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It is known that laser generation is possible in not only in active fibers, but also in passive fibers 
owing to stimulated Raman scattering (SRS) of pump radiation providing amplification of the Stokes- 
shifted scattered light (by ~13 THz and ~40 THz for Si02/GeO2 and P2O5, correspondingly), see [1] 
for a review. In Raman fiber lasers (RFLs), cavity is usually formed by fiber Bragg gratings (FBGs) 
which reflect the Stokes waves (of the first, as well as of higher orders). As a result, a cascaded 
generation in a broad spectral range with continuous tuning within Raman gain spectrum is possible. 
However, a relatively low Raman gain requires rather long (0.1-1 km) passive fibers with high-power 
pumping into the fiber core, e.g. by efficient single-mode Yb-doped fiber lasers (YDFLs).

In the report, a review of recent results on new schemes and regimes of Raman fiber lasers will be 
presented.

First, implementation of polarization-maintaining (PM) passive fibers and linearly polarized 
pumping in new RFL scheme with random distributed feedback [2] results in great improvements in 
RFL efficiency [3]. Such random RFL made of 500-m PM fiber with PM fiber loop mirror at one 
fiber end generates a linearly polarized radiation at 1.11 pm with polarization extinction ratio as high 
as 25 dB at the output power of up to 9.4 W. The absolute optical efficiency of pump-to-Stokes wave 
conversion reaches 87% (corresponding to quantum efficiency of 92%) that is a record value for 
Raman fiber lasers. In the same scheme with longer PM fiber (1 km), efficient cascaded generation up 
to 4th Stokes order (1.3 pm) has been demonstrated, at the polarization extinction ratio > 22 dB for all 
orders [4]. At that, record values of quantum efficiency (around 80% relative to pump photons) have 
been obtained for the generation of 2nd (1.17 pm) and 3rd (1.23 pm) Stokes orders. The laser 
bandwidth grows with increasing order, but it is almost independent of power in the 1-10 W range, 
amounting to ~1,~2 and ~3 nm for orders 1-3, respectively. So, the random Raman fiber laser 
exhibits no degradation of output characteristics with increasing Stokes order. A theory adequately 
describing the unique laser features has been developed. Thus, a full picture of the cascaded random 
Raman lasing in fibers is shown.

Second, a further nonlinear conversion of 1.3-pm radiation generated in phosphosilicate RFL is 
demonstrated to longer wavelengths (>1.4 pm) using active Bi fiber as a nonlinear medium [5], as 
well as to shorter wavelengths (0.65 pm) using PPLN nonlinear crystal for second harmonic 
generation (SHG) [6]. It has been shown that the SHG efficiency for random RFL is higher than that 
for conventional RFL with linear cavity in the same fiber.

Third, pulsed operation in various RFL configurations is also explored. It has been shown that 
active Q-switching (closing of fiber loop mirror by acousto-optic modulator) in RFL configuration 
with RDFB provides generation of nanosecond pulses which energy and period proportional to the 
fiber length [7]. In the proposed scheme, the pump energy distributed along the passive fiber is 
directly converted to the Stokes pulse, which reaches 30 pJ energy in case of 1-km long PM fiber. 
This RFL configuration being converted to a ring PM-fiber cavity with loss modulation 
synchronously with round trip provides actively mode locked RFL operation [8]. As a result, one or 
several sub-ns pulses are formed within the modulator window. It has been found that the formation 
of such stable multi-pulse structure is defined by the single-pulse energy limit (~20 nJ) set by the 
second-order Raman generation. Adding a NPE-based saturable absorber in the actively mode locked
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cavity, results in sufficient shortening of the generated pulses both in single- and multi-pulse regimes 
(down to 50 ps). A model is developed adequately describing these regimes. Femtosecond Raman 
pulses of the first and second Stokes orders have been also generated in the scheme with synchronous 
pumping in a specially designed PM-fiber cavity of dissipative-soliton YDFL [9]. The pulses at 
different wavelengths have similar duration (40 ps) and are externally compressed to 200-300 fs. 
Their coherent combination is also demonstrated. This technique offers a way for generation of high- 
energy pico- and femtosecond pulses at new wavelengths.

Finally, principally new approach in RFL design based on direct pumping of a gradient-index 
(GRIN) fiber by multimode LDs has been developed, demonstrating lasing at <1 pm with high beam 
quality and conversion efficiency. Based on this concept, CW Raman fiber with direct pumping by a 
high-power multimode laser diode at 915 nm enables generation of high-quality 954-nm output beam 
with power ~10 W [10].
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Theory predicts that the quantum vacuum has nonlinear optical 
properties. High intensity laser systems are under construction 
in order to search for light-light scattering, for magnetic field 
induced birefringence and for pair creation -  all in the vacuum 
[1,2]. One might ask about the underlying linear optical 
response of the vacuum and it is obvious that Maxwell must 
have already taken any linear response into account when 
formulating the equations named after him -  hence their 
success. This set of equations puts the laws found by others 
into context but to make the set consistent Maxwell had to add 
a new term the vacuum displacement current driving the magnetic field in addition to the current of 
free or bound charges. It is this first term on the right hand side in Maxwell's displacement field
D = £{)E  + P, so we postulate, that contains information about the quantum vacuum [3]. 
Understanding this linear response will hopefully help planning for measurements of the nonlinear 
response. Urban et al. published a related approach [4].

When treating the quantum vacuum as a dielectric full of virtual and polarizable particle -  anti
particle pairs, one finds that the permittivity of the vacuum eQ is related to the sum over the squared
charges of all the different types of elementary particles [3,5]. Incidentally, summing over different 
types of elementary particles in the context of charge renormalization is well known [6,7]. In our 
model the vacuum permittivity becomes energy dependent [5], which is related to the sum over 
different types of elementary particles. This is equivalent to charge renormalization, or the running of 
the fine structure constant [8]. The special situation in our case is that the dielectric model seems to 
provide us with information about all types of particles existing in nature, because the model gives the 
sum over the squared charges of all these particles in nature. We are currently trying to confirm this 
more rigorously. In any case, the dielectric model of the vacuum provides insight into the zero point 
energy, relates the coefficients in Maxwell's equations to the properties of the quantum vacuum and 
provides information about high-energy particles via low energy observations.
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Presently, laser spectroscopy and fundamental metrology are among the most important and actively 
developed directions in modern physics. Frequency and time are the most precisely measured physical 
quantities, which, apart from practical applications (in navigation and information systems), play 
critical roles in tests of fundamental physical theories (such as QED, QCD, unification theories, and 
cosmology) [1,2]. Now, laser metrology is confronting the challenging task of creating an optical 
clock with fractional inaccuracy and instability at the level of 10-17 to 10-18. Indeed, considerable 
progress has already been achieved along this path for both ion-trap- [3,4] and atomic-lattice-based 
[5,6] clocks.

Work in this direction has stimulated the development of novel spectroscopic methods such as 
spectroscopy using quantum logic [7], magnetically induced spectroscopy [8], hyper-Ramsey 
spectroscopy [9], spectroscopy of “synthetic” frequency [10] and others [11]. Part of these methods 
was developed in order to excite and detect strongly forbidden optical transitions. The other part 
fights with frequency shifts of various origins. In the present talk we will review both parts with a 
special emphasis on methods developed and studied in Institute of Laser Physics SB RAS, 
Novosibirsk. The history and present status of experimental works devoted to the optical frequency 
standards will be discussed.

Our work is supported by Russian Foundation for Basic Research (grants nos. 14-02-00712, 14
02-00806, 14-02-00939, 15-02-08377, 15-32-20330), Ministry of Education and Science of Russian 
Federation (State Assignment № 2014/139 project № 825), Russian Academy of Sciences, and by a 
grant of President of RF (NSH-4096.2014.2).

References
[1] S. N. Bagayev et al., Appl. Phys. B 70, 375 (2000).
[2] S. A. Diddams et al., Science 306, 1318 (2004).
[3] T. Rosenband et al., Science 319, 1808 (2008); C.W. Chou et al., Phys. Rev. Lett. 104, 070802 (2010).
[4] N. Huntemann et al., Phys. Rev. Lett. 116, 063001 (2016).
[5] T. Akatsuka,M. Takamoto, and H. Katori, Nature Physics 4, 954 (2008).
[6] N. Hinkley et al., Science 341, 1215 (2013); B.J. Bloom et al., Nature 506, 71 (2014).
[7] P. O. Schmidt et al., Science 309, 749 (2005).
[8] A. Taichenachev et al., Phys. Rev. Lett. 96, 083001 (2006); Z. Barber et al., Phys. Rev. Lett. 96, 083002 (2006).
[9] V. Yudin et al., Phys. Rev. A 82, 011804(R) (2010); N. Huntemann et al., Phys. Rev. Lett. 109, 213002 (2012).
[10] V. Yudin et al., Phys. Rev. Lett. 107, 030801 (2011).
[11] V. Yudin et al., Phys. Rev. Lett. 113, 233003 (2014).

4

mailto:taich.alex@gmail.com


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Challenge for thermal-lens-free ceramic lasers
Ken-ichi Ueda

Institute for Laser Science, Univ. o f Electro-Communications, Tokyo, Japan 
Institute o f Laser Engineering, Osaka University, Osaka, Japan 

Central Research Institute, Hamamatsu Photonics K.K., Shizuoka, Japan 
TOYOTA Physical & Chemical Institute, Aichi, Japan 

JST PREST, Tokyo, Japan
Institute ofApplied Physics, Russian Academy o f Sciences, Nizhny Novgorod, Russia 

E-mail: ueda@ils.uec.ac.jp

Today we need an unlimited power scaling technology, that is, a coherent beam combining. This is a long time dream 
since 1960, the first laser demonstration. ICFA-ICUIL joint task force recommended fiber laser array for the laser 
driver of the TeV-class laser-plasma accelerator because it was unique solution to generate real plane wave in 2011. 
Joint task force asked us to develop alternative way using ceramic lasers. How to solve the thermal lens effect in a 
solid state laser? We made effort to create new scheme for thermal-lens-free solid state lasers last five years. In this 
paper I talk about the new approach towards thermal-lens-free solid state lasers.

804 805 806 807 808 809 8«

Pump Wavelength (nm)

Fig. 1 Thermal lens compensation by combined active media. Fig. 2 Beam quality control by thermal lens compensation of
Nd:YVO4/Nd:SVAP.

The mechanism of thermal lens effect is the temperature gradient across the beam diameter. This is attributed to 
the thermal flow for cooling the gain volume. Simple solution is the end-cooling under the full aperture pumping. 
One dimensional cooling along the longitudinal direction does not induce thermal lens effect. However, full-aperture 
pumping is not so efficient in a typical case because the outer edge area pumping is not deleted by laser amplification. 
Ring heater method is partially available to expand the area of full flat wavefront amplification. Efficient cooling 
relaxes the thermal lens effect in a thin disk geometry. The cooling power of high speed rotary disk with 120 Hz 
rotation is more than 1600 times larger than static disk. High efficiency cooling is effective for stational thermal lens 
effect. However, the transit thermal lens during pumping is not so easy to solve. Fundamental solution of thermal lens 
problem is the development of athermal laser material. If the laser material is athermal, that means the refractive 
index is constant and independent to the temperature, the thermal lens effect disappears even under the lateral 
thermal flow cooling. This is an ideal solution.

We tried to develop a hybrid laser system for the thermal lens compensation for the first step. As shown in Fig.1, 
thermal lens and birefringence compensation by multi-thin-disk amplifier is possible. Quasi-phase-matching of 
nonlinear crystals is also similar in principle. Combined active media with dn/dT positive Nd:YVO4 and dn/dT  positive 
Nd:SVAP crystals. These crystals have slightly shifted absorption and emission spectra. As a result, we can control the 
pumping materials by tuning the operation temperature of pumping LD. Shorter wavelength pumping is effective to 
Nd:YVO4 and longer wavelength is good for Nd:SVAP. Thermal lens compensation was demonstrated as shown in 
Fig.2.

There exists an athermal optical glass for high precision optics. In the case of glasses, material tuning by mixing is 
relatively easy, because glass is a kind of liquid. However, we can not make an intermediated properties of crystals by 
mixing sapphire and diamond. This is the reason why we developed a hybrid crystal system for the tuning of material 
parameters of crystal. It has been a common sense until today. I investigated laser ceramics more than 20 years. We 
succeeded to develop full transparent, high power laser ceramics comparable or better than single crystals. However, 
all laser ceramics developed were oxide ceramics. Yb:CaF2 ceramics is attractive for high power and ultrashort pulse 
generation. But it has not been easy to fabricate full transparent Yb:CaF2 until recently. In 2015, there were three 
reports on the laser performance of Yb:CaF2 ceramic lasers.

We made effort to develop highly transparent CaF2 ceramics last 10 years. One of the difficulties of CaF2 ceramics 
is the rare earth (Re) doping, because there is an mismatching of doping ion Re3+ and Ca2+ site. The charge state of 
doping ion changed at 0.3% and >1% in Eu doping case. We needed high and stable Yb3+ doping. Yb2+ induces 
absorption loss and scattering. We solved this problem by using solid solution of CaF2-LaF3 ceramics. Optically 
transparent Yb:CaF2-LaF3 ceramics have been fabricated for various concentration of Yb and La covering 1% to 6% 
respectively as shown in Fig.3. Fabrication technique is hot press and reactive sintering. These are the first successful
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Yb:CaF2-LaF3 ceramics. We understand Yb:CaF2-LaF3 ceramics is stable and high optical quality. The emission lifetime 
of Yb is 2.1-2.2 ms for 1-3% Yb-doping. The absorption and emission spectra have no difference between these 
ceramics and single crystal Yb:CaF2 . We demonstrated the laser experiments by simple LD pumping.
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Material dn/dT

xlO '6
a

xlO '6

n dn/dT+a(n-l)

xlO '6

ZnSe 61 7.8 2.7 74.26
A1203 13 8.4 1.772 19.4848
YAG 9.1 7.8 1.815 15.457
Silica 10 0.52 1.45 10.234
MgF2 2.3 13.7 1.3836 7.55532
N-PSK53a -4.3 9.6 1.53 0.788
CaF2 -10.6 18.85 1.428 -2.5322
SrF2 -12 19.2 1.433 -3.6864
LHG8 -5.3 0.6 1.5201 -4.98794
BaF2 -15.2 18.1 1.45 -7.055
LaF3 n/a n/a

Fig. 3 Yb:CaF2-LaF3 ceramics. Table 1 Thermal lens effect of optical materials.
Slope efficiency (%)

Y b (a t.% )

1 2 3

La

(a t.% )

1 6 3 .2 39 .9 2 7 .7

2 73.1 54 .0 4 7 .5

3 - - 48.1

Fig. 4 Laser demonstration of 4 W output and 73 % efficiency.

As shown in Fig.4, laser oscillation was observed by all samples of Yb 1-3% doping. There was no saturation in 
this experimental condition. The results were good enough. Output power of 4 W and slope efficiency of 73% was 
highest ever measured in fluoride ceramics, respectively. These results show the quality of Yb:CaF2-LaF3 is excellent. 
Output power is limited by pump power and 73% slope efficiency is comparable or better than a single crystal 
Yb:CaF2 .

Thermal lens effect dS/dT is defined as follows: dS /dT  = l\d n /d T  + a(n  -1 ) ] ,  where l is the active length, n is

the refractive index, T is the temperature, a  is the thermal expansion coefficient. First term and second term of the 
thermal lens effect is positive in the typical laser materials. However, fluoride materials have negative dn/dT. As 
shown in Table 1, CaF2 and SrF2 are the best materials for thermal lens issue. Is it possible to develop an athermal 
fluoride ceramics? It has been a long time dream. In Table 1, N-PSK53a is an athermal glass for high precision optics. 
The thermal lens effect of CaF2 is 3 times larger in this table. Is it possibel to tune these value by changing the LaF3 

concentration. In this case we have to check the phase diagram of CaF2-LaF3 matrix. The phase diagram of CaF2-LaF3 

was investigated in 1979 as shown in Fig.5 [1]. From this data, CaF2-LaF3 is stable below 700 C in any concentration of 
LaF3 . This means the refractive index and thermal lens constant should be modified by the mixing ratio of CaF2 and 
LaF3 . This is a new channel to develop athermal fluoride laser ceramics in near future.

We acknowledge the collaboration of Prof. Shirakawa (ILS/UEC), Dr. Ishizawa (NIKON) and Mega Grant program 
of Russia (14.B25.31.0024).
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Nonlinear optics in the mid-infrared: new morning
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The mid-infrared spectral range is unique in many ways. Within this region, electromagnetic radiation 
can resonate with the most intense signature molecular bands, thus drastically enhancing the coupling 
between the field and molecular motions. Electrons driven by intense ultrashort mid-IR field 
waveforms acquire unusually high pondermotive energies within a fraction of the field cycle, giving 
rise to new regimes of high-field nonlinear optics. The A  scaling of phase-space mode volume with 
radiation wavelength A translates into the A  dependence of the self-focusing threshold, allowing 
much higher peak powers to be transmitted in a single laser filament in the mid-IR range without 
losing beam continuity and spatial coherence. Recent breakthroughs in ultrafast photonics in mid-IR 
help understand complex interactions of high-intensity ultrashort mid-IR pulses with matter, offer new 
approaches for x-ray generation, enable mid-IR laser filamentation in the atmosphere, facilitate lasing 
in filaments, give rise to unique regimes of laser-matter interactions, and reveal unexpected properties 
of materials in the mid-IR range. Motivated and driven by numerous applications and long-standing 
challenges in strong-field physics, molecular spectroscopy, semiconductor electronics, and standoff 
detection, ultrafast optical science is rapidly expanding toward longer wavelengths. Experiments 
reveal unique properties of filaments induced by ultrashort laser pulses in the mid-infrared, where the 
generation of powerful supercontinuum radiation is accompanied by unusual scenarios of optical 
harmonic generation, giving rise to remarkably broad radiation spectra, stretching from the visible to 
the mid-infrared. Generation of few- and even single-cycle mid-infrared field waveforms has been 
demonstrated within a broad range of peak powers and central wavelengths. Below-the-bandgap high- 
order harmonics generated by ultrashort mid-infrared laser pulses are shown to be ideally suited to 
probe the nonlinearities of electron bands, enabling an all-optical mapping of the electron band 
structure in bulk solids.

Fig. 1  The on-axis spectrum of supercontinuum radiation generated in a filament induced by the mid-IR 
OPCPA output in the air: (red) experiment, (blue) simulations. The spectrum of the mid-IR driver inducing 
the filament is shown by grey shading. The supercontinuum beam behind the filament is shown in the inset.
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Double-resonance spectroscopy in Rubidium vapour-cells 
for high performance and miniature atomic clocks
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Microwave-optical double resonance spectroscopy in alkali vapour cells constitutes simultaneously a 
field of basic research and of more application-oriented developments of precision instruments such 
as frequency standards and magnetometers [1].

The first investigations were realized with alkali plasma discharge lamps as optical source while 
the radio-frequency (rf) or microwave field was applied using different techniques such as simple 
metallic loops, antennas, horns or resonant cavities. The various types of optical pumping processes 
[2] and the AC Stark shift induced on the rf or microwave atomic transitions by the resonant optical 
field were investigated in great details from both the experimental and the theoretical points of view 
[3, 4]. Different techniques inspired by the Nuclear Magnetic Resonance (NMR) methods were also 
developed in order to study the sources of relaxations (in particular the collisions) [5] and frequency 
shifts. In the case of Rubidium atomic vapour cells, the presence of two isotopes with partially 
overlapping optical transitions allowed to improve the efficiency of the hyperfine optical pumping, 
thanks to the so-called “isotopic filtering”, and resulted in the realization of commercial atomic 
frequency standards that were required in many applications such as network synchronization, secure 
telecommunication and satellite positioning and navigation systems. These devices are still in use 
nowadays. Their volume range typically from 0.2 to 5 Liters and their fractional frequency instability 
lies at the 10-12-10-10 level for one second averaging time and 10-11-10-14 for averaging times ranging 
between several hours to one day. Their accuracy and their medium to long term frequency stability 
are ultimately limited by the fact that the atoms are stored in a thermal vapour cell with unavoidable 
collisions which effects are very sensitive to the environmental changes and other aging processes.

Since the advent of tunable laser sources, a few decades ago, the research in this area has greatly 
evolved, while the impact on commercial devices is only in its initial phase. On one hand, the use of 
laser diodes has allowed to enhance the accuracy of the spectroscopic studies, thanks to their much 
narrower and widely tunable optical spectrum. On the other hand, new effects (such as Coherent 
Population Trapping, CPT) and new schemes (based in particular on pulsed operation) have paved the 
way to a new generation of atomic frequency standards with either better frequency stability and/or 
improved specifications such as reduced size and consumption.

Our research in this field [6] has included the development of compact frequency-stabilized laser 
sources [7] for future high performance atomic clocks [8]. A relatively small size microwave cavity 
[9] has allowed us to achieve short term frequency stabilities in the 10-13 range with both the 
continuous [10] and the pulsed [11] mode. In parallel, we have conducted several studies towards 
further miniaturization [12], including the demonstration of double-resonance with a micro-fabricated 
discharge lamp [13]. We have also shown that microwave-optical double resonance in a micro
fabricated cell [14, 15] constitutes a very promising alternative to CPT for future chip-scale atomic 
clocks. More recently, we have been investigating pulsed techniques to determine experimentally the 
spatial distribution of important physical quantities in micro-fabricated [16] and glass-blown [17] 
Rubidium vapour cells: the microwave field strength, the DC magnetic field amplitude, the 
longitudinal and the transverse relaxation times.

As mentioned above, the performances of vapour cell atomic clocks are ultimately limited by the 
collision-related effects that may affect the short-term stability (due to their direct impact on the 
resonance linewidth) as well as their medium and long term drift (due to their influence on frequency
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shifts). Usually, one or more “buffer gases” such as Argon, Nitrogen and Neon are introduced in the 
vapour cell in order to significantly suppress the collisions between the alkali atom and the glass 
walls. However, the right pressure and mixing ratio have to be used so as to minimize other sources of 
instability such as the temperature coefficient of the cell [18]. In addition, aging effects related to very 
tiny variations in the buffer gas have to be taken into account [19]. A potential alternative consists in 
covering the inner walls of the alkali vapour cell with an “anti-relaxation” coating. We have 
performed preliminary studies on the application of this technique in both glass-blown [20] and 
micro-fabricated cells [21] that show the present limits of this approach, especially concerning the 
medium and long-term frequency stability.

The AC Stark shift (or “light-shift”) may be strongly enhanced when using a tunable laser diode 
instead of a spectral discharge lamp. This enhancement constitutes an advantage for detailed studies 
on this basic phenomena [22, 23] but may also become a strong drawback in view of the use of laser 
diodes in commercial devices, especially if one takes into account the unavoidable aging processes 
occurring in the laser diode itself [24]. For this reason, several techniques are being developed in 
order to suppress the light-shift in laser-pumped Rubidium clocks [25]. We will present our latest 
results also in this line of research.

Acknowledgements. The authors acknowledge the contributions to this research of the colleagues 
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Antirelaxation organic coating for 
optical resonant experiments
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We present recent results of study of polydimethylsiloxane and paraffin antirelaxation organic 
coatings used in various optical experiments. The implementation of a resonant cell without “reservoir 
effect” (that is constructed in order to maximized relaxation time of polarization of the ground state 
rubidium atoms) is discussed as well.
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Frequency standards play very important role in both fundamental research and various applications. 
This is primarily related to the fact that the accuracy of modern frequency standards, which 
implement a reference for one of the basic units of measure of the SI system (second) is several orders 
of magnitude higher than the accuracy of references for other physical values. Development of a new 
generation of highly accurate optical frequency standards is a fundamental problem of laser 
spectroscopy. Currently, the standards based on atoms or ions localized in space are considered to be 
the most stable ones.

The largest frequency shift that contributes to the systematic uncertainty of many atomic frequency 
standards is the interaction of the thermal blackbody radiation with the atomic eigenstates. Presence of 
two ultra narrow optical transitions in the same thermodynamic environment makes possible 
implementation of so called “synthetic” frequency standard with suppressed blackbody radiation 
(BBR) frequency shift [1]. In 171Yb ion at room temperature the residual BBR shift is estimated to be 
on the order of 10-18 for the “synthetic” frequency which is a combination of the octupole (467 nm) 
and the quadrupole (436 nm) optical transition frequencies. Thus, the “synthetic” frequency standard 
based on 171Yb+ can be practically immune to the blackbody radiation shift. We report on the progress 
in development of a highly accurate optical frequency standard based on the single ion of ytterbium- 
171 at the Institute of Laser Physics, Novosibirsk.

Miniature endcap trap is used for capturing and retaining the single ion by means of a quadrupole 
radio frequency potential.

The quasicycling 2SJ/2 (F=1) ^  2P1/2 (F=0) electric dipole transition with natural linewidth of 23 
MHz at 370 nm is used for Doppler cooling and detection of the ion. Doppler cooling of the ion is 
performed with the help of a frequency modulated radiation of the diode laser resonantly frequency 
doubled in a nonlinear crystal [2].

Narrow line probe laser is constructed to excite the ion clock transition. The linewidth of the free- 
running laser is decreased to ~ 1 Hz by the Pound-Drever-Hall frequency stabilization to a high- 
finesse Fabry-Perot etalon made of ultralow expansion (ULE) glass.

Using compact commercially available diode lasers for the ion energy state handling and optical 
fibers for laser radiation delivery enables the development of a transportable Yb single ion standard.
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Optical frequency standard 
based on cold strontium atoms

S.I. Donchenko, I.Yu. Blinov, S.N. Slyusarev
Federal State Unitary Enterprise "AllRussia Research Institute for Physicotechnical and Radio Engineering Measurements ”

(VNIIFTRI), Mendeleevo, Moscow oblast, 141570 Russia 
E-mail: serslyu@mail.ru

The unsurpassed stability and high accuracy of optical clocks based on cold alkaline earth atoms make 
them the most attractive candidate for use in modern metrological laboratories that provide the 
construction of national time scales. We report on our results of realization of a strontium optical 
lattice clock, which is under development at VNIIFTRI as a part of GLONASS program.
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Vertical-cavity surface-emitting lasers 
for chip-scale atomic clocks
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Available atomic clocks are based on resonant lamps emitting at the frequency of optical transitions in 
Rb and Cs atoms and on absorbing cells in the microwave resonator tuned to the frequency of the 
transition between sublevels of the superfine structure of these atoms ground state. Such devices are 
rather heavy (several kilograms), large (several cubic decimeters), inefficient energy (with energy 
consumption of tens of watts), and expensive; therefore, they did not find numerous applications in 
standard devices and instruments.

In chip-scale atomic clocks (CSACs), resonant lamps are replaced by low-power high-stability 
vertical-cavity surface-emitting lasers (VCSELs). The reference signal is obtained with the use of a 
small-scale absorbing cell in the magnetic screen, while the microwave resonator is not used at all. 
The injection current of the laser diode emitting at an optical frequency rnL is modulated by a 
microwave generator at a frequency f  as a result, lateral frequencies rnL- f  and rnL+f arise in the laser 
spectrum. These frequencies initiate optical transitions from two superfine sublevels of the ground 
state of atoms to the global excited state. During reconstruction of the generator frequency, a narrow 
interference resonance of coherent population trapping appears, and it can be used to stabilize the 
frequency of the microwave generator with relative accuracy from 10-10 to 10-12. This offers 
prospects for creating a new class of atomic clocks with a low weight (tens of grams), small size 
(several cubic centimeters), and low energy consumption (tens of milliwatts). Such devices can 
substantially improve the performance of a large number of telecommunication and navigation 
systems.

Here we present a numerical simulation and investigation of the generation characteristics of 
single-mode VCSELs with the wavelengths of 795 nm and 894.6 nm for Rb and Cs based CSACs. 
The details of VCSELs design, growth condition of VCSELs structures, post-growth techniques of 
lasers fabrication and performance of VCSELs for CSACs will be presented and discussed in this 
contribution.
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Yb:YAG/I2 optical frequency standard at 515 nm 
with instability at the level 10-15
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We present the results of development of optical frequency standard based on Yb:YAG laser with 
second harmonic at 515 nm. The laser frequency is locked to the saturated-absorption resonance in a 
gas cell filled with molecular iodine. Final instability of the standard is 1.3* 10-15 at 104 s.

Optical frequency standards, involved saturated-absorption resonance in molecular iodine as a 
reference, have been developing many years [1, 2]. The best value of instability, which was reached 
previously, is equaled to ~ 6*10-15 at 104 s. We developed optical standard of frequency based on 
Yb:YAG laser with intracavity second harmonic at 515 nm. As reference for stabilization resonance 
of iodine R(66)44-0 was chosen. It resonance has biggest ratio amplitude to width inside frequency 
tuning range of laser. Width of resonance was Г = 310 kHz. For achieving of maximum stability 
optical scheme with detection of resonance in luminescent light was developed (Fig.1). Such scheme 
produce better signal/noise ratio relatively schemes with detection in transmitting light due to 
reducing short noise of photo detector from background light. Also luminescent detection make 
possible use for receiving of signal bigger photosensitive area, what allowing to use massive of 
photodiodes with next adding all signals together. So as every photodiode produce shot noise
signal/noise ratio increased in V N  times, where N  -  quantity of photodiodes in massive. We are 
using 24 FDS10X10 Thorlabs photodetectors in every standard, it produce of signal/noise in 5 times 
higher in comparison with one photodiode and allow to observe resonance with signal/noise >104 in 
bandwidth 10 Hz.

Conventional locking scheme based on the third harmonic detection of a signal [3] has been used 
in our case. Functional diagram of the optical frequency standard is presented at Fig. 1.

We have quantitatively estimated the influence of various destabilizing factors on performance of 
optical frequency standard and, as the result, made several key modifications:

1. Electronic digital systems for precise laser beam modulation and for detecting of reference 
resonance have been developed and implemented. Modulation was produced by acoustooptic 
modulator (AOM) with signal from direct digital synthesizer (DDS). For achieving high stability we 
apply OCXO quartz with instability 10-10 in 1s as clock signal for DDS. It allow tune frequency of 
laser with accuracy 4-10"3 Hz. Also this clock signal was used in digital lock-in amplifier (DLock) for 
detection of resonance. Digital lock-in was built at FPGA chip. Main advantage of digital lock-in is 
absence of output drifts of zero level, but for realization of this property we needed to program PID 
regulator inside of FPGA.

2. Stabilization of residual amplitude noises in modulated laser beam has been ensured up to 10-8 
from total power. It was done due to mixing irregularity distribution of noises over the beam diameter 
in the polarization maintaining optical fiber and suppression of noises by PID which controlled power 
of signal at AOM [4].

3. Two-stage system of iodine cell thermostabilization has been designed for accurate stabilization 
of iodine vapors pressure. So as vapors pressure shift is — 800 Hz/°C instability in temperature 
should be better than 1 mK. It was achieved with two stages. External stage was built around 
all cell and has accuracy 20 mK. Internal stabilize temperature only finger of cell with 
instability <1mK.

4. High-quality beam profile has been provided, allowing us to avoide relevant frequency shift due 
to wave-front curvature. It was done due to polarization maintaining optical fiber with high quality 
collimator.
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Fig. 1 Functional diagram of optical frequency standard.

Stability of the constructed optical frequency standard has been retrieved from stability of the beat
signal of two identical setups. So, instability equals to 1.3 x 10"15 at 104 s (Fig.2).
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Fig. 2 Allan deviation.

This work was supported by the Russian Foundation for Basic Research (grant no. 15-32-20330, 
16-32-00159).
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Atomic magnetometry 
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An international collaboration at Paul Scherrer Institut, Switzerland, is searching for a possible 
electric dipole moment of the neutron (nEDM). The current most sensitive measurement [1]
constrains the nEDM to d n < 3.0 x 10-26ecm (90% CL) and is compatible with zero. The 
(non)existence of an nEDM is closely linked to a number of persisting problems of cosmology, such 
as the baryon asymmetry of the universe [2] and is furthermore a sensitive probe for physics beyond 
the standard model.

The measurements are performed on stored ultracold neutrons using Ramsey’s technique of 
separated oscillating magnetic fields [3]. This is achieved by measuring the neutron’s precession 
frequency in applied homogeneous parallel and antiparallel electric and magnetic fields. An nEDM 
would lead to different precession frequencies in these two configurations and from the frequency 
difference the magnitude of the nEDM can be inferred. Since the magnetic contribution to the 
neutron’s precession frequency is many orders of magnitude larger than that of a (possible) nEDM, 
the applied 1 gT magnetic field has to be precisely monitored and controlled during the precession 
time of typically 200 seconds in order to avoid systematic measurement errors. The spatial 
homogeneity of the field is of similar importance in this respect. To this aim a 199Hg magnetometer 
and an array of cesium magnetometers are currently employed in the apparatus. In a future stage of 
the experiment they will be complemented by an array of 3He-Cs magnetometers. The three types of 
magnetometers (will) fulfill different tasks in the nEDM experiment, yet they all exploit the 
proportionality of the respective species’ Larmor frequency rni and the magnetic field, rni = yyB.

The volume averaged magnetic field in the neutron precession chamber is measured by the 199Hg 
co-magnetometer. Polarized Hg atoms are precessing simultaneously with the neutrons in the same 
volume. Their Larmor frequency is assessed by monitoring the transmission of a polarized resonant 
UV-light beam traversing the neutron precession chamber. These measurements are extremely 
important to correct the neutron data for cycle-to-cycle fluctuations of the magnetic field.

The Cs array consists of 16 laser driven double resonance Mx magnetometers [4] placed in a grid at 
strategic positions above and below the neutron precession chamber. They offer a high sensitivity and 
bandwidth and are used to survey the temporal stability and spatial homogeneity of the applied field 
in the whole apparatus. Based on their measurements, currents are applied to a set of dedicated 
correction coils in order to homogenize the field in the region of the precession chamber.

The 3He/Cs magnetometers envisioned for the next stage of the experiment will acquire the field at 
their positions by measuring the precession frequency of a polarized 3He gas sample. This is achieved 
through detection of the oscillating magnetic field associated with the nuclei’s precession using a set 
of dedicated Cs magnetometers of the type mentioned above [5]. The absence of a number of 
systematic effects that may affect other magnetometers and the sensitivity of the 3He’s depolarization 
time to magnetic field gradients will make this magnetometer a powerful tool for homogenizing the 
applied magnetic field.

In this talk the different magnetometric schemes will be detailed and their significance for the 
nEDM measurement explained.
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Progress in optical frequency standards: 
ultracold Thulium, ions, and passive resonators
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This talk summarises current research at P.N. LebedevInstitute aimed for development of stable 
optical frequency references based on laser cooled lanthanide element Thulium, single Aluminum ion 
and passive optical cavitites.

The inner-shell transition [Xe]4f136s2 (J = 7/2, F = 4, m = 0) ^  [Xe]4f136s2 (J= 5/2, F= 3, m = 0) 
in the Tm atom at X = 1.14 pm is considered as a candidate for an optical lattice clock. The transition 
wavelengths and probabilities for two clock levels J = 7/2 and J = 5/2 in the spectral range 250 -  
1200 nm are calculated using the COWAN package which allows deducing of the differential 
dynamic polarizability and suggests that the magic wavelength is at around 807 nm with an attractive 
optical potential.The suggested clock transition demonstrates a low sensitivity to the BBR shift which 
provides a clock frequency instability at the low 10-18 level competing with the best known optical 
clocks. We also evaluated other feasible contributions to clock performance (magnetic interactions, 
light shifts, van der Waals, and quadrupole shifts) which, after reasonable assumptions, can be 
lowered to the 10-18 level. Together with the relative simplicity of laser cooling and trapping Tm 
atoms, our results demonstrate that Tm is a promising candidate for optical clock applications [1].. 
Experiments with direct excitation of the clock transition by spectrally narrow laser radiation at 
X= 1.14 pm set a lower limit for the upper clock level lifetime of 112 ms which corresponds to the 
natural linewidth of < 1.4 Hz. Modulating the trap depth and analyzing the corresponding parametric 
resonances frequencies, we deduced the scalar polarizability of the Tm ground state at 532 nm which 
shows reasonable agreement with our calculations.

Also, current progress in trapping and laser cooling of Mg+ ions in a linear Paul trap for 
sympathetic cooling of Al+ clock ion is discussed. Theoretical and experimental study of trap losses 
for hot atoms give understanding of the trapping process and set initial conditions for laser cooling. 
Laser cooled clouds of Mg+ ions show life time in the trap approaching 10 min. In the near future we 
are aiming for trapping of short chains and single ions as well as for sympathetic cooling of Al+ ions. 
Together with ground state cooling of Mg+ ion it will be an important step to realization of the Al+ ion 
standard.

Progress in development of optical standards is tightly connected with development of frequency 
stabilized lasers. Our former research allowed to set up a family of diode lasers stabilized to ULE 
cavities which show the fractional frequency instability of 1.5 x10'15 in 1-100 s time interval 
approaching the thermal noise limit. Lasers are currently used in Sr, Tm and Al optical clocks at 
VNIIFTRI and P.N. Lebedev Institute. To reach better performance we are currently working at 
cryogenic Si cavities with GaAs/InGaAs mirrors for X=1.5 pm. The thermal noise will be lowered to 
10-16 level which opens new perspectives both for applications in current optical frequency standards, 
and for relatively compact and simple ultrastable passive frequency references.
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Ultrastable, 10 mHz linewidth lasers 
based on cryogenic silicon resonators
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Laser can emit polarized light with high intensity and superior spatial and temporal coherence. The 
corresponding spectral purity and high frequency stability revolutionized optical spectroscopy and 
allowed for the study and control of internal states of atoms and molecules. Today’s most stable and 
spectrally narrow laser sources are essential for probing ultra narrow optical clock transitions [1,2], 
precision tests of relativity [3] and the detection of gravitational waves [4].

The most common concept for ultrahigh frequency stability and narrow linewidth relies on 
stabilization of a laser system to a passive Fabry-Perot resonator [5] with the Pound-Drever-Hall 
(PDH) stabilization technique [6]. The fractional frequency stability of the laser is then identical to the 
fractional optical-length stability of the resonator. This sets the highest requirements on the isolation 
of the resonator from temperature and pressure fluctuations, as well as from seismic and acoustic 
vibrations. In addition to technical noise, inevitable Brownian thermal noise fundamentally limits the 
resonators length stability [7]. During the last years there has been a remarkable progress in reducing 
the resonators thermal noise limit [8-10].
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Strontium Clock Laser
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thermal noise limit
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Fig. 6 Photograph of one of the silicon resonators resting on a stiff tripod support (a). Individual 
frequency instability determined from a three-cornered hat comparison of the two silicon based 
laser systems (Silicon 2 and 3) working at 1.5 pm [8] and a 698 nm laser stabilized on a 48 cm 
long ULE resonator [9].

We follow this approach by stabilizing a commercial DFB fiber laser to a Fabry-Perot resonator 
made of single-crystal silicon cooled to 124 K [11]. Both the cavity spacer and the mirror substrates 
are made out of the same crystal. The low temperature and the high mechanical Q-factor of silicon 
result in an exceptional low level of thermal noise. Setting up two independent laser systems
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employing individual silicon resonators we demonstrate an unprecedented fractional frequency 
instability of 4*10-17. The linewidth of the emitted light at 1.5 pm is 10 mHz, corresponding to a 
coherence time of 100s.

Each resonator employs a 212 mm long conical shaped silicon spacer optically contacted to silicon 
mirrors with high-reflectivity Ta2O5/SiO2-coatings (Fig 1 a). Both resonators show a finesse close to 
500 000. The resonators’ thermal noise is dominated by the contribution of the mirror coatings. The 
expected fractional frequency instability is calculated to be 4*10-17. Each resonator is placed in a 
vacuum chamber with residual pressure of 10-9 mbar. They are actively cooled to the cross-over 
temperature of silicon’s coefficient of thermal expansion at around 124 K. Additional thermal 
shielding further suppresses the impact of residual temperature fluctuations. All other technical noise 
sources, such as seismic and acoustic vibrations as well as residual amplitude modulation [12], have 
been carefully studied and suppressed to levels well below the expected thermal noise limit.

We confirmed the individual frequency stabilities of the two silicon laser systems by a three- 
cornered hat comparison [13] with a third ultra-stable laser at 698 nm [14]. This additional laser 
serves as interrogation laser in PTB’s strontium-lattice clock. Stabilized on a 48 cm long resonator, 
made from ultra low expansion glass, this laser shows a thermal noise limited frequency instability of 
mod oy ~ 7*10"17. A femtosecond frequency comb is used to bridge the wavelength gap between the
1.5 pm systems and the 698 nm laser [10]. The necessary optical fiber links between the lasers and the 
frequency comb are stabilized by active fiber noise cancelation [15]. The modified Allan deviations of 
both silicon-based laser systems show a thermal-noise-limited flicker floor at mod oy = 4*10'17 for 
averaging times between 1s and 100s.

The direct beat signal between the two 1.5 pm laser systems was recorded over periods of 200 s 
and spectrally analyzed by Fast-Fourier-Transform. On average the width of the beat signal is as 
narrow as 13 mHz, indicating an individual linewidth of the lasers at around 10 mHz.
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An ultra-stable silicon cryogenic optical resonator
A. Nevsky, E. Wiens, S. Schiller
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We report on the characterization of a silicon optical resonator operating in the deep cryogenic regime 
at temperatures down to 1.5 K. The measured expansion coefficient, frequency drift and the 
sensitivities of the resonator to external perturbations indicate that this system should enable 
frequency stabilization of lasers at the low-10-17 level.
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Search for the low-energy isomer in 229Th
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The existence of a nuclear isomeric state in 229Th at about 8 eV excitation energy has stimulated the 
development of novel ideas in an unexplored domain of atomic and nuclear physics where the nuclear 
excitation energy is in the same range as transition energies of valence electrons [1]. An optical 
nuclear clock, using a y- transition as a reference offers advantages like an insensitivity against field- 
induced systematic frequency shifts and the opportunity to obtain high stability from interrogating 
many nuclei in the solid state (see [2] for a recent review). A direct optical detection of the 229Th 
isomer's excitation or decay is still missing. While the expected natural linewidth is 1 mHz or less, the 
transition wavelength in the VUV range is presently determined with a large uncertainty as 160(10) 
nm.

Our approach to achieve an excitation of the isomer is to use two-photon laser excitation via 
electronic bridge processes in trapped 229Th+ [3,4] and Th2+ ions. The high density of electronic states 
of Th+ in the energy range of the isomer promises a strong enhancement of the excitation rate. 
Presently, the experimental search for the laser excitation of the isomeric state in singly charged 
thorium is ongoing. Doubly charged thorium has some advantages over Th+ notwithstanding the lower 
density of the electronic states. It has the 5f8s electronic configurations in the range of the isomer 
energy which can provide an efficient isomer excitation because the wave function of the s-electron 
has the greatest overlap with the nucleus [6,7]. We study a possible two-photon excitation scheme in 
Th2+ for energies higher than 8.3 eV, since this range is hardly accessible in Th+ with our excitation 
scheme due to resonantly enhanced three-photon ionization.

We also discuss an experiment started in the collaboration with the Ludwig-Maximilians- 
University of Munich for the laser spectroscopy of trapped 229Th recoil ions, where the isomeric state 
is populated with about 2% probability in a- decay from 233U [8,9]. The main goal of this experiment 
is to observe a hyperfine structure of electronic transitions of the isomer.

This work is supported by EU FET-Open project 664732-nuClock.
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Higher-order effects on uncertainties of clocks of 
Mg atoms in an optical lattice
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The recent progress in detecting experimentally the 3P0 -  1S0 clock transition in neutral Mg atoms and 
determination of corresponding magic wavelength (MWL) 468.46 nm [1] paves the way to the 
development of a new time-frequency standard of Mg atoms in an optical lattice. To ensure the Mg 
clock fractional uncertainties below 10-17, the role of higher-order nonlinear and non-dipole effects of 
interaction between trapped atoms and the magic-frequency lattice should be evaluated.

In this paper we present theoretical considerations of the most appropriate operational conditions 
based on results of numerical calculations of higher-order susceptibilities of the clock states in Mg 
atoms. The single-electron Fues’ model-potential (FMP) approach was used with modifications 
introduced for the most efficient account of contributions from the valence electrons and from their 
interaction with the inner-electron shells [2,3]. The modifications of the FMP parameters were based 
on comparison of the calculated MWL 472.6 nm and static polarizabilities 61 and 109 a.u. of clock 
states with the above-presented result of experimental measurements and evaluations of 
polarizabilities 71 and 101 a.u. correspondingly, in the many-body perturbation theory with account 
of configuration interactions [1].

The frequencies of clock transitions between the ground 3s2(1S0) and metastable 3s3p(3P0) states of 
all atoms confined to an oscillatory motion in a Stark-effect energy wells of an optical lattice will be 
equal exactly to those of free atoms (taken for the frequency standard) if the vibration energies of each 
atom in its normal Egvib and excited Eevib states will coincide with one another [3]. To this end, the

difference А У^ол = E -  Egb, the most important contributions to which may be determined from a
few lowest orders of the perturbation theory (PT) for interaction of an atom with the lattice-radiation 
field, should be reduced to its minimal value, independent of the trapped atom position along the 
optical lattice (every atom in its personal well). With account of the second- and fourth-order PT for 
the atom-lattice interaction, the dependence of the clock-frequency shift on the lattice-laser intensity 
I  may be presented, as follows [3]

A v i  I ) =  cl,2(n ,S)11/2 +  c ,(n ,S ,O )I + c ^ O l 31 + c - № l 2  (1)
The intensity-independent coefficients in this resolution depend on the oscillator quantum number n 
of the trapped-atom state in the lattice well, assumed independent of the atomic clock state (normal or
metastable). The shift (1) depends also on the deviation S = 00tt -̂ mOag of the lattice-laser 

operational frequency 0 ^  from the exact magic frequency (determined from the equality

a e (0 mag) = a g (0 mag) of the electric dipole (E1) polarizabilities of the clock states) and on the 
degree of the lattice-laser circular polarization O, which appears in the fourth-order PT from the O - 
dependence of the clock-transition hyperpolarizabilities [2,3]:

А в О ,0 ) = e ( O ,0 ) - в (O,0) = Af3l(0) + O  (Af3c(0) - А в (0)) , (2)

where A 0 l(c)(0 ) is the frequency-dependent component of the susceptibility determining the 
hyperpolarizability of the clock transition in the field of linearly (circularly) polarized radiation. Also 
the dependence appears on the recoil energy of the lattice photons £rec = k2 /(2.M) ( M  is the mass of 
the atom, k = 0 / c is the lattice-photon momentum equal to the wave number related with the 
wavelength Л = 2 п /k , determining the principal geometric characteristics of the lattice, e.g. the 
distance A / 2 between the lattice potential wells and the separation A / 4 between tops and bottoms
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of the lattice wells) arising from the higher-order multipolar (first of all, the electric quadrupole E2 
and magnetic dipole M1) interaction of atoms with the optical lattice field.

