically induced transparency[END_REF][START_REF] Harris | Electromagnetically induced transparency[END_REF], nonlinear optical interactions can be significantly enhanced in comparison with two-level resonant systems. This was first recognized for Λ-type three-level configuration and subsequently developed for a variety of multi-level systems. In particular, a four-level N -type configuration displaying large nonlinearity attracts a lot of attention because of its broad range of applications in quantum and nonlinear optics [START_REF] Lukin | Controlling photons using electromagnetically induced transparency[END_REF]. This system demonstrates either an efficient self-action at a single-photon energy level [START_REF] Imamoglu | Strongly interacting photons in a nonlinear cavity[END_REF] or strong interaction of two electromagnetic fields via refractive [START_REF] Schmi D Ta N Da | Giant Kerr nonlinearities obtained by electromagnetically induced transparency[END_REF][START_REF] Harris | Nonlinear Optics at Low Light Levels[END_REF][START_REF] Lukin | Nonlinear Optics and Quantum Entanglement of Ultraslow Single Photons[END_REF] and/or absorptive [START_REF] Lukin | Nonlinear Optics and Quantum Entanglement of Ultraslow Single Photons[END_REF] nonlinearities. Several experimental studies of spectral properties of real N -type configurations have been performed quite recently [START_REF] Hemmer | Efficient low-intensity optical phase conjugation based on coherent population trapping in sodium[END_REF].

Doppler-free absorption resonances that can be observed in an N -type level configuration represent another important feature of the system. Such resonances remove the strict restrictions on the Doppler-free geometry imposed by conventional nonlinear spectroscopy [START_REF] Popov | Elimination of Doppler broadening at coherently driven quantum transitions[END_REF].

The coherence results an extension of the possible applications of hot atomic vapors by eliminating Doppler broadening without cooling. For example, this effect might be employed to enhance gain of gas lasers (with or without population inversion), or to obtain a high is fulfilled. Thus, the frequency interval presented in Fig. 3.12 between the N -a n dt h e

In next chapter the N -resonance behavior under the influence of moderate and strong magnetic field is presented. The explanation of N -resonance splitting into three, five and six components for different isotopes of rubidium and different configuration of magnetic filed is given.

Chapter 4

The N -type resonance splitting in magnetic field using microcell with the addition of neon buffer gas 4.1 The N -type resonance splitting on three components: 87 Rb, D 1 -line

In this section we give the N -type resonance observation, when Λ-system in D 1 -line of rubidium atomsi se mployed and the radiations of two lasers are used [START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF]. Figure 4.1

shows the schemeo ff o r mation of N -resonance in the Λ-system of D 1 -line of 87 Rb atoms.

The lower levels of the Λ-system are those with F g = 1, 2, while the upper level involves two Doppler-broadened hyperfine levels 5P 1/2 , F e = 1, 2. The frequency of the probe radiation is scanned over the transitions F g =1-→ F e = 1, 2; and the frequency ν C of the coupling laser is fixed. In the spectrum of probe radiation N -resonance is formed when the frequency difference is ν C -ν P = Δ with Δ the hyperfine splitting of the lower level (6068 MHz).

In the cited works [START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF] the necessary condition of formation of N -resonance was the presence of a buffer gas in the rubidium-vapor cell. The purpose of the present work is to study the behavior (not studied before) of the N -resonance in an external magnetic field with use of rubidium (isotope 87) atomic vapor. Also the possibility has been stated of practical applications of these studies.

gas is several orders of magnitude lower than the atom velocity in pure rubidium vapor. For the case of an exact resonance between probe laser frequency ν P and an atomic transition, the optical pumping efficiency is proportional to interaction time t [START_REF] Happer | Optical Pumping[END_REF]. Therefore, more efficient optical pumping and an increase in N 3 are observed. Note that, when pure D 2 -line rubidium vapor was used [START_REF] Sargsyan | Narrow and contrast resonance of increased absorption in Λ-system observed in Rb cell with buffer gas[END_REF], the contrast was weak, lower than 4% (low contrast in the absence of a buffer gas is caused by a lower value of N 3 ).

Let us discuss the fact which indicates that F g = 3 (rather than the upper level) is final level for N -type resonance formation. The addition of gaseous neon at a pressure of 10 Torr leads to a strong broadening of level P 1/2 (up to 100 MHz). It was shown in [START_REF] Sargsyan | Effect of buffer gas on an electromagnetically induced transparency in a ladder system using thermal rubidium vapor[END_REF][START_REF] Kumar | Electromagnetically induced transparency and slow light in three-level ladder systems: Effect of velocity-changing and dephasing collisions[END_REF] that, when an EIT resonance forms in a cascade system and upper level 5D is the final level, even small addition of a buffer gas results in a broadening of final level 5D and decreases the EITresonance contrast in the cascade system by several tens of times. The EIT-resonance in pure rubidium vapor (in the same cascade system) has a high contrast [START_REF] Sargsyan | Electromagnetically induced transparency and two-photon absorption in the ladder system in thin columns of atomic vapors[END_REF]. In the theoretical model [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF], a Λ-system of the rubidium atomic levels was reduced to the cascade system of levels described above (in which one of the lower levels is the initial level and one of the upper levels is the final level); therefore, as follows from the analogy considered above, the N -type resonance formation in the presence of a buffer gas should be strongly hindered. It is interesting that the buffer gas pressures (330 Torr) used in [START_REF] Zibrov | Observation of a three-photon electromagnetically induced transparency in hot atomic vapor[END_REF][START_REF] Novikova | Comparison of 87 Rb N -resonances for D 1 and D 2 transitions[END_REF][START_REF] Novikova | Cancellation of light shifts in an N -resonance clock[END_REF][START_REF] Hancox | Lineshape asymmetry for joint coherent population trapping and three-photon Nresonances[END_REF][START_REF] Ben-Aroya | Observation of large contrast electromagnetically induced absorption resonance due to population transfer in a three-level Λ-system interacting with three separate electromagnetic fields[END_REF] to form an N -type resonance are also optimal for the formation of an EIT-resonance in the same Λ-system for rubidium atoms [START_REF] Fleischhauer | Electromagnetically induced transparency: Optics in coherent media[END_REF][START_REF] Wynands | Precision spectroscopy with coherent dark states[END_REF].

Note that the second nameo ft h eN -type resonance, namely, three-photon absorption resonance, may cause misunderstanding. Three-photon scattering (absorption) was studied late in the 1960s [START_REF] Badalyan | Stimulated resonance effects in potassium vapor[END_REF][START_REF] Ter-Mikaelyan | Rayleigh and Raman scattering in the field of an intense wave[END_REF]. This process consists in the following: three-photon scattering takes place for a two-level atom in the presence of detuning Δ = ν L -ν A of laser frequency ν L from atomic frequency ν A ; as a result, the atom absorbs two laser photons, emits a photon at frequency ν 3R , and passes from the lower to the upper state. Therefore, for three-photon scattering, the lower and upper levels are the initial and final levels, which is wrong for the N -type resonance (as was shown by the results of splitting in a magnetic field).

In this chapter the observation of N -type resonance behavior under the magnetic field for
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