With account of the E1, E2 and M1 contributions to the Stark-effect energy, three different 
definitions of the magic frequency may be proposed on the basis of different conditions for 
equalization of the upper and lower-level Stark shifts in the traveling and standing waves. The 
traditionally used condition of the shift equality written in terms of the E1 polarizabilities as
a e\®miag) = a f O C ) = a T , modifies for a traveling wave to ((0* ) = a * (a* ), where the

E2-M1 interactions are synchronous to the E1 interaction, therefore a ^ )(o) is replaced by the sum

ag(e 0  = aE!e)(a) + * Z ) ( 0

a m  )(©) = aE2g 0  + aM» .

of a <E(g)(®) and the sum of E2-M1 polarizabilities

On the contrary, in a standing wave the E2-M1 interactions are a quarter period off-phase to the E1 
interaction and E2-M1 polarizabilities are subtracted from the dipole polarizability
aa™(m) = a 5 1g)(®) - a V )(®), the difference of the E1 and, giving the standing-wave magic-

frequency condition a deqm( 0 ag) = a ^ ( 0 ag) . The absolute value of a ^ O ^ ) is 6 to 7 orders

greater than a qm ( 0 (0 V mag so the difference between and appears only in the 6th or 7th,s (t)

decimal place. Nevertheless, small deviations of the lattice-laser frequency may cause significant 
variations of the shift (1) confining the precision of the atomic clocks.

The deviations S  = ° Smag °mag and S t = 0  — (Qhmag mag are approximately opposite to one

another, S s « —S ‘ . Assuming the operational frequency of the lattice laser <x>°Pt = a>mag + S , the 
coefficients of the resolution (1) may be presented, as follows

1f
сш ( п )  =

dAa,
dv

-S — A a qm

Я1 (%, n) = 2Ьфт(Л).

cEl(%, n) = —dAa,

dv
S  —3 £

2aE
-Af3E1($) I n

(%) = —APe1($)- (3 )

It is evident, that the atoms should be cooled to the ground-state vibrations of the oscillator quantum 
number n=0. The calculated data for susceptibilities and recoil energy confirm the most important 
contributions to the shift (1) from the first two terms. The deviation of the magic frequency S  may be
used to reduce A v ‘cJock (n ,S,%, I ) to a minimal value, which depends on the degree of circular 
polarization % and the intensity of the lattice laser I . For example, at the intensity I  = 75 kW/cm2 of 
the linearly polarized lattice laser beam (which corresponds to the lattice trap depth of 35 £ rec) the 
real part of the shift (1) Re{Av Ica‘otck(n,S,% ,I)} « 0 for the frequency deviation S = —19.65 MHz, 

while the imaginary part, which determines the clock-frequency broadening and comes from the 
imaginary part of the clock-transition hyperpolarizability A0E1, is Im {A v (n,S,%, I  )}^28.3  
mHz; this value also determines the rate of the two-photon ionization of the excited clock state.

3/2
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Optical spectroscopy of atomic Bloch bands
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We report on optical spectroscopy of atomic Bloch bands of laser cooled magnesium atoms tunneling 
in an optical lattice. We show that this allows us even for shallow lattices to accurately determine the 
magic wavelength of the lattice, for which the energy bands of the ground and excited electronic 
states become identical. Beyond atomic physics and metrology, Bloch band spectroscopy of atoms 
with ultra-narrow optical transitions is of interest for quantum simulations of condensed matter 
phenomena.
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Cryogenic optical lattice clocks 
towards an uncertainty of sub-10'18 level
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Optical atomic frequency standards made remarkable progress during the last decade and are expected 
to redefine the SI second as well as find applications in testing of fundamental physics [1, 2] and 
chronometric geodesy [3]. Recently, uncertainties of 10-18 have been reported using neutral strontium 
(Sr) optical lattice clocks [4, 5].

Cryogenic Sr optical lattice clocks [4], where the atoms are interrogated in a cryogenic 
environment, have achieved both the uncertainty and the agreement of two clocks at 10-18 by reducing 
one of the major sources of systematic uncertainties due to blackbody radiation impinging on to the 
atoms. As progress of cryogenic clock continues towards the total uncertainty of 10-19 level, the 
cryogenic clock reveals that the next major uncertainty arises from higher-order lattice light shifts. To 
tackle this, an operational magic frequency [6] has been proposed recently, which has been shown to 
reduce the lattice light shifts to low 10-19. So far, optical lattice clocks have been operated with lattice 
laser tuned to a frequency, where the lattice light shift is thought to be proportional to the intensity of 
lattice laser I in the intensity range used for the experiments. The proposed operational magic 
frequency also includes the contributions from higher-order terms like magnetic-dipole and electric- 
quadrupole polarizabilities and hyperpolarizability. The light shift then consists of terms proportional 
not only to I  but also to I12, f ' 2 and I2. We have evaluated the higher order terms of lattice light shift 
by employing a cavity for the 1D lattice and measuring the dependence of light shift on intensity of 
lattice laser and vibrational levels of atoms.

Further an accurate clock enables many applications for example in chronometric geodesy, 
monitoring movement of the Earth’s crust and searching underground resources as well as topological 
dark matter [2]. To demonstrate the chronometric geodesy, we have measured the frequency 
difference between two cryogenic Sr optical lattice clocks located at RIKEN and the University of 
Tokyo.

In this talk, we will discuss the latest results of these experiments.
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Collisions in ultra-cold thulium atoms
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Recently laser cooled rare earth elements attracted considerable attention due to the high orbital and 
magnetic moments. Such a systems allow low-field Feshabach resonances enabling tunable in wide 
range interactions. In particular, thulium atom has one hole in 4f shell therefore having orbital 
moment of 3 in the ground state, magnetic moment of 4 Bohr magnetons in ground state. While 
magnetic moment of the thulium atom is less than that of Erbium or Dysprosium simpler level 
structure, possibility to capture thulium atoms and the dipole trap at 532 nm make thulium atom an 
extremely attractive subject for quantum simulations.

Collisional properties play important role in physics of ultracold atoms and quantum simulations 
with such an atoms. In particular inelastic light assisted collisions limit considerably number of atoms 
one could achieve with magneto-optical trap. To the contrarily Feshabash resonances could be very 
helpful for control of interaction strength in ultracold atoms. In this contribution, we present our study 
of the both light assisted collisions and low field Feshabach resonances for Thulium atom.

In our effort toward deep laser cooling of Thulium atom we realized its laser cooling at narrow
0.36 MHz wide transition with wavelength of 530.7 nm and achieved around 107 atoms with 
temperature of about 30 ц К . We performed studies of light assisted collisions near in Magneto 
optical trap operating near this transition. We found, that light assisted inelastic binary collisions 
losses rate в ~  10-9cm3/s . In order to study Feshbach resonances we loaded thulium atoms into 
crossed dipole trap formed by 10W of 532 nm laser radiation. With short evaporative cooling step, we 
were able to low temperature of the thulium atoms down to 3 цК and record low-field spectra of the 
Feshbach resonances.
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Fig. 1 Left: binary collision loss coefficient near 530.7 nm transition versus detuning. Right -  spectrum of 
low-field Feshbach resonances (preliminary data).
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Among the fundamental physical constants c, N, G, the Newtonian gravity constant G=6.67408(31)*10-11 
m3kg-1 s-2 (CODATA, 2015) is measured with the lowest accuracy of only 46ppm. In this talk we consider the 
possibility o f increasing this accuracy by using the atom interferometry technique [1]. This technique was first 
applied [2] by using a test mass moving vertically around the trajectories of atom clouds. For this talk, we 
assume [3] that the test mass has a cuboid shape with a small cuboid hole for atoms to go through, and this 
cuboid shape consists o f 2 parts moving horizontally to and from atom clouds (see Fig. 1). We calculated the 
phase double difference

A2<p =  A<pa -  A<pb, Atp =  <p(z1, vlz ) -  <p(Z2, V2Z),
where ^(z,v) is a phase o f the atom interferometer in which atoms are launched from point z with velocity v. 
Since both atom clouds are irradiated by the same field and stay on the same platform, the vibration contributes 

a b equally to the phases and that contribution is excluded in the

2Ln
t
2

1
Lh~Li

• Ц̂г2г

Fig. 1 The test mass as a whole is cuboid with a 
narrow hole for Raman fields and atom 
trajectories. Atoms are launched from the points zi 
and z2 with velocities v1z and v2z. Test mass 
consists of 2 halves. (a) Top view. Joined halves. 
(b) Top view. Halves separated on the distance 
2Ld. (c) Side view, cross section x=0 for joined 
halves.

1st order phase difference =ф. When test mass halves are 
joined or separated (see Fig. 1a and b), phase differences are 
equal to =фа,ь- The part of the phase difference caused by
Earth's gravitational field is evidently the same for both 
differences, and this part is eliminated in  the phase double 
difference. Therefore, =  ф depends only on the gravitational 
field of the test mass, which is linear in G. In contrast to [3] 
(where the calculation was made for the parameters’ modest 
values), we calculated the phases for 87Rb and the maximal 
value o f the parameters achieved at the current state of the 
art in atom interferometry, i.e. for the time delay between 
pulses T=1.15 s [5], the effective wave vector 
k=7.248*108 m-1, the test mass M=1080 kg o f Pb [6], and 
the phase noise ф ^ Ш -4 rad. The chosen value o f k vector 
can be obtained by using multiphoton processes, first 
considered in [1]. This value is 45 times greater than the 
wave vector associated with 2-quantum Raman process in 
87Rb. It was achieved [7] using a sequential technique.

The contribution to the phase caused by the test mass 5ф 
was studied in detail in review [8]. We obtained a response 
linear in the test mass gravity 5g assuming that [9] the 
magnitude is Sg<<g, where g is Earth’s gravitational field 
magnitude. The ratio 5g/g is a small parameter of our 
theory. Evidently, only this part contributes to the double 
difference, = 2ф==25ф. Using the Wigner representation of 
the atomic density matrix (first applied for atom 
interferometry in [10]), we showed that 5ф consists o f 3 
parts, the classical part, the recoil term and the Q-term. The

recoil term was obtained without expanding over recoil velocity Qk/M a, M a is the atomic mass, while for the Q-
term, we used perturbation over gravity curvature tensor. Calculations performed in  [8] showed that for the 
chosen value of the wave vector, the recoil term will overcome the classical part, while the Q-term is 2-3 orders 
of magnitude smaller and we did not include it in the calculations presented here. From the Eqs. (62, 66, 73) in 
[8], the following expression is obtained for the sum of the classical part and the recoil term:

T

S<fi(z, v) =  k  • J  d d
0

(T  - 0 } S g X (0 )(x, v, T  +  t1 +  0 )  +
hk
2 M „ (t  +  0 ) + 0<5g X (0)(x, v, t1 +  0 )  +

_ h k _
2 M a
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where x={0,0,z} and v={0.0.v} are the initial atom cloud's position and velocity, X(0)(x,v,t) is the atom 
trajectory, t1 is the time delay between the moment of the atoms' launching and 1st Raman pulse.

phase difference Д2с =  386.52738
vertical half-size Lzm = 0.24219097m

horizontal half-size Lhm = 0.22162188m
1st cloud position z1m = -6.8517823m
1st cloud velocity v1m = 11.158930m J
2nd cloud position z1m = -6.2983410m
2nd cloud velocity v1m = 11.172994m J

Fig. 2 Dependence of the maximum of phase difference 
on cuboid half-size.

Table 1. Maximal value of the phase double difference and 
optimal values of the test mass and atom clouds variables.

Evidently, Д25ф achieves the maximum when {z1,v1z} is the point of absolute maximum, and{z2,v2z} is the point of 
absolute minimum. We found these extrema iteratively using a reasonably wide area and reasonably small steps in z
and v. The sizes of the area and steps were restricted by my PC's speed and power. For the given test mass M and
density p, we found extrema as a function of cuboid vertical halfsize Lz, see Fig. 2. To get a maximum signal, we 
recommend choosing Lzm shown in Fig. 2 as vertical halfsize of test mass. Values of the other optimum parameters of 
the system are presented in Table 1. One can estimate the accuracy of measurement as

<5G

~G

фшг ~  10 4 r a d  

Е д ф  ~  3 8 6 rad
~ 200 p p b .

This accuracy is more than 200 times better than that claimed in CODATA 2015. To achieve this accuracy one 
needs to precisely position the atoms [11] and assign the velocities. To get the requirements for the precisions we 
determine the phase dependence on the small variations of the atomic variables. It brings us to atomic radii and 
temperatures presented in Table 2. Even though it is challenging to cool to those temperatures and focus on to the 
radii, temperatures and radii are higher than those achieved in article [12].

1st cloud vertical radius [m]
1st cloud vertical velocity [m/s] 
1st cloud vertical temperature [K] 
1st cloud horizontal radius [m] 

1st cloud horizontal velocity [m/s] 
1st cloud horizontal temperature[K] 

2nd cloud vertical radius [m]
2nd cloud vertical velocity [m/s] 
2nd cloud vertical temperature [K] 
2nd cloud horizontal radius [m] 

2nd cloud horizontal velocity [m/s] 
2nd cloud horizontal temperature[K]

0.00017297989 
0.00014838628 
1 .1519682 x 10‘10 
0.00024463051 
0.00020984989 
2.3039364 xlO'10 
0.00037028943 
0.00031717019 
5.2630531 x 10'10 
0.00052366833 
0.00044854639 
1.0526106 x 10'9

Table 2. Atom interferometers’ parameters one has to hold to achieve measurements of 200 ppb error.

Conclusion. We showed that using the atom interferometry technique, for the chosen geometry of the test body, at 
the positions and velocities of the atom clouds determined by the optimization, can give the double difference of the 
atomic interferometers phases as large as 387 rad at the phase noise level 10-4 rad. This should allow one to measure 
the Newtonian gravitational constant G with an accuracy of 200ppb, which is 2 to 3 orders of magnitude better than 
that currently achieved using conventional methods. To achieve this result one has to realize SIMULTANEOUSLY
(а) sequential technique to increase the effective wave vector, (b) small radii and (c) low temperatures of the atom 
clouds, determined by using the built error model. Each of the parameters is within the current state of the art in 
atomic interferometry.
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We report the operation of a cold-atom inertial sensor in a joint interrogation scheme, where we 
simultaneously prepare a cold-atom source and operate an atom interferometer (AI) in order to 
eliminate dead times [1]. This is illustrated in Fig. 1. Dead times and noise aliasing are consequences 
of the sequential operation which is intrinsic to cold-atom AIs. Both phenomena have deleterious 
effects on the performance of these sensors. We show that our continuous operation improves the 
short-term sensitivity of AIs, by demonstrating a record rotation sensitivity of 90 nrad.s-1/VHz in a 
cold-atom gyroscope of 11 cm2 Sagnac area. We also demonstrate a rotation stability of 0.9 nrad.s-1 
after 104 s of integration, improving previous results by an order of magnitude [2-4]. We expect that 
the continuous operation will allow cold-atom inertial sensors with long interrogation time to reach 
their full sensitivity, determined by the quantum noise limit.

Vibration sensor

Fig. 1 Schematic and operation principle of the continuous cold-atom gyroscope. Continuous measurement 
is performed with a joint interrogation sequence where the bottom n/2 pulse is shared between the atomic 
clouds entering and exiting the interrogation zone.
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This paper presents the recent experimental and theoretical results and perspectives on development 
of an optical frequency standard based on ultra cold magnesium atoms with relative frequency 
uncertainty and long term stability at the level of Av/v<10-16.

30

mailto:gonchar@laser.nsc.ru


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)
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It took 70 years from the prediction of Bose-Einstein condensation (BEC) in 1925 to the experimental 
realization[1] in 1995 in ultracold atomic gases. Whilst phenomena such as superfluidity in liquid 
helium, superconductivity of Cooper Pairs and even the macroscopic occupation of an individual 
cavity mode in the laser are all related to BEC, the experiments in 1995 where the first to directly 
show this condensation directly. In time of flight images -  where the trapped cloud of atoms are 
allowed to expand and are then detected via an absorption image -  the momentum distribution of the 
atoms is directly inferred showing the macroscopic occupation of the lowest momentum state.

The first experiments were then an exercise in characterization and developing an understanding of 
wave interference in these new systems. We were involved in a large part in the characterization of 
collective excitations at finite temperatures in these early systems, with the key characteristic being 
the demonstration of precision control both over internal and external degrees of freedom.

The ultracold gases were saved from being a purely demonstration experiment by the advent of 
further control over the inter-particle interactions through the use of so-called Feshbach[2] 
resonances. These resonances vary the relative energy between open and closed channels in two- 
particle scattering by the imposition of a uniform magnetic field. The differing Zeeman shift for the 
different levels then leads to a change in the position of the last bound state, varying the effective s- 
wave scattering length. Interactions could therefore be tuned from attractive through zero (non
interacting) to repulsive, including also the divergent scattering length in the unitary regime.

Optical lattices[3] were then introduced in to the experimentalist’s arsenal of techniques. This uses 
two counter-propagating laser beams to create a standing wave. The ac Stark shift then leads to an 
effective harmonic potential for the atoms. One, two and three dimensional lattices can be formed in 
this manner together with more exotic potentials through the use of spatial light modulation 
techniques. By making one or more of these lattices very strong, with tight confinement in that 
direction, even the dimension of the system can be manipulated to create two-dimensional sheets, one 
dimensional wires of dot-like structures.

Beautiful experiments by the group of Jean Dalibard in Paris then used optical lattices to produce 
two-dimensional sheets[4] of degenerate Bose gases. Theory of the non-interacting Bose gas shows 
that there is no BEC transition in the uniform two-dimensional Bose gas, but predicts a finite 
degeneracy temperature for a harmonically trapped gas -  like those in the Dalibard experiments. The 
interacting two-dimensional gas can however undergo a superfluid phase transition to the so-called 
Berezinskii-Kosterlitz-Thouless (BKT) Phase. In this state fluctuations in the form of thermally 
activated vortices are bound in to vortex-antivortex pairs. Whilst global phase coherence -  the 
characteristic of BEC -  is destroyed, the systems retains a local order that leads to a superfluid phase. 
The superfluid phase is then destroyed at higher temperatures by the vortex-antivortex pairs 
unbinding. The critical temperature is therefore related to the interparticle interactions. Cross over 
from the BEC to BKT phase and through to the thermal phase was investigated and characterized in 
these experiments and supporting theoretical work from ourselves and others.

The next piece in the quantum simulation jigsaw was the introduction of disorder. Disorder can be 
introduced in to a cold atom system via either a new, weak optical lattice incommensurate[5] with the
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primary optical lattice or through laser speckle[6]. The former, while not strictly disorder, provides an 
effectively random shift to the bottoms of the primary lattice potential. Laser speckle consists of a 
light shone through a diffusive plate to provide a random optical potential shift. Both mechanisms 
have been used to demonstrate localization and effective superfluid to insulating phase transitions in 
ultracold gas systems. Work is now ongoing investigating the effects of disorder in ultracold gases 
with the hope of shedding light on the role of disorder in more complicated solid state systems.

The final element to be introduced to our world of ultracold atomic emulation of solid state 
systems are gauge fields. These ultracold atomic systems are by definition uncharged. They therefore 
do not couple to electric or magnetic fields in the sense of, say, electrons in solids. We need to 
introduce effective potentials in to the system Hamiltonian via other means. For example rotating the 
system introduces a term in the kinetic energy which mirrors the effects of a magnetic field. Quantised 
vortices and vortex lattices have been observed using rotation. Analogues of the integer and fractional 
quantum Hall effect based upon rotation have been proposed but are limited. Rotation also introduces 
an effective centripetal force which, at a rotation frequency equal to that of the harmonic trap 
confinement leads to instability of the gas through failure of the trapping.

A scheme first implemented by Ian Spielman’s group at NIST used a Raman scheme to couple 
hyperfine states[7] in a spatially dependent manner. This lead to a minimum in the kinetic energy term 
centred at a momentum рф0. Effectively this introduces a spatially dependent vector potential A  and 
hence a synthetic magnetic field. Spielman was able to demonstrate that implementing this coupling 
lead to vortices in his condensate analogous to rotation. This scheme has since been extended to other 
gauge fields[8] including non-abelian fields and also spin-orbit coupling. We have used a synthetic 
magnetic field to demonstrate theoretically how a magnetic field can suppress localization by disorder 
-  so-called negative magnetoresistance.

Ultracold atoms therefore offer a platform for studying many phenomena from solid state physics 
with excellent control, through precision laser and atomic physics, over all system parameters. Model 
Hamiltonians can really be engineered[9] in the spirit of Richard Feynman’s vision of quantum 
simulation from the 1980s.
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We discuss theoretical expects of the recent experiment on dynamics of cold neutral atoms in the 
square optical lattice subject to synthetic magnetic and electric fields. This setup mimics the Hall 
physics in solids yet requires a special consideration because of extremely high values of the fields, 
inaccessible in the solid-state physics.
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Ultracold polar molecules placed in a periodic array represent an attractive setup for quantum 
computation and simulation of strongly correlated many-body systems due to the ability to interact via 
anisotropic and long-range electric dipole-dipole interaction. Polar molecules in optical lattices can be 
used to simulate quantum magnetism, exotic topological states and complex many-body 
entanglement. Typically a spin-1/2 particle or a qubit is encoded in two rotational molecular states 
and an initial many-body state becomes strongly entangled due to the interaction. The state of such 
entanglement will need to be read out to extract useful information about the system. Most current 
methods for molecular state readout, such as inverse STIRAP combined with Feshbach dissociation 
for alkali dimers and REMPI, are destructive.

We propose a non-destructive approach to reading out populations of rotational molecular states 
relying on charge-dipole interaction between molecular dipoles and a nearby Rydberg atom. This 
interaction shifts the states of the combined molecule-Rydberg atom system depending on the 
rotational state, which allows to measure its population by conditionally exciting the atom to a 
Rydberg state and measuring atomic fluorescence intensity. The readout, therefore, does not require 
the molecule to be destroyed or lost. We give a detailed analysis of measurement of rotational states 
populations of a single molecule and extend it further to measure populations of collective rotational 
states in a mesoscopic molecular system. More specifically, we study the interaction between a 1D 
array of polar molecules and an array or a cloud of atoms in a Rydberg superatom (blockaded) state 
and calculate the resolved energy shifts of Rb(60s) with KRb and RbYb molecules, with N=3, 5 
molecules. We show that collective molecular rotational states can be read out using the conditioned 
Rydberg energy shifts.

We also analyze indirect interaction between polar molecules mediated by their interaction with 
Rydberg atoms. We again consider the interaction between a 1D array of molecules and an array of 
atoms in a Rydberg superatom state and show that the XXZ and Heisenberg types of indirect 
molecular interactions can be realized by using a Forster resonance between Rydberg atomic and 
molecular rotational transitions such as | ns} J  = 1, mj  = 0) ^  | np, m = 0) | J  = 0, mj  = 0},
|ns)| J  = 1,mJ = 0} ^  |(n -1)p ,m = 0)| J  = 0,mJ = 0} .
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We consider possibility of deep sub-Doppler cooling of Mg atoms on 1S0^ 1P 1 optical transition. Mg 
atom is one of perspective candidates for realization of new-generation of atomic clock, based on 
optical lattices. These atoms have the narrow spectroscopic lines due to forbidden optical transition 
from the ground state 1S0 to the lowest excited states 3P0,1,2 (see Fig.1).

First of all we note the sub-Doppler laser cooling of neutral atoms require light fields with 
nonuniform spatial polarizations and atoms with energy levels degenerated over angular momentum. 
Sub-Doppler cooling effects originate from polarization gradient contribution to force on slow atoms 
[1]. These effects are well studded in semiclassical approaches [1] and quantum approaches [2] that 
uses reduced equation for atomic density matrix in ground state only with adiabatic illumination of 
non-diagonal and excited elements of density matrix.

d „ gg i
— p P  = 
dt h-  [Heff , P Sg ]- / { p gg }

(1)

with effective Hamiltonian H eff. In our previous work [3] we clearly show that approaches based on 

equation (1) and describing sub-Doppler cooling are valid in the limit of extremely low semiclassical 
parameter s R = h k2 !2yM  << 1 even the consideration is done with taken into account quantum 

recoil effects and the atoms with optical transitions characterized s R > 0.01 temperature 
characteristics of cooled atoms differ significantly from sub-Doppler cooling temperatures predicted 
in models based on reduced equation (1).

In particular for Mg atoms on 1S0̂ 1P1 optical transition the recoil parameter is not extremely low 
s R « 0.002 . The results of our analysis based on general quantum equation for atomic density matrix 

demonstrate limitation of laser cooling temperature in о + — о — light filed configuration slightly 
bellow Doppler temperature [4]. The experimental realization of laser cooling operating on 3P2̂ 3D3 
in о+ — o — MOT [5] also demonstrate temperature about 1mK, that above the Doppler limit for this 
optical transition TD = 425 pK.

In the following work we consider the MOT for 24Mg atoms operating on the closed triplet 3P2̂ 3D3 
transition, formed by the light waves with elliptical polarization ( s  — 6 — s  configuration). In the 
frame of 1D model we study magneto-optical potential, temperature and the fraction of extremely 
cooled atoms with momentum bellow p  = 3hk (12.9 cm/s) as function of intensity, detuning, and 
polarization of light waves forming MOT. For our simulations we use recently suggested method 
[3,6] that allows to take into account quantum recoil effects of interaction of atoms with light field 
and correctly takes into consideration the slow atoms localized in the optical potential wells as well 
the atoms moving above the potential wells.
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Fig. 1: Magneto-optical trap formed by waves with elliptical polarization s  -  в  -  s  configuration.

We find the s  — в  — s  light field configuration formed by the waves with elliptical polarization and 
orientation angle в  = — n  / 4 with parameters ellipticity are close to linear polarization can offer the 
lowest cooling temperatures T  « 100 /uK together with enough depth magneto-optical potential.

Compare to conventional MOT, formed by waves with o+ — a_ polarizations, the suggested 
s  — в  — s  MOT should operate with lower gradient of magnetic field. Really, compare to 
conventional a + — a — MOT, the s  — в  — s  MOT is more exacting to field parameters, because of
strong magnetic field may reverse magneto-optical trap force for slow atoms in s  — в  — s  
configuration that limit the numbers of atoms captured in MOT. Parameters of critical magnetic field 
were also found.

The work was supported by the Ministry of Education and Science of the Russian Federation (State 
Assignment No. 2014/139, Project No. 825), by the Russian Foundation for Basic Research (Grants 
No. 14-02-00806, 14-02-00712, 14-02-00939, 15-02-08377, 15-32-20330).
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Superfluidity is an intriguing property of certain quantum fluids, which is characterized by a few 
manifestations in its dynamics: absence of viscosity, existence of a critical velocity for the appearance 
of excitations, vanishing moment of inertia, hydrodynamic behavior including irrotational flow, 
quantum vortices and collective oscillations. Widely studied in the context of liquid helium, it has 
been extended to three-dimensional quantum degenerate weakly interacting Bose gases which appear 
to present a superfluid character as Bose-Einstein condensation (BEC) is reached.

The case of two-dimensional quantum gases is very different in this respect. In homogeneous 
gases, BEC is absent while a superfluid transition still occurs at low temperature when local phase 
fluctuations are reduced by vortex-antivortex pairing, as described by Berezinskii, Kosterlitz and 
Thouless (BKT) [1,2]. Superfluidity then exists even in the absence of long range order. In trapped 
Bose gases, BEC is recovered but the BKT superfluidity mechanism still holds and is responsible for 
the superfluid character of the sample. As the density is inhomogeneous in a trapped gas, the central 
core is expected to present a superfluid dynamics while the outer region of the sample is still normal. 
At equilibrium at a given temperature, the gas properties (density, chemical potential) can be defined 
locally, which is know as the local density approximation (LDA). The criterion for the BKT transition 
could then be applied locally, giving rise to the existence of a boundary in the sample between a 
normal component and a superfluid component.

Fig. 1 Excitation of the scissors mode: (a) the trap axes are suddenly rotated by an angle в and (b) the gas 
starts oscillating around the new long trap axis. (c) Typical evolution of the observable <xy> (average value 
of xy), which is characteristic of the scissors mode. Red squares: thermal gas, two damped frequencies are 
present but no superfluid mode; blue triangles: superfluid oscillation of a well defined scissors mode.

However, as explained above, superfluidity is a dynamical property and should be tested in a 
dynamics experiment. In particular, the scissors mode, which is a collective mode describing the 
oscillation of an anisotropic superfluid around one of the trap axes [3], is characteristic of the 
superfluid behavior of a dilute gas, and has already been used in the past to identify the superfluid
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character of a three-dimensional Bose gas [4]. In this talk, I will present experiments performed at 
LPL in which we use the scissors mode to characterize the superfluid nature of a trapped two
dimensional Bose gas, for various values of the temperature and chemical potential at the center [5]. 
Some of the samples are purely superfluid and evolve at the scissors frequency, other are purely 
normal and present beat notes between the two trap frequencies (Fig. 1). On the other hands, we also 
observe samples which present a clear bimodal behavior. Thanks to a local average analysis of the gas 
oscillation frequency (Fig. 2(c)), we are able to isolate the superfluid phase from the normal phase in 
these samples. It is evidenced by a sudden change in the mode frequency as a function of the distance 
to its center, located at a well-determined boundary corresponding to the normal to superfluid 
threshold (see Fig. 2(a)).

>______________ i______________ i______________ i_
0 10 20 30

Annulus radius ra [pm]
(a)

Fig. 2 (c) Region of local average analysis: the average <xy> is computed in a thin annulus of radius ra. (a) 
Frequency of the scissors mode as a function of the analysis annulus radius ra. A transition from the 
superfluid frequency near the center (small ra) to a normal frequency near the edges (large ra ) is clearly 
visible. The blue vertical line corresponds to the expected BKT threshold computed for a homogeneous gas
within the LDA.
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We report on results of theoretical analysis of possibilities of light strong (Andersen) localization in a 
cold atomic ensemble. The analysis is based on the consistent quantum-posed theoretical approach 
developed previously in [1]. In the frame of this approach we solve nonstationary Schrodinger 
equation for the wave function of the joint system consisting of N  motionless atoms and the weak 
electromagnetic field. We take into account the vector nature of the field and do not introduce any 
model of continuous media. Restriction of the total number of states taken into account by the states 
with no more than one photon in the field allows us to obtain finite set of equation for Fourier 
component of amplitudes of states with one excited atom. This set of equation is solved numerically 
and amplitudes of the other states are calculated through found ones. The procedure gives us 
opportunity to find approximately the wave function of the system and consequently analyze both the 
properties of atomic system and the light.

To analyze the possibilities of strong localization at first we studied the fulfillment of Ioffe-Regel 
criterion. For this purpose we calculate the dispersion of dielectric susceptibility of cold atomic gases. 
We show that there is a spectral region where the photon mean free path is less than its wave length, 
i.e. where the criterion is satisfied. The fulfillment of the Ioffe-Regel criterion is likely a necessary, 
but not sufficient, condition for strong localization. A clearer answer to the question about light 
localization in cold gases can be obtained by means of analysis of the incoherent radiation transfer in 
such gases. We studied the light transport and trapping in cold dense atomic clouds by several ways 
[2,3]. Particularly we have analyzed:

1. Afterglow dynamics of clouds excited by pulse radiation;

2. Spatial distribution of atomic excitation in quasi homogeneous ensemble caused by 
monochromatic coherent light;

3. Transmission coefficient of the cloud for different conditions;

4. Statistical properties of atomic excitation and light transmission.

This analysis shows no noticeable signs of light strong localization effects, even in those parameter 
regions where the Ioffe-Regel criterion of strong localization is satisfied. However, a comparative 
calculation performed in the framework of the often-used scalar approximation to the dipole-dipole 
interaction displays explicit manifestation of strong localization for some conditions.

This result was confirmed in the frame of scaling theory of localization [4]. Analysis of the 
Thouless number based on calculation of collective eigenstates of cold atomic ensemble, as well as 
analysis of their spatial localization based on calculation of inverse participation ratio showed that 
strong localization of light cannot be achieved in a random three-dimensional ensemble of atomic 
scattering [5]. Localization is reclaimed if the vector character of light is neglected.

Performed calculations demonstrate the importance of the vector character of electromagnetic 
waves in the context of the Anderson localization problem and elucidate the role of resonant dipole- 
dipole interactions in multiple light scattering. At the same time they cause to anticipate that 
suppressing this interaction can open the way to localization.

Our analysis shows that static magnetic field giving rise to Zeeman splitting changes the nature of 
atomic exchange of photons in the ensemble and essentially modifies resonant dipole-dipole 
interatomic interaction [6] (see also [7]). This effect influences strongly on light trapping. The
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efficiency of magnetic field depends on specific type of optically excited atomic transition, 
particularly on magnetic quantum numbers of quasi resonant states. We found out appearance of long 
lived polyatomic collective states which lifetimes essentially exceed those take place in the absence of 
magnetic field. Calculation of inverse participation ration shows that these states are localized. 
Scaling analysis of collective eigenstates distribution revealed that, in many aspects, this distribution 
exhibits the behavior expected for the Anderson transition driven by disorder [7].

On the basis of our approach we analyze also the possibility to observe manifestation of these 
long-lived localized states in experiment. We study the dynamics of fluorescence of atomic clouds 
initiated by pulse radiation. For an appropriate choice of frequency and polarization of the exciting 
pulse, the field is expected to speed up the fluorescence of a dilute atomic system. In a dense 
ensemble, the field does not affect the early-time superradiant signal but amplifies intensity 
fluctuations at intermediate times and induces a very slow, nonexponential long-time decay [8]. We 
analyze as well the influence of magnetic field on the steady-state transmission of plain layer of 
motionless atomic scatterers.
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Chain of interfering elements is a paradigmatic model in several areas of physics. The relative phases 
of the field in each element determine the stationary state and the dynamics of the chain. The 
evolution of a chain with equal phases was studied in optics back in 1836 [1]: In the free space, the 
electromagnetic field from a chain of identical sources reassumes its initial form after certain 
propagation distance, which is presently referred to as the Talbot effect. Similar effects are observed 
in vacuum electronics, acoustics, plasmonics, and matter-wave optics. For matter fields the effect may 
be seen in the time domain, without propagation.

Solid state physics offers a variety of situations, where the phase of each element fluctuates either 
due to thermal effects or purely quantum reasons. In the Josephson junction chains such fluctuations 
drive phase transitions between superconducting and isolating states [2, 3]. Phase slips and the 
resulting negative interference may prevent the electric current from flowing through the chains. 
Another example of a chain is high-temperature superconductors, which are composed of layered 
structures. In systems composed of thin layers, the phase may also fluctuate in the layer plane. The 
amount of in-plane fluctuations signals transitions between Bose-condensed state, non-condensed 
Berezinskii-Kosterlitz-Thouless superfluid, and the normal state.

The most direct information about the phases in the chain elements is obtained in interference 
experiments. In solids, where most interesting problems are encountered, the ability to observe 
interference is far below that in optics. Experiments with ultracold atoms combine reach physics 
borrowed from the stolid state and the possibility to directly observe interference of the matter waves. 
The Talbot effect has been observed in the near-field interference of phased matter waves.

Here, in experiment, we show that for a chain of randomly phased fields, the spatial quasi-order 
appears shortly after the onset of the free evolution. Within a simple model, we show that the spatial 
periodicity is the direct consequence of disordered phases. The spatial period differs from that of the 
original Talbot effect. Therefore, from the spatial period of the interference one may distinguish 
whether the initial state of the chain was ordered or not. Moreover, for partially disordered phases two 
effects combine: One may see the Talbot effect on top of the disordered-phase interference. From the 
relative strength of the two effects one may judge the degree of the phase disorder.

In experiments we use a chain of molecular Bose-Einstein condensates (BECs) trapped in a one
dimensional optical lattice as shown in Fig. 1. Each cloud is a kinematically two-dimensional (2D) 
system, where most of the molecules occupy the lowest state of motion along the lattice and many 
states of motion along the layers. In uniform 2D systems the Bose condensation is prohibited at T > 0. 
However, in a harmonic potential a noninteracting Bose gas may condense at finite temperatures. In a 
repulsive BEC, a molecule locally sees a flat potential, which is the sum of the harmonic trap and the 
repulsive mean field. From the straight interference fringes we judge that the gas condenses at 
relatively high temperatures.

Fig. 1 Trapping ultracold atoms in antinodes of a standing optical wave. The isolated clouds of atoms shown 
in dark grey, the standing-wave intensity shown in light grey.
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The experimental setup is similar to that of Ref. [4] and references therein. The bosons are weakly- 
bound Li2 molecules in a long-lived excited vibrational state, each composed of two fermionic 6Li 
atoms. A series of BECs is prepared in an optical lattice potential formed by two counter-propagating 
laser beams of wavelength 10.6 pm. The maxima of the standing-wave intensity are the minima of the 
potential. Weak transverse confinement appears due to the Gaussian shape of the mode. In the z 
direction, the period of the potential is d = 5.3 pm. A sequence of about 30 wells is populated by 
condensates containing about N  = 1200-1300 molecules each. The gas is nearly kinematically 2D 
which may be found from the chemical potential and temperature.

To observe the interference, the trapping potential is turned off nearly instantaneously at t = 0. The 
condensates start to expand and interfere in free space. Dynamics in the z direction is most notable, 
while the expansion in the orthogonal directions is slow and unimportant here.

If the initial state were a BEC with identical phases ф;, the evolution would show the Talbot effect: 
The initial periodic density distribution would reappear at the integer multiples of the Talbot time 
Td = Md2/nh = 1.693 ms, where M  is the molecular boson mass.

The observed interference, as shown in Figs. 2(b)-(e), differs from the Talbot effect dramatically. 
At t = Td/2 the period of the interference fringes equals to the initial one in agreement with the 
temporal Talbot effect. At t = Td, however, the prime spatial period is 2d, which is twice larger than 
the biggest period possible within the Talbot effect. Snapshots taken after larger evolutions time also 
show that the density modulation is periodic with the period growing linearly with time. In particular, 
the period is 4d at t = 2Td and 8d at t = 4Td as seen in Fig. 2(c) and Fig. 2(d) respectively. The 
presence of spatial order and increase in periodicity are also seen in the Fourier transforms of the 
density distribution along z. We display the respective Fourier transforms in Figs. 2(a')-(d'). The 
increase of the spatial periodicity is seen as the peaks at the fractional spatial frequencies.

We interpret the observation as the interference of molecular BECs whose phases фj are random 
relative to each other. The relative phases of the BECs establish due to the competition between the 
tunneling, which tends to lock the phases and dephasing, which may happen either due to quantum 
fluctuations or the temperature.

Fig. 2 The interference of BECs prepared at t = 0 with random phases relative to each other. (a)-(d): Images 
taken at t = 0, t = Td, t = 2Td, and t = 4Td respectively. In each image one may see periodic density 
distribution. (a')-(d') are Fourier transforms of density distribution along z for the respective times. Increase 
of the spatial period is seen as peaks at fractional spatial frequencies.
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Molecules cooled to very low temperatures offer an exciting platform to investigate quantum 
phenomena. Thus, precision measurements on molecules allow the investigation of fundamental 
symmetries of nature [1]. Investigation of chemical reactions at low temperatures provides insight into 
chemical processes in interstellar space [2]. Moreover, the long-range dipole-dipole interactions 
between polar molecules and the variety of internal molecular states would be ideal for quantum 
information processing [3], and for investigation of many body physics in quantum degenerate 
gases [4].

In this summary, we present our multistep approach for generating internal state controlled 
molecular ensembles at cold (~<1 K) and ultracold (~<1 mK) temperatures. First, an initial sample of 
cold molecules is generated via velocity filtering [5] or buffergas cooling [6]. Second, molecules are 
decelerated via a centrifuge decelerator [7]. Third, molecules are trapped in a microstructured electric 
trap [8]. Fourth, cooling to sub-millikelvin temperatures is achieved via optoelectrical Sisyphus 
cooling [9-11]. Control of the internal molecular state is achieved either by buffergas cooling [6, 12], 
or by optical pumping via a vibrational transition [13].

For all our experiments, we make use of the strong interaction between polar molecules and static 
electric fields. For laboratory fields of up to 100 kV/cm, interaction energies on the order of 1 Kx kB 
are possible, allowing for guiding and trapping of low-field-seeking states. As a first application, 
filtering of the low-velocity tail of the Maxwell-Boltzmann velocity distribution emerging from an 
effusive molecule source using a quadrupole electric guide provides a robust high-flux source of cold 
polar molecules [5]. Alternatively, pre-cooling via a Helium buffergas at ~5 K in a buffergas cell is 
possible [6].

For velocity filtering and buffergas cooling, the 
slowest molecules are reduced or eliminated, 
respectively, due to collisions with faster molecules 
and/or Helium atoms at the source [14]. To provide 
a large flux of slow molecules, we have developed a 
centrifuge decelerator for molecules [7], allowing 
for deceleration of continuous beams of molecules.
Molecules in a lab-fixed quadrupole guide are 
injected into a quadrupole guide at the periphery of a 
rotating disk. A quadrupole guide on the rotating 
disk guides the molecule to the center of the disk 
where they are transferred back to a lab-fixed guide 
along the axis of rotation. Due to the centrifugal 
potential in the rotating frame, molecules are thereby 
decelerated. Molecules with initial velocities 
>150 m/s can be decelerated almost to a standstill. A 
clever design of the transition from the lab-fixed 
quadrupole guide to the rotating quadrupole guide 
allows for deceleration of continuous rather than 
pulsed molecular beams.

Molecules with a kinetic energy below roughly 1 Kx kB can be loaded into an electrostatic trap. In 
our experiments, we make use of a relatively unique trap design, with molecules trapped between a 
pair of microstructured capacitor plates, with an additional perimeter electrode for transverse

Fig. 1 Centrifuge decelerator for polar molecules. 
Molecules enter the centrifuge in the lower left 
and exit along the axis in the center.
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confinement [8, 9]. In addition to providing record trap lifetimes of up to a minute [11], this trap 
design provides homogeneous electric fields in a large fraction of the trap volume. This is ideal for 
spectroscopic applications and to selectively address individual molecular rotational states via 
microwave and infrared radiation.

Most applications of cold molecules require 
temperatures substantially below the ~1 K achievable 
with the previously mentioned techniques. For this 
purpose, we have developed optoelectrical Sisyphus 
cooling [9]. The operation principle of this generally 
applicable cooling scheme is shown in Fig. 2.
Molecules move from weaker to stronger electric fields 
in a strongly trapped state |sa) and are transferred to a 
more weakly trapped state |s2) in high electric fields via 
an RF field. Moving back to weaker electric fields, the 
molecules regain less kinetic energy than they lost 
when moving to stronger electric fields. Optical 
pumping back to the strongly trapped state via 
excitation to an excited state |e) closes the cycle in a 
one-way process, thus providing the necessary entropy 
dissipation. We have demonstrated this cooling Fig- 2 Operation principle oi optoelectrical
scheme in a proof of principle experiment by reducing Sisyphus cooling, as explained in the text,
the temperature of about a million methyl fluoride
(CH3F) molecules by more than an order of magnitude to 29 mK [10]. More recently, we have applied 
optoelectrical cooling to formaldehyde (H2CO) producing an ensemble of 300,000 molecules at 
420 pK [11]. This represents the largest ensemble of ultracold molecules in any experiment 
worldwide.

A final requirement for many applications of cold molecules is gaining and maintaining control of 
the internal molecular state. Here, buffergas cooling plays a key role by providing internal state 
cooling already at the molecule source [6]. In this way, we obtain molecule beams with over 90 % of 
molecules in a single rotational state [12]. As an alternative, we have demonstrated internal state 
cooling in combination with optoelectrical Sisyphus cooling via optical pumping inside our electric 
trap [13]. In this way, we achieve ultracold molecules with over 80 % of molecules in a single 
rotational state [11].

The presented techniques enable a wide range of exciting measurements. The long lifetimes inside 
our electric trap, combined with internal state purity and sufficiently high densities enable state- 
resolved collision studies for molecules in a new temperature regime. Temperatures below 1 mK 
allow the realization of a molecular fountain, enabling greatly improved precision measurements on 
molecules. Finally, investigation of sympathetic or evaporative cooling offers a promising route to a 
quantum degenerate gas of polar molecules.
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Entanglement is widely recognised as a key resource in quantum technology, however an advantage 
over classical computing can be achieved without it in the presence of non-classical correlations, also 
known as discord [1]. Experiments using few photonic qubits have shown that specific computational 
tasks can be efficiently solved even with no entanglement [2].

In the past years, there has been outstanding progress in the demonstration of quantum processing 
based on pure states with a limited number of qubits. However scalability remains an issue, mainly 
because of decoherence. In pure-states quantum computation (QC) this problem can possibly be 
solved by error correction. Nevertheless, scaling up to a significant number of qubits and being able to 
perform a classically intractable calculation has been impossible so far. As entanglement is extremely 
vulnerable to decoherence, the investigation of protocols that are more robust against it is a promising 
route for progressing the field.

One of such protocols is called Deterministic Quantum computation with 1 clean qubit (or DQC1). 
This protocol relies on one pure state control qubit together with a register of completely mixed state 
qubits, where non-classical correlations are created between the control and the register. DQC1 is a 
non-universal model of computation (essentially a phase estimation protocol) that can speed up some 
computational tasks for which no efficient classical algorithms are known. Whilst requiring only a 
single qubit with coherence, its power scales up with the number of mixed state register qubits.

To date, experiments based on photonic implementation of DQC1 have evaluated the normalised 
trace of a two-by-two unitary matrix [2] and using an NMR implementation, performed the 
approximation to the Jones polynomial with a system of four qubits, thus demonstrating the principle 
of mixed state computation.

In this work we present theoretical models of a cold-atoms based platform for the benchmarking of 
the protocol with a large number of qubits, thus extending the implementation to large Hilbert space. 
In comparison to the photonic or NMR experiments, a cold atoms approach offers scalability. A single 
pure qubit is to be prepared in a microscopic dipole trap and a register of N qubits are prepared in a 
mixed state in a nearby trap, as shown in Fig.1. Rydberg interactions between the control and the 
ensembles of cold atoms in mixed state can activate the implementation of DQC1. An appropriate 
sequence of lasers pulses individually addressing the two traps will implement an algorithm to 
calculate the trace of a 2N x 2N matrix.

We show that the protocol can be operated with many qubits using a cold atoms setting, and we 
explore the possibility of tackling non-trivial problems [3], such as many-body physics. The same 
scheme enables the preparation of quantum enhanced probes for phase estimation and promises high- 
precision measurement, without relying on quantum entanglement and using highly mixed states [4]. 
Modelling of this scheme, using cold atoms in dipole traps, demonstrates that the register of partly 
mixed qubits becomes a powerful resource for phase estimation when supplied with the coherence 
from the control qubit. A concrete mixed-state model for quantum sensing is also proposed. The 
scheme can achieve quantum-enhanced precision scaling with the size of the atomic register ensemble
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[5]. We will finally present the full design for this test and our progress in the experimental setup and 
implementation.

(c)
(b)

Fig. 1 (a) The DQC1 circuit scheme to be implemented by a control atom and mixed state register in two 
independent traps (b) and (c) represent the dipole traps design and experimental implementation.
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By considering two eigenstates near an avoided-level crossing in the DC Stark map of Rydberg atom, 
we proposed a feasible hybrid quantum system of a highly-excited Rydberg atom coupled strongly to 
a superconducting LC oscillator. We also show that different universal two-qubit logic gates can be 
implemented on the hybrid system.
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Long-range interactions between cold Rydberg atoms are being investigated for neutral-atom quantum 
computing, quantum simulations, phase transitions in cold Rydberg gases and other applications [1]. 
Fine tuning of the interaction strength can be implemented using Forster resonances between Rydberg 
atoms controlled by an electric field. Observation of the Stark-tuned Forster resonances between 
Rydberg atoms excited by narrowband cw laser radiation requires the use of a Stark-switching 
technique to excite the atoms first in a constant electric field and then to induce the interactions in a 
varied electric field, which is scanned across the Forster resonance.

In our experiments with cold Rb Rydberg atoms we have found that the transients at the edges of 
the electric pulses strongly affect the line shapes of the Forster resonances, since the resonance occurs 
on a time scale of ~100 ns being comparable with the duration of the transients. For example, a short
term ringing at certain frequency causes additional radio-frequency (rf) assisted Forster resonances, 
while non-sharp edges lead to an asymmetry. An intentional application of the radio-frequency field 
induces transitions between collective states whose line shape depends on the interaction strengths 
and time. In this report we present the experimental and theoretical analysis of the line shapes of the 
Forster resonances Rb(nP3/2) + Rb(nP3/2) ^Rb(nS1/2) + Rb((n + 1)S1/2) for a few cold Rb Rydberg
atoms in a time-varying electric field [2]. In particular, we studied the rf-assisted Forster resonances 
between N=2-5 cold Rb Rydberg atoms [3] (Fig.1). We have shown that they can be induced both for 
the "accessible” Forster resonances which can be tuned by the dc field alone [Fig.1(a)] and for those 
which cannot be tuned and are "inaccessible” [Fig.1(b)]. The van der Waals interaction of almost 
arbitrary high Rydberg states can thus be tuned to resonant dipole-dipole interaction.

Fig. 1. Radio-frequency (rf) assisted Forster resonances for N=2-5 detected cold Rb Rydberg atoms: 
(a) "accessible" resonance in Rb(37P) atoms can be tuned by dc field alone at 1.79 V/cm, while rf-field 
induces additional resonances; (b) "inaccessible" resonance in Rb(39P) atoms can be induced only by the rf 
field.

This work was supported by the RSF Grant No. 16-12-00028, RFBR Grants No. 14-02-00680 and 
16-02-00383, Novosibirsk State University and Russian Academy of Sciences.

References
[1] I.I.Ryabtsev, I.I.Beterov, D.B.Tretyakov, V.M.Entin, and E.A.Yakshina, Physics -  Uspekhi 59, 196 (2016).
[2] E.A.Yakshina, D.B.Tretyakov, I.I.Beterov, V.M.Entin, C.Andreeva, A.Cinins, A.Markovski, Z.Iftikhar, A.Ekers, and 
I.I.Ryabtsev, arXiv: 1606.06016 (2016).
[3] D.B.Tretyakov, V.M.Entin, E.A.Yakshina, I.I.Beterov, C.Andreeva, and I.I.Ryabtsev, Phys. Rev. A 90, 041403(R) 
(2014).

48

mailto:ryabtsev@isp.nsc.ru


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Laser-driven proton acceleration experiments at PW-class
PEARL facility

K. B urdonov1, A. Erem eev1, J . Fuchs1,2, V. G inzburg1, E. K hazanov1, A. K uzm in1,
R. Osm anov1, S. Pikuz3, G. Revet1,2, A. Shaykin1, I. Shaykin1, A. Sladkov1,

A. Soloviev1, M. S tarodubtsev1, and I. Yakovlev1
institute o f Applied Physics o f the Russian Academy o f Sciences, 603950 Nizhny Novgorod, Ul ’yanov street, 46, Russia 

2Laboratoire d ’Utilisation des Lasers Intenses (LULI), Palaiseau, Ecole Polytechnique, F-91128 France 
Joint Institute for High Temperatures Russian Academy o f Sciences, 125412 Moscow, Izhorskaya street, 13, Russia

E-mail: kfb.iap@gmail.com

We present the results of laser-driven proton acceleration experiments in TNSA regime [1] at the PW- 
level PEARL facility (IAP RAS, Nizhny Novgorod, Russia) [2]. In experiments a p-polarised laser 
pulse with wavelength 910 nm, duration 60 fs and energy up to 10 J was focused by means of f/4.2 
parabolic mirror on the aluminum foil targets with thicknesses from 10 ^m to 0.2 ^m in the vacuum 
chamber (Fig. 1). The use of adaptive wavefront correction system provided a Strehl ratio 0.36, 
resulting in a maximum intensity about 3*1020 W/cm2 on the target surface. Targets were set at an 
angle of 45° to the incident radiation. The accuracy of the target positioning was provided by original 
method of fine alignment.

Fig. 1 Experimental set-up.

The energy and angular spectrum of the protons emitted from the rear surface of the target was 
measured simultaneously by means of a radiochromic films (RCF) assembled in stack with a hole in 
the middle to let a small beam of protons go through and Thomson parabola spectrometer, both 
positioned along the target surface normal. The RCF stack can analyze the beam in its entirety, but 
with coarse steps in energy, while the Thomson parabola can resolve much more finely the spectrum, 
but only over a small solid angle. The amplitudes of the co-orientated magnetic and electric fields in 
the Thomson parabola were 0.4 T and 6.5 kV/cm, respectively. Its input pinhole of 0.3 mm diameter 
was situated at a distance of 80 cm from the proton source. The protons were detected using Image 
Plates scanned by a commercial IP-scanner procured from Durr-NDT.

Laser-plasma coupling at the front surface of the target was characterized through X-ray emission 
measured with a high-resolution FSSR spectrometer (Focusing Spectrometer with Spatial Resolution)
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equipped with a spherically bent mica (K2O-3Al2O3-6SiO2-2H2O) crystal. The measured X-ray 
spectrum provides clear evidence that the target remains at solid density by the time the main laser 
pulse arrives. Indeed, although the diagnostic is not capable of temporal resolution, we diagnose that 
the x-ray emission induced by the intense laser pulse irradiation is void of the signature of a 
significant preplasma at the target front.

Maximum energies of accelerated protons measured by the radiochromic film (RCF) stack detector 
were in the range of 43.3 to 44.1 MeV and generated by 7.5 J, 60 fs laser pulse focused on the 0.8 pm 
aluminum foil (Fig. 2 (a)). The total conversion efficiency to the protons from the laser energy 
is above 0.1%. To the best of our knowledge, this is a world record for laser pulse with energy less 
than 10 J. Thomson parabola also registered the signs of accelerated with protons carbon ions C1+ - 
C6+ and oxygen ions O1+ and O6+ (Fig. 2 (b)). The proton energy spectra are in a good agreement with 
the data from Thomson parabola data and temperature estimations made with help of X-ray 
diagnostics.

a)

piWtan*

Energy (MeV)

Fig. 2 RCF stack with 43.3 MeV record proton energies (a), Thomson parabola with traces of H+, C1+-  C6+, 
O1+ and O6+ ions (b).

(b)

The temporal contrast of the laser beam, which supposed to be very high for OPCPA systems, is a 
crucial factor to obtain high-energy protons. It was estimated by measuring the laser parametric 
luminescence as follows: (i) we measured the contrast in energy between the parametric luminescence 
and the main pulse of the compressed laser, which was equal to 5x10"4, i.e. 5 mJ compared to 10 J, (ii) 
we also measured that there is a factor 4 difference between the Strehl ratio of the main pulse and that 
of the parametric luminescence, and (iii) finally we also measured the temporal profile of the 
luminescence using a fast photodiode on a nanosecond timescale. As a result, the contrast between the 
1-ns duration parametric luminescence and the PEARL 60-fs main pulse was estimated to be 
1/(2x108).
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Forecast of propagation of high-power laser radiation of femto- and picosecond duration requires new 
knowledge of fundamental physics of interaction between radiation and substance in the atmosphere 
and development of new concepts of the phenomena. Such investigations are carried out at the 
Institute of Atmospheric Optics. The results of these investigations will be demonstrated in this report 
for the following problems: a) control of the domain of multiple filamentation of terawatt laser pulses 
along a hundred-meter air path; b) post-filamentation high-intensive light channels formation upon 
ultrashort laser pulses self-focusing in air.

Filamentation of laser radiation is the main regime of highpower ultrashort pulse propagation 
through a transparent medium. Filamentation in air may stem from the spatial decay of the beam 
transverse profile to localised domains of high intensity -  filaments, lengthy shining plasma channels 
arising along the propagation path, and generation of extremely wideband radiation -  a 
supercontinuum.

After the termination of pulse filamentation and plasma generation the laser pulse maintains its 
spatial localization as elongated light structures, which are named the post-filament channels (PFCs). 
These light channels possess sufficiently high intensity (~1 TW/cm2) and lowered angular divergence 
in comparison with the whole laser beam.

Our work presents results of experimental investigations on control of the position of the 
filamentation domain for ultrashort pulses of a Ti:sapphire laser on a 150-meter long air path under 
varied initial spatial focusing and laser output power. We have realised a complete control over the 
cross-section structure of the laser beam along the propagation path, which made it possible to 
observe the spatial evolution of high-intensity light channels formed due to the beam filamentation.

Facility of experiments was the following. The driving generator was a Ti : sapphire laser with the 
passive mode locking based on the Kerr effect. The laser source generated pulsed radiation at a centre 
wavelength X0 = 800 nm, with the pulse HWHM duration tp = 50 fs, the energy E0 < 82 mJ and the 
peak power P0 < 1.5 TW. The pulse repetition rate was 10 Hz. A variable-base Galileo telescope was 
used as a focusing element. The focal distance for the defocusing mirror was f  =-50 cm, and for the 
focusing mirror it was f 2 = +100 cm. The beam diameter d0 at the output of the amplifying stage was 
2.5 cm and after the telescope it was d0 = 5 cm.

We have analyzed the longitudinal position of the filamentation domain and the transverse 
structure of the radiation channel in this domain. We were interested in the number of fixed plasma 
channels N  and its variation along the path. The number of plasma channels in the laser beam cross 
section was found by calculating the number of contrast burns left on a photographic paper placed at 
various distances along the optical path. One such result is shown in Fig. 1a for the collimated beam 
at the maximal realised pulse energy. One can see that the parameter N  is nonmonotonic along the 
filamentation domain. At first, only several burns are observed, then its number increases to 
approximately twenty for initial energy 82 mJ near the geometrical centre of the filamentation zone, 
and finally the number of burns again reduces to the end of the zone.

For focused laser beams (Fig. 1b), variation in the focal length F  shifts the start of the filamentation 
domain: the focusing makes it closer to the beginning of the path and defocusing makes it farther.

Thus the results of conducted experiments show the real possibility to control the spatial position 
of the domain of multiple filamentation and plasma initiation of a high-power ultrashort pulse 
propagating along a 150-metre air path. The control was realised both by varying the initial spatial 
focusing of the beam and by changing the energy of the initial radiation pulse. In the first case, at a 
stronger focusing the domain of filamentation starts closer to the beginning of the optical path and 
simultaneously its length becomes shorter. In the case of increasing the pulse energy at constant
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focusing, the earlier start of filamentation/plasma initiation is observed, and the length of the 
filamentation domain increases.

a) b)
Fig. 1 Distribution of the number of filaments inside area filamentation at different focusing 
(defocusing) beam diameter: a) 2.5 cm b) 5 cm

In the experiments, the quantitative data on PFC’s angular divergence were obtained from the 
measured transverse energy profiles analyzed by means of software module. Fig. 2a show the 
experimental data on the dependence of effective radius of the channel and of the whole beam on the 
distance. Fig. 2b depicts the spectrum of radiation from the post-filamentation channel.

Distance, m Wavelength, nm

a) b)
Fig. 2 Change of the radius of the beam and the radius postfilamentation channel (a) the distance distribution 
of the laser pulses. b) spectrum of the postfilamentation channel.

As a main conclusion from the presented data one can notice the opposite trends of radii for laser 
beam and PFC. The increase in the divergence of the whole beam after the filamentation area is 
originated from the developing aberrations of initially smooth beam profile in course of ring 
structures formation around the filaments. The lowered angular divergence of PFC as compared to the 
whole beam is provided by self-focusing via Kerr nonlinearity in the PFC area and is sustained by a 
specific spatial beam energy profile exhibiting a system of concentric rings around each post-filament 
channel. The minimum PFC angular divergence obtained in our experiments is approximately 0.03 
mrad for a collimated beam.
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The new trends in coherent beam combining using parametrically amplified femtosecond pulses are 
discussed. The futures of multipump parametric amplifications and precise time synchronization of 
the set of independent pump lasers are analyzed. The optimal conditions of multibeam tight focusing 
for achieving extremely high intensities are investigated.
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Laser-induced coherence is a key element of various parametric and non-parametric processes in 
alkali vapours resulting in generation of new optical fields with wavelength varying from the mid-IR 
to visible spectral region [1-4]. Here we present an experimental study of spectral and spatial 
characteristics of the frequency down-converted radiation at 5.23 pm generated on the 5D5/2̂ 6 P 3/2 
transition in Rb vapour excited with low-power cw resonant light (Fig. 1a).

To date, studies of the new field generation in alkali atoms have focused almost exclusively on 
detecting the coherent blue light (CBL). The mid-IR emission has not been widely studied; however, 
it is a crucial component of the nonlinear process. Furthermore, the backward-directed mid-IR 
radiation is of particular interest because of possible applications in remote atmospheric sensing [5].

We find that over a wide range of the experimental parameters the counter-propagating excitation 
is more efficient, as more atoms are involved in the atom-light interaction due to nearly complete 
Doppler shift cancelation resulting in more intense amplified spontaneous emission (ASE) directed 
both backwards and forwards. It is also found that velocity-selective and quasi Doppler-free two- 
photon excitation could produce two spectrally and spatially distinguishable mid-IR fields, as shown 
in Fig. 1b.

Deviation (mrad)
Fig. 1.(a) Rb energy level diagram. (b) Spatial profiles of ASE generated by co-propagating two-colour 
laser (i) without and (ii) with involvement o f Doppler-free two-photon excitation produced by back- 
reflection.

Spectral profiles of ASE for both the velocity-selective and quasi Doppler-free are narrower than 
the corresponding resonances of isotropic blue fluorescence, which we attribute to the amplification 
effect. We alsofind and explain why two-colour laser light focused inside the cell results in spatial 
broadening of the CBL, leaving the divergence of ASE almost unchanged.

In conclusion, a new way of detecting two-photon excitation in atomic vapours using ASE is 
suggested. The link between properties of the mid-IR emission and frequency up-converted 
directional radiation at 420 nm is discussed.
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We report on the first characterization of orientation-patterned gallium phosphide (OP-GaP) crystals 
used to generate narrow-linewidth, coherent mid-infrared (MIR) radiation at 5.85 pm by difference 
frequency generation (DFG) of continuous-wave (cw) Nd:YAG laser at 1064 nm and tunable diode- 
laser at 1301 nm. By comparison of the experimental MIR efficiency versus focusing to Gaussian 
beam DFG theory, we derive an effective nonlinear coefficient d14 = 17 pm/V (±15%) for first-order 
quasi-phase-matched OP-GaP. The temperature and signal-wave tuning curves are also in qualitative 
agreement with a recently proposed temperature-dependent Sellmeier equation for OP-GaP [1].

Narrow-linewidth (<100 kHz), single-frequency and powerful laser sources are needed for 
precision molecular spectroscopy in the mid-IR range above 5pm. The 6pm range is particularly 
interesting for cold CO molecules high-precision spectroscopy [2], and the only available sources, 
with linewidths in the few MHz to tens of MHz range and ~ 0.1 W maximum power, are quantum 
cascade lasers (QCL’s). For precision spectroscopy, pW-level of narrow-band coherent radiation must 
be produced to either phase-lock or injection-lock such QCL lasers. Among possible down-conversion 
processes, the simplest alternative to cover the 5 -  6 pm range with pW to mW power range from 
convenient ~1pm lasers is to use difference frequency generation (DFG) with a ~ 1.3 pm diode laser 
in a high-nonlinearity mid-IR crystal. For cw DFG in which the pump lasers need to be strongly 
focused, most birefringent phase-matched mid-IR nonlinear chalcogenide materials (AgGaS(e)2, 
LiInS(e)2, CdSiP2) suffer from spatial walkoff limitations. The use of novel quasi-phase-matched 
(QPM) III-V semiconductors -  the so-called orientation-patterned (OP) semiconductors (OP-GaAs, 
OP-GaP) for which periodic polarization domain reversal is performed during growth [3,4] -  is then 
particularly interesting because they are intrinsically walkoff-free and possess large second-order x(2) 
nonlinear coefficients. In this talk, we provide the first characterization of the linear and nonlinear 
properties of OP-GaP via cw DFG of a single-frequency Nd:YAG laser (Ap=1064 nm, Mephisto 
MOPA, Coherent Inc, short-term linewidth Av «10 kHz) and an extended-cavity tunable diode laser 
(A,s= =1301.1 nm, DL100, Toptica Photonics AG, Av «100 kHz).

Up to 65 pW of single-frequency idler at Ai=5.85 pm have been generated from ~10 W of 
Nd:YAG laser and ~ 45 mW of diode laser in a lc = 24.5 mm of QPM structure, limited by thermal 
dephasing effects arising from the non-negligible absorption at the pump and signal lasers’s 
wavelengths, despite the larger bandgap of GaP as compared with GaAs. From the absolute 
measurement of DFG conversion efficiency versus focusing and comparison with cw Gaussian beam 
DFG theory [5] an effective first-order QPM nonlinear coefficient d =(2/n)d14 =17 pm/V (±15%) has 
been evaluated, in agreement with recent absolute measurements of the nonlinear coefficient d14 « 
40pm/V of GaP performed using non phase-matched methods [6-7]. From the experimental spectral 
and temperature tuning curve bandwidths, we could also validate a recently proposed temperature- 
dependent Sellmeier equation for GaP [1].

Figure 1(a) shows the absolute DFG output power as function of the incident pump power at 
1064 nm (the signal extended-cavity diode laser power was maintained at its maximum output of 
Ps=40 mW), for various lenses focusing the overlapped parallel pump and signal lasers. As examples 
thef=150 mm focal length corresponds to pump and signal waists wp = 67.5 pm and ws = 82.5 pm.
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Fig. 1 (a) Cw idler power versus pump laser power for fixed signal laser power, for various focusing 
parameters l = lc/zd where zd is the idler Rayleigh range zd = (1/2)ktw2, ki = 2nni/Xi and wd = wpws/[wp + 
ws2]1/2; (b) Conversion efficiency Г versus focusing parameter. The solid lines are theoretical Gaussian beam 
DFG conversion efficiencies.

The strongest focusing (/=50 mm) corresponds to wp = 19 pm and ws = 23 pm. Because of the non
negligible absorption at 1064 nm (ap « 0.17 cm-1) and 1301 nm (a s « 0.12 cm-1), thermal dephasing 
effects lead to mid-IR power saturation. In order to retrieve the absolute value of the nonlinear 
coefficient for the Gaussian beam DFG theory [5], only the linear part of each curve (shown as 
straight line in Fig.1(a) was used to derive the conversion efficiency Г = P i/PpPs shown as function of 
the focusing parameter in Fig. 1(b).

Fig. 2 (a) Temperature tuning curve for the loosest and strongest focusing case; (b) Corresponding spectral 
tuning curves when the diode laser wavelength is tuned around optimal phase-matching conditions (fixed 
T=43oC).

Finally the temperature and spectral acceptance curves are shown in Figure 2, where again the solid 
curves are theoretical ones computed from Gaussian beam DFG theory.
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Wide tunable OPO at MID-IR spectral region 
pumped by Q-switch Nd:YAG laser
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LiGaSe2 (LGSe) optical parametric oscillator (OPO) pumped by compact nanosecond Nd:YAG laser 
was demonstrated. Wide tuning range from 4.8 up m is shown for the first time of our 
knowledge. The OPO^to 9.9 m was demonstrated by^spectral tuning range from 4.8 up to 9.90 f- 
rotation of LGSe element at the OPO cavity.
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Nd:YAG laser by calculating the population distributions
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1 School o f Physics, Nankai University, Tianjin 300071, China 
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The 1064 nm Nd:YAG lasers have been widely used for many applications such as the laser ranging, 
signal interference, laser printer, biological, medical diagnostics and so on. Recently, it was used as 
fundamental source to generate deep ultraviolet laser by sixth harmonic, the laser power of 
fundamental laser source (1064 nm) is up to 250 W level [1], even higher energy. But, the high and 
good quality output laser is limited by thermal issues and a major challenge is how to decrease the 
heat load in high-power diode end-pumped solid-state lasers. The energy levels of Nd3+ are 
complicated, an energy-level diagram for Nd:YAG is shown in Fig. 1.

Fig. T The energy-level scheme for Nd:YAG crystal. Dash line represents cascaded nonradiative processes. 
Four thin solid lines which are down to lower levels represent fluorescence processes. There are three ETU 
processes in figure.

The involved processes in a stable laser system are described by the following rate equations:
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where N , т (i=1- 8) denote the population distribution and lifetime in different levels respectively. W 
(i=1-3) is the upconversion rate. в  4j  (j=3,2,1)are the branching radios from 4F3/2 level to 4Ii5/2, 4Ii3/2, 
4Ih/2 levels respectively. tc is the photon lifetime. Nd is the total of Nd3+ ions. Ф is the total of photons.

Under 808 nm CW laser operation, we assume that the pump and laser beams are TME00 Gaussian 
beams [1]. From Eq. (1)-(10) and the values of all parameters [2, 3-6], the population profiles of 2G9/2, 
4G7/2, 4G5/2 levels at the pump power of 20 W are obtained, the number of ions distribution indirectly 
expresses the heat distribution caused by ETU effects.

For studying the influence of ETU effects on heat generation further, the relationship between 
thermal power and pump power is:
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Q (r , z) = ^  AEi3i ( r , z) vor (r , z ) (11)
i =0

where the AEi is energy gaps that have to be bridged among different energy levels, Si (r, z) is the rate 
equations term of nine individual multiphonon processes that lead to heat generation.

We calculate thermal power in the whole crystal versus absorbed pump power which is generated 
by ETU processes respectively ,the result is shown in Fig. 2(a). The proportion distribution of heat 
generation due to ETU effects under the steady-state condition is shown in Fig. 2(b).

Fig. 2 (a) The thermal power versus absorbed pump power. (b) The proportion distribution value of heat load 
due to ETU effects The value of the proportion of ETU is about 0.48 at the center of the rod. So it is essential 
and useful to take into account the higher laser levels when we study the laser performance.

In following section, the influence of round-trip dissipative loss and waist of pump beam on 
population in higher levels are analyzed when considering ETU effects, see figure 3.

Fig. 3 (a) (b) Tlie population distribution in 2G9/2 level for four values of cavity loss and pump beam waist at 
incident surface respectively. It is clear that the influence of upconversion on heat load increases with the 
round-trip dissipative loss, (b) shows the population increases with the waist of pump beam nonhnearly, 
the influence of ETU effects drops when the output laser beam waist matches to the pump laser beam.

A theoretical model of the influence of ETU effects based on population dynamics on higher 
energy level in laser diode end-pump Nd:YAG crystal laser to study has been developed. We find that 
the ETU effects lead to a strong thermal loading under higher excitation density. According to the 
simulation results of population distribution of 2G9/2 level in different round-trip dissipative loss and 
the waist of pump beam, the heat generation and the laser cavity optimization are investigated in 
detail. We believe that the theoretical model including nine energy levels can provide a useful 
guideline to optimize high-power Nd-doped crystal lasers.
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Single photon transport by a moving atom
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It follows from basic principles of wave physics that the passage of a wave through a hole that is 
considerably smaller than the wavelength can be neglected. In the classical work by Bethe [1] on 
transmission of light by a nanohole in an infinitely thin and perfectly conducting screen, a simple 
expression for the transmission efficiency of light has been obtained, which is scaled in relation to the 
hole size as (r/X) 4, where r is the radius of the hole, and X is the wavelength. Under assumptions made 
on the screen, the transmission efficiency falls rapidly when the wavelength becomes greater than the 
hole radius. Ebbesen and collaborators [2] discovered the Extraordinary Optical Transmission (EOT) 
through sub-X periodic hole array. The EOT is mediated by the aid of electromagnetic surface modes 
supported by the holey surfaces [3]. The majority of researchers agree that the central role in this 
phenomenon is played by surface waves, such as surface plasmons.

Here we demonstrate a new physical approach for an effective light transmission through 
nanohole. It is based on the photon transport that involves the participation of a particle other than a 
plasmon, namely, a neutral atom. In this scheme, a single atom transfers a single photon through a 
nanohole. The proposed scheme is an another mechanism of photon's transport through the nanohole 
which supplement existing [1,2]. Besides the using of a new particle for photon transport it opens up a 
new possibilities for surface science. It is possible to use such scheme for investigation of van der 
Waals interaction because of atom-surface interaction [4]. Another application is for atom - plasmon 
interaction investigation. Indeed the subwavelength hole is a highly nonlinear plasmonic element. So 
the interaction of excited atom with such structure opens a new way for tailoring the spectral 
properties of materials [5].

The basic idea of the photon transport by a moving atom is presented in Figure 1 [6]. An atom 
moving toward a metal screen with a hole absorbs a photon of laser radiation immediately in front of 
the hole. If the lifetime of the excited atom is substantially larger than the time of flight of the atom 
through the nanohole (in a real experiment, the nanochannel), the transition of the atom from the 
excited state to the ground state with emission of a photon can occur on the other side of the screen, 
which means the transfer of the energy of the photon through the nanohole.

Fig. 1 Scheme of a photon transport by atom through nanohole.
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At the wavelength A=800 nm and the nanohole radius r = 50 nm, the ratio of the probability of 
passage of a photon involving the participation of an atom to the probability of passage of a photon 
alone is n ~2* 104. The physical reason for such high photon transfer efficiency is the reduction of the 
“single photon wave packet” due to its absorption by the atom and, as a result, its localization in a 
volume less than the wavelength and the nanohole size. In principle this scheme allows to transform 
“single-photon in single-mode wave packet” of the laser light into a “single-photon but multimode 
wave packet” in free space.

The experiment was performed with Rb atoms. A beam of Rb atoms is directed to the sample with 
nanoholes. Atoms were excited into a long-lived excite state 5D5/2 at the transitions 5S1/2̂ 5 P 3/2 and 
5P3/2̂ 5 D 5/2. The decay of the 5D5/2 state via the channel 5D5/2̂ 6 P 3/2̂ 5 S 1/2 with the emission of a 
photon at a wavelength of 420 nm takes place with a characteristic lifetime of 500 ns. Such a long 
lifetime makes it possible for the atom to transfer the photon energy over a distance of about 150 pm. 
This value suffices to ensure the flight of the atom in the excited state through the nanohole. The 
probability of emission of a blue photon by the atom is about 2%. The detection of blue photon gives 
an evidence of atom passage through the hole in the excited 5D state. As a consequence, this fact 
gives an evidence of photons transfer at 776 nm and 780 nm wavelengths (through the 
5D5/2̂ 5 P 3/2̂ 5 S 1/2 decay channel). Our calculations show that for one detected blue photon there are 
about 20 photons at 776 nm and 780 nm.

The photon transfer efficiency depends on the nanohole size, the material of the screen, and the 
velocity and the scheme of energy levels of the atom. At small sizes of the nanohole, the photon 
transfer efficiency decreases substantially because of the interaction of the excited atom with the 
surface. As a result the surface of the nanohole in the screen causes deexcitation of the atomic state. 
The described scheme of the atom interaction with the surface offers opportunities to study quantum 
friction [7] and strength of atom-surface interaction [8].

This work was supported by the Russian Science Foundation (project No. 14-12-00729).
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In experimental aspect, the laser synthesis technique to produce the nanoparticles (NPs) of different 
composition in both semiconductor samples (PbTe): direct laser modification of thin films and laser 
evaporation of substance from target in liquid to produce the colloidal systems and subsequent 
deposition of particles from colloidal system on solid substrate (glass). Under a cw-laser radiation a 
bimodal distribution on PbTe particle size takes place. For such laser-induced nanostructures we 
demonstrated the superconductivity tendency to increase the electrical conductivity by several times for 
our case at room temperature in comparison with a homogenous monolithic sample. By drop 
deposition technique it has been obtained the cluster structures with various topology, and the 
nanoparticles become quantum dots under some conditions. Such structures with controlled electro
physical properties are very principal to construct the elements and devices of optoelectronics and 
photonics in hybrid circuits on new physical principles.

We present the topology controlled laser synthesis of nanoparticles/the semiconductor PbTe 
nanoparticles by direct laser modification of thin films and by deposition of clusters and so, 
macroscopic quantum effects for a spatially inhomogeneous/modulated/periodic micro/nano structures 
occur. In such systems we studied, in particular, the electrical transport properties (electroresistance 
behavior vs the cluster parameters variation, and also the current Volt-Amper characteristics vs 
conditions of the experiment), and quantum tunneling effect (for a spatially periodic nanocluster 
structure) and/or jump conductivity (in frames of shell-model cluster presentations) have been obtained 
(cf. [2]).

Fig. 1 shows the direct laser modification of a PbTe-target surface due to the termolization 
equilibrium process only by the laser ablation technique (cw-laser radiation: @=1.06 pm, the intensity -  
up to 106 W/cm2). Real time scale observation of laser-induced processes has been carried out. The 
observed effect of the surface self-organization structuring in particle size, is achievable only in a fixed 
laser intensity range and for a certain scan-velocity of the laser beam on the sample surface.

Fig.1 The picture of the target surface structure under laser irradiation: it looks as a bimodal distribution.
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Fig. 2 show the results obtained by measuring current Amper-Voltage characteristics for different 
experimental conditions using a preliminary prepared sample with a bimodal distribution of 
nanoparticles on the surface discussed above. We give present the results on the detection of the jump- 
conductivity for different surface density of NPs on the films (shown by figures at the dependences). 
Moreover, its occurrence is universal -  there have been shown two types measurements of the 
electrical resistance in both longitudinal and transverse one directions; the fact depending only on the 
topology of the conducting layer (constant for a given sample). So, the implementation of transition of 
the electrons from the bound state to a free state can be taken into account in the frames of shell model 
clusters.

measurements have been carried out by averaging the results of 10 experiments.

In progress, it is expected to carry out a more detailed study of the correlation between the topology 
of a nanostructure of different composition and its functional and dynamic properties, and also of 
optical properties for fabricated nanocluster structures under the conditions when macroscopic 
quantum effects occur, including e.g. the tendency of high-temperature superconductivity, and multiple 
quantum transitions resulting in modification of the optical spectra in layer structures.

When solving the existing problems we should address modern challenges for the creation of new 
and also, on new physical principles, the hybrid (optics/photonics + electronics) elements and devices 
with given properties (both functional and design). The main stream of the problem includes in 
particular the units for quantum information processing, based on advantages of modern femto- 
nanophotonic technologies by laser synthesis of nano- and microstructures with variable topology and 
size/form parameters on the surface of various solid state materials.

This work was in part supported by the Russian Foundation for Basic Research, project № 13-02
97513, and the project component of the state contract of Vladimir State University №16.440.2014/K 
to perform public works in the field of scientific activity.
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By using femtosecond laser pulses to ablate microsized targets that are dispersed in liquid media, 
doped nanocrystals have been successfully fabricated. The nature of the nanocrystals was 
characterized by SEM, TEM, EDS-Mapping, and XRD. By using the doped nanocrystals as the gain 
medium, random lasing has been established at room temperature.
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Laser cooling of matter has become a separate area of the physics in the last few decades. A great 
success in this area has been especially achieved for translational cooling of gaseous matter. At 
present, methods for cooling of atoms make it possible to reach the nanokelvin temperature range [1]. 
In contrast of gaseous medium, laser cooling of internal energy of solid materials has more modest 
results. The record cooling of 110 K has been achieved to date for the bulk YLF crystal doped by 
Yb3+ ions [2]. The main cause of such a situation is the difference in the cooling mechanisms of 
external and internal degrees of matter freedom. The internal cooling of doped systems is based on the 
anti-Stokes fluorescence from Stark split sublevels of the excited level of rare-earth (RE) ions which 
are optically pumped. The anti-Stokes fluorescence is a result in the interaction of optically excited 
electrons of an RE ion with vibrational modes of a crystal system. Thus, thermalization of the 
electrons at sublevels leads to the situation in which the average energy of the spontaneously emitted 
photons exceeds the energy of the absorbed photons. Since the optical cooling occurs at the electron 
transitions between the Stark split sublevels, the minimum temperature of cooling for doped solids is 
limited and cannot be lower than 50 K [3]. Laser cooling of nanocrystals presents a more complicated 
problem because such nanoobjects have both external and internal degrees of freedom 
simultaneously. As a result, even a localized nanocrystal has considerable internal temperature that 
can prevent a variety of high-precision experiments.

In this work, we propose the model of an optical refrigerator for the charged CaF2 nanocrystals 
doped by Yb3+ ions. The refrigerator is composed of the RF Paul trap to capture and the optical 
module to cool the doped nanocrystal. The feature of the proposed model is the combination of the 
translational and vibrational cooling of the nanocrystal in one process of laser-matter interaction
(Fig. 1).

Fig. 1 Laser cooling scheme: (a) translational cooling of the doped nanocrystal; (b) anti-Stokes fluorescence 
cooling of the Yb ion, solid arrow shows optical transition at the frequency w; dotted arrows show vibronic- 
interaction-induced transitions at the frequencies w0i; downward dashed arrows refer to nonradiative 
relaxation; dash-dotted arrows show the radiative relaxation of rate y.

We show the possibility of translational cooling of doped nanocrystals, taking into account the 
effects of photon recoil. Laser cooling of the translational motion of a nanocrystal (as well as an ion or 
atom) is based on momentum exchange between the field of optical radiation and the nanoobject. The 
peculiarity of the manifestation of such kind of exchange for doped nanocrystals is that the recoil

65

mailto:avivanov@mail.ifmo.ru


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

momentum exists due to the reemission of resonant photons of RE ions as a result in the vibrational 
cooling. At the same time, the recoil rate is ensured by the all RE ions in nanocrystal. Thus, the 
average acceleration, which transfers to the nanocrystal, depends on the characteristics of the sample 
and atomic transition: the weights of matrix atoms, the content of Yb ions, the wave vector of the 
optical radiation, the natural linewidth of the transition, and the intensity of radiation. The estimates 
for Yb3+:CaF2 (5 mol % Yb content) nanocrystal show that the average acceleration of the nanocrystal 
(100 nm diameter) is 3.3 cm s-2. Additionally, the magnitude and sign of the frequency detuning for 
efficient internal cooling should be determined by the magnitude of the Doppler shift.

For cooling of vibrational energy of the nanocrystal, we compare two approaches of optical 
pumping: direct 4f  -  4f  pumping [3] and coherent pumping through the 5d level [4]. Our calculations 
show that the net cooling power for direct pumping between forbidden 4f -  4f  optical transitions is not 
enough to cool the nanocrystal because of the large thermal load of environment. In contrast of the 
direct pumping, the pumping through the 5d  level gives rise to the deep and fast cooling and allows to 
refrigerate the nanocrystal up to 60 K.

Since the average acceleration of the nanocrystal is slow in comparison with the ionic case, the 
successful deceleration can only take place when the spatial localization of the nanocrystal occurs. 
The most universal method of spatial localization is the localization of a nanocrystal in radio field 
(RF) ion trap. In recent years, the localization of nanoobjects in a line RF trap has been studied most 
intensively. For instance, nanodiamonds [5], graphene nanoparticles [6], and biomolecules [7], were 
localized in a quadrupole ion trap. The ion trap provides the means to control both the dynamics and 
temperature of a nanoobject.

The nanocrystal dynamics in the ion trap throughout the translational cooling is nonlinear. In this 
work, we obtain the dependence of the dynamics of the doped nanocrystal in a nonlinear RF trap on 
the orientation of the traveling light waves used in the cooling process. We consider two types of RF 
traps, namely, quadrupole (four electrodes) and sextupole (six electrodes) ones. It is shown that the 
both RF ion traps are efficient for three-dimensional cooling and all of three components of the 
nanocrystal speed decrease equally over time.

Obtained results can be helpful in constructing logic elements of quantum computers and 
performing high-precision experiments. Additionally, cooled nanocrystals are the promising 
contenders for using in the ultrasensitive metrology.
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A. Povolotskiy3, A. M anshina3

]Stoletov Vladimir State University, Vladimir, Russia
2St.Petersburg National Research University o f Information Technologies, Mechanics and Optics, St. Petersburg, Russia
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Metal-carbon complexes consisting of noble metal nanoparticles and carbon matrix is a prospective 
material for photonics applications. One application of these objects is to provide materials for the 
implementation of Surface Enhanced Raman Scattering (SERS) [1,2]. Carbon stabilizes the metal 
particles and increases SERS. The control of size and morphology of formed metal-complexes allows 
to vary its properties. The application of laser ablation materials in a liquid allows to create 
nanoparticles and clusters with various optical properties [3-5]. A very perspective carbon material 
with structural sensitive optical properties is carbyne [6].

In this work we present the investigation of metal-carbyne clusters formation under the laser 
radiation of colloidal systems. Colloidal solutions were consisted of carbon and noble metals 
nanoparticles As a result, there was shown that clusters are forming during the irradiation process. The 
Raman spectra of those systems depends on the concentration of the particles in the solution and on the 
laser radiation conditions.

The gold and silver particles were obtained during the cw-irradiation of the targets placed in liquid 
media. [3]. The power of radiation was 35-50 W, laser beam diameter equaled 30 pm. A target was 
scanned by the laser beam with the speed of 10-30 pm/s. The irradiation time was 30 min. The average 
particle size after laser irradiation was 10-30 nm. The size of particles in colloidal system was 
measured by the Horiba LB-550 (dynamical light scattering particle size analyzer).

Carbon nanoparticles were obtained using the pulse-periodical laser radiation (pulse 2 ms), energy 
in pulse was from 1 J up to 20 J, pulse frequency -  20 Hz, on the shungite targets placed in water. [7]. 
This kind of method allows to obtain carbon particles with diameters about 100 nm - 2 pm.

The carbon, gold and silver particle colloidal solution was prepared by the intense mixing with 
concentratration C:Au:Ag 10:1:1 in water (5cl), then the ultrasonic bath was used for about 10 minutes 
for particle decoagulation. The fiber Yb-laser setup (pulse - 100 ns, repetition rate - 20 kHz, the pulse 
energy up to 1mJ) was used for the metal-carbyne clusters obtaining [5]. This kind of laser system can 
realize the particle absorption on the wavelength of 1.06 pm, with short pulse. The colloidal system 
irradiation was carried out by the scanning of the cuvette volume by focused beam (spot diameter - 50 
pm, irradiation time - 15 minutes).

Fig. 1 SEM-images of synthesis metal-carbyne clusters for the different laser pulse energy 1mJ (a) and 0.5mJ (b).
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The morphological properties of deposited nano-clusters were investigated using atomic force 
microscopy (AFM) and scanning electron microscopy (SEM). It was found that the transmission 
spectra of the resulting structures depend on the concentration of gold and silver nanoparticles in the 
colloidal solution.

The SERS research by deposited films was performed using Senterra spectrometer (Bruker), with 
the pump laser wavelength of 532 nm, the power of 0.1 mW and the focal spot diameter of 2 microns 
(Center for laser and optical materials research, SPbSU).

The standard dye Rhodamine 6G was used as a test molecule (Raman spectrum of the solution is 
shown in Fig. 2a). The dye solution in ethanol (10-6 M) was placed on a metal-carbon structures using a 
micropipette. The metal-carbon surfaces are formed on an oxide glass substrates with different 
composition of metal nanoparticle. The Raman spectra of molecules of Rhodamine 6G on various 
substrates are shown on Figure 2b.

If the oxide glass or carbon film are used as a substrates -  the bands corresponding to Rhodamine 
6G with a concentration of 10-6M are not detected. At the same time, the use of films as a substrate of 
metal-carbon nanostructures under the same measurement conditions allow to detect and identify the 
dye on the Raman spectra with sureness in Figure 5b. The changing of the gold and silver nanoparticles 
ratio results in varying of the amplification degree of different bands in the spectrum of the dye. The 
peaks of plasmon resonances for silver and gold are in the range of 410 and 540 nm, thus, various 
vibration modes are amplified at gold and silver particles with different gain.
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Investigation of single defects created in crystals by 
laser emission and hard radiation
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Exciton mechanism of radiation-induced defects formation is implemented to a large part of the 
known inorganic crystalline media. Exposure to particles and hard radiation quanta on the crystals 
leads to the formation of stable electron excitations: electrons, holes and excitons after a series of 
quick intermediate energy transfer processes. Then started the processes of interaction of electronic 
and nuclear subsystems of the crystals. Structural defects result from this interaction. The basic 
process of this kind is the decay of the excitons on the primary structural defects, ie Frenkel pairs with 
subsequent recharging, migration and aggregation.

Intense femtosecond laser light excites the electron subsystem of crystalline media effectively 
without affecting in the first stage the nuclear subsystem, ie, not warming up the crystal. Therefore, 
the use of laser radiation is preferable in practical terms for the creation of radiation defects. 
Femtosecond lasers with low power may well replace electron accelerators and gamma settings in 
some applications, with the aim of radiation modifying of the properties of the class of crystals above.

Optical properties of ensembles of the main radiation-induced defects, such as color centers, are 
relatively well studied. However, many different types of defects occur in crystals during irradiation. 
There are intrinsic defects and the intrinsic-impurity defects, which are formed by impurities which 
are always present in the crystals. Therefore, relevant task is the spectroscopic differentiation and 
identification of defects. This problem can not be solved by conventional absorption and 
luminescence spectroscopy. This is a huge homogeneous broadening and overlap of the spectral lines 
of radiation defects caused by electron-phonon interaction.

In this paper, we study the possibility of identifying radiation-created quantum systems via the 
characteristics of quantum trajectories of the intensity of their luminescence measured on individual 
centers by confocal scanning fluorescence microscopy with the time-correlated single photon

counting [1].
Experimental studies were carried out using a 
confocal microscope MicroTime 200 of 
PicoQuant Gmbh. Quantum trajectories 
calculations were carried out by the density 
matrix method. Calculations of confocal 
scanned images of single centers conducted by 
diffraction method developed by B.Richards 
and E.Volf based on the Huygens-Fresnel 
principle.
In Fig. 1 the images of study single F2 color 
centers in LiF crystal displays. Gaps in the 
images correspond to centers transitions in the 
non-emitting state during the scanning. One 
experimental trajectories presented in Fig. 2. 
In the process of recording this trajectory 
increased the intensity of the exciting radiation 

abruptly. Therefore, the trajectory consists of two parts: linear and non-linear.

Fig. 1 Confocal scanned fluorescent images of single 
color centers with different characteristics of quantum 
trajectories. Above - theoretically calculated, at the 
bottom - experimental.
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Fig. 2 Linear and non-linear parts of the trajectory of the intensity of the same center when excited by 
continuous sequence of picosecond pulses. Switching the excitation intensity is on 208 seconds. Below - the 
kinetics of the rise and decay of the luminescence intensity of the center.

Trajectories can be called linear, if the processes occurring during excitation centers are limited to 
the scheme shown in Fig. 3. There are no induced transitions down under the influence of the exciting

radiation. They should not be taken into account because the F2 
centers have a large Stokes shift and the cross section of stimulated 
emission in the spectral line of the pump is very little. In addition, in 
the diagram are no stimulated transitions under the influence of the 
spontaneous emission, i.e. are no superluminescence. In our 
experiments, it is confirmed by the fact that luminescence decay time 
does not depend on the intensity. Also on the scheme shown in Fig. 
3, does not take into account the possible transitions on higher levels 
of singlet and triplet systems. For linear trajectories, the 
luminescence intensity increases with excitation intensity. 
Accordingly, the intervals of stay of the center in the radiating state 
S0 decreases as increasing the probability cI.

With a substantial increase in the intensity of the exciting radiation observed decrease in the 
average time of stay in the center of a non-emitting state T1. This is due to the transition to the 
nonlinear regime, due to the excitation overlying states and triplet-singlet conversion.

As a new individual "spectroscopic" characteristic of the centers, can be used ratio of lifetimes in 
the emitting and non-emitting states at a fixed intensity of the exciting radiation.

This work was supported by the project II. 10.1.6 of Fundamental Research Programs of state 
academies of RF, project number 3833 of ISU State Task and RFBR grant № 16-52-44056.
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Spaser as novel versatile biomedical tool
A. Plekhanov
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Nanoplasmonics deals with collective electron excitations at the surfaces of metal nanostructures, 
called surface plasmons, and has numerous applications in science, technology, biomedicine. We will 
present recent breakthrough in application of the spaser as an ultrabright nanolabel and an efficient 
theranostic agent in biomedicine.
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Fiber-based femtosecond optical frequency comb 
stabilized to iodine frequency standard
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Here we report an experimental study aimed at precise stabilization of a fiber-based octave-spanning 
optical frequency comb to Nd(Yb):YAG/I2 optical standards. The comb was generated by means of a 
home-made femtosecond erbium fiber laser and a hybrid highly-nonlinear fiber [1, 2]. Optical phase- 
locked loops (OPLLs) were applied to stabilize the comb teeth to the optical standard as depicted in 
Fig.1. The corresponding short-wavelength (@~1 цт) and frequency-doubled long-wavelength (@~2 
цш) teeth were locked to the fundamental laser wavelength (Aos~1 цт) of the optical standard.

To ensure reliable and tight locking of the relatively noisy optical frequency comb to the optical 
standard, the used OPLLs have to be fast enough and feature large-bandwidth noise suppression. On 
this basis we designed feedback loops which incorporate a miniature intracavity electro-optic phase 
modulator [3] and a fiber-coupled acousto-optic frequency modulator (Brimrose). These elements 
allowed fast frequency control and implementation o f OPPLs with bandwidths o f ~200 kHz and ~100 
kHz for the short-wavelength and long-wavelength sides o f the optical frequency comb, respectively. 
In order to extend the effective dynamic range o f the OPPLs and provide continuous long-term 
stabilization o f the comb, the fast frequency controls were assisted by the relatively slow controls: 
PZT-based cavity length control, pump power control, and temperature control.

To the best o f our knowledge, such combination o f controls including a fiber-coupled acousto
optic frequency modulator was not yet used for stabilization in the early experimental and commercial 
frequency combs generated by femtosecond erbium fiber laser systems. Therefore, stabilization 
performance in those systems was limited by the relatively slow pump power control o f erbium fiber 
lasers. The millisecond life time of the upper laser level limits the bandwidth of the corresponding 
laser frequency control via population inversion variation to a value less than 10 kHz [4].

Fig. 1 Implemented scheme of precise stabilization of a fiber-based optical frequency comb to an iodine 
optical frequency standard: EOM -  electro-optic phase modulator, PZT -  piezoelectric translator, AOM -  
acusto-optic frequency modulator, LD -  laser diode, TEC - thermoelectric converter, EDFA- erbium-doped 
fiber amplifier, HNLF -  highly-nonlinear fiber, PFD-1,2 -  phase-frequency detectors, SHG -  second 
harmonic generation.

The implemented OPPL design has ensured tight locking of the optical frequency comb to the 
reference optical standard. It features millihertz-scale residual random deviations of the corresponding 
comb teeth against the optical standard frequency (Fig.2).
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Fig. 2 Residual random frequency deviations of the corresponding comb teeth against the optical standard 
frequency. The left graph represents measurements of the beat frequency (Sf1=20 MHz) obtained with the 
short-wavelength comb tooth at X1~1 pm. The right graph represents measurements of the beat frequency 
(f>=10 MHz) obtained with the frequency-doubled long-wavelength comb tooth at X2~2pm.

The reference standard is based on a frequency-doubled Nd:YAG (Yb:YAG) laser stabilized to a 
narrow nonlinear saturated absorption resonance in the hyperfine structure of molecular iodine. Its 
long-term frequency instability was measured to be as low as ~10-15 [5]. Fig.3 represents an added 
instability which is additive to the instability of the optical standard. It characterizes performance of 
the achieved locking of the frequency comb to the frequency standard. Data for the Allan deviation 
calculation were obtained using an original experimental arrangement which allows direct 
measurement of a radio frequency f f  defined as:

f r f  2 A f comb f Nd'.YAG ,
where Afcomb = f xi - f ^  ~ 1,41014 Hz is the octave width of the optical frequency comb, and f Nd:YAG ~ 
2,81014 Hz is the fundamental frequency of the optical standard. Thus instability of the measured 
frequency f / was attributed to the residual random deviations of the doubled comb width (2Afcomb) 
against the optical standard frequency (fNd:YAG).

Fig. 3 Allan deviation calculated for residual random deviations of the doubled comb width (2Afcomb) against 
the optical standard frequency (fNd:YAG).

Thus measurement-based evaluation of the instability added by residual phase errors of the OPPLs 
proves the capability of the implemented optical frequency comb to transfer the stability of the iodine- 
based optical frequency standards across a huge wavelength range (~0.5 to 2.1 pm) without serious 
degradation. The strict equidistance of the comb optical frequencies, whose spacing is equal to a 
certain radio frequency, allows also transfer of the optical frequency stability to a radio-frequency 
band and implementation of optical clocks. Important advantages of the presented fiber-based 
frequency comb over classical solid-state femtosecond systems are compactness and low power 
consumption that makes possible implementation of mobile metrological devices on the comb basis.
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In the last decade, research in high energy, short duration, pulsed fibre laser systems has yielded 
significant advances that have allowed fibre laser systems to compete with more established solid 
state lasers in a range of applications[1,2]. Important features of femtosecond lasers in all applications 
include high pulse energy and ultrashort pulse duration. Other design objectives concern beam 
quality, wall plug efficiency, thermal stability and long term reliability. Early ultrafast fibre laser 
systems took advantage of the propagation of solitons in optical fibres in the anomalous dispersion 
regime using Erbium doped fibres, but the energy of a fundamental soliton is fixed by the dispersion 
and nonlinearity of the fibre, and generally limited to sub nanojoule level. These pulses can however, 
be stretched using linear propagation in a fibre or by using a grating, and then further amplified using 
chirped pulse amplification.

More recently it has been possible to take advantage of the greater efficiency of Ytterbium doped 
optical fibre amplifiers, which operate in the normal dispersion regime, where soliton formation is 
precluded. These “all normal dispersion” (ANDi) fibre lasers produce linearly chirped pulses which 
are ideally suited to further amplification using Ytterbium doped chirped fibre amplifiers. In addition 
these lasers can operate at low repetition rates (a few MHz) and produce pulses with tens of 
nanojoules of pulse energy, thus simplifying the subsequent amplification stages.

Most ANDi lasers are mode locked using one of two mechanisms: either by the use of a 
semiconductor saturable absorber mirror (SESAM) or using the phenomenon of nonlinear polarization 
evolution in a section of optical fibre. Both of these techniques can exhibit long term stability issues, 
and for industrial application a totally reliable seed oscillator is needed.

We have recently demonstrated robust, passively mode-locked fibre laser designs using nonlinear 
amplifying loop mirrors (NALMs) for mode-locking, which allows for integrated all-fibre, all
polarisation maintaining (PM) cavity configurations, which are inherently stable against 
environmental perturbations. This laser system is self starting, producing linearly chirped pulses with 
an operating bandwidth of several nanometers.

Fig. 1 Schematic diagram of laser cavity using a nonlinear amplifying loop mirror
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We report on our latest achievements in this area focussing on the excellent long term stability and 
adaptability of these sources. Fig. 1 shows our basic design fabricated using all-normal dispersion 
fibres and all-PM fibres making for an environmentally robust system. These laser systems have been 
operated at a range of wavelengths between 1030nm and 1060nm, and at a range of repetition rates 
from as low as 500kHz to 15MHz. The fundamental property of these lasers is that the NALM 
preferentially transmits rectangular pulses with a constant intensity, which develop within the laser 
with a linear chirp. Thus the energy of the output pulses scales inversely with the repetition rate. The 
low repetition rate systems operate at over 10nJ per pulse, producing pulses with an excellent linear 
chirp which can be readily compressed after further amplification using a grating compressor.

Using a short length of normal dispersion erbium doped gain fibre and dispersion shifted fibres, it 
is even possible to operate this laser in the C band, and this result emphasises the flexibility of the 
design and highlights what can be achieved using an all-fibre approach. Progress in amplifying these 
pulses to multi Watt levels will also be discussed.
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The status of BIRD (Broadband infrared medical diagnostics) project will be presented. It includes a) 
protocols (sample collection and storage), b) results with a conventional Fourier spectrometer (FTIR, 
[1]) in the fingerprint range 6-11 pm for blood serum and exhaled air as well as tests of a laser 
spectrometer based on Field Resolved Spectroscopy (FRS). A mid-infrared range is chosen because of 
fundamental vibrational absorption bands of biological probes.

Broadband mid-infrared laser oscillators in the range 3-20 pm do not exist. Therefore, several 
nonlinear schemes based on fibers [2], solids [3] as well OPOs [4] were recently developed to cover 
this range. Nevertheless, up to date none of them exceeds the spectrum bandwidth of a thermal source 
(globar) used in mid-infrared FTIR conventional spectrometers.

Our FRS spectrometer is based on a thin-disk Kerr-lens Yb:YAG oscillator centered at 1,03 pm [5] 
and a difference generation conversion scheme that transfers infrared to mid-infrared supercontinuum 
centered at 10 pm [6]. 20-fs infrared pulses after the broadening-compression stage become 
transferred into 70-fs pulses (coherent supercontinuum 7 to 18 pm) in a nonlinear crystal [6]. An 
essential part of the spectrometer is a FRS scheme used before in THz spectroscopy that allowed us 
to achieve both high sensitivity and high dynamic range. The FRS detection approach leads to the 
dynamic range at least 107 versus 104 achieved for FTIR, and the detection sensitivity for exhaled air 
and blood serum at least 10 ppb (part-per-billion of relative volume concentration) approaching that 
of FTIR. In general, laser-based spectrometers hold the promise for higher detection sensitivity 
because of higher flux of mid-infrared radiation. It is worth mentioning that chromatography and mass 
spectroscopy demonstrate comparable sensitivity suffering in the same time from well-known 
limitations.

High detection sensitivity is an essential part of a concept of early disease diagnosis. The concept 
relies on effective therapy modifying metabolic processes in the body in the direction of the norm 
specific for each individual. The concept implies that the earlier the deviation from the norm is found 
the higher the chance for successful treatment. The targeting detection sensitivity lies in the ppt range. 
Other critical statistical parameters of the concept are sensitivity o f the technique (SeT) defining the 
proportion of correctly identified sick individuals and specificity of the technique (SpT) defining the 
ability of the technique to correctly identify individuals without the disease.

For FTIR spectrometer, we started with the protocol development for blood serum probes, 
continued then with the development of pre- and post-processing data analysis. As the next step we 
used the protocols and analysis software package for experiments with probes of three groups of 
individuals: healthy, bronchitis and lung cancer. For these statistically limited groups (up to 30 
individuals per group), SeT and SpT approached 85 and 90%, respectively. First FRS calibration tests 
of the same probes as we used for FTIR will be presented and discussed.
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He-Ne ring lasers are extremely sensitive devices for inertial rotation measurements. Such devices 
find applications in different fields of technology and science [1], from inertial navigation to structural 
engineering, from metrology to geophysics and seismology. Their resolution depends on the optical 
cavity size and its geometrical stability. The state of the art is represented by the large frame “G” 
ring-laser operating at the Geodetic Observatory of Wettzell (Germany). It is a square monolithic 
zerodur cavity with a side length of 4m. In the last years “G” performed a continuous monitoring of 
the Earth rotation obtaining very exciting results in the field of geophysics and geodesy [2]. The 
resolution of “G” is approaching the requirements for the detection of the small shift on the Earth's 
rotation given by its gravito-magnetic field. According to the Einstein’s General Relativity, this 
effect, also known as Lense Thirring effect, is about 1 part in109 the Earth rotation rate itself.

I will report about the experiments conducted by the Italian Institute of Nuclear Physics (INFN) 
aiming to demonstrate the feasibility of a large frame detector for ground-based measurement of the 
Earth's gravito-magnetic field by means of actively controlled ring laser arrays [3]. Presently, three 
square-cavity ring laser gyroscopes are under development: GINGERino, GP2 and G-LAS.

GINGERino is shown in Fig. 1. It is 3.6 m in side and is located inside the deep underground 
INFN laboratories of the GranSasso; its aim is to characterize the underground rotational seismic 
noise in view of the installation of a larger gyroscope array for fundamental Physics tests. The present 
measured resolution is 30 prad/s in 500 s of integration time. This corresponds to a precision of 0.6 
ppm on the Earth rotation rate. GINGERino has been able to detect the tiny ground rotations (around 
the vertical direction) induced by the passage of several teleseismic waves in the frequency range 
between (1 mHz and 1 Hz) [4]. Standard seismometric equipment has been installed on the laser 
cavity frame by INGV (Italian National institute of Geophysics and Volcanology). This allows us to 
perform comparative analysis of rotations and translations and to have an insight on the surface wave 
propagation properties.

Fig. 1 GINGERino ring laser gyroscope inside the deep underground laboratory of LNGS. Two broadband 
seismometers and a nano-tiltmeter are installed on top of the central structure of the granite frame supporting 
the optical cavity.

GP2 is shown in Fig. 2. It is 1.6 m in side and is located in Pisa, by the INFN laboratories. Its 
plane is oriented perpendicularly to the Earth rotation axis, in order to have a maximum bias for the 
Sagnac effect. The aim of this setup is to study and optimize the control of the ring laser cavity 
geometry. GP2 optical cavity is equipped with a dedicated diagnostic system, based on laser 
interferometry, for the control of the cavity deformations down to the sub-nanometric level. Since the 
effects of the environmental parameters on the ring laser beam path stability are strongly reduced if 
the two diagonals length are constrained to a constant value, we decided to exploit the two Fabry-
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Perot resonators formed by the opposite mirrors of the ring cavity. In this way one can determine very 
precisely the distances between opposite mirrors (diagonal lengths) of the square and lock them to the 
frequency of a common externally-injected reference laser. The experimental technique [5], based on 
a triple phase- modulation scheme, and the present status of the stabilization system will be presented.

Fig. 2 GP2 setup. Laser excitation is obtained with a He-Ne plasma produced with a RF discharge in a small 
region in the middle of one side. The vacuum chamber contains the optical path of the ring and of the two 
diagonal linear resonators.

G-LAS (Fig. 3) is a new kind of dynamic laser goniometer [6], being developed by a collaboration 
between INRIM (Italian Institute of Metrology) and INFN. The main purpose of this project is the 
implementation of an extremely accurate transportable rotational standard. Further applications of this 
device are connected also to the measurements of seismic rotational effects and to the demonstration 
of a self-calibration concept of the gyroscope for geodetic and relativistic experiments. The target 
accuracy is 10 nrad, being the accuracy of the most precise angular encoders at the level of some 100 
nrad. Our key idea is to setup a rotating square non-monolithic cavity of about 0.5 m in side making 
use of the last generation dielectric super-mirrors employed in the much larger gyroscopes for 
geodetic and geophysical applications. I will discuss the main issues and proposed strategies.

Fig. 3 G-LAS prototype design. The supporting frame is in carbon fiber and the four corner boxes 
composing the ring laser in aluminum. The ring laser goniometer is attached onto a rotating platform.
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George Sagnac in 1913 showed that light traveling along a closed-ring path in opposite directions 
allows one to detect the rotational speed of the ring structure with respect to inertial space. Michelson 
was able a few years later to measure the Earth rotation rate with a very large interferometer with 
some hundredth meter of size. Using classical optical source, however, the observation of the effect 
was a quite hard experimental task.

The invention of laser changed completely the perspective. First demonstration of laser gyroscopes 
based on Sagnac effect was published yet in 1963. This was the beginning of a strong technological 
effort. Since a laser gyroscope has no moving mechanical part and, differently from mechanical 
gyroscopes, is in principles completely not sensitive to translational motion. It was then the ideal 
solution for inertial navigation.

Starting with the last years of 20th century, thanks to the great improvement in mirror 
manufactory, large frame ring lasers with very high sensitivity has been built. Presently, the best 
performing one is the “G-ring” in Wettzell (Bavaria, Germany). It is currently able to measure the 
Earth rotation rate with a resolution approaching 10-9, paving the way to application in geodesy, in 
geophysics and seismology.

The lecture will review the present state of the art of ring laser technology and its applications. In 
particular, I will discuss the INFN GINGER project, which has the aim to build in the underground 
Gran Sasso laboratories a ring apparatus able to attain the sensitivity necessary to observe of very thin 
effect drag effect on the metric foreseen by General Relativity that is generated by the rotating Earth 
mass.

79

mailto:beverini@df.unipi.it


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Properties of aqueous solutions in THz frequency range
O. C herkasova1, M. Nazarov2,3, A. Shkurinov2,4

institute o f Laser Physics o f SB RAS, Novosibirsk, 630090 Russia 
2Crystallography and Photonics Federal Research Center, RAS, Moscow, Russia 

3Kurchatov Institute National Research Center, pl. akad. Kurchatova 1, Moscow 123182, Russia 
4Lomonosov Moscow State University, Moscow, 119991, Russia 

E-mail: o.p.cherkasova@gmail.com

THz spectroscopy is a unique tool that can be used for analysis of solutions because changes in 
relative proportions of free and bound water and in relaxation times for either of these states can all be 
observed in THz range. The THz time-domain spectroscopy (THz-TDS) has been used for measuring 
of bovine serum albumin (BSA) and glucose solutions. We also analyzed the change in the THz 
absorption during incubation of BSA with glucose. This is a model experiment for the study of the 
process of protein glycation. Protein glycation is accelerated under hyperglycemic conditions 
resulting in loss of the structure and biological functions of proteins.

To detect small-scale changes in solutions we have performed measurements using both 
transmission in 0.5 mm cell and attenuated total internal reflection (ATR). By combining the results 
obtained in both configurations, the reliable range of the obtained complex dielectric function 
spectrum can be considerably broadened (0.07-2.7 THz).

The THz time-domain spectrometer used in the study was described previously [1]. It is known 
that the biological solutions spectral shape is mainly determined by Debye gamma-relaxation (or 
“slow” relaxation) of water molecules [2, 3], thus we should move to as low frequencies as possible. 
We analyzed the reasons for the THz transmission changes of studied solutions comparing 
experimental spectra to the model dielectric function of water. The insertion of glucose into water 
leads only to an increase of relaxation time t1 of the slow Debye process of this solution. This simple 
approach describes observed spectral changes in a broad frequency range and for a number of 
concentrations from 10 mM to saturated solution. The obtained experimental and model spectra of the 
dielectric function for the aqueous solution of glucose at a concentration of 4.7 M are shown in Fig. 1.

Fig. 1 Spectra of (a) real and (b) imaginary parts of the dielectric function e(f) for a saturated aqueous 
solution of D-glucose and water at T = 22 °C. Points show combined experimental data on the transmittance 
and reflectance spectroscopy, solid curves are the Debye models, and the dashed curve is the Cole -  Cole 
model.

Of course, the real and imaginary parts of e(f) can be accurately approximated in the case of 
several varying parameters. However, we perform fitting simultaneously for both parts of e(f), which 
complicates obtaining an exact agreement between the model and experimental results in a wide
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frequency range. Thus, in the case of the glucose solution, the calculation results for both models (the 
Cole -  Cole model and the two-component Debye model) are equally consistent with the 
measurement results. We believe that, instead of complicating the models used for the analysis of 
experimental data, it is necessary to improve the accuracy and repeatability of experiments and to 
expand the spectral range of a measurement.

We have found that increasing of BSA concentration in the solution results in a decrease of the 
amplitude As1 of the slow Debye relaxation process (Fig. 2). It can be seen that the dependence of As1 
from concentration of BSA in solution is not linear and has a bend at 30 mg/ml. We have not 
confirmed anomalous changes observed in papers [4, 5] at low concentrations and at low frequencies.

Fig. 2 Spectra of (a) real and (b) imaginary parts of the dielectric function s(f) for an aqueous solution of 
BSA and water at T = 22 °C. Points show the ATR experimental data and solid curves are the Debye model;
(c) the dependence of the parameter Asb found as a result of approximation from BSA concentration in 
water.

Of practical interest is not a study of aqueous solutions of proteins or sugars separately, but a study 
of their mixtures. It is known that a high glucose level in human blood leads to glycation of proteins. 
The BSA (50 mgmL-1) was incubated in a phosphate buffer (50 mM, pH 7.4) in the presence of 
glucose (0.5 M) for 96 hours at T = 47 °C. It was found that value of THz absorption coefficient of 
glycated albumin solution varies considerably during incubation. At the early stage of incubation, the 
amplitude of the first Debye term As1 was 88% relative to the value for pure water. After 96 hours of 
incubation BSA with sugar the amplitude of the first Debye term As1 was 92% relative to that for pure 
water [6].

So, dielectric properties of BSA and glucose solutions were thoroughly measured at 0.07-2.7 THz. 
It was found that the most significant is the reduction As1 (or increase t1) of the slow Debye relaxation 
process with increasing concentrations of solute. Glycation of BSA results in a change the parameters 
of slow Debye relaxation. During incubation of BSA with sugars the incubation mixture contains a 
significantly smaller part of sugar molecules bound with water molecules and the amount of free 
water molecules is increased at the final stage of incubation.

This work has been supported by RFBR (grant № 14-02-00846, № 14-02-00979 and № 16-52
00222).
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T h e  d e p lo y m e n t o f  m a g n e tic  n a n o p a rtic le s  (M N P s) fo r  b io m e d ic a l a p p lica tio n s  h as s te a d ily  in crea sed  
in  th e  p a st d eca d e  [1 ]. T h e u se  o f  M N P s  as M R I con trast a g en ts  and  fo r  h y p erth erm ia  is  w e ll  
in v e stig a te d . M ore  im p ortan tly , fu n c tio n a liz e d  M N P s  in jec ted  in to  th e  b lo o d  stream  h a v e  a  h ig h  
p o ten tia l fo r  ta rg eted  drug d e liv e r y  to  b io lo g ic a l en tit ie s , su ch  a s tu m ors or  organ s. In v ie w  o f  c lin ic a l  
a p p lica tio n s , m o st  M N P -b a se d  m eth o d s  require q u an tita tive  m e th o d s  fo r  m o n ito r in g  the sp a tia l M N P  
d istr ib u tion  in  th e  b io lo g ic a l t is su e . M a g n e to re la x a tio n  (M R X , [7 ])  im a g in g  and  M a g n e tic  P article  
Im a g in g  (M P I, [8]) are tw o  im a g in g  m o d a lit ie s  th at are a c t iv e ly  b e in g  d e v e lo p e d  to w a rd s th is  g o a l. 
T h ere is  a lso  an  e v id e n t n e e d  fo r  m ea su r in g  and  o p tim iz in g  the M N P  p rop erties , in  particu lar  their  
s iz e  d istr ib u tion , in  v ie w  o f  o b ta in in g  the h ig h e s t  p o s s ib le  M N P  d e te c tio n  s e n s it iv ity  w ith  the lo w e s t  
p o ss ib le  q u an tity  o f  in jec ted  M N P s.

Im a g in g  and  ch aracter iza tion  b o th  re ly  o n  th e  M N P s ’ su p erp aram agn etic  ch aracter w h ic h  re la tes  to  
th e  fa c t th at M N P s  o f  s u ff ic ie n t ly  sm a ll s iz e  are s in g le  fe rro m a g n etic  d o m a in s . A s  su ch , th e  M (H) 
d ep e n d e n c e  o f  an e n se m b le  o f  M N P s  ca n  b e  rep resen ted  b y  a  L a n g e v in  fu n c tio n

l ( x  =  -7- )  =  M (x )/M s =  c o t h x — 1  w ith  th e  saturation  f ie ld  H k =  fcfJ , (1 )
V HкJ x !AqMs V

w h ere  Ms is  th e  saturation  m a g n e tiza tio n , and  V th e  M N P ’s core  v o lu m e . T he ch aracter istic  fea tu res  
o f  th is  m a g n e tiz a tio n  b eh a v io r  are (a ) the a b sen ce  o f  h y s te r e s is  and  (b ) the r e la tiv e ly  m o d e s t  v a lu e  
( f e w  m T ) o f  th e  saturation  f ie ld  B k =  p.0H k.

A ll  a p p lica tio n s  m e n tio n ed  a b o v e  re ly  o n  m a g n e tiz in g  th e  M N P  lo c a te d , sa y  at r  =  0 , b y  a  

m a g n e tic  ex c ita tio n  f ie ld  H ( 0) ,  and  d e te c tin g  th e  m a g n e tic  f lu x  d e n s ity  B (r) к  M ( 0)  p ro d u ced  b y  

th e  sa m p le  m a g n e tiz a tio n  M ( 0 )  w ith  a  m a g n e to m eter  lo c a te d  at f . In m o s t  co n v e n tio n a l m a g n e tic  

M N P  ex p er im en ts  o n e  d e p lo y s  ex c ita tio n  f ie ld s  H ( r  =  0 , t) th at h a rm o n ica lly  o sc illa te  at шехс, in  

co m b in a tio n  w ith  d e te c tio n  o f  В (r, t), or  rather d B (r, t)/d t  b y  a  p ick -u p  lo o p  b a sed  o n  F arad ay’s 
in d u c tio n  la w . B e c a u se  o f  th e  t im e -d e r iv a tiv e , th e  e f f ic ie n c y  o f  p ick -u p  d e te c tio n  d e c r e a se s  at lo w  

fr eq u en c ie s  lik e  . W e  stro n g ly  b e lie v e  th at a to m ic  m a g n e to m eters  (A M ) p resen t an  in terestin g  
a ltern a tive  to  the p ick -u p  lo o p  d e te c tio n  o f  M N P  s ig n a ls , s in c e  their  p erform an ce  d o e s  n o t  d egrad e  
w ith  d ecrea sin g  freq u en cy , th u s a llo w in g  e f f ic ie n t  lo w -fr e q u e n c y , and  e v e n  D C  d e tec tio n . H ere  w e  
r e v ie w  sev era l p r o o f-o f-p r in c ip le  ex p er im en ts  th at w e  h a v e  p erfo rm ed  a lo n g  th e se  lin e s .

Magneto-relaxation (MRX): M a g n e tiz e d  M N P s , w h e n  im m o b iliz e d  (e .g ., a ttach ed  to  a  c e ll  
su rfa ce , or  em b ed d ed  in  a  m a tr ix /tis su e ) h a v e  N e e l  re la x a tio n  t im e s  in  th e  se c o n d s  to  m in u te s  range, 
d ep en d in g  o n  th e  p a r tic le s ’ s iz e . T h is  p rop erty  is  u sed  to  d iscr im in a te  s ig n a ls  from  b lo c k e d  M N P s  
a g a in st s ig n a ls  p ro d u ced  b y  M N P s  in  b o d y  flu id s . M R X  c o n s is ts  in  m a g n e tiz in g  th e  p a rtic le s  b y  a  

f ie ld  H  o f  sev era l m T  fo r  a  g iv e n  a m o u n t o f  t im e , and  th e n  m o n ito r in g  th e  d ec a y in g  m a g n e tic  f lu x  

d e n s ity ’s m a g n itu d e  B(t), a fter  H  h as b e e n  sw itc h e d  o ff . In [2] w e  h a v e  sh o w n  th a t tw o  A M s  
(op era ted  as a  gra d io m eter) ca n  be  u se d  to  m o n ito r  B (t)  d e c a y in g  from  a  f e w  n T  d o w n  to  a  f e w  pT  
o v e r  tw o  m in u te s . In th at p ap er  w e  h a v e  a lso  r e v ise d  th e  fu n c tio n a l d e p en d en ce  o f  th e  M R X -d e c a y ,  
w h ic h  in  a  s im p lif ie d  form  is  g iv e n  b y  B (t) к  ln ( 1  +  т/t ) ,  to  com p are  re la x a tio n  cu rv es  from  
v a r io u s  sa m p le s  h a v in g  a v era g e  M N P  p artic le  radii ran g in g  fro m  14 to  21  nm . F its  o f  th e  resu lts  h a v e  
further a llo w e d  u s ex tractin g  th e  saturation  m a g n e tiz a tio n  Ms and  th e  so -c a lle d  m a g n e tic  a n iso tro p y  
c o n sta n t K , and  to  stu d y  th e  d e p en d en ce  o f  Ms and  K o n  p artic le  s iz e .

Magnetic source imaging camera (MSIC): C o n v en tio n a l M R X  d o e s  n o t y ie ld  d irect in fo rm a tio n  
ab o u t th e  M N P ’s sp atia l d istr ib u tion . T h e la tter ca n  b e  a s se s se d  b y  s im u lta n e o u s ly  reco rd in g  M R X  
s ig n a ls  w ith  an  A M  array. B a se d  on  th e  m e th o d s  d escr ib ed  b y  F e sc e n k o  and  W e is  [3 ], w e  are in  th e  
p r o c e ss  o f  d e v e lo p in g  a  m a g n e tic  sou rce  im a g in g  ca m era  (M S IC ), i .e .,  a  d e v ic e  y ie ld in g  a  d irect
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v isu a liz a t io n  o f  th e  tw o -d im e n s io n a l sp atia l d istr ib u tion  o f  a  s p e c if ic  c o m p o n e n t o f  th e  m a g n e tic  f ie ld  
v ec to r . T h e  M S IC  p r in c ip le  is  sk e tch ed  in  F ig . 1.a. A  sh e e t  o f  c ircu la r ly -p o la r ized  reso n a n t la ser  lig h t  
p u m p s a  la y er  o f  C s a to m s (c o n ta in e d  w ith  a  b u ffer  g a s  in  a  cu b ic  v a p o r  c e l l )  in to  a  dark state th at is  

s ta b iliz e d  b y  a  m a g n e tic  f ie ld  B 0. A  C C D  ca m era  record s flu o r e sc e n c e  from  th at layer . A n y  f ie ld  

SBMNP(r) p ro d u ced  b y  th e  o b je c t  o f  in terest (here a  m a g n e tiz e d  M N P  sa m p le ) adds to  B 0, th ereb y  
ch a n g in g  th e  to ta l f ie ld  -  and  h e n c e  th e  sp in  p o la r iza tio n  b y  v ir tu e  o f  th e  g rou n d  state H a n le  e f fe c t  -  
at ea ch  p o s it io n  ( f )  in  th e  sh ee t. S in c e  th e  flu o r e sc e n c e  y ie ld  d e p en d s o n  th e  lo c a l d eg ree  and  
orien ta tio n  o f  th e  sp in  p o la r iza tio n , th e  flu o r e sc e n c e  from  ea ch  p o in t  c h a n g e s  in  a  s p e c if ic  m an n er  as  
d isc u sse d  in  [3]. F igu re  1.b sh o w s  C C D  fram es th at rep resen ts th e  flu o r e sc e n c e  c h a n g e s  (p rop ortion a l 

d o  8BH) in d u ced  b y  m a g n e tiz e d  M N P s  [4] and  th e  sa m p le  m a g n e t iz a t io n ’s d e c a y  (M R X  sig n a l) .

Fig. 1 a): MSIC principle; b) CCD frame representing fluorescence induced by dried MNPs and MRX decay 
of integrated signal; c) Magnetization curve and its derivative of water-suspended MNP sample.

AC susceptometry (ACS) and Magnetic Particle Imaging (MPI): In con trast to  b lo c k e d  M N P s, 
th e  m a g n e tiza tio n  o f  M N P s  su sp en d ed  in  a  f lu id  u n d erg o es  a  v e r y  fa st (m ic r o se c o n d  or  le s s )  B ro w n  
re la x a tio n  th rou gh  ro ta tion a l d iffu s io n . T h is  fa c t p rev en ts  th e ir  d e te c tio n  b y  M R X , but a llo w s  the  

p a rtic le s  to  react q u a s i-in sta n ta n eo u s ly  to  o sc illa t in g  d rive  f ie ld s  Hdrive ( 0  p ro d u c in g  a  related  

re sp o n se  BMNP(t). B e c a u se  o f  th e  n o n lin ea r  BMNP(Hdrive) <xMMNP (Hdrive) re la tio n  g iv e n  b y  

E q. (1 ) , a  m o n o ch ro m a tic  d rive  p ro d u ces  o d d  o v e r to n e s  in  th e  F ou rier  sp ectru m  o f  th e  BMNP (t) 
r e sp o n se . W e  h a v e  d e v e lo p e d  A M -b a se d  m e th o d s  [5] a llo w in g  th e  d irec t record in g  (F ig . 1 .c) o f  th e  
BMNP(Hdrive)  d ep e n d e n c e  and  its  d er iv a tiv e  6BMNP/6 H drive(Hdrive). T h e m eth o d  ca n  b e  a p p lied  to  M N P  
sa m p le s  co n ta in in g  d o w n  to  1 p.g o f  iron  and  ca n  b e  u sed  to  ex tract M N P  s iz e  d istr ib u tion s [6]. T he  
fa c t th at th e  6BMNP/6 H drive s ig n a l p ea k s at H drive=0 ca n  b e  u se d  fo r  m ea su r in g  sp atia l M N P  
d istr ib u tion s. S u p p o se  th at a  b u lk  sa m p le  c o n ta in in g  an in h o m o g e n e o u s  M N P  d istr ib u tion  is  e x p o se d  
to  an  in h o m o g e n e o u s  d rive  f ie ld , su ch  th at H drive=0 (F ig . 1 .c) at o n e  s p e c if ic  p o in t  (zero  f ie ld  p o in t, 
Z F P ) in  th e  sa m p le . S u p p o se  further th at th e  H drive f ie ld  in  o th er  parts o f  th e  sa m p le  is  su ff ic ie n t ly  
stron g  to  saturate th e  M N P  m a g n e tiz a tio n  at th o se  p o in ts . T h e  m a g n e to m eter  w il l  th en  d etec t  
dBMNP/d H drive s ig n a ls  o n ly  from  M N P s  lo c a te d  at or  n ear  th e  Z F P . A  record  o f  th e  m a g n e to m eter  
s ig n a l w h ile  sca n n in g  th e  Z F P  p o s it io n  th rou gh  th e  b u lk  w il l  th u s y ie ld  in fo rm a tio n  o f  th e  spatia l 
M N P  d istr ib u tion . T h e  m eth o d , d e p lo y e d  so  far o n ly  w ith  p ick -u p  c o i l  d e te c tio n  is  k n o w n  as X -sp a c e  
varian t [7] o f  M P I. M P I w a s  in v en ted  a  d eca d e  a g o  b y  research ers at P h ilip s  [8]. C urrently , b o th  X -  
sp a ce  and  freq u en cy -sp a ce  im p lem en ta tio n s  o f  M P I d e p lo y  d rive  f ie ld s  o sc illa t in g  at 2 5  k H z, to g e th e r  
w ith  p ick -u p  c o i l  d e tec tio n . T h e  h ig h  freq u en cy  at w h ic h  th e  h ig h  p o w e r  drive f ie ld  o s c illa te s  lea d s  to  
co n cern s  regard in g  h ea tin g  and  perip h era l n erve  stim u la tio n  o f  th e  p a tien ts . W e  b e lie v e  th at A M -  
d e te c tio n  o ffe r s  a  p ro m isin g  p e r sp e c tiv e  fo r  d e v e lo p in g  a  lo w -fr e q u e n c y  M P I-sca n n er  th at m a y  
c ircu m v en t th o se  is su e s .

W o rk  fu n d ed  b y  gran ts 2 0 0 0 2 1 /1 6 0 1 2 8  and  2 0 0 0 2 1 /1 4 9 5 4 2  o f  S w is s  N a tio n a l S c ie n c e  
F ou n d ation .
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Detection of physiological signals 
using FBG sensing techniques

D. J ia , H. Zhang, T. Liu
Tianjin University, China 

E-mail: dagongjia@tju.edu.cn

We present the system that can be used to monitor the variation of physiological signals base on FBG 
sensor.
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Fiber-optic pressure and temperature sensor
J . Jiang , S. W ang, K. Liu, J . Yin, F. W u, W. Zhang and T. Liu

College o f Precision Instrument & Optoelectronics Engineering, Institute o f Optical Fiber Sensing o f Tianjin University, 
Key Laboratory o f Optoelectronics Information Technology, MEC, Tianjin 300072, China

E-mail: jiangjfjxu@tju.edu.cn

Pressure and temperature are important monitoring parameters for many industry fields, such as oil, 
petrochemical, civil engineering, ocean, aviation, space and so on. Fiber-optic sensor have advantage 
of compact structure, electromagnetism immunity, electrical passive, high sensitivity, long distance 
and multiplexing [1-3]. Thus they attract intensive study in recent years. In this presentation, we will 
introduce our recent development in pressure and temperature sensors [4-8].

We designed and demonstrated fiber-optic Fabry-Perot (FP) pressure sensor based on MEMS 
technology. A direct and non-destructive self-referenced residual pressure measurement method is 
developed for MEMS pressure sensor head chip, which solved the critical issue of residual pressure 
measurement inside a sealed cavity. Polarization low coherence interference is used for the high 
precision cavity length retrieving through the optical path scanning process and zero optical path 
difference matching. The multiplexing for fiber-optic FP pressure sensors is realized by wavelength- 
division-multiplexing of polarized low-coherence interferometry

We developed a FP temperature sensor based on differential pressure resulting from thermal 
expansion of sealed air. By using mechanical lever principle, we transformed temperature change into 
cavity length variation of FP interferometer. The temperature sensitivity can be designed flexibly and 
conveniently by choosing cavity radius, thickness of silicon diaphragm, and the original differential 
pressure between cavities. In addition, this kind of sensors can be multiplexed with pressure sensors.

We developed a cost-effective and batch producible fiber-optic dual-parameter sensor based on 
hybrid FP configuration, which can be used for simultaneous measurement of pressure and 
temperature. The silicon-glass-silicon sandwich bonding structure constructs serially connected 
silicon and air low-finesse FP cavities naturally, which will produce hybrid cavities interference for 
temperature and pressure sensing.

We investigated in-line miniature micro-Michelson temperature sensor, which is fabricated by 
directly polishing single-mode fiber end face. This simple sensor can achieve 950°C high temperature 
measurement. For higher temperature measurement, a fiber-optic sensor using sapphire solid FP 
cavity is fabricated.

Fig. 1 (a) SEM of fiber-optic pressure sensor cross section. (b) Microscope photo of fiber-optic 
pressure sensor.
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Fig. 2 (a) The temperature sensor based on differential pressure, (b) The pressure and temperature sensor 
with hybrid FP, (c)The temperature sensor based on micro Michelson interferometer, (d) Sapphire FP 
temperature sensor.
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Recent advances in the terahertz photonics 
and spectroscopy at Novosibirsk free electron laser
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Novosibirsk free electron laser (NovoFEL) is a user facility [1] consisting of three laser systems 
emitting monochromatic high-power radiation in spectral ranges from 5 to 240 qm. The first THz 
laser system is in operation since 2003. It emits radiation as a continuous stream of 100-ps pulses with 
a repetition rate of 5.6 MHz in the spectral range from 90 qm to 240 qm with a line width less than 
1%. In a routine regime, the average power of radiation at the user stations is 50-150 W at A = 
130 qm. A high power radiation, a relatively narrow linewidth and the tunability of the radiation 
enable performing a wide variety of experiments. In this paper, we survey selected experiments in 
photonics performed recently at workstations of the facility. Photonics is a rapidly developing field of 
optics, which is still obviously underdeveloped in the terahertz range. The NovoFEL opened new 
possibilities for the development of new methods and techniques in the area.

One of the main tasks in the photonics is the transformation of terahertz beams. Optical elements 
for terahertz waves are rather different comparing with the classical optical elements. A number of 
silicon diffractive optical elements, which enabled transforming NovoFEL Gaussian beam into the 
Laguerre-Gaussian and Hermite-Gaussian ones, have been designed and fabricated [2]. Other 
elements transformed the NovoFEL beam into determined volumes (i. e ., a pencil-like beam), or areas 
(i. e,  a uniformly illuminated square). A problem of strong Fresnel reflection was solved by the use of 
anti-reflection film covering [3].

Using binary phase spiral axicons [4], non-diffractive Bessel beams with angular orbital 
momentum (vortex beams) with different topological charges were formed. Since such beams have 
great potential for use in data transmission and remote sensing, we investigated both numerically an 
experimentally the techniques, which allow to increase a distance of beam propagation without beam 
divergence. It can be realized by reducing wavelength or expanding the beam with a telescopic 
system. Another experimentally verified feature of the Bessel beams, which is useful for beam 
transport, was the ability of these beams to reconstruct themselvs after passing randomly non-uniform 
media or obstacles blocking several central Bessel rings [5].

Surface plasmon polaritons (SPP) are a subject of special interest in the integrated optics, but SPPs 
in the mid-infrared and terahertz ranges are still investigated insufficiently. Experiments with the SPP 
launched using NovoFEL radiation showed that the propagation length of terahertz SPPs is about 
10 cm. It appeared to be that the length at the gold-ZnS-air interface has a maximum, when ZnS 
thickness is about several hundreds of nanometers, which depended on surface quality. Such 
dependence has not been reported for the visible range. We have found also that THz SPPs can 
“jump” from one metal-dielectric interface to another one over the air gaps of up to 100-mm width 
[6]. A novel effect, the dependence of SPP generation efficiency on the direction of vortex beam 
rotation has been discovered, when the “end-fire coupling” technique was applied for SPP generation. 
This effect can be exploited for the development of a new type plasmonic key.
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Large wavelength of terahertz radiation enabled performing the classical optics experiments when 
the ratio X/ d - 1, where X is a wavelength and d is characteristic aperture size. We have studied 
diffraction of plane and vortex waves on different structures including periodic gratings and meshes 
(Talbot effect). The patterns observed in the case of vortex beams enables to detect characteristics of 
the beams.

High power of NovoFEL terahertz radiation enabled ignition of continuous optical discharge 
(COD) in gases at atmospheric pressure. It was found [7] that a sequence of 66-ps terahertz pulses 
strikes COD in Ar, He, N2, Air and CO2 at a specific power density of about 1 GW/cm2. Tunability of 
NovoFEL radiation, enabled to carry out a number of experiments on absorption spectroscopy of 
molecular gases and flames. In paper [8], OH radicals and NO molecules were detected in flames. In 
this case, laser generation line width was practically the same as the molecule absorption line, and 
laser radiation may be assumed to be monochromatic. But, in fact, in some cases several vibrational- 
rotational transitions of a molecule can lie inside the laser line bandwidth. This feature was used in [9] 
for fast one-pulse spectroscopy of HBr molecule in the gas phase. Excitation of the molecule with a 
laser pulse excited (J = 4) ^  (J  = 3) lines of H79Br and H81Br (66.70 pm and 66.72 pm) followed by 
a complicated free induced decay signal. Molecular spectrum can be reconstructed using a Fourier 
transform operation, but the induced decay signal for any molecular transition has a unique pattern, 
which can be used directly for detection of molecule.

The development and assembly of dedicated terahertz focusing system (beamline) was supported 
by Russian Science Foundation (grant 14-50-00080). The experiments were carried out with the 
application of equipment belonging to the Siberian Center for Synchrotron and Terahertz Radiation. 
The authors are grateful to the NovoFEL team for continuous support of the experiments. Binary 
axicons were designed and fabricated under support of the Ministry of Education and Science of 
Russian Federation (project 1879), the vortex beams were formed and investigated under support 
of RFBR grant 15-02-06444, and investigation of the optical discharge was performed under support 
of RFBR grant 14-22-02070.
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Application of laser technologies in production of 
elements of cardiovascular bioprosthesis
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Report describes the laser technologies used in the production of the elements of bioprosthesis. 
Authors describe existing problems, development of the technologies for their solution and create 
laser system for the production . The developed technology and instrumentation provide the upgrade 
of bioprosthesis and improve the long-term clinical results in their application.
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Terahertz (THz) technologies have attracted great interest in their possibilities over a wide range of 
industrial applications such as wireless communications, spectroscopy, and imaging. According to a 
recent forecast, terahertz components and systems market will continue to grow dramatically in the 
approaching decades [1]. Thanks to the last 10 years of efforts to develop cost-effective and easy-to- 
use systems, industrial applications of THz technologies are soon be open. Consequently, compact 
and low-cost THz devices are getting more important to the wide fields of applications.

Having our developed monolithically integrated single cavity dual-mode laser which ensures co
polarized and collinear dual-mode emission, significantly simplifies the optical alignment, and 
reduces the number of required components [2-4], we have also proposed several different types of 
photomixers including low-temperature grown (LTG) GaAs photomixers, evanescently coupled 
waveguide photodiodes (ECPDs) and uni-traveling-carrier photo-diodes (UTC-PDs). According to 
our research roadmap to open the industrial applications, we are currently developing arrayed type 
THz components.

Based on our continuous wave (CW) THz components, we have developed several systems 
including THz thickness measurement system, THz transmission or reflection type scanning imaging 
system, THz spectroscopic system, and their hybrid systems.

Fig. 1 ETRI’s portable THz spectroscopy system. Frequency tuning range is over 1.5 THz with 0.25 GHz 
resolution. System size is 22x18x14 cm3.

In this talk, our recent studies in the field of CW THz systems based on photonics technologies 
including beating sources, THz generating and detecting devices and their applications such as THz 
imaging and thickness measurements will be briefly reviewed [5-7].
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It is reported on the establishment of pulsed gas discharge excimer ArF, KrCl, KrF and XeCl lasers 
and the development of pulsed UV laser technology based on them for use in ophthalmic surgery. 
These lasers are characterized by high radiation energy, pulse power and total efficiency, allowing to 
be used for a variety of practical applications.

The results of the optimization of short-pulse UV laser radiation parameters and their successful 
use for the development of medical laser technologies for ophthalmic surgery and the creation of 
experimental excimer laser systems for excitation cheap gas mixtures by nanosecond transverse 
electric discharge without high-pressure neon or buffer-free gas mixtures are presented.

The results of the application of the developed medical UV laser systems for development of new 
laser technologies for ophthalmic surgery as joining efforts of Institute of laser physics research team 
with medical collaborators of the Novosibirsk city are presented.

For the application of pulsed UV radiation in ophthalmology laser radiation transmission curves by 
the human eye cornea in the UV region of the spectrum are studied. Based on these data the UV laser 
wavelengths for optimal corneal surface profiling without damage are defined. Special studies have 
shown the impact of the biological safety of a powerful UV laser radiation on human tissue, allowing 
going to clinical trials.

It is reported on the establishment of a method of treatment of herpetic keratitis, which is 
characterized by bactericidal, non-contact, painless influence on affected eye corneal tissue. After a 
long time of laser procedures relapse does not occur, typical of this disease.

As a result of joining efforts developed methods of excimer laser human eye cornea reshaping 
based on ArF and KrCl excimer laser. These methods based on the curvature of the cornea surface by 
changing its layer-evaporation on the rotating masks developed technology while preserving its 
transparency without thermal damage.

A safe, effective "ab-externo" open angle glaucoma surgery technology using XeCl laser is 
developed. It has been shown that this is the optimal wavelength for this technology.

Developed UV laser technology supported by the relevant patents of Russia, USA and Spain.
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Cryogenic opto-acoustical gravitational wave antenna
V. R udenko, S. O reshkin, S. Popov, and I. Yudin

Sternberg Astronomical Institute o f Moscow State University 
119992 Moscow Universitetskii prospect 13, Russia 

E-mail: rvn@sai.msu.ru

This Gravitational antenna OGRAN is the setup having a combination of acoustical and optical 
principles of gravitational wave detection. OGRAN was developed and constructed by collaboration 
of Moscow State University (Sternberg Astronomical Institute, SAI MSU) and Russian Academy of 
Sciences (Institute of Nuclear Research, INR RAS, and Institute of Laser Physics, ILP SB RAS). 
Detailed description of this antenna was given in [1, 2]. At present the antenna OGRAN is installed in 
underground facilities of the Baksan Neutrino Observatory of INR RAS and is going on through a 
commission stage. Using this instrument, a long time observation of the gravity gradient background 
is planned in parallel with neutrino events monitoring at the neutrino telescope setup (BUST) [3] 
having the goal of a joint search for collapsing stars -  relativistic transient events in our Galaxy and 
close halo region with radius ~ 100 Kpc. Extension of the zone of detectable sources requires an 
instrument with enhanced sensitivity. For the OGRAN antenna construction (fig.1) [1, 2], it could be 
achieved in particular using its cryogenic version with cooled solid body GW detector. The 
unavoidable noise background for the OGRAN setup is composed by the two natural sources of 
fluctuations: thermal noise of the acoustical bar and photon noise of the optical read out. Effectiveness 
of these sources depends on the key parameters of the setup such as mechanical losses, temperature, 
optical power, cavity finesse. For calculation of optimal combination of variable parameters of the 
cooled antenna, we used the following (typical for OGRAN) constant values: length L=2 m, mass M  = 
2000 kg, quality factor Q^=2-106, acoustical c@=104 s, time of the signal r=10'3 s. The temperature T 
in our calculation was considered as the variable argument inside the interval (3^300) K. For the 
optical readout system, we supposed the following data: pump power P= 100 mW ^ 1 W, number of 
reflection N  =104̂ 105, photo efficiency /7=0.7, Xe =1 qm. Numerical calculation shown that at 
temperatures 50 -  100 K, the optical read out has the low noise factor, i.e., it is practically an “ideal 
registration system” without an additive noise. The receiver bandwidth is several tens of Hz, and the 
amplitude spectral noise density hmin is only few times larger than the level of potential sensitivity 
with ideal registration system hminpot ~10{-21} Hz{-1/2}

One of the large technological problems for the cryogenic version of the OGRAN setup is to keep 
mirror’s optical characteristic invariable at low temperature under illumination of the 0.1-1 W laser 
power. At such power level, effect of the thermal induced lens of the mirror can have significant 
influence on the optical FP mode structure. At the present, CaF2, sapphire and Si mono crystal are 
considered as promising materials for cryogenic mirror’s substrates [4 (13)]. The Sapphire and CaF2 
have a broad transmission spectral range but the first is relatively expensive while the second has 
some problem with quality polishing. Si single crystals can be obtained in large volumes without 
structural defects having a very low impurity level. However the OGRAN setup uses Nd:YAG single 
frequency laser operating at 1064 nm. For this wavelength Si is not transparent and so it can’t be a 
proper choice for OGRAN cryo-version. With this argumentation the CaF2 substrates were selected in 
our test experiments to study of optical characteristics of cryogenic mirrors during the cooling process 
with the presence of optical pump. Two mirrors on CaF2 substrate were attached with a good thermal 
contact to the ends of small model of the OGRAN detector of cylindrical shape with 14 cm diameter 
and 20 cm length made from aluminum alloy (total weight 8 kg). It was placed in the special cryostat 
[5 (12)] in the good thermal contact with walls of cryostat inner chamber. The only one optical 
window with 2 cm in diameter was foreseen at the end cover of the cryostat together with co-centric
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holes in the inner envelopes. Through this window the light of pump laser can illuminate the FP 
resonator at the model detector (details of the cryostat and the model one can take in [5]). Reflected 
from FP resonator light might be picked up with outside photo detector. The goal of our experiments 
was consisted in the measuring FP cavity integral optical characteristics during the cooling process 
from room temperature up to liquid helium temperature The minimal temperature reached at the 
model body was about 5 K while the mirrors itself were cooled down up to 14-16 K. The two integral 
characteristics of the FP cavity were measured: finesse (sharpness) and the fraction of reflected light 
(contrast). It is known that a fraction of reflected light depends on the mode matching between the 
laser beam and the FP cavity. Thermal lens effect in mirrors destroys such matching and decrease the 
contrast. To check this effect for CaF2 mirrors due to absorption light we have performed 
measurements of the part of reflected light at different laser powers, namely at 10, 20, 50, 100, 200 
and 480 mW. For the low powers mirror’s temperature measured by thermo sensor attached on the 
back side of the mirror and was practically the same as for the aluminum body. At the maximum 
power of 480 mW, the temperature difference between the mirrors and the aluminum body was about 
14 - 15 K. The incident laser power was measured after reaching a quasi-stable point of thermal 
equilibrium, where the mirror's temperature was not changed during the measurement time. To 
control finesse evolution, we measured the width of FP cavity resonance peak by sweeping the laser 
frequency. We didn’t find any significant changes of its value during cooling-heating cycles. It was 
close the same initial value of F=2300 for all available laser powers. The experimental data for the 
“contrast” are presented in (fig.2). At temperatures between 60 and 40 K, contrast value quickly 
decreases and becomes more flat below 40 K. This zone corresponds to the CaF2 thermal conductivity 
increasing during cooling process from 1 W/cm K at 60 K up to 10 W/cm K at 30 K [6]. However the 
contrast variation was relatively small and does not exceed 20%. It should not produce a significant 
influence on the sensitivity of the OGRAN cryo-version. From our experiments we consider that CaF2 
substrate mirrors can be used in such cryo-setups. Nevertheless it should be noted that necessary to 
make more detailed experiments with the mirrors with CaF2 substrates as well as mirrors with 
sapphire substrates.

Fig. 1 Scheme of the Cryo-OGRAN detector.

for CaF2 mirrors.
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We propose an electrically controllable terahertz wave modulator based on metamaterial and 
vanadium dioxide (VO2) thin film. Metamaterials have attracted great attentions owing to their 
unique responses for manipulating electromagnetic resonances that were mostly not founded in 
natural material. The controllable resonances of the artificially engineered metamaterials can offer the 
opportunities to realize the new and novel THz devices for a wide variety of THz applications [1]. 
Numerous researches on the realization of the tunable characteristics for the THz metamaterials have 
been reported by using semiconductors, graphene, and tunable functional-material [2, 3]. Tunable 
metamaterial based on vanadium dioxide (VO2) which has reversible switching properties caused by 
insulator-metal transition at a critical temperature at 340 K, is one of promising approach to spatially 
manipulate the THz wave thanks to easy fabrication and high tunability. There are several researches 
on the tunable THz metamaterials based on the phase transition of VO2 by applying temperature, 
THz-field, or light [4]. However, these methods need external devices such as a heater, a THz or a 
light source; the external devices make the THz tunable devices more expensive and bulky. Thus, the 
electrical control for the phase transition of VO2 is preferred for the practical applications. A loop 
shape metamaterial is designed to play roles as a resonating metamaterial and a heater to electrically 
control a conductivity of VO2 at the same time at shown in Fig. 1. These easily controllable THz 
metamaterials can be used as high-performance modulating filters or sensors.

Fig. 1 Configuration of electrically controllable terahertz loop-shape metamaterial based on vanadium 
dioxide thin film. (a) ring (b) square
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Laboratory modeling of space plasma processes is an important method of study of basic physics. 
Despite of significant progress in spacecraft measurements and numerical simulations a laboratory 
experiment remains a source of unique data inaccessible by other means. One of the fields where 
namely laboratory experiments with lasers have pushed the advances in theory and numerical 
simulation is interaction of counter-streaming plasma flows in presence of magnetic field. In 1970-s 
and 80-s a number of works with laser-produced plasma expanding with super-Alfvenic velocity into 
magnetized background have been carried out with the aim to model active near-Earth releases 
AMPTE, CRRES, Argus, Starfish. The other field which was extensively studied by means of 
laboratory experiment is magnetosphere. At KI-1 simulation Facility such studies are based on two 
sources of plasma -  induction 0-pinch and Laser Plasma (LP) -  which interact with compact 
magnetic dipoles. Combination of energetically and spatially different plasma flows allowed 
modeling of extreme compression of the Earth’s magnetosphere by super powerful CME or by 
artificial near-Earth releases [1]. Such complex systems as field-aligned currents connecting boundary 
layer with ionosphere has been studied in detail [2]. Namely laboratory experiments supplied 
necessary data to formulate and verify a Hall model of mini-magnetospheres [3] which explains its 
unusual features.

In the present experiment we investigate essentially new combination of interacting flows and 
magnetic field. 0-pinch plasma fills the vacuum chamber and creates around magnetic dipole a 
magnetosphere with estimated size of about 30 cm. The novel feature is that laser plasma is generated 
inside of this magnetosphere at two targets symmetrically placed at dipole cover (fig 1). LP is directed 
opposite to the 0-pinch flow and has kinetic energy large enough to sweep previously existing plasma 
and dipole magnetic field. We study the interaction at distances 40^90 cm from the dipole beyond the 
previously existing magnetosphere. The specific case of plasma expansion from the inner region of 
magnetic dipole outward into the background flow has at least two possible applications. It directly 
relates to the concept of magnetosail. The other field is Hot Jupiters -  close orbiting exoplanets heated 
by ionizing stellar radiation to a point of super-sonic expansion of upper atmosphere. The interaction 
of expanding planetary flow with counter-streaming stellar plasma in a case when such a planet 
possesses weak magnetic field [4, 5] was one of motivations of the present experiment.

Fig. 1 Left - experimental set-up superimposed on snapshot of laser-produced plasma. Right - typical 
dynamic signals of ion current and magnetic field measured by probes at a distance of 63 cm.
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Before the laser plasma is produced on the surface of the dipole, the flow of background plasma 
creates around it a magnetosphere with size of about 30 cm. Thus, LP, when created, expands at first 
in the dipole magnetic field of inner magnetosphere filled from about X=15 to X=30 cm by 
background plasma and after that across magnetopause into the background plasma proper where 
magnetic field is zero. Such scenario principally differs from the previous experiments on LP 
expansion in magnetized uniform background in that the magnetized background in the present case is 
a compact localized shell. The energy density of LP (total energy about 16 J in initial volume of about 
8 cm3) is comparable to that of dipole magnetic field already at the laser target and with further LP 
expansion quickly becomes dominant. It was found that the LP flowing through background plasma 
partially expels it due to Coulomb collisions. However, collisional interaction is rather weak and 
counter-streaming flows deeply penetrate into each other, so LP expansion isn’t significantly affected 
at distances up to 100 cm.

The main finding of the experiment is that when background plasma pre-fills the vacuum chamber 
LP carries with itself across distances 40^90 cm the magnetic field order of magnitude larger than in 
case without ambient plasma. This field is also much larger than the vacuum dipole field at these 
distances. Typical measurements are demonstrated in fig. 1. Obtained results impose a question of 
origin of such magnetic field carried by LP. They suggest a novel and unexpected feature that LP 
captures magnetospheric field rather than simply stretching it and that effectiveness of this capture is 
directly related to the density of background plasma which creates magnetosphere.

In previous experiments with uniform background the compression and strong increase of 
magnetic field at the LP front and its total expulsion inside of LP proper has been observed. Such 
behavior is explained in the frame of displaced electrons model. When the electron density of 
expanding plasma significantly exceeds that of background, which is true in our case at distances 
X<30 cm where magnetized shell exists, the electrons of background together with frozen-in magnetic 
field are displaced and strongly compressed at the front of LP. However, in present experiment no 
such compression is seen. Measured fields don’t exceed the expected values of >50 G in the initial 
magnetized shell. Moreover, observed magnetic field is present in the whole LP flow.

On the base of the obtained experimental results a following conclusion was made. Plasma 
expanding outward from the inner region of magnetic dipole can interact with it by catching and 
dragging the magnetic field lines. The effectiveness of such process of transfer of magnetic field far 
from the dipole is directly related to the density of background plasma prefilling the magnetic field 
lines close to the dipole. Without pre-made plasma magnetized into dipole field lines the impulsive 
energetic plasma doesn’t carry any significant field after crossing the dipole region. There can be two 
reasons why the LP catches and carries within itself the magnetized shell formed by background 
plasma. First, the dipole field lines loaded with plasma can’t move faster than with the Alfven speed, 
and sufficiently fast impulsive flow can overcome the magnetized shell instead of displacing it. 
Second, the curvature of dipole field lines makes it possible for electrons of LP to mix with electrons 
of magnetized shell. Only by such mixing the LP might pick up the magnetic field instead of 
displacing it. The last feature is a main difference of the present work from previous studies of LP 
interaction with uniform magnetized background.

This work was supported by SB RAS Research Program (project II.10.1.4 N 01201374303), 
Presidium RAS program on fundamentals of double technologies and Russian Fund for Basic 
Research grants 14-29-06036, 16-52-14006.
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At the present time, progress in laser wakefield acceleration (LWFA) of charged particles gives us 
possibilities to consider LWFA as a perspective method of electron beam production in the GeV 
energy range. LWFA-based installations can find future applications as advanced light sources. 
Combining the LWFA and Compton backscattering of a probe light beam on accelerated electrons 
opens a possibility to create a tabletop source of femtosecond (fs) light beam in the x-ray and gamma 
range. This kind of source can have high coherence and polarization, quasi-monochromatism, and 
possibility of tuning radiation parameters.

LWFA experiments are prepared in ILP SB RAS in collaboration with BINP SB RAS. The 
experiments will use a two-channel multi-terawatt femtosecond high contrast, high angular stability 
laser system with pulse repetition rate 10 Hz, which is developed in ILP SB RAS [1].

There are two basic schemes of LWFA, which are traditionally used (Fig. 1). One scheme relies on 
plasma-filled dielectric capillaries. Best results are obtained for capillaries with a preformed plasma 
that has a density minimum on the axis. Another scheme uses supersonic gas jets.
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Fig. 1 The energy of laser wakefield accelerated electron versus the pump pulse power. For dielectric waveguides 
and gas jets, the points correspond to published experimental results. For metallic waveguides, the points are 
estimates made with the assumption of low attenuation of the drive laser pulse in the capillary.

The capillaries can also prevent laser beam diffraction by reflecting the pulse directly from the 
walls and extending acceleration length up to many Rayleigh lengths. We study narrow metal 
channels in this context. A metal channel can be considered as an extreme case of the plasma filled 
capillary. The metal walls act like a cold dense plasma with a sharp boundary. Propagation of high- 
intensity (up to 1017W/cm2), high-contrast (<10-8), 50 fs laser pulse through the 20 mm long, 50 pm 
wide triangular copper channel was experimentally studied in vacuum and in helium at pressures 
1^10 mbar [2]. The main results are:
• Relative transmission 70% through the channel (15 Rayleigh lengths) is measured;
• Single mode regime of pulse propagation is demonstrated;
• No difference between propagation in vacuum and helium conditions is observed;
• Reduction of transmission to zero after hundreds or thousands of pulses is observed, which is caused 

by formation of local plugs in capillaries.
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As a result, we can conclude that metal capillaries are a perspective and interesting direction, 
which deserves further studies. However, until the problem of fast capillary degradation is solved, 
another scheme has to be used as a long-lifetime source of accelerated electrons.

The first choice is a supersonic helium jet (Fig.2). In this case, gas ionization, formation of the 
plasma channel, driving wakefield oscillations, electron trapping an acceleration is provided by single 
sub-PW high-contrast fs laser pulse. Main parts of the facility (Laval nozzle with pulse valve, laser 
beam compressor and focuser, electron beam probes) will reside in three vacuum chambers. This 
layout is traditional for LWFA devices.

Numerical analysis of electron acceleration shows the following:
• It is necessary to focus the laser beam down to diameter of about 10 pm. The Rayleigh length and 

effective length of acceleration is ~ 0.5 mm. The optimum plasma density is about 5 1018 cm-3.
• For the laser pulse energy of 0.3 J, the maximum electron energy can reach 100 MeV.
• Supersonic regime of the gas jet is necessary for achievement of small energy spread of electrons, 

because the supersonic jet has a spatially uniform gas density profile.
Numerical analysis of gas flow shows that we can use a simple conical Laval nozzle with the waist 

diameter 0.3^0.4 mm, output diameter 1.5 mm, and cone angle 14°. In this case, we obtain the jet 
density up to 1019 cm-3 and Mach number 4 with the input gas pressure below 10 atm. Several nozzles 
are produced and being tested for gas density profiles. The gas system with the fast pulse valve is 
complete.

Faraday cup and magnetic spectrometer are chosen as a basic electron diagnostics. The Faraday 
cup measures the electron bunch charge in the range from 1 pC and, simultaneously, serves as the 
electron beam dump in the energy range 10^100 MeV. It includes a capacitor with a tungsten part 6 
cm thick and 1 cm thick aluminum cover plate. The Faraday cup is designed for full stopping of 
100 MeV electrons with minimized backscattering and, from other hand, has a minimized capacity of 
14 pF. The spectrometer is based on permanent magnets and has the deflecting field 0.75 T. The 
deflected beam is detected by the Renex luminophor and a CCD camera. Both devices are created and 
now being tested under a real high-energy electron beam at BINP.

The main immediate aim is production of laser beam-accelerated electrons with energy up to ~ 100 
MeV. Production of high-energy Compton backscattered gamma-quanta with maximum energy up to 
~ 200 keV is planned as the next stage.

This work is supported in part by RAS Program “Extreme laser radiation: physics and fundamental 
applications”, project number 115113010008, and by SB RAS Project II.15.4.3.
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In this review, the beneficial outcomes arisen from a simultaneous use of the laser- and infrared 
thermography (IRT)-based techniques are demonstrated and comprehensively analyzed. The newest 
literary and original experimental results collected from different research areas are presented.

Probably, biomedicine is the most advantageous application domain where IRT and lasers are 
usefully employed in common. Several following examples confirm this statement.

IRT in cooperation with laser Doppler flowmetry (LDF) [1], laser Doppler perfusion imaging 
(LDPI) [2] and laser speckle contrast imaging (LSCI) [2, 3] are used for microvascular investigations. 
It is shown in [3] and [4] that the IRT results correlate well with LSCI and LDPI ones, respectively. In 
[5], IRT and dual-wavelength laser Doppler imaging (LDI) are applied to the investigation of a 
circulation within the morphoea in humans. Here the fact is taken into consideration that the LDI red 
wavelength (633 nm) represents the blood flow through large, thermoregulatory vessels, but a green 
one (532 nm) represents the nutritive capillary blood flow. IRT in turn reflects the circulation 
intensity predominantly in the thermoregulatory vessels. IRT and LDF are also used as mutually 
complementary means in the latent myofascial trigger points irritation combined with breath holding 
studies [6]. A joint use of the IRT and 780-nm LDF diagnostic means for a severe acute respiratory 
syndrome (SARS) or pandemic influenza fast screening at a quarantine depot is described in [7].

In [8], the extent of the living tissue thermal injuries emerged in the course of a surgical 
(laryngeal) operation instrumented with microsecond Er:YAG and superpulsed CO2 lasers is 
visualized and quantitatively analyzed with the help of IRT. IRT was also used to monitor the laser 
ablation overheating during the operation realized with a picosecond infrared laser (PIRL) [9]. Using 
a porcine (ex vivo) eye model, an IRT-based analysis of the peak corneal temperature change during 
excimer laser ablation is performed in [10]. The ablation parameters were local frequency, system 
repetition rate, pulse energy, optical zone size, and refractive correction.

A laser and IRT were simultaneously used in the studies [11] devoted to a heating-arisen pain 
syndrome in the rat: CO2 laser -  to deliver the heat stimulus, and IRT -  to monitor the temperature 
changes. A similar IRT and laser co-operation is described in [12], where the laser-enhanced 
transdermal drug delivery was studied. There, the effects of 1064 nm-Nd:YAG lasers with long- 
pulsed 15 J /cm2 and Q-switched 0.5 J /cm2 output modes on the rat skin stratum corneum were 
investigated. IRT was applied here to monitor the skin surface dynamical temperature distribution 
around the laser beam influence point.

A net clinical result of a low-level laser therapy (LLLT) procedure in the patients suffered from 
venous leg ulcers was unbiasedly monitored using the IRT method in [13]. A possible influence of a 
low-level semiconductor laser irradiation on a human face was also recorded by infrared camera and 
reported in [14].

IRT may serve as unprecedented measuring instrument when information about a cross-sectional 
pattern in the electromagnetic radiation directional diagram, including that of a laser radiation, is 
required. A simple IRT-based method proposed for this purpose [15, 16] is practically indifferent to 
radiation source wavelengths. In particular, it is applicable to both infrared [15, 16] (Fig. 1) and 
terahertz [17] lasers. A simple linear relation between the thin indicator (screen) local temperature 
T(X,Y) measured by the IR camera and the irradiance I(X,Y) of the screen heated by radiation at the 
point (X,Y) is derived in [16]:

I  (X, Y) = 2(h + 4a  Ta3)[T (X , Y) -  Ta] .
Here Ta is the ambient temperature, h -  the convective heat transfer coefficient depending on the 
experimental conditions, and a -  the Stefan-Boltzmann constant.
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A laser and IRT joint use in physics was recently demonstrated in [18]. The laser here served as 
part of an ellipsometric system, which, in its turn, served as independent additional measurement 
instrument in the adsorption/desorption physical-chemical experiments. As an unexpected side effect 
revealed by IRT in those measurements, a heating of the sample caused by a He-Ne low-power laser 
that can influence the sorptive power of the investigated adsorbent surface is recorded.

Fig. 1 Energy directional diagram 3D-thermogram of the electromagnetic radiation emitted by a low-power 
combined source containing four infrared diodes and pulsed semiconductor laser (at the centre of the 
radiant).

In summary, it is demonstrated that a modern IRT-based technique successfully supports a lot of 
laser-based technologies in biomedical, physical, chemical and other scientific spheres. When 
combined into an inseparable tandem, an infrared camera and a laser allow obtaining a much more 
profit than it can be achieved with a separate use of these modalities.

This work was supported by the Russian Foundation for Basic Research under Grant No. 15-02
07680.
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We report on spectroscopy and high-efficiency lasing of YAG ceramics synthesized at IREE 
(Fryazino) and IEP (Ekaterinburg). The best slope efficiency is to be 36% for 1%Nd:YAG ceramics 
and 40% for 1%Ho:YAG ceramics, in the latter case the emission was centered at 2090 nm. Internal 
losses in domestic ceramics was estimated as well.
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We show that generalized dissipative optomechanical coupling enables a direct quantum measurement 
of speed of a free test mass. An optical detection of a weak classical mechanical force based on this 
interaction is proposed with sensitivity better than the standard quantum limit. The realization of 
dissipative coupling is discussed.
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Owing to wide spectrum of light source, low coherence interferometry (LCI) possesses a lot of merits 
(e.g., high spatial resolution, wide dynamic range) and is widely used in many high-resolution 
measuring and sensing systems. Distributed fiber optics sensors, which employ WLI based on 
polarization mode coupling detection in polarization maintaining fibers(PMFs), are widely used in the 
measurement of strain, twist, temperture and many other physical parameters. The intensity and 
position of the coupling points can be effectively detected in the polarization coupling measurement.

However, the signal noise ratio (SNR) and the detection sensitivity of polarization coupling 
measurement will decrease due to the nonlinear error caused by the vibration of the step motor and the 
movable mirror in the scanning Michelson interferometer. To detect the weak coupling point, an 
EMD-based method is preposed. The experimental results illustrate that the EMD-based method can 
suppress the noise and improve the SNR effectively. The results show that the EMD-based method is 
effectively and applicable for PCM and the coupling point can still be detected when the intensity is 
as weak as -70 dB.

The interference term generated from LCI usually contains useful information. However, due to 
the effect of noise, interference term retrieval (ITR) is challenging. A conventional approach to ITR 
from interferometry uses Fourier transform to map the spectral domain interferogram to the temporal 
pulse, with the peak of the pulse corresponding to the interference term then being artificially 
extracted by setting the appropriate filter window. After extraction, a fast Fourier transform (FFT) 
operation back in the spectral domain allows the interference term to be recovered. An obvious 
disadvantage of this technique is that the filter must be precisely set to exclude the noise.

Empirical mode decomposition (EMD) is usually applied to nonlinear and nonstationary signals 
that can be adaptively decomposed into several intrinsic mode functions (IMFs) in a decreasing 
frequency order. EMD is effective in suppressing continuous noise, such as Gaussian noise and noise 
caused by mechanical vibration. However, the noise found in the spectral domain interferogram tends 
to contain intermittent noise so that EMD creates a mode-mixing problem, wherein local oscillations 
with different frequencies or scales are mixed in one IMF. The IMF then has no physical meaning. 
Ensemble empirical mode decomposition (EEMD) has been introduced as a way to solve the mode
mixing problem.

We proposed a novel technique based on EEMD-EMD to achieve automatic ITR from the spectral 
domain LCI. In EEMD, the correlation coefficient (CC) of each IMF is calculated and a characteristic 
parameter (CP) is introduced to recognize and remove the IMFs of noisy components. The remaining 
IMFs are used to reconstruct a new signal followed by EMD to extract the interference term. An 
experiment based on distributed polarization coupling detection in polarization-maintaining fibers 
(PMFs) was conducted; the PMFs having different lengths and coupling intensities were investigated. 
It was shown that by setting an appropriate CP, the interference term could be automatically extracted. 
The relative errors of the extracted coupling intensity were less than 2 %. This suggests that our 
method may have potential applications in interferometric measurement.
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the content of edible harmonic oil in three groups
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The paper presents a method of combining the Raman spectrum and the least square support vector 
machine based on particle swarm optimization to detect the content of three components of edible 
blend oil rapidly and quantitatively. In the course of the quantitative detection of cooking oil, three 
components of edible oil were used as the research object. The mathematical models of LSSVM and 
PSO-LSSVM were established after different pretreatment. The predictive ability of the model is 
analyzed by the correlation coefficient and mean square error. LSSVM kernel parameter о and у are 
optimized by particle swarm optimization ability and fast convergence speed. It overcomes the 
shortcomings of LSSVM model parameter selection method. The validation set correlation coefficient 
of the model for the quantitative analysis of the three components of the edible blend oil, soybean oil, 
peanut oil and sunflower kernel oil was 0.9677, 0.9972, 0.9953 and mean square error was 0.0549,
0.0092, 0.0471. The experimental results show that compared with the LSSVM algorithm, the 
prediction accuracy of PSO-LSSVM model is higher and the convergence rate is faster. Thus the 
method can detect the content of three components of edible oil accurately.
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Laser-assisted molecular alignment and orientation have become useful tools for molecular frame 
studies in physics and chemistry [1]. The ability to create an ensemble of polar molecules oriented in 
one direction in the absence of external influences has a great importance for applications in the 
attosecond and collisional physics, such as a molecular orbital tomography with high harmonic 
generation [2]. Several methods for nonadiabatic field-free orientation of asymmetric molecules have 
been demonstrated recently [3, 4]. In these methods, an ultrashort laser pulse gives a kick to the 
molecules, thereby creating the rotational wave packets whose dynamics exhibits a set of rotational 
revivals. An important problem is to measure the degree of order of the resulting ensemble. Currently, 
there are two main methods for probing the rotational dynamics of a molecular sample: Coulomb 
explosion [5] and high-order harmonic generation [6]. However, the search for new methods is still a 
topical issue.

In this contribution, we propose a novel all-optical method for probing the molecular orientation. 
This method is based on the measurement of the terahertz (THz) signal produced in ionization of 
oriented asymmetric molecules by an intense femtosecond laser pulse.

The ionization-induced optical-to-THz frequency conversion is closely related to the excitation of 
macroscopic quasi-dc currents whose excitation efficiency determines to a large degree an efficiency 
of the generation of THz waves [7]. Recently, we have examined the possibility of exploiting the 
asymmetry of the medium, rather than the properties of the laser field acting on it, to facilitate the 
generation of directional photocurrents [8]. We showed that the subcycle asymmetry of the ionization 
process in combination with the effect of the Coulomb potential on the escaping electron is a 
mechanism responsible for a high-efficiency generation of residual current in tunneling ionization of 
oriented asymmetric molecules.

The idea of the proposed method is based on the assumption that for molecules with nonzero 
dipole moment one can expect a strong dependence of the generated residual current on the angle 
between the direction of the dipole moment of a molecule and the electric field vector of the laser 
pulse. Theoretical study in this work is based on a single-active-electron quantum mechanical 
simulation for a two-dimensional model of a diatomic molecule in a strong laser field. The variable 
parameters of the model are the nuclear charge ratio and the intemuclear distance.

Fig. 1 Dependence of the residual current on the angle between the electric field vector and the molecular 
axis for different ratios of nuclear charges of a single-electron diatomic molecular system.
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Figure 1 shows the orientation angle dependence of the generated residual current obtained for 
intemudear distance equal to 1.5 a.u. and probe laser pulse with wavelength X = 800 nm and intensity 
I = 5*1013 W/cm2. Results for several nuclear charge ratios are presented. As follows from Fig. 1, the 
magnitude of the current depends strongly on the molecular orientation angle 0.

The experimental study of molecular rotational dynamics is usually based on the "pump-probe" 
scheme. The free rotational dynamics of molecules proceeds on a time scale much longer than the 
time scale of residual current generation process initiated by a femtosecond probe laser pulse. 
Therefore, the calculations of residual current as a function of the time delay between the pump and 
probe pulses can be performed in approximation of a fixed angular distribution of molecules during 
the probe pulse. We use the approach proposed in [9] for the simulations of rotational dynamics of a 
molecular ensemble after the kick acquired from the pump pulse. The calculations of the nonlinear 
response of the medium to the probe pulse were carried out by averaging of a single particle response 
calculated for various orientations of the molecule over the molecular rotational wave packet at the 
probing time.

Fig. 2 The expected values of the residual current generated in a gas of CO molecules and the cosine of 
molecular orientation angle 0 as functions of the time delay between the pump and probe pulses.

Figure 2 shows the dependencies of the expected values of the residual current generated in a gas 
of CO molecules and the cosine of molecular orientation angle on the time delay between the pump 
and probe pulses. The pump pulse intensity was 1.5* 1014 W/cm2, the probe pulse intensity was 
5*1014 W/cm2, and the initial gas temperature was T = 50K. From Fig. 2 it follows that the generated 
macroscopic current is directly proportional to the expected value of cos(0). Given the proportionality 
between the magnitudes of THz signal and residual current, the results in Fig. 2 demonstrate the 
possibility of probing the rotational dynamics of an ensemble of polar molecules using the THz signal 
generated therein. Because of the relative simplicity of the proposed measurements, this method can 
be quite competitive with the more complex methods based on the use of the Coulomb explosion or 
high-order harmonic generation.
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via modulation of active medium by IR laser field
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The resonant interaction of a quasi-monochromatic extreme ultraviolet (XUV) or x-ray radiation with 
an atomic or nuclear transition with modulated parameters (a transition frequency, a decoherence rate, 
and a dipole moment) results in generation of a broadband spectrum of coherent sidebands. Such 
interaction can be used for an efficient control of the spectral content and the temporal shape of the 
output field by means of (i) a deep high frequency modulation of the nuclear transition frequency in 
10-100 keV spectral range via the Doppler effect caused by the nuclear target vibrations up to 10 GHz 
modulation frequency [1-4], as well as (ii) modulation of the parameters of atomic transitions (the 
frequency, the dipole moment and the decoherence rate) in the XUV spectral range under the action of 
a strong infrared (IR) laser field with THz - PHz frequency, in particularly, due to the sub-laser-cycle 
linear Stark effect (or via formation of the Floquet states, in general), as well as the quasi-static 
ionization from the excited states [5-8]. The last processes can be alternatively viewed as a highly 
nonlinear mixing of the XUV and IR fields.

Such a dynamical-modulation control has various applications, ranging from production of few- 
cycle pulses with a carrier photon energy below atomic ionization potential and isolated attosecond 
pulse formation in the soft-XUV spectral range [5-8], to shaping of individual hard x-ray photons into 
the time-bin qubits [1, 2] and ultrashort pulse trains [3, 4].

The main focus of this talk is on the possibility of efficient transformation of modern x-ray plasma 
laser radiation into the trains of sub-fs pulses [6, 8], as well as sub-fs pulse generation directly in the 
active media of x-ray plasma lasers. The sub-femtosecond x-ray pulses provide a unique combination 
of high spatial and temporal resolution. Currently, the only source of such pulses is high harmonic 
generation (HHG) of laser fields, which dictates relatively low energy of the pulses (typically, in the 
range 1-100 nJ) because of the low efficiency of HHG process. At the same time, modern table-top 
plasma lasers are able to generate soft x-ray pulses in 4-100 nm wavelength range with much higher 
energy (from qJ up to several mJ), but with rather long picosecond or sub-ps duration. Thus, a highly 
efficient method for transformation of an output radiation of x-ray plasma laser into an attosecond 
pulse train is very desirable.

In this contribution we show, in particular, that picosecond pulses with a carrier wavelength 13.5 
nm (generated by H-like LiIII recombination x-ray laser [9]) may be efficiently converted into the 
train of sub-femtosecond pulses in a thermally equilibrium plasma of Li2+ ions dressed by the properly 
chosen IR field, see Fig. 1(a). Moreover, using of an IR field of the same frequency and intensity 
directly applied to the active medium of recombination LiIII x-ray laser (with ion density 1017cm-3 and 
total length 1mm) with fully inverted 2P-1S transition can result in formation and strong (by a factor 
of 50) amplification of 0.9 fs pulses.

Even shorter pulses can be generated in a “water window”, the range of wavelengths between K 
absorption edges of carbon and oxygen (2.3-4.4nm), which is of particular interest for applications in 
biology and medicine due to the potentially high contrast and high resolution dynamical imaging of 
proteins in live cells. We show that applying of an IR field of a properly chosen wavelength and
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intensity directly to the inverted media of a recombination CVI x-ray laser [10] may lead to formation 
of strongly amplified attosecond pulses in this particular spectral range, Fig.1(b).

In such a way, both an efficient conversion of x-ray laser radiation into the trains of sub-fs pulses 
in resonantly absorbing plasma medium, as well as formation and amplification of sub-fs pulses 
directly in the active media of x-ray lasers in the presence of a moderately strong IR laser field 
modulating the parameters of the resonant transition look promising.

Time, fs Time, fs
Fig. 1. (a) - Efficient transformation of the quasi-continues (ps) 13.5 nm radiation of H-like LiIII x-ray laser 
into a train of 0.9fs pulses after passing of 2 mm long thermally equilibrium (resonantly absorbing) Li2+ 
plasma with ion density 1017cm"3 in the presence of 2^m IR field with intensity 3.6x1014W/cm2. The peak 
intensity of the produced pulses is 1.6 times higher than the intensity of the incident XUV radiation.
(b) - Formation and amplification of 330 as pulses at 3.38nm carrier wavelength (in a “water window”) in 
the active medium of recombination CVI x-ray laser with ion density 1017cm-3 and total length 1.8mm in the 
presence of IR field with the wavelength 2^m and intensity 9x1015W/cm2. The peak pulse intensity is 42.6 
times higher than the intensity of the incident x-ray field.
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The results of experiments on the position control filamentation zone terawatt pulses of the first 
harmonic of Ti:Sapphire-laser are resented. Pulse duration was t  = 50 fs, pulse energy is 80 mJ beam 
diameter is d0 = 5, 2.5 and 1.25 cm (the level of e-2), a pulse repetition rate is of 10 Hz on the path 
length of 110 m. Experiments were carried out on the stand of IAO SB RAS. The spatial focus 
(defocus) of the laser beam with the telescope (5) consisting of a focusing (f  = 1000 mm) and 
defocusing (f2 = -500 mm) mirrors, by varying the base (distance between the mirrors) of the 
telescope. The base of 500 mm corresponds to a collimated beam. Reducing the base defocused beam, 
increase the base focused. Sequence arrangement of mirrors leads to a decrease of the beam diameter 
is 2 times (fi ^  f2), either to the same increase it (f2 ^  f@ The experiments were recorded beginning 
filamentation region, its end and the distribution of filaments within the region filamentation by a 
movable screen (13). The number of filaments was determined by the burns on photo paper. Figure 1 
shows the number of filaments along the area at different initial filamentation focusing (defocusing). 
With an increase in the base of the telescope (fig. 2a-c) start and end of filamentation shifted towards 
the radiation source. Reduced base results in a displacement of the source region filamentation.

distance, m

Fig. 1 Distribution of the number of filaments inside area filamentation at different focusing (defocusing) 
beam diameter: a) 5 cm, b) 2.5 cm, and c) 1.25 cm.
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Figure 2a shows the dependence of the length of the field for different initial filamentation 
focusing (defocusing) for different beam diameters. It is seen that increasing the value of the 
numerical aperture leads to a decrease in the length field filamentation relative power increase and a 
decrease in the numerical aperture to increase the path length of the region filled with filaments (Fig 
2b).

Experiments were performed on remote induction plasma on target in the zone of the beam 
filamentation and identification of the elemental composition of the emission spectra. The measured 
emission spectra of the samples of metals (Al, Cu, Fe, Na) at a distance of 50m from leser to a 
collimated beam with energy of 40 mJ. In experiments on filamentation of laser beams in air shows 
that the variation of the beam diameter and its initial focus is to efficiently manage the situation in the 
field of multiple filamentation tracks scale of hundreds of meters. This defocusing the beam has 
limits. These levels depend on the diameter of the beam and its power, above which filamentation of 
the beam stops. Managed filamentation of the laser beam allows to form a predetermined distance 
from the source of the intensities of the optical field sufficient to induce the plasma on the targets for 
the analysis of the elemental composition.

Fig. 2 a) Length field filamentation of numerical aperture for different pulse energies. b) Length field 
filamentation of initial radius of the collimated beam for different pulse energies.

This work was financially supported by the Russian Science Foundation (agreement № 15-17
10001).

References
[1] Apeksimov D. V., Bukin O. A., Golik S. S., Zemlyanov A. A., Iglakova A. N., Kabanov A. M., Kuchinskaya O. A., 
Matvienko G. G., Oshlakov V. K., Petrov A. V., Sokolova E. B., Khoroshaeva E. E., "Spatial characteristics of the 
filamentation region of gigawatt laser pulses at their various focusing along an atmospheric path," Atmospheric and oceanic 
optics 27, 1042 (2014).
[2] Apeksimov D. V., Zemlyanov A. A., Iglakova A. N., Kabanov A. M., Kuchinskaya O. A., Matvienko G. G., Oshlakov 
V. K., "Filamentation of terawatt laser pulses on a hundred-meter atmospheric path," Atmospheric and oceanic optics 28, 
274 (2015).

110

http://www.lingvo-online.ru/ru/Search/Translate/GlossaryItemExtraInfo?text=%d1%81%d0%be%d0%b3%d0%bb%d0%b0%d1%88%d0%b5%d0%bd%d0%b8%d0%b5&translation=agreement&srcLang=ru&destLang=en


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Post-filament light channels
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S e lf - fo c u s in g  and  fila m en ta tio n  o f  la ser  p u lse s  in  a tm o sp h er ic  o p tic s  ta sk s can  be  u se d  fo r  th e  sen s in g  
o f  th e  a tm o sp h ere , creatin g  e x te n d e d  io n iz e d  ch a n n e ls  fo rm in g  in  a  g iv e n  co o rd in a te  route h ig h  
in te n s ity  la ser  rad ia tion  f ie ld  [1 -3 ] . A t  th e  sam e t im e  a fter  th e  "disintegration" fila m en ta tio n  reg io n  as 
a fter  th e  term in a tio n  o f  p la sm a  fo rm a tio n  and  d isap p earan ce  o f  v is ib le  g lo w in g  f ila m en ts  ( f ila m e n ts ) ,  
e a c h  o f  th em  is  fo rm ed  b y  a n arrow , w e a k ly  d iv erg en t lig h t  ch a n n e l. P rop erties  data ch a n n e ls  - w id e  
sp ectra l c o m p o s it io n  (F igu re 3 d ), h ig h  in ten s ity , co n tin u in g  at great d is ta n ces , are o f  in terest fo r  th e  
a b o v e -m e n tio n e d  p ro b lem s o f  a tm o sp h er ic  o p tic s . E arlier  p rop erties  p o stfila m en ta tio n  ch a n n e ls  (P F C )  
h a v e  b e e n  stu d ied  b y  u s  and  b y  o th er  au thors fo r  th e  fo c u se d  b ea m s [4 ,5 ] . T h is  P F C  research  w ork  
carried  ou t fo r  c o llim a te d  b ea m s o f  d ifferen t d iam eters o n  th e  road  ab ou t 15 0  m . T h e  ex p er im en ta l 
p roced u re  is  d escr ib ed  in  d eta il in  [2 ,3 ,5 ] . E x a m p le s  o f  im a g in g  en e r g y  d e n s ity  d istr ib u tio n  in  the  
cro ss  se c t io n  o f  th e  b ea m  at d ifferen t d is ta n ces  from  th e  en d  o f  th e  f ie ld  o f  m u ltip le  f ila m en ta tio n  
(F M F ) fo r  o n e  o f  th e  prim ary  b ea m  d ia m eter  (d0 =  2 ,5  cm ) are sh o w n  in  F ig . 1

Fig. 1 Images transverse structure of the laser beam with an initial diameter of 2.5 cm at a distance of 45 m from the source 
(3 m from the end FMF) (a), 105 m from the source (65 m from the end FMF), (b), 138 m from the source (98 m from the 
end FMF) (c).

T h e  im a g e s  sh o w  th at th e  cen tra l part o f  th e  b ea m  p ro v id e s  brigh t, s o -c a lle d  "hot" p o in t  - 
p o stf ila m e n ta tio n  ch a n n e ls  surround sy s te m  le s s  b r igh t r in gs th at m a y  in terfere  w ith  th e  d iv e r g e n c e  o f  
P F C . D e p e n d e n c e  o f  th e  rad ius o f  th e  b ea m  and  th e  spread  d ista n ce  from  th e  P F C  are sh o w n  in  F ig . 2 .

D e p e n d in g  o b ta in ed  in d ica te  th at th e  P F C  is  te n s  d iv e r g e n c e  m icro  rad ians, w h ile  th e  d iv e r g e n c e  
o f  th e  b ea m  a fter  p a ss in g  th rou gh  a ll th e  g lo b a l fo c u s  (n o t in c lu d in g  th e  area o f  th e  c o n ic a l fe e d  
f ila m en ta tio n  - r in gs c o lo r  sy s te m ) is  ~  m icro  rad ians, th a t is . tw o  orders o f  m a g n itu d e  greater. It w a s  
fo u n d  th at w h e n  e x p o se d  p o stfila m en ta tio n  ch a n n e ls  to  sa m p le  o p tica l g la s s  a w a y  from  F M F  in  te n s  
t im e s  e x c e e d in g  its  len g th , resu ltin g  in  th e  form ation  o f  m u ltip le  fila m en ta tio n  in  it, h a v in g  th e  
structure o f  a  h o llo w  c o n e , o b se r v e d  earlier  in  [6].

T h u s, th e  resu lts  o f  ex p er im en ta l s tu d ies  and  fila m en ta tio n  p o stfila m en ta tio n  ch a n n e ls  co n tro lled  
b y  th e  path  len g th  o f  150  m eters  fo r  c o llim a te d  b ea m s o f  v a r io u s  d iam eters sh o w e d  that: the  
d iv e r g e n c e  o f  th e  la ser  b ea m  a fter  th e  fila m en ta tio n  area is  m u ch  grea ter  th an  th e  d iv e r g e n c e  
p o stfila m en ta tio n  ch a n n e ls ;  at d is ta n c e s  from  th e  en d  o f  th e  f ie ld  m u ch  larger  th an  th e  len g th  o f  th e  
f ila m en ta tio n  area  fila m en ta tio n  o f  p o stfila m en ta tio n  ch a n n e ls  co n ta in  su ff ic ie n t  in ten s ity  to  g en era te  
m u ltip le  f ila m en ta tio n  in  th e  o p tica l e le m e n ts  and  en a b le s  u s  to  p ro v id e  a  fu n c tio n a l e f fe c t  o n  the  
o p tica l e le m e n ts  o f  th e  m atrix; w id e  range and  h ig h  in te n s ity  s lig h t ly  d iv erg en t p o stfla m en ta tio n  
ch a n n e ls  a llo w s  th e ir  u se  fo r  th e  rem ote  se n s in g  o f  th e  a tm osp h ere .
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Fig. 2 Changes in the beam radius and postfilamentation channels with different initial diameters a) 1.25 cm; 
b) 2.5 cm;c) 5 cm of distance from the laser pulse. d) - The spectrum of PFC.

Fig. 3 Snapshot multiple filamentation in glass K8 when exposed PFC at a distance of 90 m from the end of FMF.

W o rk  p erfo rm ed  w ith  f in a n c ia l a ss is ta n ce  o f  th e  R u ssia n  S c ie n c e  F ou n d a tio n  (a g reem en t № 1 6 -1 7 
1 0 1 2 8 ).
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Electromagnetically induced grating (EIG) [1] is created in a three-level quantum system whena weak 
probe field and a strong-pumpstanding wave satisfy the conditions for electromagnetically induced 
transparency (EIT) [2]. EIG is formed owing to periodicspatially modulated absorption, where 
transparency occurs at the antinodes (peaks) of the standing-wave field and absorption is high at the 
nodes. EIG transmission behavior is significantly different from that of the typical EIT. Under certain 
conditions EIG may have a photonic band gap structure that has potential applications for 
manipulation of light propagation.The EIG has been explored to achieve tunable band gap [3, 4], to 
generate stationary light pulses [5], to implement optical routing [7], as the diffraction grating [1]and 
etc.J.-H. Wu et al [8] have proposed a possibility to control the spectral properties EIG using 
additional driving field with frequency ю3 in the four-level scheme N-type (Fig. 1), where the 
coupling field with frequency ю2 is the standingwave, and field with frequency ю1 is the weak probe 
field.

Fig. 1 Schematic diagram of a four-level N-type atomic system interacting with a weak probe field а г and a 
strong-pump standing field a 2 and a strong drive field а 3. f l12,3 are the single-photon detuning from the 
respective transitions.

In this paper we theoretically studied propagation of a weak light pulse in such system (Fig.1). 
Here the transitions |0>-|1>, |1>-|2> and |2>-|3> are electric dipole allowed while the transitions |0>- 
|2> and |0>-|3> are electric dipole forbidden. The weak probe (the frequency«;,and the wave vector 
k1) and strong drive (а3, k3) fields with a Rabi frequency G1 and G3propagate in z direction. A 
coupling field(a2, k2) is the standing-wave with spatial dependent Rabi frequency G2(z)=G2+eik2z + G2- 
e-ik2z is formed by the forward and backward waves that propagate toward one another.

Susceptibilityof a weak probe field propagating in a four-level medium (Fig.1)may be presented as 
[9,10]

x ( © 1 , z )  =  X
( Л 20Л 30 +  1 G 3 1 ) Y K

Л 1A 20^30 +  A 10 1 G 3 1 + A 30 1 G 2 ( z )  1

X p  =
d 10 |2 N

2 Y

A 1 Yv> i ^ 1, A 2 Y12 i ^ 2 , ^ 1  ® 1 ®1Q, ^ 2  ® 2  ® 12 , A 20 Y20 i ^ 2 0  :
A 30 =  Y 30 —  ̂ 3 0  , ^ 2 0  _ ® 1 — ® 2  — ® 2 0 , ^ 3 0  _ ® 1 — ® 2  + ® 3 — ® 3 0 .

(1)

yij are the half-width transitions, d10 is the matrix element of the dipole moment of the transition, N is 
the concentration of atoms.

Deriving Eq. (1) we assume that the medium is linear with respect to the probe field. The coupling 
field is strong enough that EIT well-established within the whole sample. The susceptibility (1) is 
even function of z, which is convenient to expand in a cosine Fourier series x (z ,al) ~  x0 + x1 cos(2k2z).
For simplicity, we took into account only two spatial harmonicswhich approximate x(®1,z) enough 
well.

n / k2 n / k2

X0 = (k2/ n ) J 0 X ( z ,®l)dz, X  = ( 2 k 2/ n ) J 0 X (z ,®1)co s(2 k 2z)dz.
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D u e  to  sp atia l p e r io d ic  m o d u la tio n  o f  th e  su sc e p tib ility  (1 )  in d u ced  b y  c o u p lin g  s ta n d in g -w a v e th e  
p rob e  f ie ld  p rop agate  a s in  a  m u ltila y er  p e r io d ic  structure w ith  p er io d ic ity  a = n /k 2=A.2/2 . S o  it  ca n  
p rop agate  n o t o n ly  in  th e  forw ard  d irec tio n  (a  tran sm itted  w a v e ) ,  b u t a lso  in  b ack w ard  o n e  (a  r e fle c ted  
w a v e ) .

B y  u s in g  th e  m eth o d  o f  c o u p le d  w a v e s  [ 1 1 ] ,  w e  fin d  th e  tra n sm iss io n  t and  th e  re fle c tio n  
ram p litu d e  c o e f f ic ie n ts  fo r  prob e w a v e  p rop agatin g  in  p e r io d ic  structure w ith  len g th  L ,

t « )  =
A(L) s cos(sL) exp(ik2L)

r « )  =
B(L = 0) j  sin(sL)

s = ±.

A0 s cos(sL) + i(Ak - a )sin(sL) A0

V(Ak- a )2 - j 2, Ak = k 2 - k1, a  = 2 nx0k1, j  = n%1k1.

s cos(sL) + i(Ak -a)sin (sL )
(2)

H ere  L  is  th e  len g th  o f  sa m p le , A 0is  th e  a m p litu d e  o f  in c id e n t prob e w a v e , A (L )  is  th e  a m p litu d e  o f  
p rob e f ie ld  o n  th e  ou tp u t o f  sa m p le  (forw ard  w a v e ) ,  a n d B (L = 0 ) is  th e  a m p litu d e  o f  th e  r e fle c ted  probe  
f ie ld  (b ack w ard  w a v e ) .

B y  u t iliz in g  E q . (2 ) and  th e  F ou rier  tran sform  m e th o d , o n e  ca n  stu d y  th e  p ro p a g a tio n  d y n a m ic s  o f  
an  in c id e n t prob e p u lse . W e  a ssu m e th at th e  in p u t prob e p u lse  is  th e  G a u ss ia n  p u lse  
E 1i(t )= E 0e x p ( - t 2/r 2) exp(im1t), w h ereE 0 is  th e  am p litu d e , 2r=T pis  th e  p u lse  len g th  at th e  e -1 le v e l ,  and  
ш1 is  th e  cen tra l (carrier) freq u en cy . T h e p u m p  and  th e  d rive  f ie ld s  are th e  co n tin u o u s  m o n o ch ro m a tic  
w a v e s . T h e  sp ectru m  o f  th e  in p u t p rob e p u lse  is  th e  F ou rier  transform  o f  th e  g iv e n  p u lse :E 1i( « )  =  2 -1 /2 
rE 0e x p [ - r 2( « - « 1) 2/4 .  T h e  r e fle c ted  and  th e  tran sm itted  F ou rier  c o m p o n en ts  o f  th e  prob e p u lse  can  be  
d er iv ed  as E 1r= r ( « )  E n(a>) and  E 1t= t ( « )  E 1i( « ) .  T h e  re fle c te d  and  th e  tran sm itted  p u lse  in  th e  t im e  
d o m a in  are d er iv ed  v ia  in v erse  F ou rier  transform .

F or n u m er ica l s im u la tio n , w e  u se d  R b  a to m ic  param eters asE IT  m ed iu m . T h e  p rob e  tran sition  
w a v e le n g h t  is  X10 = 7 8 0 .7 9 2  n m  w h ile  fo r  th e  co u p lin g  f ie ld  is  X12 = 7 8 0 .7 7 8  nm . F ig .2 a  sh o w s  th e  
tra n sm iss io n  and  r e fle c tio n  sp ectra  o f  a  p rob e f ie ld fo r  d ifferen t th e  R ab i fr eq u en c ie s  o f  a  drive  
f ie ld G 3.In th e  a b se n c e  o f  th e  con tro l f ie ld  (G 3= 0 ) , th e  R ab i fr e q u e n c ie sG 2+and  G 2- are s e le c te d  su ch  
th a t a  b an d gap an d  a  p a ssb a n d  arose  .W h en  a  d rive f ie ld  is  sw ic h e d  o n  band gap  and  p a ssb a n d  are 
d estro y ed  w ith  in crea s in g  G 3.F ig .2 b  illu stra tes tra n sm itted a n d reflec ted  G a u ssia n  prob e p u lse  for  

d ifferen t R ab i fr eq u en c ie s  o f  a  d rive  f ie ld . It is  se e n  th at u s in g  th e  d rive  f ie ld  ca n  con tro l th e  
tra n sm iss io n  and  r e fle c tio n  o f  EIG .

Fig. 2a) Transmission (left) and reflection (right) spectra as a function of the probe detuning fi1(in units y10) 
for different different the Rabi frequencies G3(in units y10).b).The transmitted (left) and reflected (right) 
probe pulse for different Rabi frequencies of a drive field indicated in Fig. 2. Other parameters are G2+=5y10 , 
G2-=(5/6) G2+, y10= y12= y32= 2n 6 MHz, y20 =2n 1kHz, N=1012 cm-3, L=2 cm.

In c o n c lu s io n , w e  are sh o w n  h o w th e tra n sm iss io n a n d  r e fle c tio n  o f  p rob e p u lse  in  E IG  can  
b e c o n tr o lle d u s in g  a d d itio n a l d rive f ie ld . A ll-o p t ic a l sw itc h in g  o f  th e  re fle c te d  and  tran sm itted  p u lse  
ared em on strated .
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The efficiency of the interaction of optical radiation with matter is largely determined by the type 
(multipolarity) and the orientation of the elementary oscillators, describing the quantum systems 
interacting with radiation. For example, in case of electric dipole interaction the energy of interaction 
of optical radiation with luminescence centers depends on the orientation of the electric field vector 
and the vector of the electric dipole moment of the elementary oscillator associated with the quantum 
transitions responsible for the absorption and emission of light in the luminescence centers [1].

The luminescence centers in crystals usually have pronounced anisotropic properties. Thus, the 
transition from the ground state of the center to the excited state and vice versa, i.e. absorption and 
emission of light by the color centers in crystals, are simulated by linear electric dipole oscillator or 
by rotator oriented along one of the crystallographic axes. Therefore, the light emitted by the center 
will be polarized in a certain way and the degree of polarization of the total luminescence of these 
centers summarized for all possible orientations of the center will be different from zero and will be 
dependent upon the crystal orientation relative to the direction and polarization of the exciting light 
and luminescence observation direction [2]. This fact can be used to build a spatial pattern of 
luminescence centers distribution according to the degree of polarization and constitutes the basis of 
our proposed method of determining the size of grain in optical ceramics containing emission centers 
of known origin.

a) b)

x: 3,2 tim

c)
Fig. 1 Images of the optical ceramics surface a) -  the SEM data, b) and c) -  the data of laser luminescent 
polarization microscope with 2D and 3D scanning respectively.

To extract information from the observation of polarized luminescence it is necessary to be able to 
examine the degree of radiation polarization depending on the relative orientation of the electric vector 
of the exciting light wave, the crystal axes and the direction of observation. The degree of polarization 
P  = (III - 1± ) /(I II +1± ) is a measure of the luminescence polarization when the exciting light is 

linearly polarized, I — the intensity of the luminescence component polarized in the same plane as

the excitation light, and I ± — the intensity of the luminescence component polarized in the 
orthogonal plane as the excitation light. Since the orientation of the luminescence centers does not 
change in a single grain and the grains themselves in ceramics have a random distribution, we can 
assume that the abrupt change in the value of the polarization degree will occur at the grain
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b o u n d a ries . T h u s, k n o w in g  th e  sca n n in g  step , it  is  p o s s ib le  to  d eterm in e  th e  s iz e  o f  a  s in g le  gra in  w ith  

a  certa in  p rob ab ility .

G iv e n  th at th e  p ro p o sed  m eth o d  is  n e w , w e  h a v e  approb ation  it  at cen ters w ith  k n o w n  p rop erties to  

a s s e s s  its  a d eq u a cy . W e  carried  o u t ex p er im en ts  w ith  F 2 c o lo r  cen ters in  lith iu m  flu o r id e  cera m ics . It 

is  k n o w n  th at th e se  cen ters are or ien ted  a lo n g  th e  d ia g o n a ls  o f  th e  cu b e  fa c e s  (С 2). T h e ex p er im en ts  

w ere  carried  o u t on  a  la ser  c o n fo c a l sca n n in g  m ic r o sc o p e  M icro T im e  2 0 0  w ith  im p lem en ted  tw o -  

ch a n n e l sc h e m e  o f  reg istra tion  o f  th e  lu m in e sc e n c e  in ten s ity  I II and  I ± .

T h e  m a th em a tica l to o l d e v e lo p e d  on  th e  a n a ly s is  o f  th e  p o la r iza tio n  c o m p o n e n t o f  lu m in e sc e n c e  

a llo w s  u s  to  c o n s id e r  arbitrary m u ltip o la r ity  tra n sitio n s or ien ted  on  arbitrary a x e s  o f  sym m etry . 

C a lcu la tio n  o f  th e  d eg ree  o f  p o la r iza tio n  o f  th e  lu m in e sc e n c e  P ,  e x c ite d  and  o b serv ed  fo r  a  g iv e n  ty p e  

cen ters sh o w s  th at th e  d eg ree  o f  p o la r iza tio n  o f  lu m in e sc e n c e  v a r ies  from  0 .3 3  to  0 .6 6 , and  d ep en d s  

o n  th e  crysta l or ien ta tion . T h e o b ta in ed  d e p en d en ce  h as b e e n  co n firm ed  ex p er im en ta lly .

M ap  o f  th e  spatia l d istr ib u tion  o f  th e  p o la r iza tio n  d eg ree  w a s  b u ilt  as a  resu lt o f  th e  m ea su rem en ts . 

O n  th is  m ap  d ifferen t v a lu e s  o f  P  co rresp o n d  to  s p e c if ic  co lo r s:  th e  p la c e s  w h ere  th is  v e lu e  co n v e r g e s  

to  m a x im u m  -  th e  m ap  h a s  red  c o lo r , w h ere  it  c o n v e r g e s  to  a  m in im u m  - w h ite  c o lo r , th e  p la c e  w h ere  

th e  g lo w  is  a b sen t (zero ) -  b la ck  c o lo r . T h e b r ig h tn ess  in d ica te s  th e  to ta l in ten sity  fo r  b o th  ch a n n e ls . 

A s  an e x a m p le , in  F igu re 1 w e  p resen t th e  co m p ara tive  im a g e s  o f  th e  o p tica l cera m ics  su rface  

a cco rd in g  to  data from  sca n n in g  e lec tro n  m ic r o sc o p e  (S E M ), and  la ser  lu m in e sc e n t p o la r iz in g  

m ic r o sc o p e . A s  o n e  can  se e  ou r m ap  o f  th e  sp atia l d istr ib u tion  o f  p o la r iza tio n  d eg ree  ad eq u a te ly  

r e fle c ts  th e  resu lts o f  S E M . Further a n a ly s is  c o n s is ts  o f  d e term in in g  o f  th e  b ou n d aries  and  s iz e  o f  

gra in s d isp la y e d  o n  th e  m ap  w ith  ta k in g  in to  a cco u n t th e  step  o f  scan .

T h e  w o rk  w a s  p erfo rm ed  as part o f  th e  S B  R A S  p ro ject 11 .10 .1 .6 ., and  w ith  th e  fin a n c ia l support o f  

R F B R  p ro jec t №  1 6 -5 2 -4 4 0 5 6 .
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T h e 2 1S -2 3S tra n sitio n  b e tw e e n  th e  tr ip le t and  s in g le t  parts o f  th e  h e liu m  sp ectru m  is  o f  in terest fo r  

sp e c tr o sc o p y  b e c a u se  o f  its  sm a ll rad iative w id th  (8 H z ), w h ic h  is  d eterm in ed  b y  th e  2 1S le v e l  d e c a y  

to  th e  1 1S g rou n d  state. T h e p o ss ib il ity  o f  a  p rec ise  m ea su rem en t o f  th e  2 1S -2 3S tra n sitio n  freq u en cy  

w a s  s tu d ied  in  [3 ,4 ,5 ] .W e  stu d y  tw o -p h o to n  ab sorp tion  at th e  2 1S - 2 3S tran sition  o f  h e liu m , w h e n  th e  

p u m p in g  f ie ld  (1 0 8 3  n m ) is  in  reso n a n ce  w ith  th e  2 3S - 2 3P 1 tra n sitio n  and  th e  stim u la ted  f ie ld  (3 5 6 1  

n m ) is  in  reso n a n ce  w ith  th e  2 1S - 2 3P 1 tran sition .

3

W e  c o n s id e r  th e  p ro b lem  o f  th e  in teraction  o f  tw o  w a v e s  p rop agatin g  in  th e  sam e d irec tio n  in  a  g a s  o f  

th r e e - le v e l a to m s. O ur e s tim a te s  sh o w  th at th e  g a in  fo r  th e  sca ttered  w a v e  is  rather h ig h T h e  d e n s ity  o f  

p a rtic le s  d e tec ted  at th e  2 1 S le v e l in  o n e  s e c o n d  fo r  p u m p in g  w a v e  1 mW / cm2 ca n  be

R ( 2 1S ) =  1 0  8cm - 2 s - 1 .

T o  d e tec t a tom s in  th e  e x c ite d  2 'S s ta te , w e  w il l  c o n s id e r  a  tech n iq u e  b a se d  o n  th e  d e te c tio n  o f  

sp o n ta n eo u s v a c u u m -u ltr a v io le t  5 8 -n m  p h o to n s .W e  are in terested  in  th e  s ig n a l- to -n o ise  ratio  in  the  

d e te c tio n  o f  V U V  p h o to n s  w ith  a  w a v e le n g th  o f  58  nm . T h e n u m b er  o f  p h o to n s  ab sorb ed  w ith in  the  

d e te c tio n  tim e  t is  eq u a l to  N  =  Rt, w h ere  R  is  th e  n u m b er  o f  a tom s e x c ite d  to  th e  2 'S s ta te  p er  u n it  

t im e . In th e  a b sen ce  o f  a  b a ck grou n d , th e  flu c tu a tio n  o f  th e  p h o to n  n u m b er  is  eq u a l to  VN. T o  d e tec t a  

lin e  sh ap e w ith  an a ccu ra cy  o f  10-3, w e  sh o u ld  en su re  that

Signal =  N =  ю 3 
Nose V~N

T h e  resu lts  ob ta in ed  sh o w  th e  w a y  to  o b serv e  o f  tw o -p h o to n  ab sorp tion  at th e  2 1S - 2 3S tran sition  o f  

h e liu m .
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It is  k n o w n  th at, b e ca u se  o f  quantum  in ter feren ce , in tera ctio n  o f  a  th r e e - le v e l sy s te m  w ith  a  tw o -  

fr e q u e n c y  la ser  f ie ld  in  th e  Л  co n fig u ra tio n  g iv e s  r ise  to  a  su p erp o sitio n  state that d o e s  n o t  in teract 

w ith  th e  la ser  rad iation . T h is  p h e n o m e n o n  is  referred  to  as th e  co h eren t p o p u la tio n  trap p in g  (C P T )  

e f fe c t  [1 ,2 ] . In th e  p resen ce  o f  th e  c lo s e d  ex c ita tio n  co n to u r  d e n s ity  m a tr ix  o f  an a to m  d e p en d s o n  the  

re la tiv e  p h a se  o f  rad iation  [3 ]. In th is  m an n er  th e  C P T  e f fe c t  ca n  b e  e ith er  fu lly  d e stro y ed  or  restored . 

T h e p o ss ib il ity  to  con tro l th e  su p erp o sitio n  state p aram eters w a s  in v e s tig a te d  fo r  b o th  th e  a to m ic  [4] 

and  so lid -s ta te  sy ste m s [5].

N e w  in terestin g  feature o f  th r e e - le v e l a tom s th at form  an o p tic a lly  d en se  m ed iu m  and  are e x c ite d  

b y  a  th ree -freq u en cy  la ser  rad ia tion  (А -sc h e m e , F ig . 1(a)) is  th e  p resen ce  o f  sp atia l q u a sip er io d ic  

re fractive  in d e x  o s c illa t io n s  [6]. T h is  n on tr iv ia l p h en o m en o n  ca n  b e  u se d  a s a  b a s is  fo r  d e v e lo p m e n t  

o f  m ater ia ls  w ith  a  c o n tro lled  p h o to n  b an d  th at can  b e  ch a n g ed  b y  m a n ip u la tin g  th e  la ser  f ie ld s  

a ffe c t in g  th e  a to m ic  e n se m b le .

In th is  w o rk  w e  h a v e  d e v e lo p e d  th e  th eo ry  o f  p ro p a g a tio n  o f  th e  la ser  rad ia tion  w ith  f in ite  w id th  o f  

sp ectru m  in  o p t ic a lly  d en se  g a s , c o n s is ts  o f  А -a to m s, in  th e  p resen ce  o f  c lo s e d  ex c ita tio n  co n to u r  

(F ig .1 (a )) . T h is  th eo ry  ta k es  in to  a cco u n t f lu c tu a tio n s  o f  o p tica l f ie ld s  w ith  R ab i fr eq u en c ie s  Q 1 and  

Q 2 and  co rre la tio n s  b e tw e e n  th em . It is  b a sed  o n  th e  se t  o f  quantum  k in e tic  eq u a tio n s  fo r  th e  a to m ic  

d e n s ity  m a tr ix  p mn ( z , t) and  transport eq u a tio n s  fo r  th e  f ie ld  corre la tion  fu n ction s:

T  Z  [H mjPjn -p mjH jn ] + Rm -S„ ( 1 )

( 0 *n (Z  * )Q m ( Z  t')) = 1 (  4m { 0 *n ( Z, * )P 3m  (Z  *')) -  q j \  ̂  m (Z t V n3 ( Z t)) )  , (2 )

w h ere  H  is  th e  H a m ilto n ia n , R  is  th e  re la x a tio n  m atrix , S  is  th e  c o l l is io n  in tegra l, z  is  th e  a x is  a lo n g  

w a v e  v e c to r  o f  rad iation , и is  th e  p ro jec tio n  o f  a tom  v e lo c ity  o n  th e  z  a x is , p mn ( z , t) is  th e  s lo w  

a m p litu d e  o f  d en s ity  m atrix , qm is  th e  d im e n sio n a l c o e f f ic ie n ts ,  m, n =  1 ,2 ,3 . E q u ation  (2 )  is  ob ta in ed  

from  th e  w a v e  eq u a tio n s  fo r  th e  c o m p le x  a m p litu d es  o f  th e  f ie ld  a fter  a v era g in g  o v e r  th e  f ie ld  

flu c tu a tio n s .

O n th e  F ig . 1 (b ) o n e  can  se e  th e  in ten s ity  I1 o f  th e  f ie ld  w ith  R ab i fr eq u en cy  Q 1 d ep en d in g  on  

co o rd in a te  z  fo r  d ifferen t sh a p es  and  w id th  r las o f  th e  in p u t la ser  sp ectru m . T h ere  are th e  spatia l 

q u a sip er io d ic  in ten s ity  o sc il la t io n s , th e  p er io d  o f  w h ic h  d ep en d s o n  o v er la p p in g  in tegra l o f  th e  la ser  

sp ectru m  and  th e  ab sorp tion  lin e  o f  th e  g a s . In th e  c a se  o f  r las =  1y o v er la p p in g  in tegra l ta k es  a  

m a x im u m  v a lu e , th erefore  th e  p er io d  o f  o s c illa t io n s  is  m in im a l. A n d  v ic e  v er sa , in  th e  ca se  o f  

r las =  4 0 y  and  G a u ss ia n  p ro file  o f  sp ectru m  o v er la p p in g  in tegra l ta k es  a  m in im u m  v a lu e  and  

o s c illa t io n s  b e c o m e  ex ten d ed .

A ls o , in  th is  w o rk  w e  h a v e  c a lcu la ted  th e  p rop agation  o f  f ie ld  co rre la tion s in  th e  o p t ic a lly  d en se  

g a s . It w a s  fo u n d  th at th e  co rre la tio n  in  th e  f ie ld  ca n  b e  in crea sed  u n d er  certa in  c o n d it io n s . T h is  fa c t  

ca n  b e  u se d  to  create  th e  filte r  o f  co h eren t part o f  rad iation .
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Fig. 1 (a) - Scheme of atomic levels in closed excitation contour (□ - scheme). Q1 and Q2 are the Rabi 
frequencies of optical fields, U is the Rabi frequency of microwave field, A1 and A 2 are one-photon 
detuning, <pn are the relative phases of the fields. (b) - Normalized intensity I1 of the frequency component 
Q1 depending on the coordinate z along propagation of radiation for different spectrum widths r las for 
Lorentzian and Gaussian shapes of the laser spectrum. у is decay rate of excited level.
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F or th e  la s t sev era l d e ca d es  rapid  sc ie n t if ic  and  te c h n o lo g ic a l p ro g ress h as b e e n  su b sta n tia lly  
c o n n e c te d  w ith  an e x p a n s io n  o f  th e  la sers  and  la ser  te c h n o lo g ie s  at d ifferen t areas o f  th e  s c ie n c e , 
e n g in e e r in g , and  in d u stry . M a n y  im p r e ss iv e  s u c c e s s e s  in  th e se  d irec tio n s  are due to  th e  th eo re tica l 
support, m o tiv a tio n , and  in terpretation  o f  ex p er im en ta l resea rch es. In th is  co n tex t , o f  p aram ount  
im p o rta n ce  is  th e  fo rm u la tio n  o f  m a th em a tica l m o d e ls  (eq u a tio n s) and  f in d in g  o f  th e ir  so lu tio n s , 
w h ic h  a d eq u a te ly  d escr ib e  th e  p h y s ic a l p ictu re  o f  in v e s tig a te d  p ro b lem s. D u rin g  lo n g  t im e , s tea d y  
sta tes (w h ic h  ar ises  u n d er  th e  in teraction  o f  a  quantum  sy s te m  w ith  sta tion ary  ex tern a l f ie ld s )  p la y  a  
k e y  ro le  in  th e  th eo re tica l d e scr ip tio n  o f  th e  b a s ic  p ro b lem s in  la ser  p h y s ic s  and  sp e c tr o sc o p y  (fo r  
e x a m p le , se e  [1 - 3 ] ) .  H o w e v e r , in  th e  la s t f e w  y ea rs  th e  d e v ic e s  in  w h ic h  d ifferen t p aram eters o f  
e le c tr o m a g n e tic  f ie ld s  are p e r io d ic a lly  m o d u la ted  h a v e  g a in e d  a  grea ter  im p ortan ce . F irst o f  a ll, th e  
s o -c a lle d  fr eq u en cy  c o m b  gen era tors u se  th e  p e r io d ic  p u lse  m o d u la tio n  o f  a  la ser  f ie ld . S u ch  so u rces  
o f  p u lse  rad iation  are a c t iv e ly  u se d  n o w  in  m o d ern  a to m ic  c lo c k s  fo r  freq u en cy  m ea su rem en ts , and  
th e y  h a v e  p ro m is in g  p e r sp e c tiv e s  fo r  d irect fr eq u en cy  co m b  sp ec tro sco p y . A ls o , th e  p h ase  
(fr eq u en cy ) an d /or  a m p litu d e  p e r io d ic  m o d u la tio n  o f  th e  la ser  f ie ld  is  n o w  w id e ly  u se d  fo r  d ifferen t  
ta sk s  and  a p p lica tio n s  ( in c lu d in g  a to m ic  c lo c k s  and  m a g n e to m eters). In a ll th e se  e x a m p le s  the  
standard c o n c e p t  o f  s tea d y  state b a sed  o n  th e  t im e -in d e p e n d e n t eq u a tio n  is  in a p p lica b le .

W e  g en e r a liz e  th e  stea d y -sta te  c o n c e p t  fo r  an  arbitrary quantum  sy s te m  u n d er arbitrary p er io d ic  
ex tern a l in flu e n c e . In th is  w a y  w e  p ro v e  th e  fo llo w in g  e x is te n c e  theorem : i f  th e  c o e f f ic ie n ts  o f  d en s ity  
m atrix  d y n a m ic  eq u a tio n

d i л л
—P(t) = - -  [H, p(t)] + T{p(t) } ,  Tr{p (t )}  = 1 (1 )
dt h

h a v e  th e  p er io d  T  , th en  th e  p e r io d ic  so lu tio n  w ith  th e  sa m e p er io d  T  e x is ts  a lw a y s . A  c o m p le te ly  
u n e x p e c te d  resu lt is  th at so  u n iv er sa l and  fu n d am en ta l a  sta tem en t is  b a sed  o n ly  o n  th e  n o rm a liza tio n  
c o n d it io n  fo r  th e  d en s ity  m atrix . D u e  to  th e  re la x a tio n  p r o c e s se s  th is  so lu tio n  is  rea liz ed  a s an  
a sy m p to tic s  (t ^  +<») and, th ere fo re , ca n  b e  ch aracter ized  a s a  p e r io d ic  s tea d y  state. T h e d e v e lo p e d  
s im p le  a lg o r ith m  a llo w s  u s  to  d irec tly  co n stru ct th is  so lu tio n  in d ep en d en tly  o f  in itia l c o n d it io n s  and  
w ith o u t th e  u se  o f  e ith er  F lo q u e t or F ou rier  fo rm a lism s. O ur ap p roach  co n s id era b ly  s im p lif ie s  the  
a n a ly s is  reg a rd less  o f  th e  p e r io d ic  m o d u la tio n  character: from  sm o o th ly  h a rm o n ic  ty p e  to  u ltrashort  
p u lse s .

S o m e  au thors su p p o sed  (w ith o u t p ro o f) th e  e x is te n c e  o f  th e  p e r io d ic  s tea d y -sta te  so lu tio n  fo r  so m e  
certa in  p ro b lem s. In th is  c a se  th e y  u su a lly  u se d  th e  F ou rier  a n a ly s is  fo r  n u m er ica l ca lcu la tio n s). 
H o w e v e r , an in tu itiv e  a ssu m p tio n  ab o u t th e  p e r io d ic  s tea d y  state  is  n o w  r ig o ro u s ly  su b stan tia ted  [4]. 
A t th e  sam e t im e , o f  sp e c ia l in terest is  th e  d irec t and  s im p le  m eth o d , w h ic h  a llo w s  u s  to  co n stru ct the  
p e r io d ic  so lu tio n  w ith o u t F ou rier  ex p a n s io n .

L e t  u s d e scr ib e  o n e  p o ss ib le  n u m er ica l a lg o r ith m  a llo w in g  to  co n stru ct th e  p e r io d ic  so lu tio n  o f  
eq u a tio n  (1 ). F irst, rew rite  th e  d ifferen tia l eq u a tio n  (1 )  fo r  th e  d en s ity  m a tr ix  in  th e  v e c to r  form :

d л
-  p (t) = L(t) p (t) ,  Tr{/>(t )}  = 1 , (2 )
dt

w h ere  th e  co lu m n  v e c to r  (t)  is  fo rm ed  b y  th e  m a tr ix  e le m e n ts  ab (t) u s in g  so m e  d e fin ite  ru le , the  

lin ea r  operator  L(t) co rresp o n d s to  th e  righ t-h an d  m em b er  o f  E q. (1 ) . In a cco rd a n ce  w ith  E q. (2 ) , for  

o th er  in stan t o f  t im e  t2 w e  ca n  w rite

p  O2) = A (t2 , h ) p  (t!@ (3 )
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where the two-time evolution operator A (t2,t1) is determined by the matrixL(t). Consider p (t) at 
arbitrary instant of time t . In conformity with Eq. (3), the vector p (t + T ) is determined as

P (t + T ) = A(t + T , t)p(t), (4)

where T  is time period in the operator L (t), i.e. L (t + T) = L (t). Supposing the existence of the 
periodic solution p (t + T) = p (t), it follows from Eq. (4) that this solution satisfies the equation

P (t) = A(t + T , t )p  (t), Tr{p (t)} = 1, (5)
which always has a nonzero solution as it has been proven in our work [4]. We consider an arbitrary 
periodic dependence of the operator L (t). For instance, under an atom-field interaction such a 
dependence can be produced by the modulation of the field parameters (amplitude, phase, 
polarization, etc.).

The selected time interval [t0, t0 + T] is divided into N  small subintervals, where tN = t0 + T . The 
character of partition (uniform or nonuniform discrete mesh) and number of subintervals are 
determined in conformity with the studied problem. The dependence L(t) we will approximate by 
step function where the matrix L (t) has the constant value L(tm-1) inside of subinterval (tm~1,tm\. In 
this case the vector p ( t0) in initial point t0 is determined by Eq. (5), where the evolution operator

A(t0 + T , t0) has the form of a chronologically ordered product of the matrix exponents:
m=N

A(t0 + T, t0) И П e(tm —tm-l) L(tm-1) 
m=1

= e(tN tN-1) L(tN-1) (t1 t0)Lj(t0) (6)

The vectors p (tm) in other points of the interval [t0, t0 + T] are determined by the recurrence relation

p ( tm ) = e(tm-tm-1)L (tm-1)p(tm-1). (7)
In summary, in the framework of density matrix formalism we have rigorously proven the 

existence theorem of the periodic steady state for an arbitrary periodically driven system. Due to the 
relaxation processes this state is realized as an asymptotics (t ^  +да) independently of initial 
conditions, i.e., periodicity is the main attribute of steady state. The proof simultaneously contains a 
computational algorithm, which uses neither Floquet nor Fourier theories. Our method radically 
simplifies the calculations for arbitrary types of periodic modulation (including the ultrashort pulses) 
and opens up great possibilities for analysis and development of new methods in laser physics, 
nonlinear optics, and spectroscopy.
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S ilic o n  n a n o p illa rs  (S i N P s )  h a v e  a  u n iq u e  ca p a b ility  o f  m a n ip u la tin g  and  co n tro llin g  lig h t o n  a  

n a n o sc a le . T h e  n e w  m e c h a n ism  to  gen era te  structural c o lo r  th rou gh  th e  ta ll S i N P s  h as b een  

d em o n stra ted  in  [1 -2 ]. S tructural c o lo r  g en era tio n  h as a ro u sed  co n s id era b le  in terest w ith  its  p ro m isin g  

a p p lica tio n s  in  v a r io u s  f ie ld s  in c lu d in g  im a g in g  sen so rs , o p tica l filters, and  d isp la y s . S i N P s  e x h ib it  

in ten se  M ie  r e so n a n ces  in  th e  v is ib le  spectra l r eg io n  [3 ]. A n  im p ortan t a d van tage  o f  th e  structures is  

th at th e  p rop erties  o f  th e  en tire sy s te m  ca n  b e  c o n tro lled  b y  c h a n g in g  g e o m e tr ica l d im e n s io n s  o f  the  

Si N P s  [4 -5 ]. A  d ecrea se  in  th e  c o e f f ic ie n t  o f  th e  re fle c tio n  o f  lig h t from  structures w ith  S i N P s  is  

rela ted  to  a  co n sid era b le  in crea se  in  th e  area  o f  th e  su rface  w ith  S i N P  arrays in  co m p a r iso n  w ith  a  fla t  

su rface . It is  im p ortan t th at th e  p ro file  o f  th e  refractive  in d e x  is  m o d u la ted  b y  an ord ered  array o f  N P s  

(m e d iu m -p illa r -m e d iu m ) w h ile  sca tter in g  o ccu rs  at an in d iv id u a l S i N P .

T h e  p resen t s tu d y  fo c u s e s  o n  th e  o p tica l p rop erties  o f  S i N P s  w ith  d ia m eter  6 0  n m ^ 2 5 0  n m  and  

h e ig h t  100  n m ^ 8 0 0  n m  (p itch  4 0 0  n m ^ 1 7 0 0  n m ). W e  m ea su re  th e  r e fle c ta n ce  sp ectra  o f  square arrays 

o f  S i N P s . S i N P s  arrays v ie w e d  und er th e  b r ig h t-fie ld  illu m in a tio n  ca n  d em on stra te  th e  v iv id  c o lo r  

g en era tio n . W e  in v e s tig a te  h o w  th e  re so n a n ces  in  th e  S i N P s  ca n  b e  tu n ed  b y  tu n in g  g eo m etr ica l  

d im e n s io n s  o f  th e  n an o p illa rs . T h e p a ss iv a tio n  o f  S i N P s  w a s  p erform ed . S i N W s  w ere  trea ted  in  

b o ilin g  n itr ic  a c id . T h en , S i N W s  w ere  c h e m ic a lly  and  e le c tr ic a lly  p a ss iv a te d  th rou gh  th e  d e p o s it io n  

o f  T iO N x  n a n o la y er  at 8 n m  th ic k n e ss . S ca n n in g  E lec tro n  M ic r o sc o p e  (S E M ) and  A to m ic  F orce  

M ic r o sc o p y  (A F M ) w ere  u se d  to  ch aracter ize  th e  S i N P s . R e f le c ta n c e  sp ectra  from  arrays o f  S i N P s  

w ere  m ea su red  at w a v e le n g th s  ran g in g  from  5 0 0  n m  to  1 1 5 0  nm . S p ectra  w ere  n o rm a lized  w ith  the  

sp ectru m  ta k en  from  a  g o ld  w a fer . T h e lig h t  w a s  n o rm a lly  in c id e n t tow ard  th e  sa m p le  and  fo c u se d  

th rou gh  an o b je c tiv e . W e  fo u n d  so m e  p ea k s and  d ip s in  th e  m ea su red  spectra . T h e p o s it io n  o f  th e  d ip s  

v a r ied  w ith  S i N P s  d iam eter . T h e  w a v e le n g th  o f  m in im u m  re fle c ta n ce  sh ifts  to  lo n g e r  w a v e le n g th  

reg io n  w ith  an  in crea se  in  S i N P  d iam eter . T u n ab le  c o lo r  g en era tio n  from  v er tica l s i l ic o n  S i N P s  is  

d em on stra ted . S i N P  arrays (a fter  n itr ic  a c id ) ex h ib it  s im ila r  c o lo r  b u t lo w e r  in ten sity . It is  w orth  

n o tin g  th a t S i N P  a n n ea lin g  lea d  to  a  d ecrea se  in  th e  in te n s ity  o f  th e  re fle c te d  sig n a l at th e  reso n a n ce  

w a v e le n g th s , w ith  a lm o st  u n ch a n g ed  w a v e le n g th  o f  r e f le c tio n  m in im u m . T h e  sp ectru m  ca n  be  

m o d if ie d  b y  v a ry in g  th e  g e o m e tr ica l p aram eters o f  S i N P s  (d ia m eters, p itch , and  h e ig h t).

T h e  w o rk  w a s  su p p orted  b y  R F B R  v ia  grant 1 6 -3 2 -0 0 2 6 9  m o l_ a .
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Experimental realization of surface plasmon laser
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O v er  th e  la s t d eca d e , n a n o p h o to n ic s  is  u n d erg o in g  rapid d e v e lo p m en t. O n e o f  th e  in terestin g  d e v ic e s  
th at h a s  b e e n  th e o r e tic a lly  p red ic ted  [1] and  rea liz ed  [2] is  spaser . S p aser  is  an  a cro n y m  fo r  su rface  
p la sm o n  a m p lif ica tio n  b y  stim u la ted  e m is s io n  o f  rad iation . S u rface  p la sm o n  la sers  h a v e  m a n y  
p o ten tia l p ractica l a p p lica tio n s  su ch  a s u ltra sen sitiv e  d e te c tio n , sp e c tr o sc o p y  o f  c h e m ic a l. T h e y  are 
p o te n tia lly  ab le  to  p ro v id e  u ltra -fa st ( f s - s c a le  or  fa ster) o p tica l p r o c e s se s  [3] and  u se fu l a s  a  n o v e l  
v e r sa tile  b io m e d ic a l to o l  [4 ], etc .

T h e  sp aser  is  a n a lo g o u s  to  th e  co n v e n tio n a l la ser . A  sp a ser  c o n s is ts  o f  a  m eta l n an op artic le  a s th e  
reson ator  su rrounded  b y  a  n a n o sh e ll o f  th e  g a in  m ed iu m . In con trast, th e  sp a ser  a s a  n a n o sc o p ic  
q u an tu m  gen era to r  o f  lo c a liz e d  su rface  p la sm o n s  is  a  p r o m is in g  can d id a te  fo r  a  w id e  range o f  
a p p lica tio n s  b e c a u se  it  a llo w s  b ea tin g  th e  d iffra c tio n  lim it  and  fo c u s in g  e le c tr o m a g n e tic  en e r g y  on  
sp o ts  m u ch  sm a ller  th an  a  w a v e le n g th .

W e  h a v e  fab r ica ted  sp h er ica l and  cy lin d r ica l sp asers w ith  g o ld  co re  and  s il ic a  d y e -e m b e d d e d  sh e ll  
and  ch aracter ized  th em  w ith  th e  u se  o f  tra n sm iss io n  e lec tro n  m ic r o sc o p y , c o n fo c a l m ic r o sc o p y  
(F ig .1 ) . W e  h a v e  stu d ied  th e  stim u la ted  e m is s io n  o f  sp h er ica l and  cy lin d r ica l sp asers w ith  th e  
d ifferen t a sp e c t  ratio , w h ic h  a llo w e d  to  s ig n if ic a n tly  ex p a n d  th e  sp ectra l range o f  th e  sp a sin g . W e  
h a v e  sh o w n  th at th e  stim u la ted  e m is s io n  th resh o ld  w a s  a b ou t 2 5 0  k W /c m 2 fo r  sp h er ica l sp asers and  
so m e  le s s  fo r  cy lin d r ica l o n e s . T h e  sp a s in g  sign atu re  ca n  b e  a lso  s e e n  from  th e  con cu rren t o n se t  o f  th e  
lin e  w id th  n arrow in g  p la tea u  and  th e  n o n lin ea r  k in k  o f  th e  "S"-shape L -L  p lo t  sh o w s  th e  ou tp u t p o w e r  
o f  th e  sp a sin g  m o d e  a s a  fu n c tio n  o f  pu m p  p o w er . In a d d itio n , e m is s io n  d y n a m ic s  ob ta in ed  fo r  
sp h er ica l sp asers at a  w a v e le n g th  o f  5 2 6  n m  s h o w e d  th a t th e  p u lse  is  sh orten ed  at e x c e s s  p u m p ed  
critica l th resh o ld .

(a) (b) (c)
Fig. 1 Schematic of a spherical spaser made from a gold core and surrounded by silica shell with doped dye 
molecules. Schematic of a (a) spherical and (b) cylindrical spaser made from a gold core and surrounded by 
silica shell with doped dye molecules. (c) Confocal microscopy image of the spherical spasers.

T h is  w o rk  w a s  su p p orted  b y  R F B R  1 5 -0 3 -0 3 8 3 3  and  1 6 -3 2 -0 0 7 1 0  m o l_ a .
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Laser cooling and trapping of strontium atoms
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D e e p  la ser  c o o lin g  o f  strontium  a to m s a llo w s  to  d ecrea se  D o p p ler  e ffe c t , to  lo c a liz e  a to m s and  to  

in crea se  in teraction  t im e  b e tw e e n  c lo c k  la ser  and  a to m s, w h ic h  is  im portant fo r  p r e c is io n  

sp e c tr o sc o p y . W e  p resen t ou r w o rk  o n  c o o lin g  and  trap p in g  strontium  a to m s to  th e  o p tica l la ttice  

w ith in  h ig h  p erform an ce  o p tica l a to m ic  c lo c k s  crea tio n .
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Forster resonances in rubidium and cesium atoms for 
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T w o -q u b it  quantum  g a te s  are th e  k e y  e le m e n t  o f  a  quan tu m  com p u ter . In g en era l, a n y  quantum  
a lg o r ith m  ca n  b e  im p lem en ted  u s in g  a  tw o -q u b it  co n tr o lle d -N O T  (C N O T ) or  co n tro lled -Z  (C Z ) ga te  
and  s in g le -q u b it  ro ta tion s. A rrays o f  o p tica l d ip o le  traps w ith  u ltra co ld  n eutra l a tom s ca n  b e  u se d  as 
quan tu m  reg isters o f  arbitrary d im e n s io n s , and  th e  in teraction  o f  th e  a tom  q u b its  to  p erform  tw o -q u b it  
g a te s  can  b e  c o n tro lled  b y  th e ir  tem p orary  ex c ita tio n  to  R y d b erg  sta tes , w h ic h  ex p e r ie n c e  stron g  lo n g -  
range in tera ctio n s [1 ].

A t  th e  sam e t im e , h ig h -f id e lity  tw o -q u b it  g a te s  w ith  R y d b erg  a to m s h a v e  n o t b e e n  d em on stra ted  
y e t. O ur app roach  to  b u ild in g  a tw o -q u b it  g a te  is  b a sed  o n  c o n tro lled  p h a se  sh ifts  o f  c o lle c t iv e  sta tes  
o f  tw o  q u b its  during  d o u b le  ad iab a tic  p a ssa g e  a cro ss th e  S tark-tuned  F orster  reso n a n ce . T he  
in teraction  stren gth  sh o u ld  b e  ad ju sted  to  p ro v id e  a  certa in  p h a se  sh ift  (fo r  e x a m p le , n ) , during  th e  
in teraction  tim e . T h is  ca n  b e  e a s ily  d o n e  w ith  S tark-tuned  F orster  r e so n a n ces  th a t p ro v id e  fa st and  
f le x ib le  con tro l b y  m a n ip u la tin g  th e  en e r g ie s  o f  R y d b erg  le v e ls  w ith  an e lec tr ic  f ie ld . T h e R yd b erg  
le v e ls  are ad ju sted  in  su ch  a  w a y  th at o n e  R y d b erg  le v e l  l ie s  m id w a y  b e tw e e n  tw o  o th er  R yd b erg  
sta tes o f  th e  o p p o s ite  parity. T h en  a  reso n a n t en erg y  tran sfer  b e tw e e n  R y d b erg  a to m s in it ia lly  e x c ite d  
to  th e  m id d le  state b e c o m e s  p o ss ib le  v ia  reso n a n t d ip o le -d ip o le  in teraction .

I f  tw o  R y d b erg  a to m s are fro zen  in  sp a c e , d ip o le -d ip o le  in tera ctio n  at a  F orster  reso n a n ce  in d u ces  
th e  R a b i-lik e  c o h eren t p o p u la tio n  o sc illa t io n s  b e tw e e n  c o l le c t iv e  sta tes o f  th e se  a tom s. T h e  freq u en cy  
o f  th e se  c o lle c t iv e  o s c illa t io n s  is  se n s it iv e  to  v a r ia tio n s  o f  th e  in teraction  en erg y  du e to  f lu c tu a tio n s  o f  
th e  sp atia l p o s it io n  o f  th e  a to m s w ith in  th e  o p tica l d ip o le  traps. T h is  ca n  su b sta n tia lly  in crea se  the  
p h a se  g a te  error. W e  p ro p o se  to  o v e r c o m e  th is  d if f ic u lty  b y  u s in g  a  d o u b le  ad iab a tic  rapid p a ssa g e  
a cro ss  S tark -tuned  F orster  re so n a n ces  w ith  a  d e term in istic  p h a se  a ccu m u la tio n  [2].

T h e  sc h e m e  o f  th e  C Z  g a te  is  sh o w n  in  F ig .1 (a ) . T w o  o p tica l d ip o le  traps w ith  o n e  a tom  in  ea ch  
trap are lo ca ted  at a  d ista n ce  R  b e tw e e n  th em . S ch em e  o f  th e  C Z  g a te  is  sh o w n  in  th e  le ft-h a n d  p a n e l 

o f  F ig .1 . T h e tw o  a tom s are s im u lta n e o u s ly  e x c ite d  to  R yd b erg  state |r )  b y  a  n  la ser  p u lse  la b e le d  as

1. T h e  d ista n ce  b e tw e e n  th e  traps m u st b e  s u ff ic ie n t ly  large  to  a v o id  th e  e f fe c t  o f  R y d b erg  b lo ck a d e . 
A  t im e -d e p e n d e n t ex tern a l e le c tr ic  f ie ld  sh ifts  th e  c o lle c t iv e  en erg y  le v e ls  so  th at th e  F orster  

reso n a n ce  |r r ) ^  |r'r" ) is  p a sse d  a d ia b a tica lly  tw o  t im e s . T h is  resu lts  in  a  d e term in istic  p h a se  sh ift  o f

state | rr ) in  th e  c a se  w h e n  b o th  a to m s are in it ia lly  prepared  in  state 11 1 } .

W e  h a v e  c a lcu la ted  th e  tim e  d e p en d en ce  o f  p o p u la tio n  and  p h a se  o f  th e  c o lle c t iv e  

1 9 0 S 1/2, 9 6 S 1/2  ̂ state o f  tw o  C s a to m s at 1 9 0 S 1/2, 9 6 S 1/2  ̂ ^  190P 1/2, 9 5 P 1/2 F orster  reso n a n ce  fo r

s lig h t ly  d ifferen t in tera to m ic  d is ta n ces  R = 2 4 , 2 5  and  2 6  q m  [see  F ig .1 (b )-(h )] . O ur ca lc u la tio n s  h a v e  
sh o w n  th at th is  va r ia tio n  o f  th e  in tera to m ic  d ista n ce  lea d s  to  sm a ll p h a se  ch a n g es  at th e  en d  o f  th e  
ad iab atic  p a ssa g e , th u s e v id e n c in g  th at ou r m eth o d  to  p erform  tw o -q u b it  quantum  g a te s  is  in se n s it iv e  
to  th e  a tom  p o s it io n  u n certa in ty .

In th e  sca la b le  quantum  reg ister  w ith  neutral a tom s o n e  o f  th e  p o ss ib le  error so u rces  is  ab sorp tion  
o f  th e  p h o to n s  w h ic h  are em itted  b y  th e  a to m s w h e n  th e  q u b it state is  m ea su red  u s in g  reso n a n ce  
f lu o r e sc e n c e . T h e ab sorp tion  o f  th e se  p h o to n s  b y  th e  q u b its in  th e  n e ig h b o r in g  s ite s  o f  th e  array o f  
o p tica l d ip o le  traps m a y  lea d  to  th e  d e c o h eren ce  o f  th e  quan tu m  state o f  th e  qu b its. T h is  e f fe c t  ca n  be  
su p p ressed  b y  u s in g  th e  re so n a n ce  flu o r e sc e n c e  o f  th e  a u x ilia ry  q u b its fo r  q uantum  state
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m ea su rem en t. T h e a to m s o f  d ifferen t ch e m ic a l e le m e n ts  w ith  d ifferen t e m is s io n  w a v e le n g th  ca n  be  
u se d  a s a u x ilia ry  q u b its, as sh o w n  in  F ig . 1(h). T h is  is  a lso  v a lu a b le  fo r  q uantum  sim u la to rs w ith  
R y d b erg  a tom s. W e  h a v e  s tu d ied  th eo r e tic a lly  th e  in teraction  o f  R b and  C s R y d b erg  a to m s [3 ]. W e  
h a v e  fo u n d  n u m erou s F orster  re so n a n ces  w h ic h  ca n  b e  u se d  to  in crea se  th e  strength  o f  th e  in ter sp ec ie s  
in tera ctio n  [F ig .1  ( i) ] . W e  h a v e  c a lcu la ted  th e  co n sta n ts  o f  th e  v a n  der W a a ls  in tera ctio n  tak in g  in to  
a c c o u n t th e  d eg en era cy  o f  th e  R y d b erg  en e r g y  le v e ls .

T h is  w o rk  w a s  su p p orted  b y  th e  R u ssia n  S c ie n c e  F o u n d a tio n  G rant N o . 1 6 -1 2 -0 0 0 2 8  in  th e  part o f  
n u m er ic  s im u la tio n  o f  th e  tw o -q u b it  g a te s  and  B e ll  sta tes , b y  R F B R  G rants N o . 1 4 -0 2 -0 0 6 8 0  and  1 6 
0 2 -0 0 3 8 3 , b y  N o v o s ib ir s k  S tate U n iv e r s ity  and  R u ssia n  A c a d e m y  o f  S c ie n c e s . M S  w a s  su p p orted  b y  
N S F  aw ard  1 5 2 1 3 7 4 , th e  A F O S R  M U R I o n  Q uantum  M e m o r ie s  and  L igh t-M atter  In ter fa ces , and  th e  
A R L -C D Q I th rou gh  co o p e r a tiv e  a g reem en t W 9 1 1 N F -1 5 -2 -0 0 6 1 . S .B . w a s  supported  b y  E P S R C  grant  
n o  E P /K 0 2 2 9 3 8 /1 .

Fig. 1 (a) Scheme of a CZ gate using double adiabatic rapid passage across Stark-tuned Forster resonance; 
(b)-(g) Double adiabatic passage of the Stark-tuned Forster resonance for different interatomic distances R . 
(b),(c),(d) Time dependences of population of the collective state |90Sj /2,96S j /2 ) of two Cs atoms 
calculated for R=24, 25 and 26 gm, respectively; (e),(f),(g) Time dependences of phase of the collective state 
|90Sj /2,96S j /2  ̂ of two Cs atoms calculated for R=24, 25 and 26 gm, respectively. (h) Scheme of the 
quantum register with Cs atoms used as main qubits and Rb atoms used as auxiliary qubits. (i) Dependence 
of the Forster energy defect for Rb(nS) + Cs(n'SRb(nP)+ Cs(n’P) Forster resonance with n' = n + 3 and 
n" = n' -1 on the principal quantum number n .
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T h e  sp ectra  and  ch aracter istics  o f  su p er im p o sed  p h o to n ic  crysta l f ib er  (P C F ) gratin g  are research ed  in  
th eo ry  and  ex p er im en t. T h eo re tica lly , th e  a n a ly s is  m o d e l o f  su p er im p o sed  P C F  gratin g  is  p ro p o sed  
b a se d  o n  th e  V -I  tran sfer  m atr ix  m eth o d , th e  re fle c tio n  sp ectru m  and  t im e -d e la y  ch aracter istic  o f  
su p er im p o sed  B ra g g  gratin g  and  su p er im p o sed  ch irp ed  gratin g  are s im u la ted  and  stu d ied . 
E x p er im en ta lly , a  quadrup le su p er im p o sed  B ra g g  gratin g  w ith  eq u id ifferen t w a v e le n g th  sp a c in g  and  a  
su p er im p o sed  ch irp ed  gratin g  w ith  w a v e le n g th  sp a c in g  o f  0 .8 2 n m  are fab r ica ted  th rou gh  193n m  
u ltra v io le t la ser  in  a  s in g le  m o d e  p h o to se n s it iv e  P C F . T h e resu lts  sh o w  th at th e  sp ectru m  o f  
su p er im p o sed  B ragg  gratin g  ca n  b e  f le x ib ly  c u s to m iz e d  b y  th e  p aram eters o f  ea ch  sub  grating . 
S u p er im p o sed  ch irp ed  gratin g  h a s  th e  ch aracter istics  o f  p e r io d ic  w id e  b and  reso n a n ce  w h o se  p er iod  
ca n  b e  ad ju sted  b y  th e  gratin g  p er io d  o ffs e t , and  fla t reson an t a m p litu d es  and  g o o d  lin ea r  grou p  d e la y s  
are o b serv ed . T h e  gratin g  sp ectra  o b ta in ed  from  ex p er im en ts  are in  g o o d  a g reem en t w ith  th e  
th eo re tica l a n a ly s is . T h e research  resu lts  in  th is  p ap er  ca n  b e  h e lp fu l to  th e  d e s ig n , fab r ica tio n  and  
a p p lica tio n  o f  su p er im p o sed  P C F  grating .
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U s in g  th e  c o u p le d -m o d e  th eo ry , th is  p ap er a n a ly se s  th e  se n s it iv e  fea tu res o f  re fractive  in d e x  o f  lo n g  
p er io d  f ib er  gratin g , and  g e ts  th e  re la tio n sh ip  b e tw e e n  lo n g  p er io d  f ib er  g r a tin g ’s reso n a n t w a v e le n g th  
or tran sm itted  in ten s ity  and  th e  en v iro n m en ta l re fractive  in d e x . A ls o  th is  pap er u se s  th is  re la tion sh ip  
to  d e te c t  th e  co n te n t o f  d ie se l  o il  in  th e  m ix e d  so lu tio n  o f  k ero sen e  and  d ie se l , g e ts  th e  re la tio n sh ip  
b e tw e e n  th e  co n te n t o f  d ie se l  o il  o f  th e  m ix e d  so lu tio n  and  th e  lo n g  p er io d  fib er  g ra tin g ’s reson an t 
w a v e le n g th  or  tran sm itted  in ten sity . T h e  resu lt sh o w s  th at w h e n  th e  k e r o se n e  o f  th e  m ix e d  so lu tio n  
in c r e a se s , th e  lo n g  p er io d  f ib er  gratin g  reso n a n ce  w a v e le n g th  sh ifts . W h e n  th e  co n cen tra tio n  o f  d ie se l  
o il  rea ch es  a  certa in  co n cen tra tio n  th at th e  refractive  in d e x  o f  th e  so lu tio n  is  eq u a l to  th e  c la d d in g  
in d e x , th e  reso n a n ce  w a v e le n g th  sh ifts  to  th e  m a x im u m . B e y o n d  th is  co n cen tra tio n , th e  tra n sm iss io n  
p ea k  b a ck  to  th e  o r ig in a l lo c a tio n  o f  th e  reson an t w a v e le n g th , bu t th e  sh ap e c h a n g e s  g rea tly , th e  p eak  
lo s s  d im in ish e s , b an d w id th  in crea se s , and  w ith  th e  co n cen tra tio n  o f  d ie se l  o il  co n tin u e s  to  in crea se , 
th e  p ea k  lo s s  in crea se  and  b a n d w id th  d im in ish e s . T h is  p ap er  p ro v es  th at th e  fe a s ib ility  o f  d e te c tin g  
th e  co n cen tra tio n  o f  d ie se l  o il  in  m ix e d  so lu tio n  o f  k ero sen e  and  d ie se l  o il  w ith  th e  lo n g  p er io d  fib er  
g ra tin g  and  th at lo n g  p er io d  fib er  gratin g  h as a g o o d  a p p lica tio n  p ro sp ec t in  th e  d e te c tio n  o f  m ix e d  
fu e l con cen tra tion .
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E le c tr o m a g n e tica lly  in d u ced  tran sp aren cy  (E IT ) r e so n a n ces  c a u se d  b y  c o h eren t p o p u la tio n  trap p in g  

(C P T ) h a v e  b e e n  fo u n d  to  b e  u se fu l in  m a n y  d irec tio n s  o f  la ser  p h y s ic s , n o n lin ea r  o p tic s , o p tica l  

c o m m u n ic a tio n s , quantum  in fo rm a tics , la ser  c o o lin g  o f  a to m s and , e sp e c ia lly , quantum  m etro lo g y . 

R e so n a n c e s  o f  o p p o s ite  s ig n  (e le c tro m a g n e tic a lly  in d u ced  ab sorp tion  -  E IA ) h a v e  far le s s  

a p p lica tio n s  d u e to  so m e  p ro b lem s. In d eed , b u ffe r -g a s -f ille d  or  a n tire la x a tio n -co a ted  c e l ls  are 

e x p lo ite d  e v ery w h ere  fo r  im p ro v in g  th e  p rop erties  o f  E IT . U n fo rtu n a te ly , th e se  m e th o d s  are u s e le s s  in  

th e  ca se  o f  E IA  in  standard o b serv a tio n  sc h e m e s  [1 ,2 ] du e to  c o ll is io n a l d ep o la r iza tio n  o f  e x c ite d  

state. T h ere  are sev era l “n on -stan d ard ” m eth o d s  fo r  o b se r v in g  E IA  s ig n a ls , b u t it is  still v ery  hard to  

g e t  s im u lta n e o u s ly  narrow  (~ k H z ) and  h ig h -co n tra st (>  50% ) E IA  re so n a n ces .

Fig. 1 Numerically calculated EIA resonance in the probe-wave transmission of a buffer-gas-filled cell.

W e  stu d y  E IA  in  th e  H a n le  co n fig u ra tio n  w ith  th e  h e lp  o f  a  n e w  sc h e m e  p ro p o sed  p r e v io u s ly  [3 ]. 

T h is  reso n a n ce  u su a lly  ap pears as a  su b n atu ra l-w id th  d ip  in  th e  la ser -w a v e  tr a n sm iss io n  sig n a l from  a  

v a p o u r  c e l l ,  w h e n  th e  m a g n e tic  f ie ld  is  b e in g  sca n n ed . T h e  n e w  sch em e  a llo w s  u s  u s in g  a  b u ffer  g a s  

fo r  im p ro v in g  p rop erties  o f  th e  n o n lin ea r  reso n a n ce . T h e m eth o d  im p lie s  u s in g  pu m p  and  p rob e  

co u n terp rop agatin g  w a v e s  w ith  th e  sam e freq u en cy  and  o r th o g o n a l lin ea r  p o la r iza tio n s . W e  

co n s id e r e d  o p tica l tran sition  Fg= 1 ^ F e= 1 in  th e  D 1 lin e  o f  87R b  (L=!95  n m , у = 2 л * 5 .5 7  M H z). T h is  

tran sition  is  o p en , i .e . its  b ran ch in g  ratio d iffer s  from  u n ity . It sh o u ld  b e  em p h a siz e  th at u su a lly  th e  

o p e n n e ss  o f  an  a to m ic  tra n sitio n  su p p resses  a m p litu d es  o f  th e  E IT  as w e ll  as E IA  r e so n a n ces  in  

standard sc h e m e s  o f  o b serv a tio n . In ou r sc h e m e  th e  o p e n n e ss  p la y e d  cru c ia l and  qu ite  p o s it iv e  ro le  

and  le d  to  th e  g rea t in crea se  o f  th e  con trast o f  th e  n o n lin ea r  reso n a n ce . In particu lar, th e  th eo ry
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sh o w e d  th at th e  con trast can  reach  v a lu e s  up  to  100%  at k H z  or  e v e n  su b -k H z  w id th  ( s e e  F ig . 1 a s  an  

e x a m p le ) .

W e  h a v e  a lso  carried  o u t so m e  p re lim in a ry  ex p er im en ts . A  b u ffe r -g a s -f ille d  c e ll  w ith  th e  natural 

m ixtu re  o f  rub id ium  iso to p e s  w a s  u se d  (A r  pressu re  «  5 T or). T h e c e ll  w a s  p la c e d  in  a  tw o -la y e r  

m a g n e tic  sh ie ld  (w ith o u t th e  en d  ca p s) th at su p p ressed  th e  in h o m o g e n ity  o f  th e  stray  m a g n e tic  f ie ld  

d o w n  to  a p p ro x im a te ly  8 m G . T h e  c e l l  d im e n s io n s  w ere  6 0  * 3 0  m m . T h e d ia m eter  o f  th e  la ser  b ea m s  

w a s  0 .9  m m . W e  o b se r v e d  th e  con trast o f  a b ou t 3 0 -4 0 % , d ep en d in g  o n  th e  a to m ic  tra n sitio n , pum p  

b ea m  p o w e r  and  tem perature  o f  th e  c e ll. T h e E IA  re so n a n ce  h ad  th e  w id th  o f  ab ou t 2 0  m G  (« 1 5  k H z), 

w h ic h  w a s  d e term in ed  m a in ly  b y  th e  p o w e r  b ro a d en in g  and  in h o m o g e n e o u s  stray m a g n e tic  f ie ld . W e  

e x p e c t  th a t further im p ro v em en ts  o f  th e  se tu p  (ad d in g  th e  th ird  m a g n e tic  la y er  w ith  th e  en d  ca p s , 

in crea s in g  th e  d ia m eter  o f  th e  pu m p  b ea m ) w il l  bring  b etter  resu lts . W e  are a lso  g o in g  to  te s t  th e  

p ro p o sed  m eth o d  u s in g  an  a n tire la x a tio n -co a ted  v ap ou r  c e ll.

T h e  w o rk  w a s  su p p orted  b y  th e  R F B R  (1 5 -0 2 -0 8 3 7 7 , 1 5 -3 2 -2 0 3 3 0 , 1 4 -0 2 -0 0 7 1 2 , 1 4 -0 2 -0 0 9 3 9 ) ,  

th e  R F  M in istry  o f  E d u ca tio n  and  S c ie n c e  (order n o . 2 0 1 4 /1 3 9 , p ro jec t n o . 8 2 5 ) , th e  P res id iu m  o f  S B  

R A S , and  th e  E U  p ro jec t F P 7 -P E O P L E -2 0 1 1 -IR S E S  № 2 9 5 2 6 4  “ C O S M A " .
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T h e resu lts  o f  ex p er im en ta l s tu d ies  o f  d e p en d en ce  o n  th e  spectra l ch aracter istics  o f  th e  rad ia tion  X eF *  

m o le c u le s  o n  th e  c o m p o s it io n  and  le v e l  o f  en erg y  in p u t in to  th e  a c tiv e  m e d iu m  in  a  p u lse d  in d u ctiv e  

d isch a rg e  are p resen ted .

P u lsed  in d u c tiv e  d isch a rg e  is  a  p ro m is in g  m eth o d  fo r  p u lse d  g a s  la sers  ex c ita tio n  [ 1 - 5 ] ,  in c lu d in g  

U V  e x c im e r  lasers. T h e a im  o f  th is  stu d y  w a s  to  search  fo r  th e  c o n d it io n s  o f  g a s  m ix tu res  ex c ita tio n  

and  la s in g  o n  tra n sitio n s  B  ^  X  o f  e x c im e r  X e F *  a c h ie v e m e n t  in  a  p u lse d  in d u c tiv e  d isch a rg e . T o  

gen era te  a  p u lse d  in d u c tiv e  d isch a rg e  in  g a se s  u se d  h ig h -v o lta g e  ex c ita tio n  sy s te m  s im ila r  to  [4]. 

In d u ctiv e  la ser  o sc illa to r  c o n s is ts  o f  a  cera m ic  tu b e  8 0 0  m m  lo n g  and  4 0  m m  d ia m eter  w ith  w o u n d e d  

2 6  in d u cto r  se c t io n s  m a d e  o f  th e  co re  w ire  P V 6-Z , and  c o n n e c te d  in  p ara lle l. T h e  o p tica l c a v ity  w a s  

fo rm ed  b y  d en se  rear m irror (R  =  да) and  th e  fron t ou tp u t w in d o w  o f  M g F 2. T h e a c tiv e  m e d iu m  u se d  

in  th e  c o m p o s it io n  o f  th e  g a s  m ix tu re  X e -F 2 and  H e -X e -F 2.

In ex p er im en ts  carried  ou t th e  reg istra tion  and  co m p a r iso n  o f  e m is s io n  in ten s ity  co rresp o n d in g  to  

tra n sitio n s B ^ X  m o le c u le  X e F *  (in  th e  area  o f  35 1  -  3 5 5  n m ) fo r  d ifferen t ratios o f  X e - F 2 and  at 

d ifferen t ch a rg in g  v o lta g e s  are p erform ed . A n a ly s is  o f  th e  resu lts  sh o w e d  th at th e  m a x im u m  in ten s ity  

o f  th e  rad ia tion  in  th e  35 1  -  3 5 5  n m  is  a c h ie v e d  at a  ratio  o f  X e :F 2 -  7 :1 . D ilu tio n  o f  th is  m ix tu re  b y  

H e b u ffer  g a s  ca n  s ig n if ic a n tly  in crea se  th e  e m is s io n  in ten s ity  o f  X e F *  m o le c u le s . T h e  op tim u m  

c o m p o s it io n  o f  a  three c o m p o n e n t m ix tu re  o f  H e: X e: F 2 w a s  2 4 8 :7 :1 .

G en era l v ie w  o f  th e  e m is s io n  sp ectru m  o f  a  X e -F 2 and  H e -X e -F 2 m ix tu res  in  th e  180  -  1 1 0 0  n m  is  

sh o w n  in  F igu res 1 and  2.

Fig.1 The emission spectrum of a mixture of 
Xe: F2 -  7:1 in a pulsed inductive discharge. 
Uch = 26 kV.

Fig. 2 The emission spectrum of a mixture of 
He:Xe: F2 -  248:7:1 in a pulsed inductive 
discharge. Uch = 26 kV.

W e  se e  th at w h e n  p u m p in g  a  tw o -c o m p o n e n t  m ix tu re  o f  a  large  p rop ortion  o f  th e  en e r g y  is  u se d  to  

e x c ite  th e  d ifferen t sta tes o f  a tom s and  io n s  X e , H , C l (rad ia tion  in  th e  v is ib le  sp ectru m ). A d d in g  a  

b u ffer  g a s  resu lted  in  a red u ction  o f  rad iation  in  th e  v is ib le  range and  a s im u lta n eo u s in crea se  in  th e
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in te n s ity  o f  lu m in e sc e n c e  m o le c u le s  X e F * . W e  b e lie v e  th at su ch  a  red istr ib u tion  o f  th e  in ten s itie s  

in d ic a te s  th e  ch a n g es  in  th e  k in e tic s  o f  p r o c e s se s  o ccu rr in g  in  th e  p la sm a  o f  p u lse d  in d u ctiv e  

d isch a rg e .

Fig. 3 The dependence of the intensity of the XeF* molecules radiation on charging voltage.

W h e n  c lo s in g  th e  rear m irror th e  in ten s ity  o f  th e  rad ia tion  X e F *  m o le c u le s  red u ced  b y  2 - 2 .5  

t im e s , in d ica tin g  th e  p resen ce  o f  th e  g a in  in  th e  a c tiv e  m ed iu m . T h e g a in  is  d ep en d en t o n  th e  

c o m p o s it io n  and  to ta l p ressu re  o f  th e  g a se o u s  m ed iu m , and  th e  ch arg in g  v o lta g e . In ex p er im en ts , an  

in crea se  in  th e  ch a rg in g  v o lta g e  lea d s  to  a  co n tin u o u s  in crea se  o f  th e  rad iation  in te n s ity  m o le c u le s  

X e F *  (F ig . 3 ). S in ce  th e  p o ss ib il ity  o f  p u m p in g  sy s te m  w ere  lim ite d  to  th e  v a lu e  o f  3 0  k V  to  

d eterm in e  th e  o p tim a l le v e l  o f  en e r g y  in p u t w a s  n o t p o ss ib le .

In ou r e x p er im en ts , th e  la ser  o s c illa t io n  m o d e  in  th e  tran sition  B ^ X  m o le c u le  X e F *  w a s  n o t  

a c h ie v e d . H o w e v e r , th is  d o e s  n o t  m ea n  th at la s in g  in  th e  in d u c tiv e  d isch a rg e  to  X e * F  e x c im e r  

m o le c u le s  n o t  p o s s ib le . In order to  a c h ie v e  th e  u ltim a te  g o a l, n a m e ly , th e  la s in g  tra n sitio n s e x c im e r  

X e F * , n e c e ssa r y  to  d e v e lo p  a  n e w  g en era tio n  c ircu it p u lse d  in d u c tiv e  d isch a rg e  and  la ser  o c c illa to r  

structures, p ro v id in g  a  h ig h er  le v e l  o f  en erg y  in p u t in to  th e  a c tiv e  m ed iu m . O ne o f  th e  d irec tio n s  o f  

further research  is  to  d e v e lo p  a  sy s te m  o f  fo rm a tio n  o f  th e  in d u c tiv e  d isch a rg e  o f  tran sform er  ty p e ,  

s im ila r  to  th at u se d  in  [6, 7].

T h is  w o rk  w a s  su p p orted  b y  R F B R  gran t № 1 6 -0 2 -0 0 3 1 6 .
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O p en -a n g le  g la u c o m a  is  o n e  o f  th e  m o s t  c o m m o n  e y e  d ise a se s . T o d a y  there are sev era l d ifferen t  

m eth o d s  [1 -6 ] o f  la ser  trea tm en ts fo r  th is  d ise a se . H o w e v e r , th e y  a ll h a v e  certa in  d isa d v a n ta g es  

a sso c ia te d , in c lu d in g  th e  n e c e s s ity  o f  o p e n in g  th e  e y e , or  th e  n e c e s s ity  o f  th e  o p era tion  o f  th e  o p tica l 

n ear  f ie ld  o f  th e  e y e . C o n seq u en tly , th e  actual p ro b lem  is  th e  d e v e lo p m e n t o f  n e w , m ore  e f fe c t iv e  

trea tm en ts fo r  o p en -a n g le  g la u co m a . T h e a im  o f  th is  w o rk  w a s  to  d e v e lo p  su ch  a m eth o d , and  a la ser  

m e d ic a l d e v ic e  fo r  its  im p lem en ta tio n .

T h e  d e v e lo p m e n t o f  the n e w  m eth o d  w a s  b a se d  o n  the resu lts  o f  ex p er im en ta l in v e s tig a tio n s  o n  the  

e f fe c ts  o f  a  p o w er fu l sh ort-p u lse  U V  la ser  rad ia tion  o n  h u m an  sc lera l t is su e . D e ta ils  o f  th e se  

in v e s tig a tio n s  are d escr ib ed  in  [7 , 8]. It w a s  sh o w n  th at in  term s o f  th e  m a x im u m  rate o f  ab la tion  and  

m in im a l traum a, th e  X e C l (3 0 8  n m ) la ser  rad iation  is  th e  m o s t  a ccep ta b le  fo r  p ractica l u se . A s  a  

resu lt, th e  b a s is  fo r  th e  e s ta b lish m en t o f  a  m e d ic a l d e v ic e  fo r  th e  treatm ent o f  o p e n -a n g le  g la u c o m a  

w a s  c h o se n  X e C l e x c im e r  laser.

Fig. 1 Scheme of laboratory model ophthalmic laser system based on XeCl laser optical system (a).
Schematic view of the light rays travel at the output of the fiber with spherical tip (b).

T o  carry ou t further te s ts  lab oratory  m o d e l o n  th e  b a s is  o f  an o p h th a lm ic  sy ste m  M e d ile x TM h as  

b e e n  d e v e lo p e d . T o  d e liv e r  3 0 8  n m  to  th e  su rg ica l f ie ld , f le x ib le  f ib er  lig h t g u id e  w ith  ea sy -to -u se  

h a n d le  w a s  u se d  (F ig  1 (a )) . A t  th e  o th er  en d  o f  th e  fib er  w a s  m o u n ted  crane c o n s is t in g  o f  a  h an d le  

and  a  lim it  sw itc h , e n c lo s e d  in  a  s ta in le ss  s te e l tu b e . T h e lig h t  g u id e  h as a  sp h er ica l tip  o f  a b ou t 9 0 0  

m icro n s  in  d iam eter , op erated  as a  m ic r o le n s . F igu re  2  sh o w s  th e  m o ld  c a v it ie s  resu ltin g  from  th e  

e f fe c ts  o f  rad ia tion  o n  th e  en d  flap  o f  th e  sc lera  o f  the h u m an  e y e  (a ), (b ) and  o n  its  su rface  (c ) . In the  

la tter c a se , th e  e x p er im en t w a s  sto p p ed  im m e d ia te ly  a fter  th e  tim e  th e  t is su e  p erforation .

A s  ca n  b e  s e e n  from  F ig . 2 (a )  and  (b ), th e  U V  la ser  lig h t in to  th e  t is su e  in it ia lly  fo rm s a c o n ic a l  

r e c e ss , further, as th e  ev a p o ra tio n  m ateria l ch aracter istic  co n str ic tio n  is  fo rm ed , a fter w h ic h  th e  b ea m  

b e g in s  to  d iv erg e . T h u s, the sh ap e o f  th e  c a v it ie s  a n a ly s is  it can  b e  c o n c lu d e d  that th e  sp h er ica l tip  

a cts  a s  a  le n s , and  th e  m ea su rem en t o f  th e  v a lu e  a llo w s  to  ev a lu a te  th e  r e c e ss  fo c a l len g th  w h ic h  w a s  

ab o u t 1 m m . A s  a  resu lt, th e  b ea m  p ro file  and  th e  g en era l ap p earan ce o f  th e  rays at th e  ou tp u t o f  the  

f ib er  ob ta in ed  are c lo s e  to  th at sh o w n  in  F ig . 1 (b).
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(a) (b) (c)
Fig. 2 The shape of the cavity, formed by the UV laser light at the end of (a), (b) and sclera surface (c) at the 
output of the fiber with spherical tip.

B y  a n a ly z in g  th e  d iam eters o f  th e  h o le s  resu ltin g  from  p erfo ra tio n  o f  th e  t is su e  (F ig . 2 (c ) )  can  
c o n c lu d e  th at th e  w a is t  d ia m eter  o f  a b ou t 80  m icro n s. B e c a u se  o f  d iffra c tio n  e f fe c ts  and  o th er  fea tu res  
o f  th e  p ro p a g a tio n  o f  rad ia tion  ( in c lu d in g  la ser) b ea m  th rou gh  an  o p tica l fib er  ca n n o t b e  fo c u se d  to  a 
sp o t s iz e  o f  th e  in f in ite ly  sm a ll, th e  s iz e  o f  th e  w a is t  is  in  th is  ca se  to  d eterm in e  th e  m in im u m  sp o t s iz e  
w h ic h  a llo w s  y o u  to  create  a sp h er ica l tip  o f  th e  o p tica l fib er . In  th is  c a s e , th e  en erg y  d e n s ity  at th e  
t is su e  su rface  m a y  th e o r e tic a lly  reach  4 0  J /cm 2. In real c o n d it io n s  o f  o p era tio n s o n  l iv in g  e y e s ,  th is  
v a lu e  w i l l  b e  le s s  b e c a u se  o f  th e  ab sorp tion  o f  U V  rad ia tion  in traocu lar  flu id . A t  th e  sam e t im e , th e  
o p era tio n  requ ired  to  s ig n if ic a n tly  lo w e r  (a  f e w  J /cm 2), th e  a m o u n t o f  en e r g y  d e n s ity , so  th e  su rg eo n  
d u rin g  th e  o p era tion  is  to  v a ry  th e  d ista n ce  from  th e  fib er  tip  to  th e  w o rk in g  su rfa ce , and  h e n c e  th e  
e n e r g y  d en sity .

16 e y e s  o f  16 p a tien ts  w ith  o p e n  a n g le  g la u c o m a  w ere  op erated . F o llo w  up  term  is  3 -1 2  m on th s. 
In traocu lar f lu id  d o e s  n o t b lo c k  a b la tio n  o f  sc lera  u n d er  ex p o su re  o f  3 0 8  nm . T h e e x p o su r e s  o f  stu d ied  
e x c im e r  la ser  w a v e le n g th s  to  m o r p h o lo g ic a l structure o f  sc lera  h a v e  n o  a n y  co a g u la te  d a m a g e  and  
o th er  p a th o lo g ic a l c h a n g es . A fte r  su rgery  a ll p a tien ts  rea ch ed  stab le  d ecrea se  o f  in traocu lar  p ressure. 
O u tflo w  tract is  c o m p le te ly  fu n c tio n in g , w h ic h  resu lts  in  stab le  v isu a l fu n c tio n s  in  a ll trea ted  e y e s .

A  n e w  m eth o d  fo r  a b -ex tern o  e x c im e r  la ser  su rg ica l trea tm en t o f  o p en  a n g le  g la u c o m a  is  
d e v e lo p e d . F or th e  first t im e , th e  te c h n o lo g y  a llo w s  fo r  th e  o p era tion  in c is io n s  and  sc lera l ab la tion  
tra b ecu la e  and  D e sc e m e t's  m em b ran e  U V  la ser  rad iation  w ith  a sm a ll fo o tp r in t and  traum atic  surgery. 
A s  a c o n se q u e n c e , in fo rm ed  c h o ic e  o f  la ser  w a v e le n g th  is  n o ted  th at th e  p roced u re  fo r  th in n in g  o f  
tra b ecu la e  d o e s  n o t  stop  e v e n  w h e n  a  filter in g  a q u eo u s hu m or. T h e resu lt is  a  h ig h er  c lin ic a l e f fe c t  -  a  
s ig n if ic a n t  r ed u ctio n  in  p o sto p era tiv e  c o m p lic a tio n s  re la ted  to  in fla m m a tio n  and  scarring.
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C arbon  n itr id es h a v e  b e e n  d is c u sse d  a s a  p o ten tia l m ateria l fo r  m a n y  tr ib o lo g ic a l a p p lica tio n s  b ec a u se  
o f  th e ir  p articu lar m e c h a n ic a l p rop erties. A lth o u g h  th e  sy n th e s is  o f  s in g le -p h a se  cry sta l co a tin g s  
rem ain s an o p en  c h a lle n g e , th e  f ilm s  (C N x ) w ith  lo w  n itro g en  co n cen tra tio n  h a v e  b e e n  u se d  in  
industry . T o -d a y , a  lo t  te c h n o lo g ie s  fo r  hard carb on  n itr id e  co a tin g s  o b ta in in g  e x is t  (R F  and  D C  
sp u tter in g , io n  b ea m  d e p o s it io n , la ser  ab la tion ).

T h e  a im  o f  th is  w o rk  is  th e  d e v e lo p m e n t o f  a  n e w  la ser -p la sm a  p r o c e ss  o f  o b ta in in g  carb on  n itride  
co a tin g s  from  a ce to n itr ile  (C H 3 -C N ), th e  stu d y  o f  th e ir  ch e m ic a l c o m p o s it io n , structure and  
prop erties.

A  n e w  p r o c e ss  o f  la ser -p la sm a  c h e m ic a l v a p o r  d e p o s it io n  h ad  b e e n  d e v e lo p e d  fo r  th e  sy n th e s is  o f  
th e  co a tin g s  b y  th e  jo in t  w o rk  o f  th e  Institu te  o f  L aser  P h y s ic s  S B  R A S  and  th e  Institu te  o f  In organ ic  
C h em istry  S B  R A S  [1 -2 ] . T h e  ad v a n ta g e  o f  th e  p r o c e ss  c o n s is ts  in  u s in g  a  p o w e r fu l la ser  p la sm a  o f  
o p tica l d isch a rg e  w h ic h  ch aracter ized  b y  u n iq u e  c o m b in a tio n  o f  p rop erties u n a v a ila b le  fo r  o ther  
m o d e s  (g a s  th erm al, m ic r o w a v e , g lo w  and  arc d isch a rg e , a  co n tin u o u s  la ser  p la sm a , p y r o ly s is ,  
bu rn in g , e tc .) .

C arbon  n itride f ilm s  d e p o s it io n  w a s  carried  o u t at a tm o sp h er ic  pressu re  in  a b sen ce  o f  cam era  for  
substrate. A  z o n e  o f  substrate w a s  p ro tected  from  air b y  g a s  stream  b e tw e e n  n o z z le  and  substrate  
su rface  [2 ].

Fig. 1. Process of laser-plasma deposition Fig.2. Scheme of laser-plasma deposition

T h e  f ilm s  ch aracter iza tion  w a s  carried  o u t b y  IR -sp e c tr o sc o p y , R am an  sp e c tr o sc o p y , A F M , X -ra y  
p h a se  a n a ly s is . It w a s  fo u n d  th at p rop erties  o f  th e  f ilm s  d ep en d  o n  in p u t en erg y  la ser  irrad iation , 
substrate tem p eratu re , precu rsor  co n cen tra tio n . A s  sh o w e d  X -r a y  p h a se  a n a ly s is  th e  C N x  f ilm s  w ere  
n a n o cry sta lh n e  w ith  x  < 2 5  at% . It w a s  sh o w n  from  IR  and  R am an  sp e c tr o sc o p y  th a t carb on  n itride  
f ilm s  co m p r ise  C sp 3-N  b o n d s  and  n a n o cry sta llin e  carbon  in c lu d in g  d ia m o n d -lik e  carb on  n a n o c lu sters.
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Fig. 3 Diffraction pattern of the film.

Fig. 4 AFM image of the film with structure has 
been shown in Fig. 3

D iffr a c tio n  pattern  o f  th e  f ilm  is  sh o w n  in  th e  F ig .3 . T h e o b se r v e d  r e fle c tio n s  in  d iffra c tio n  pattern  
e v id e n c e  o n  th e  cry sta llin e  p h a se  form ation . A n a ly s is  o f  d iffra c tio n  pattern  sh o w e d  th a t th e  se t  o f  
r e fle c tio n s  are n o t c o n s is te n t w ith  th e  data  fo r  th e  k n o w n  structural fo rm s o f  carb on  n itr id e . T h e  
cry sta llin e  nature o f  th is  f ilm  w a s  co n firm ed  b y  A F M  data  (F ig .4 ) . T h e resu lts  o f  th e  d iffra ctio n  
pattern  a n a ly s is  w ith  P A N a n a ly tic a l X 'P ert H ig h S c o r e  P lu s program  sh o w e d  th at th e  resu ltin g  
cry sta llin e  p h a se  h as a  sp in e l structure, and  ca n  b e  attributed  to  a  cu b ic  sy s te m  (sp . G r .-F d -3 m ), a  =  
8 .3 3 4 2 . T h e p o ss ib il ity  o f  fo rm a tio n  o f  a  n e w  m o d if ic a t io n  o f  th e  c u b ic  carb on  n itride w ith  a  sp in e l  
structure w a s  p red ic ted  in  th e  th eo re tica l w o rk  p u b lish e d  in  1 9 9 9  year. A c c o r d in g  to  th eo re tica l  
c a lc u la tio n , th is  structural ty p e  m a y  b e  fo rm ed  at h ig h  pressu re  and  tem p eratu re . A v a ila b ility  o f  th is  
structural m o d if ic a t io n  o f  h ig h -p ressu re  carb on  n itride in  ou r sy s te m  is  p ro v id ed  b y  a  h ig h  la ser  
p la sm a  p o w e r  d en s ity  o f  th e  en e r g y  in  th e  v o lu m e  o f  th e  g a s  p h a se  and  fo rm a tio n  o f  sh o c k  w a v e s  on  
th e  su rface  o f  th e  substrate.

A  sca n n in g  n a n o -h a rd n ess te s te r  (N a n o S c a n ) w a s  u sed  to  d eterm in e  th e  f ilm s  m icro -h a rd n ess . T o  
d e fin e  th e  real h ard n ess o f  th e  co a tin g  (e x c lu d in g  a  so fter  substrate in flu e n c e ) , th e  resu lts  o f  n a n o 
id e n tif ic a tio n  w ere  trea ted  ta k in g  in to  a cco u n t a  substrate h ard n ess a cco rd in g  to  th e  te ch n iq u es  

su g g e s te d  in  [4 ].T h e  m ea su red  so  p ro d u ced  carb on  n itride f ilm s  o n  sta in  s tee l substrate w a s  4 6 ± 7  G P a  

fo r  n a n o cr ista llin e  f ilm s  and  2 2 ± 2  G P a  fo r  am orp h ou s f ilm s  p rod u ced .

In  c o n c lu s io n . A  n e w  p r o c e ss  o f  c h e m ic a l v a p o r  d e p o s it io n  o f  th e  carb on  n itride co a tin g s  b y  u s in g  
p o w e r fu l la ser  p la sm a  o f  o p tic a l d isch a rg e  w a s  d e v e lo p e d . A  n e w  m o d if ic a t io n  o f  th e  c u b ic  carbon  
nitr id e  w ith  a  sp in e l structure w a s  sy n th es ized .
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T h e m a in  o b je c tiv e  o f  th is  w o rk  is  p resen t a  s im p le  and  e f fe c t iv e  m eth o d  to  a c h ie v e  a  d istr ib u ted  

strain  and  tem perature  d iscr im in a tio n  u s in g  tw o  ty p e s  o f  f ib er  b y  R a y le ig h  b a ck sca tter in g  spectra  

(R B S )  sh ift  in  o p tica l fr e q u e n c y  d o m a in  r e fle c to m etry  (O F D R ). W e  u se  tw o  ty p e s  s in g le  m o d e  fib er  

(S M F )  o f  a  red u ced -c la d d in g  (R C )  S M F  and  a  standard S M F  p la c e d  sid e  b y  s id e  a s th e  se n s in g  fib er . 

S in c e  th e  R C  S M F  and  th e  standard S M F  h a v e  d ifferen t se n s it iv ity  r e sp o n se s  to  strain  and  

tem perature  v a r ia tio n , w h ic h  ca n  m easu re  strain  and  tem perature  va r ia tio n  s im u lta n e o u s ly  b y  s im p ly  

m o n ito r in g  th e  o p tica l fr eq u en cy  sh ifts  o f  R B S .

In  th e  p re v io u s  m e th o d , M . F ro g g a tt e t  a l. [ 1 ,2 ]  u se  a  p o la r iza tio n  m a in ta in in g  fib er  (P M F ) to  sen se  

strain  and  tem perature  var ia tio n  s im u lta n e o u s ly  b y  m ea su r in g  au tocorre la tion  and  cro ss-co rre la tio n  

R B S  sh ifts . H o w e v e r , th is  m eth o d  requ ires an  ex tern a l p o la r iza tio n  co n tro lle r  to  ad ju st th e  state o f  

p o la r iza tio n  o f  in p u t lig h t c o u p le d  to  P M F , w h ic h  w il l  m ak e  th e  se n so r  sy s te m  c o m p lica ted . E v en  

w o r se , th e  strain  se n s it iv ity  r e sp o n se  o f  u s in g  th e  au to co rre la tio n  R B S  sh ift  is  111 t im e s  le s s  th an  that 

o f  u s in g  th e  cro ss-co rre la tio n . T h e  tem p eratu re  s e n s it iv ity  re sp o n se  o f  u s in g  th e  au to co rre la tio n  R B S  

sh ift  is  4 0  t im e s  le s s  th an  th at o f  u s in g  th e  c ro ss -co rre la tio n [3 ] , w h ic h  w il l  se r io u s ly  deteriorate  th e  

p erfo rm a n ce  o f  th is  m eth o d  co m p a r in g  w ith  o n ly  u s in g  c r o ss-co rre la tio n  R B S  sh ift. In a d d itio n , D a -  

P en g  Z h o u  e t  al. [4] c o m b in e  B r illo u in  o p tica l t im e -d o m a in  a n a ly s is  (B -O T D A ) and  O F D R  to  

d is t in g u ish  b e tw e e n  strain  and  tem perature. H o w e v e r , th is  m eth o d  is  so  e x p r e ss iv e  and  c o m p le x  that 

tw o  co m p lic a te d  sy s te m s  n e e d  to  b e  im p lem en ted .

In ou r p resen ted  m eth o d , th e  s e n s it iv ity  r e sp o n se s  to  strain  and  tem perature  o f  u s in g  th e  R C  S M F  

are h ig h e r  th an  u s in g  th e  standard S M F , so  th e  p erform an ce  o f  our p ro p o sed  m eth o d  w il l  n o t be  

d eter iora ted  o b v io u s ly  co m p a r in g  w ith  th e  s in g le  param eter  m ea su rem en t (strain  or  tem p eratu re) o n ly  

u s in g  a  standard S M F  as th e  se n s in g  fiber. A  5 0  m  m easu rab le  range and  th e  sp atia l r e so lu tio n  o f  18 

c m  are d em o n stra ted  ex p e r im e n ta lly  w ith  error o f  0 .3 1  °C  in  tem perature  and  7 .9 7  p s  in  strain.
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A t  p resen t m a n y  fre q u e n c y  standards m ak e u se  o f  fe m to se c o n d  la sers th at gen era te  a  p e r io d ic  train  o f  

sh ort p u lse s  in  th e  m o d e - lo c k in g  reg im e . S in c e  th e  p u lse  rep etitio n  rate is  m astered  b y  an e ta lo n  

m ic r o w a v e  o sc illa to r , th e  o p tica l fr eq u e n c ie s  o f  th e  la ser  ap pear to  b e  p r e c is e ly  ca lib ra ted  in  th e  u n its  

o f  its  freq u en cy . O n e  o f  th e  m a in  p ro b lem s in  th e  im p lem en ta tio n  o f  an  o p tica l sc a le  is  to  r em o v e  th e  

o f f s e t  c o m m o n  fo r  a ll fr e q u e n c ie s , w h ic h  is  o ften  referred  to  as th e  C E O  (ca rr ier -en v e lo p e  o ffse t) .  

C o m m o n ly  th is  p ro b lem  is  s o lv e d  b y  m ea n s o f  an  o p tica l fr eq u en cy  sy n th e s ise r  u s in g  a  f - 2 / i n t e r -  

fero m eter  [1 ] . A n o th er  m eth o d  o f  co n tro llin g  th e  freq u en cy  c o m b  is  b a sed  o n  u s in g  an  ex tern a l h ig h -  

Q  re son ator  [2 , 3 ]. In th e  c a se  [ 3 ] , th e  rep etitio n  rate and  th e  C E O  are s ta b ilised  s im u lta n e o u s ly . In  

th e  p resen t, th e  con tro l o f  th e  freq u en cy  c o m b  o f f s e t  is  im p le m e n te d  u s in g  a  M ic h e lso n  in terferom eter  

th at d e tec ts  th e  p h a se  d iffe r e n c e  b e tw e e n  th e  p u lse s  and, th ere fo re , d e term in es  th e  C E O .

Elimination of the CEO. T h e o r ig in  o f  th e  C E O  is  re la ted  to  th e  d iffe r e n c e  b e tw e e n  th e  p h ase  

v e lo c ity  and  th e  grou p  v e lo c ity  o f  th e  p u lse  during  th e  la ser  c a v ity  roundtrip . T h en  th e  sh ap e o f  ea ch  

p u lse  w il l  b e  c o n se r v e d , b u t th e  carrier freq u en cy  w il l  acq u ire  th e  p h ase  sh ift  w ith  r e sp ec t  to  th e  p u lse  

p ea k , p rop ortion a l to  th e  C E O . W h e n  w e  m easu re  th e  in terferen ce  s ig n a l p ro d u ced  b y  tw o  p u lse s  b y  

m ea n s o f  th e  M ic h e lso n  in terferom eter . F or record in g  th e  s ig n a l, o n e  can  m ak e u se  o f  th e  sc h em e , 

a n a lo g o u s  to  th e  sc h e m e  o f  th e  H a n sch  -  C o u illa u d  d etec to r  [7 ], w h ic h  is  w id e ly  u se d  in  h ig h ly  

se n s it iv e  p o la r isa tio n  m e th o d s  o f  la ser  freq u en cy  sta b ilisa tio n  [8].

Scheme of the standard. C o n sid er  th e  fr eq u en cy  standard  in  w h ic h  th e  C O E  is  e lim in a ted  u s in g  

th e  a b o v e  m eth o d . T h e  sch em e  in c lu d e s  tw o  co n tro l lo o p s . T h e  fir st  lo o p  is  fa s t  and  k e e p s  th e  

rep etitio n  rate o f  th e  fe m to se c o n d  la ser  p u lse s  con stan t. T h e se c o n d  con tro l lo o p  is  s lo w  as com p ared  

to  th e  first o n e  and  in ten d ed  to  e lim in a te  th e  C E O .

Conclusions. A t  p resen t th e  h ig h -p r e c is io n  m ea su rem en t o f  fr e q u e n c y  is  im p le m e n te d  u s in g  th e  

fe m to se c o n d  la ser  w ith  th e  / -2 /  in terfero m eter  [1 ]. H o w e v e r , fo r  th e  o p era tion  o f  th is  in terfero m eter  it 

is  n e c e ssa r y  to  h a v e  a  sp ectra l w id th  greater  th an  an o c ta v e . H o w e v e r , th ere  are m a n y  c o m m erc ia l  

n a n o se c o n d  and  p ic o se c o n d  se lf -m o d e - lo c k e d  la sers , in  w h ic h  th e  / - 2/  in terfero m eter  c a n n o t b e  u sed  

b e c a u se  o f  a  sm a ll spectra l w id th . T h e s im p le  sch em e  o f  a  freq u en cy  standard p ro p o sed  h ere  is  

a p p lica b le  fo r  d ifferen t, w h ic h  a llo w s  th e  e x te n s io n  o f  th e  co n s id ered  m eth o d  o v e r  th e  n a n o - and  

p ic o se c o n d -r a n g e  s e lf -m o d e - lo c k e d  la sers.
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A t th e  p resen t t im e  th e  w a v e le n g th  o f  o p tica l o p tica l fr eq u en cy  standards is  a cc e p te d  as a  referen ce  
len g th  [2 ]. T o  lin k  th e  w a v e le n g th  o f  th e  standard to  th e  g e o m e tr ic  len g th  a  M ic h e lso n  in terferom eter  
is  m o s t  w id e ly  u sed . M ea su rem en t error w h e n  u s in g  su ch  a  "ruler" is  in flu e n c e d  b y  a  n u m b er  o f  
fa cto rs, w h ic h  ca n  b e  d iv id e d  in to  fo u r  g ro u p s [4 , 5]: ad ju stm en t o f  th e  in terferom eter  ( in a ccu ra cy  1 0 
8 - 1 0 -9 ), en v iro n m en ta l c o n d it io n s  (1 0 -6  - 1 0 -8 ), fr eq u en cy  (w a v e le n g th ) sta b ility  o f  a  la ser , th e  error  
o f  d e tec tin g  apparatus, g e o m e tr y  o f  th e  la ser  b ea m  (d iv e r g e n c e , w a v e fr o n t curvature).

P r e v io u s ly  o n e  attem p ts to  th eo r e tic a lly  in v e stig a te  th e  in flu e n c e  o f  th e  w a v e fr o n t d isto r tio n  and  
b ea m  d iv e r g e n c e  o n  th e  in ter feren ce  pattern  in  th e  M ic h e lso n  in terfero m eter  [6- 8]. In th e se  w o rk s, 
u su a lly  th e  e f fe c t  o f  o n ly  o n e  o f  th e se  p aram eters w a s  ta k en  in to  a cco u n t. B e s id e s , s tu d ies  w ere  
carried  o u t fo r  b e a m s w ith  re la tiv e ly  large  w a is t  d iam eters to  m in im iz e  th e  in flu e n c e  o f  th e  d iffra ctio n  
d iv e r g e n c e  o f  th e  b ea m  o n  th e  error o f  lin ea r  m ea su rem en ts . H o w e v e r , fo r  so m e  ta sk s  it  m a y  b e  th at  
th e  order o f  a ccu ra cy  o f  m ea su rem en t 1 0 " \  is  qu ite  su ff ic ie n t . T h is  w o u ld  e lim in a te  th e  large  
d im e n s io n s  o f  th e  b ea m  and  u se  sm a ll-s iz e  o p tic s . In th e  p resen t stu d y  w e  in v e stig a te d  th e  error o f  
m ea su rem en t m eters , c a u se d  b y  th e  d iffra c tio n  d iv e r g e n c e  and  w a v e fr o n t curvature o f  th e  G a u ssia n  
l ig h t  b ea m  fo r  th e  sm a ll radii o f  th e  b ea m  w a is t  (ш0=  0 .5  . . .  3 m m ) and  its  p o s it io n  in  th e  referen ce  
arm  o f  th e  in terfero m eter  (ю 0= 0.5 ... 1.5 mm) re la tiv e  to  p h o to d etec to r .

T h e  c a lc u la tio n s  o f  th e  d iffra c tio n  pattern  and  fr in g e  m a x im u m  d isp la c e m e n t regard in g  th e  c a se  o f  
a  p la n e  lig h t w a v e  w ere  carried  fo r  th e  v a r io u s  cro ss  se c t io n s  o f  th e  lig h t b ea m  and  v a r io u s  p o s it io n s  
o f  th e  b ea m  w a is t  in  th e  referen ce  arm  re la tiv e  to  th e  p h o to d etec to r .

W h e n  G a u ssia n  b ea m  p a ss  th rou gh  th e  M ic h e lso n  in terfero m eter  fr in g es  at th e  in terferom eter  
ou tp u t w il l  n o t  b e  eq u id ista n t in  con trast to  th e  ca se  o f  th e  p la n e  w a v e . F ig . 1 illu stra tes  fo r  
co m p a r iso n  g en era l sh ifts  o f  fr in g es  fo r  d ifferen t v a lu e s  o f  ю 0 (rn0/A = 5 x 1 0 2 (a ) ш0/  X =  103 (b ))  and  z 1 
(z j= 0  (s o lid  cu r v e s) , z 1 =  3 m  (d a sh ed  cu rv es) and  z 1 =  5m . (d o tted  cu rv es)) .

A s  w e  ca n  se e , th e  sh ifts  are zero  w h e n  z2 =  z1. In th is  c a se , b ea m s p a ss in g  th rou gh  th e  referen ce  
and  m ea su r in g  arm s o f  in terfero m eter  h a v e  th e  sam e d iffra c tio n  d iv e r g e n c e  and  th e ir  p h a se  fronts  
c o in c id e .

a) b)

Fig. 1 General shifts of fringes: a) ю0/Х=5*102, b) ю0/Х=103.

A ls o  it is  se e n  th at w ith  in crea s in g  rn0 p h a se  sh ift  rate is  red u ced , and  th erefore  th e  error o f  len g th  
m ea su rem en t w i l l  d ecrea se . S in c e  th e  in terva l len g th  is  d eterm in ed  b y  th e  n u m b er  o f  b an d s w h e n  
m o v in g  th e  m ea su r in g  m irror b e tw e e n  tw o  s e le c te d  p o in ts  z 2/ and  z /  th en  A l= ( z / +  z 2 ) /2 . T he  
sy s te m a tic  error w h e n  u s in g  a  G a u ssia n  b ea m  A is  eq u a l to  th e  d ifferen ce  o f  sh ifts  o f  tra n sitio n  bands: 
A = ^ (z2/7)-^ (z2 ). In o th er  w o rd s , th e  error A is  q u a lita t iv e ly  p rop ortion a l to  th e  d er iv a tiv e  o f  th e  to ta l 
sh ift.
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F ig . 2  sh o w s  th e  errors in  u n its  o f  w a v e le n g th s  A / X, con stru cted  d ep en d in g  o n  Z=  ( z / +  z 2 ) /2 ,  w ith  
A l =  1m . Errors are g iv e n  fo r  d ifferen t v a lu e s  o f  o f  ю0 (ю 0/А = 5 * 1 0 2 (a ), ш0/  X = 1 0 3 (b )) and  z 1 (z 1= 0  
(so lid  c u rv es) , z 1 =  3 m  (d a sh ed  cu rv es) and  z 1 =  5m . (d o tted  cu rv es)) .

a) b)

/  J

- /  / ./  s  / 
/  / .*•" 

s ' F/  J

4  r  .........

/ X \ 4
•'* \  4 ’**/  \  v \\  4 4 -\  4 \

\  ч ‘4 
\  V "*►.

Fig. 2 General shifts of fringes: a) ro0/X=5x102, b) ro0/X=103.

T h e  errors in  a ll c a se s  h a v e  th e  m a x im u m  at z2 =  zi , s in c e  at th is  p o in t there is  m a x im a l rate o f  
ch a n g e  o f  th e  fr in g es  sh ift  ( s e e  F ig . 1). It is  s e e n  th at th e  m a x im u m  error d ec r e a se s  w ith  in crea sin g  
rad ius o f  th e  b ea m  w a is t . W ith  in crea sin g  b ea m s path  d iffe r e n c e  error d ecrea se , b u t con trast o f  the  
in ter feren ce  fr in g es  w h ic h  is  m a x im u m  at z2 =  zi is  red u ced  to o .

A s  n o ted  a b o v e , th e  m a x im a l error d ec r e a se s  w ith  in crea s in g  rad ius o f  th e  b ea m  w a is t . B e lo w  th e  
d ep e n d e n c e  o f  m a x im a l error o f  th e  m eter  d e fin it io n  from  th e  w a is t  s iz e , e x p r e sse d  in  w a v e le n g th  
u n its  is  sh o w n .

Fig. 3 The dependence of the maximal error in the meter definition from the radius of the Gaussian 
beam waist.

It is  s e e n  th at th e  m a x im u m  o f  error is  in v e r se ly  p rop ortion a l to  ш0. A lrea d y  at ю 0 =  3 m m  its  v a lu e  
( 5 * 1 0 -9) is  a lread y  com p arab le  w ith  th e  error a sso c ia te d  w ith  th e  a lig n m en t o f  th e  in terfero m eter  ( 10-8 
-  10 -9) , and  b e lo w  error re la ted  to  en v iro n m en ta l c o n d it io n s  (1 0 -6 -  10 -8) [4 ].

T h e  w o rk  w a s  su p p orted  b y  gran ts from  th e  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  
F ed era tio n  in  th e  fram ew ork  o f  th e  p ro ject o f  th e  state ta sk  (p ro ject 1 3 1 6 ) and  R F B R  №  1 5 -0 2 -0 2 5 5 7 .
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A  n e w  m eth o d  fo r  m ea su r in g  th e  carrier e n v e lo p e  o f f s e t  freq u en cy  o f  th e  s e lf -m o d e - lo c k e d  la ser  is  

su g g e ste d . T h ese  m ea su rem en ts  a llo w  to  e lim in a te  th e  in flu e n c e  o f  th e  d isp ers io n  o f  a  F ab ry-P erot  

in terfero m eter  and  n o n c o in c id e n c e  o f  its  m irrors su rface  w ith  p h a se  fron t o f  th e  la ser  rad iation .
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L a ser  so u rces  o f  m id -IR  rad ia tion  o p en  up  n e w  p e r sp e c tiv e s  fo r  th e  crea tio n  o f  c o m p a c t so u rces  o f  
c o h eren t X -ra y  rad ia tion  w ith  p h o to n  en e r g ie s  o f  th e  order o f  sev era l k e V  th rou gh  th e  h ig h  h arm on ic  
g en era tio n  (H H G ) in  g a se s . H o w e v e r , there are sev era l factors th at lea d  to  a  s ig n if ic a n t d ecrea se  in  th e  
e f f ic ie n c y  o f  H H G  w ith  in crea sin g  la ser  w a v e le n g th . T h u s, in crea sin g  th e  e f f ic ie n c y  o f  th e  H H G  w ith  
th e  m id -IR  so u r c e s  is  an actu a l p rob lem . T h e u se  o f  a  d r iv in g  f ie ld  c o n s is t in g  o f  th e  la ser  f ie ld  and  its  
se c o n d  h a rm o n ic  is  o n e  o f  th e  re lia b le  m eth o d s  fo r  en h a n c in g  th e  h a rm on ic  y ie ld  [ 1 - 3 ] .

In th is  co n tr ib u tio n , th e  h ig h -o rd er  h a rm o n ic  g en era tio n  in  s ilv er , g o ld  and  z in c  p la sm a  p lu m es  
irrad iated  b y  o r th o g o n a lly  p o la r ized  tw o -c o lo r  f ie ld  is  s tu d ied  th e o r e tic a lly  and  e x p er im en ta lly  [4 ].

A  s ig n if ic a n t  en h a n c e m e n t o f  th e  h a rm o n ic  y ie ld  in  th e  ca se  o f  tw o -c o lo r  pu m p  (T C P ) w a s  
o b se r v e d  e x p er im en ta lly  in  a ll th e  m eta l p la sm a s u sed , se e  F ig . 1. T h e en h a n cem en t fa cto r  in  th e  ca se  
o f  T C P  co m p a red  w ith  s in g le -c o lo r  pu m p  (S C P ) s ig n if ic a n tly  v a r ied  in  d ifferen t ran ges o f  h arm on ic  
sp ectra  and  a lso  d ep en d ed  o n  th e  p la sm a  sp e c ie s . In th e  c a se  o f  A g  p la sm a , th e  e n h a n cem en t factor  

fo r  H 2 1 - H 2 3  w a s  in  th e  range o f  3 to  5 . F or h ig h er  orders, in trod u ction  o f  B B O  in  th e  path  o f  th e  
d r iv in g  b ea m  le d  to  at le a s t  a p p ro x im a te ly  5 0 -t im e s  g ro w th  o f  h a rm o n ic  e m is s io n  o f  orders o f  th e  
th ir ties  to  fo r tie s . W e  o b serv ed  s im ila r  b e h a v io r  o f  th e  en h a n cem en t fa cto r  in  th e  c a se  o f  g o ld  and  z in c  
p la sm a s , th o u g h  th e  v a lu e  o f  th is  p aram eter w a s  sm aller .

Fig. 1 HHG in (a) Ag, (b) Au, and (c) Zn plasmas using 1310 nm and 1310 nm + 655 nm pumps.

O ur th eo re tica l stu d y  b a sed  o n  th e  ap p roach  p r o p o sed  in  [5] sh o w  th at th e  w id e ly -u s e d  th eo re tica l 
ap p roach  a ssu m in g  th e  1 s g rou n d  state o f  th e  g en era tin g  p artic le  fa ils  to  rep rod u ce th e  ex p er im en ta l 
resu lts . W e  h a v e  d er iv ed  a  g en era l e x p r e ss io n  fo r  th e  d ip o le  m a tr ix  e le m e n t d(p) co rresp o n d in g  to  the  
tra n sitio n  from  an  arbitrary n o n m a g n e tic  b o u n d  state o f  th e  h y d r o g e n -lik e  a tom  to  th e  con tin u u m  
p la n e  w a v e . F igu re  2 (a ) sh o w s  sp ectra  o f  s ilv e r  io n  re sp o n se  ob ta in ed  w ith  th e  sa m e io n iza tio n  
p o ten tia l Ip =  2 1 .4 8  e V  and  v a r io u s  quantum  n u m b ers o f  th e  ou ter  e lec tro n  u sed . N o te  th at th e  H H G  
sp ectru m  o b ta in ed  w ith  th e  w id e ly  u se d  e x p r e ss io n  fo r  d(p) w ith  n =  1 and  l  =  0 d iffer s  e s se n t ia lly  
from  th e  ex p er im en ta l o n e , se e  F ig . 1 (a), th in  lin e . In con trast to  that, th e  sh ap e o f  th e  spectrum  
o b ta in ed  w ith  th e  actu a l quantum  n u m b ers o f  th e  ou ter  e lec tro n  in  A g + (n =  4  and  l  =  2 ) is  q u ite  c lo s e  
to  th e  sh ap e o f  th e  ex p er im en ta l o n e . T h u s, th e  prop er c h o ic e  o f  th e  e x p r e ss io n  fo r  d(p) is  cru c ia l for  
th e  correct rep rod u ction  o f  th e  H H G  sp ectru m  in  th eo re tica l ca lcu la tio n s .

F ig u res  2 (b )  and  2 (c )  sh o w  th e  sp ectra  o f  th e  s ilv e r  io n  re sp o n se  fo r  sev era l in ten s ity  ra tios (a )  and  
p h a se  sh ifts  b e tw e e n  f ie ld  c o m p o n e n ts  (ф). F igu re  2 (b )  sh o w s  th e  w o r s t  ca se  (ф =  0) and  F ig . 2 (c )  
sh o w s  th e  b e s t  o n e  (ф =  n /2 ) . T h e  h a rm o n ic  sp ectra  o b ta in ed  w ith  o th er  v a lu e s  o f  ф are in  b e tw e e n  o f
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th e se  tw o  c a se s . It is  c lea r  th at th e  e f fe c t  o f  th e  s e c o n d  f ie ld  d ep en d s s tro n g ly  o n  a and  ф, and  und er  
th e  op tim a l c o n d it io n s  th e  g a in  ca n  a c h ie v e  a lm o st  3 orders o f  m a g n itu d e  in  term s o f  h a rm on ic  
in ten sity . R esu lts  for  g o ld  and  z in c  io n s  are q u a lita tiv e ly  s im ilar , b u t th e  g a in  is  lo w er .

Fig. 2 Spectra of a silver ion response: (a) with a = 1/3, ф = n/2 and various d(p) (see legend); (b) with ф = 0 
and various a (see legend); (c) with ф = n/2 and various a (see legend). Results in (b) and (c) are obtained 
with the actual quantum numbers.

O ur th eo re tica l s tu d ies  a llo w  c la r ify in g  an im portant a sp ec t  o f  th e  H H G  en h a n cem en t in  th e  tw o -  
c o lo r  f ie ld  w h ic h  w a s  n o t d is c u sse d  earlier. N a m e ly , a cco rd in g  to  th e  s im p le -m a n  H H G  m o d e l, in  the  
S C P  c a se  th e  m ajor ity  o f  th e  io n iz e d  e lec tro n s  d o  n o t c o m e  b a ck  to  th e  p arent io n  or  c o m e  b a ck  w ith  
lo w  en erg y . W e  sh o w  th at in  th e  tw o -c o lo r  f ie ld  w ith  com p arab le  in te n s it ie s  o f  th e  c o m p o n en ts  th e  
m a jo rity  o f  th e  e le c tr o n s  can  c o m e  b a ck  w ith  h ig h  en erg y  co rresp o n d in g  to  th e  c lo s e - to - th e -c u to f f  
h a rm o n ics . T h o u g h  d e f le c te d  in  th e  o r th o g o n a l d irec tio n  b y  th e  s e c o n d  f ie ld , th e  return ing e lec tro n  
w a v e  p a ck e ts  are large  en o u g h  to  reco m b in e  n ea r ly  a s e f f ic ie n t ly  as in  th e  s in g le -c o lo r  ca se .

P h o to n  e n e r g y  (

Fig. 3 The gain in harmonic intensity in the TCP case compared to the SCP one for different plasmas.

A s  it  f o l lo w s  from  F ig . 2 , th e  m ic r o sc o p ic  re sp o n se  is  v e r y  se n s it iv e  to  th e  re la tiv e  p h a se  ф. T h is  
p h a se  c h a n g e s  during  th e  fie ld s ' p ro p a g a tio n  in  th e  m ed iu m . T h erefo re , w e  h a v e  p erfo rm ed  a  
c o m p le te  s tu d y  o f  th e  H H G  p h a se  m a tch in g  in  a  tw o -c o lo r  f ie ld . T h e  g a in  d u e to  th e  tw o -c o lo r  f ie ld  
o b ta in ed  in  our th eo re tica l ca lc u la tio n s  is  p resen ted  in  F ig . 3 . O n e ca n  se e  th at fo r  g iv e n  a th e  h ig h e s t  
g a in  is  a c h ie v e d  fo r  s ilv er , in  a g reem en t w ith  th e  ex p er im en t. F or  a =  1 /3  ( c lo s e  to  ou r ex p er im en ta l 
co n d it io n s )  th e  ty p ic a l g a in  o b ta in ed  in  th e  ca lc u la tio n s  fo r  s ilv e r  is  1 0 -3 0 , w h ic h  is  in  rea so n a b le  
a g reem en t w ith  th e  ex p er im en ta l v a lu e  (a b o u t 5 0 ). M o reo v er , F ig . 3 sh o w s  th at th e  g a in  g r o w s  w ith  
h a rm o n ic  order a s it  w a s  o b se r v e d  in  ex p er im en t, se e  F ig . 1 (a). F or g o ld  and  z in c  th e  e n h a n cem en t  
m o re w e a k ly  d ep en d s  o n  th e  h a rm o n ic  order, a lso  in  a g reem en t w ith  ex p er im en ta l resu lts.
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T h e  u se  o f  m id -IR  d r iv in g  la ser  p u lse s  h as b e e n  d em on stra ted  e x p er im en ta lly  to  p ro d u ce  h ig h -  
h a rm o n ic  x -ra y  e m is s io n  sp a n n in g  k e V  b a n d w id th  [1] that, in  th e  F ou rier  lim it, is  ca p a b le  o f  
su p p ortin g  fe w -a tto se c o n d  p u lse s . H o w e v e r , w ith  in crea s in g  la ser  w a v e le n g th , th e  ro le  o f  n o n d ip o le  
e f fe c ts  g ro w s . T h e m a g n e tic  c o m p o n e n t o f  th e  L oren tz  fo r c e  is  k n o w n  to  lea d  to  th e  d e f le c t io n  o f  the  
e lec tro n  tra jectory  from  th e  stra igh t path . A s  a  resu lt, it  red u ces  th e  p ro b a b ility  o f  e lec tro n  
reco m b in a tio n  w ith  th e  p arent io n , th ereb y  red u c in g  th e  e f f ic ie n c y  o f  o p tica l fr eq u en cy  co n v e r s io n  
in to  th e  X -ra y  ran ge. W ith  in crea s in g  la ser  w a v e le n g th , th e  a b o v e -m e n tio n e d  e f fe c t  in crea se s  d u e to  
th e  in crea se  o f  b o th  th e  e lec tro n  v e lo c ity  and  th e  t im e  in terva l o f  its  free  m o tio n . T h at is  w h y  th e  
n o n d ip o le  e f fe c ts  are ty p ic a lly  cru c ia l fo r  h ig h  h a rm o n ic  g en era tio n  d r iven  b y  m id -IR  la se r  so u rces .

In th is  con tr ib u tion  it  is  sh o w n  th at th e  m a g n e tic  f ie ld  o f  m id -IR  la se r  p u lse  a ffe c ts  n o t o n ly  th e  
a m p litu d e , b u t a lso  th e  sh ap e o f  th e  sp ectru m  o f  gen era ted  rad iation . It is  a lso  d em on stra ted  th at th e  
e lec tro n  m a g n e tic  drift d o e s  n o t  p la y  a  n e g a tiv e  ro le  o n ly ; in  so m e  c a se s  it  h a s  a  p o s it iv e  e ffe c t .

W e  u se  th e  s in g le -a c t iv e -e le c tr o n  ap p ro x im a tio n  to  d escr ib e  th e  in teraction  o f  an a to m  w ith  a  
stron g  e le c tr o m a g n e tic  f ie ld . O ur th eo re tica l stu d y  is  b a se d  o n  an  a n a ly tica l approach . W e  u se  th e  
q u a n tu m -m ech a n ica l trea tm en t o f  h ig h  h a rm o n ic  g en era tio n  (H H G ) w ith in  th e  s tro n g -fie ld  
a p p ro x im a tio n  [2 ] m o d if ie d  p rop er ly  to  tak e in to  a cco u n t th e  a to m ic  b o u n d -sta te  d e p le t io n  and  the  
e f fe c t  o f  th e  m a g n e tic  f ie ld  o f  a  la ser  p u lse  o n  th e  d y n a m ics  o f  th e  re lea sed  e lec tro n  [3 , 4 ].

A  v e r y  p e cu lia r  feature o f  m a g n e tic -d r ift  lim ite d  H H G  [3 , 4 ] is  th e  sh ap e o f  th e  p h o to n  e m is s io n  
sp ectru m , w h ic h  n o w  lo s e s  a  fa m ilia r  p la tea u -lik e  (or  m u lti-p la tea u ) structure. T h is  can  b e  se e n  from  a  
co m p a r iso n  o f  th e  sp ectra  o b ta in ed  in  th e  d ip o le  a p p ro x im a tio n  and  b e y o n d  it  (c f . co rresp o n d in g  lin e s  
in  fig u re  1). In th e  n o n d ip o le  c a se , e v e n  at m o d era te  la se r  in te n s it ie s , a lo n g  w ith  an  o v era ll red u ction  
o f  th e  h a rm o n ic  ou tp u t co m p a red  to  th e  d ip o le  a p p ro x im a tio n , d is tin c t m in im a  are o b serv ed  in  b o th  
th e  lo w -e n e r g y  and  n e a r -c u to ff  parts o f  th e  p la tea u  (fig u re  1 (a)). W ith  in crea sin g  in te n s ity  o f  th e  laser, 
th is  e f fe c t  b e c o m e s  m ore and  m ore  p ro n o u n ced  and  e v en tu a lly , th e  c u to f f  d isap p ears and  th e  sp ectru m  
b e c o m e s  arcuate rather th an  p la tea u -lik e  (fig u re  1 (b )). T h is  k in d  o f  m o d if ic a tio n  o f  th e  p la teau  
structure o f  th e  p h o to n  e m is s io n  spectra  can  b e  qu ite  e a s i ly  e x p la in e d  b y  a n a ly z in g  th e  w e ig h ts  o f  
c la s s ic a l e le c tro n  tra jectories  th at returns e x a c t ly  to  th e  n u c le u s  at th e  tim e  o f  reco m b in a tio n . T h e  
m a x im u m  in  th e  h a rm on ic  e m is s io n  sp ectru m  co rresp o n d s to  th e  k in e tic  en erg y  at th e  t im e  o f  
reco m b in a tio n  o f  th e  e lec tro n  th at fo l lo w s  th e  op tim a l trajectory .

Fig. 1 HHG spectra for the He+ ion driven by a 6-cycle laser pulse with I  = 2x1015 W cm-2 at a wavelength of 
3.9 pm and peak intensity of (a) 2.2x1015 W/cm2 and (b) 6.7x1015 W/cm2. Different lines represent the 
spectra obtained in the dipole approximation and beyond it (see legends).
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F rom  F ig . 1 o n e  ca n  se e  a lso  th at e v e n  in  th e  m a g n e tic -d r ift  lim ite d  c a se , th e  w id th  o f  th e  
g en era ted  h a rm o n ic  sp ectru m  ca n  b e  w id e  en o u g h  fo r  fe w -a tto se c o n d  and  e v e n  su b a tto seco n d  p u lse  
p rod u ction . H o w e v e r , it is  ex tr e m e ly  c h a lle n g in g  to  a c h ie v e  th is  lim it  b ec a u se  o f  th e  n e e d  to  
c o m p en sa te  a cro ss  th is  en o rm o u s b a n d w id th  fo r  th e  a tto seco n d  ch irp  in h eren t to  th e  H H G  p r o c e ss . A n  
a ltern ative  and  r e la tiv e ly  s im p le  route fo r  b reak in g  th e  a tto se c o n d  barrier h a s  b e e n  p ro p o sed  recen tly  
[5 ], w h ic h  r e lie s  o n  th e  in ter feren ce  o f  h ig h -h a rm o n ic  e m is s io n  from  m u ltip le  reen cou n ters o f  the  
e lec tro n  w a v e  p a ck e t w ith  th e  ion . W e  e x a m in e  th e  im p a ct o f  th e  e lec tro n  m a g n e tic  drift c a u se d  b y  a  
stron g  m id -in frared  la ser  f ie ld  o n  th e  fe a s ib il ity  and  u ltim a te  lim ita tio n s  o f  th is  m eth o d .

F igu re 2  sh o w s  th e  spectra l co n te n t o f  th e  x -ra y  b u rst gen era ted  in  h e liu m  o n  th e  tra ilin g  part o f  a 
1 .5 -c y c le  la ser  p u lse . B la c k  lin e  rep resen ts th e  sp ectru m  c a lc u la te d  in  th e  d ip o le  a p p rox im ation . T h is  
sp ectru m  e x h ib its  tw o  p ro n o u n ced  p ea k s at p h o to n  en e r g ie s  n ear  0 .6  k e V  and  3 .0 5  k e V  or ig in a tin g  
from  tw o  d ifferen t reen cou n ters. S u c h  tw o -p e a k  structure o f  th e  sp ectru m  le a d s  to  th e  m o d u la tio n  o f  
th e  fs  x -ra y  h a rm o n ic  burst in to  a  w a v e fo r m  o f  u ltrashort b ea ts . O b v io u s ly , th e  b ea tin g  con trast o f  th e  
resu ltin g  w a v e fo r m  is  h ig h e s t  w h e n  th e  tw o  sp ectra l p ea k s are o f  com p arab le  w e ig h ts . In F ig . 2 , th e  
re la tiv e  w e ig h t  b e tw e e n  th e  lo w e r -  and  h ig h er -en erg y  p ea k s  in  th e  sp ectru m  c a lcu la ted  fo r  th e  d ip o le  
c a se  is  su b sta n tia lly  d ifferen t. H o w e v e r , b y  atten u atin g  th e  fir st  p ea k  u s in g  th e  sp ectra l f ilte r  (the  
tra n sm iss io n  th rou gh  th e  A l f ilte r  ca n  b e  u se d  [5 ]) th e  tw o  p ea k s  ca n  b e  eq u a lized . A s  a  resu lt, a  
p e r fe c tly  co n trasted  w a v e fo r m  ca n  b e  ob ta in ed  w ith  th e  w id th  o f  ea ch  b ea t o f  a b ou t 1 as.

Fig. 2 Spectrum of the selected x-ray burst generated on the trailing part of a 1.5-cycle laser pulse with 
I=3.3*1014 W/cm2 and Л0=9 pm; the results obtained in the dipole approximation and beyond it are shown.

T h e  sp ectru m  o f  th e  sam e x -ra y  burst c a lcu la ted  b e y o n d  th e  d ip o le  ap p ro x im a tio n  is  rep resen ted  
b y  gray  lin e  in  F ig . 2 . Im p ortan tly , it  turns o u t th at th e  e f fe c t  o f  th e  m a g n e tic  f ie ld , w h ic h  is  ty p ic a lly  
d etrim en ta l to  H H G , d o e s  n o t  lea d  to  fa ta l c o n se q u e n c e s  in  th e  c a se  u n d er  co n sid era tio n . In d eed , th e  
e m is s io n  sp ectru m  in  th is  c a se  still ex h ib its  tw o  d is t in c t  p ea k s. M o reo v er , th e  m a g n e tic  f ie ld  o f  th e  
la ser  p u lse  serv es  here a s a  spectra l f ilter , w h ic h  in  certa in  c a se s  m a y  fa v o ra b ly  a lter  th e  re la tive  
w e ig h ts  o f  th e  p ea k s in  th e  H H G  sp ectru m . Just su ch  a  ca se  ca n  b e  s e e n  in  F ig . 2 . In th e  n o n d ip o le  
sp ectru m , th e  lo w -e n e r g y  p ea k  is  s ig n if ic a n tly  red u ced , w h erea s  its  h ig h -e n e r g y  counterpart is  o n ly  
s lig h t ly  a ttenuated . A s  a resu lt, o n ly  a sm a ll a d d ition a l sp ectra l filter in g  is  requ ired  to  e q u a lize  th e  tw o  
p eak s.

W e  a lso  e x a m in e  w h a t h ap p en s to  th e  H H G  sp ectra  at la ser  w a v e le n g th s  lo n g e r  th an  9 p m  [6]. It 
h as b e e n  sh o w n  that, up  to  d r iv in g  w a v e le n g th s  o f  16 p m , th e  e lec tro n  m a g n e tic  drift d o e s  n o t d estro y  
c o m p le te ly  th e  m e c h a n ism  o f  th e  fo rm a tio n  o f  su b a tto seco n d  k e V  b ea ts  b u t rather a lters th e  re la tive  
w e ig h ts  b e tw e e n  d ifferen t r een co u n ter  co n tr ib u tio n s to  th e  H H G  sp ectru m . E v en tu a lly , in ten se  h ig h -  
con trast k e V  b ea ts  o f  duration s shorter th an  0 .8  a s are sh o w n  to  b e  a tta inab le u s in g  f e w -c y c le  m id -IR  
la ser  p u lse s  w ith  th e  cen tra l w a v e le n g th  o f  ab ou t 12  pm .
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T erahertz rad ia tion  in d u c e s  co n fo rm a tio n  tra n sitio n s in  b io m o le c u le s  and  e f fe c ts  o n  m em b ran e  state  

and  g e n e  a c tiv ity  in  c e lls . F or d e ta ils , s e e  r e v ie w s  [ 1 - 6 ] .  T h is  in f lu e n c e s  g e n e t ic , b io c h e m ic a l,  

m o r p h o lo g ic a l and  p h y s io lo g ic a l ch aracter istics  in  o rg a n ism  and  in d u ces  th e  a ltera tion s in  th e  state o f  

co n tro l p h y s io lo g ic a l sy s te m s  [7 ]. T h is  ca n  b e  u se d  fo r  iln e s s  d ia g n o stic s  and  treatm ent.

T h e  s tu d y  a t  o r g a n is m ic  le v e l  a n d  tr e a tm e n t  o f  d is e a s e s

T h e  in v e s tig a tio n  o f  terahertz e f fe c ts  o n  o rg a n ism  le v e l  le ts  to  u se  the terahertz rad iation  as  

trea tm en t factor. It w a s  d em on stra ted  th e  d o se -d e p e n d e n t in f lu e n c e  o f  terahertz rad ia tion  o n  rat sp le e n  

c e l l  p ro d u ctio n  o f  a n tib o d ie s  to  sh eep  red  b lo o d  c e l ls  and  o n  m ig ra tio n  a b ility  o f  B - ly m p h o c y te s  in  

a n tig en  p r esen ce . In ad d itio n  it  w a s  d em on stra ted  th e  d o se -d e p e n d e n t in flu e n c e  o f  T H z rad ia tion  on  

sta g e  o f  b o n e  regen era tion  in  rats w ith  ex p er im en ta l d e fe c t  o f  fem u r. T h e se  resu lts  a llo w e d  to  u se  the  

g a s-d isc h a r g e  H C N  la ser  (0 ,8 9  T H z) fo r  trea tm en t trau m atic  and  d eg en era tiv e  d isord ers in  b o n e  and  

ca rtila g e  t is su e s . T rea tm en t o f  rats w ith  ex p er im en ta l m e c h a n ic a l d am age  to  th e  sk in  d em o n stra tes th e  

d ecrea se  in  w o u n d  area  from  170  to  17 m m 2 du rin g  8 d a y s  a fter  e x p o s it io n  4 0 0  p W /c m 2 x  15 m in .

T erahertz irrad iation  o f  p a tien ts  w ith  p o st-o p era tiv e  and  p ost-trau m atic  m e ch a n ica l sk in  le s io n s  (7  

ex p o su r e s  o n  4 0 0  p W /c m 2 x  15 m in  p er  d a y  d em o n stra tes  th e  n e x t  resu lts  o f  treatm ent: th e  

a cce lera tio n  o f  w o u n d  h ea lin g , the p rev en tio n  o f  p o st-o p era tiv e  and  p ost-trau m atic  su ppuration  o f  

w o u n d s , the in crea se  in  co n tra ctio n  o f  w o u n d  su rface , the stim u la tio n  o f  regen era tive  a b ility  and  

o p tim iza tio n  o f  c e llu la r  c o m p o s it io n  o f  w o u n d  ex u d a te . T erahertz irrad iation  o f  2  acupuncture  p o in ts  

G 1 .4  (o n  han d ) and  E 3 6  (o n  fo o t)  in  v o lu n teer s  w ith  sp in a l o s te o c h o n d r o s is  (3  ex p o su r e s  o n  1 

m W /c m 2 x  15 m in  o n  d ay ) in d u c e s  p o s it iv e  d y n a m ics  o f  m e ta b o lism  in d ic e s  in  the cartilage  

(n o rm a liza tio n  o f  ch o n d ro itin  su lfa te  and  g ly c o sa m in o g ly c a n s  seru m  le v e ls ) . E x p er im en ta l treatm ent  

o f  g ra fted  G u erin  ca rc in o m a  b y  terahertz  rad ia tion  (2  s e s s io n s  on  1 ,4 4  J /cm 2) d em o n stra tes  th e  

red u ction  o f  tu m or g ro w th  during  2 0  d a y s  a fter  tw o  se s s io n s  o f  irrad iation . D e g r e e  o f  tu m o r  g ro w th  

red u ction  a fter terahertz trea tm en t and  x -ra y s  trea tm en t are id en tica l [8].

T h e  s tu d y  a t  c e l lu la r  le v e l  a n d  d ia g n o s t ic s

M od ern  m e d ic in e  requ ires n e w  m e th o d o lo g ic a l p r in c ip le s , w h ic h  w il l  a llo w  to  create a  p rev en tiv e  

ap p roach  to  h ea lth  , b a se d  o n  p r e c lin ica l d e te c tio n  o f  r isk  factors. T h e stu d y  o f  terahertz b io lo g ic  

e f fe c ts  o n  ce llu la r  le v e l  p ro v id es  a  b ack grou n d  to  the crea tio n  o f  p r in c ip a lly  n e w  m eth o d s  o f  

d ia g n o stic s . T h e resu lts  o f  a  p re lim in ary  stu d y  o f  b io lo g ic a l e f fe c ts  h as a llo w e d  to  d e v e lo p  the  

p r in c ip le  o f  d e te c tio n  b y  terahertz rad ia tion  o f  ap p aren tly  h ea lth y  in d iv id u a ls  w h o  are carriers o f  risk  

factors fo r  im m u n e  d e f ic ie n c y . It w a s  d em o n stra ted  that terahertz rad ia tion  c a u se s  m ore p ro n o u n ced  

in crea se  o f  m ito g e n -in d u c e d  p ro lifera tio n  o f  ly m p h o c y te s . It w a s  fo u n d  that a m o n g  h e a lth y  p erso n s  

there are th e  in d iv id u a ls  w ith  in it ia lly  lo w  p ro lifera tiv e  a c tiv ity  o f  ly m p h o c y te s . R e sp o n se s  o f  

ly m p h o c y te s  to  terahertz irrad iation  w ere  d ifferen t. T h ere  is  th e  a b sen ce  o f  p ro lifero u s  p o ten tia l 

a b ility  or  p ro n o u n ced  p ro lifero u s  p o ten tia l a b ility . In the first ca se  there is  an  in s u ff ic ie n c y  o f  im m u n e  

sy ste m , in  the se c o n d  c a se  -  the le s io n  o f  reg u la tio n  o f  im m u n e  sy stem . It m a y  b e  u se d  at 

a sy m p to m a tic  and  ea r ly  s ta g es  o f  d ifferen t d is e a se s , w h ic h  in d u ced  b y  im m u n e  in su ff ic ie n c y : a ll 

d ise a se s  o f  in ternal o rgan s, o n c o lo g ic  d is e a se s , au to im m u n e d is e a se s  etc . It ca n  be  a  b a se  fo r  creatin g  

the d ia g n o stic  te s t  to  ev a lu a te  the a b ility  o f  ly m p h o c y te s  to  p ro lifera tio n  and  a p p ly  it  to  id e n tify
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in d iv id u a ls  a t th e  ea r ly  s ta g es  o f  d ifferen t d is e a se s , w h ic h  in d u ced  b y  im m u n e  in su ff ic ie n c y : a ll 

d ise a se s  o f  in ternal o rg a n s, d ifferen t h e m a to lo g ic a l d is e a se s , o n c o lo g ic  d is e a se s , au to im m u n e d ise a se s  

e tc . T h is  m a y  fa c ilita te  th e  id e n tif ic a tio n  o f  tren d s to  fa ilu re  o f  th e  im m u n e  sy s te m  in  h ea lth y  

in d iv id u a ls .

It w a s  d em o n stra ted  th a t terah ertz  rad iation  resu lts  in  a  v ia b ility  red u ction  in  part o f  irradiated  

ly m p h o c y te s . T h is  is  te s ted  b y  th e  ap p earan ce in  cy to p la sm  th e  co lo ra n t p en etra tin g  o n ly  n o n v ia b le  

c e l ls .  B a se d  o n  th is  resu lt it  is  p o ss ib le  to  create th e  d ia g n o stic  te s t  fo r  id e n tify in g  o f  p o ten tia lly  

n o n v ia b le  ly m p h o c y te s  and  u se d  it  to  id e n tify  h ea lth y  in d iv id u a ls  w h ic h  h a v e  th e  ea r ly  s ta g e s  o f  

v a r io u s  h e m a to lo g ic a l d isord ers, d ifferen t v a r ia tio n s  o f  im m u n e  sy s te m  d istu rb an ce and  o th er  d ise a se s  

th at lea d  to  su ch  v io la t io n s . T erah ertz  rad ia tion  in d u ces  a  s p e c if ic  state , w h ic h  in  co m b in a tio n  w ith  

p ro v o k in g  fa c to r  rev ea ls  to  m o r p h o lo g ic a l or  fu n c tio n a l ab n o rm a litie s  w h ic h  are u n d ia g n o sa b le  b y  

trad ition a l m e th o d s . T h e  stu d y  o f  terah ertz  rad ia tion  in f lu e n c e  o n  m em b ran e  sta b ility  o f  red  b lo o d  

c e l ls  d em o n stra tes th at terahertz  rad ia tion  d o e s  n o t  in f lu e n c e  sp o n ta n eo u s h e m o g lo b in  ou tput, bu t  

in crea se s  th e  h e m o g lo b in  ou tp u t in d u ced  b y  w a ter  a d d in g  to  iso to n ic  b u ffer  so lu tio n  (h y p o o sm o tic  

h e m o ly s is ) .  T h is  e f fe c t  is  in crea sed  i f  th e  co n cen tra tio n  o f  so d iu m  ch lo r id e  so lu tio n  is  d ecrea sed . 

T erah ertz  rad ia tion  c a u se s  p ro n o u n ced  sh ortin g  o f  d uration  o f  fu ll h y p o o sm o tic  h e m o ly s is .  R esu lts  o f  

th e se  ex p er im en ts  ca n  b e  a  p rem ise  fo r  crea tin g  th e  d ia g n o stic  te s t  fo r  id e n tify in g  a  te n d e n c y  to  

d istu rb an ce o f  red  b lo o d  c e l l  m em b ran e res is ta n ce  in  h ea lth y  in d iv id u a ls  fo r  r e c o g n it io n  o f  ear ly  stage  

o f  v a r io u s  h e m a to lo g ic a l, n e p h r o lo g ic a l, e n d o c r in o lo g ic a l and  o th er  d is e a se s  w h ic h  are a sso c ia te d  

w ith  im p a ired  m em b ran e  status o f  th e se  c e lls .

M o le c u la r  le v e l.  T r e a tm e n t  a n d  d ia g n o s t ic s

T h e  resu lts  o f  terah ertz  e f fe c ts  o n  m o le c la r  le v e l  stu d y  d em o n stra tes  th at terah ertz  rad iation  

in d u ces  co n fo rm a tio n  tra n sitio n s in  b io p o ly m e r  m o le c u le s  [9 -1 1 ] . T h ese  resu lts  o p en  up  th e  p ro sp ec t  

o f  o b ta in in g  su b sta n ces  w ith  th e  d es ired  properties: in h ib itors o f  e n z y m e  a c tiv ity , s e le c t iv e  b lo ck ers  

o f  recep to rs, c o m p o n e n ts  fo r  hyb rid  n a n o te c h n o lo g y , ta rg eted  ca n cer  d rugs fo r  b lo c k in g  th e  g ro w th  

and  spread  o f  can cer . It is  p o s s ib le  th e  crea tio n  o f  c o m p o n e n ts  fo r  p rin c ip a l n e w  d ia g n o stic  k its.
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It w a s  d em o n stra ted  th at terahertz  rad iation  in f lu e n c e s  g e n e t ic  sy s te m  o f  p lan ts  and  a n im a ls . A  

m atu ration  o f  o rg a n ism  is  th e  p r o c e ss  o f  seq u en tia l sw itc h in g  o f  m ore and  in cr e a s in g ly  c o m p le x  g e n e  

sy ste m s. In p resen t s tu d y  w e  in v e s tig a te d  terahertz rad iation  in f lu e n c e  o n  d e v e lo p m e n t d y n a m ic s  o f  

o ffsp r in g  o b ta in ed  from  irrad iated  or  n on -irrad ia ted  fe m a le s  m a tin g  w ith  irradiated  or  n on -irrad ia ted  

m a le s .

M e th o d s .  F ruit f l ie s  o f  b o th  s e x e s  su b jec ted  to  3 0 -m in u te  ex p o su re  o f  broadband  terahertz  

rad ia tion  (0 .1  - 2 .2  T H z) w ith  a  p u lse  p o w e r  o f  8 .5  m W , a  p u lse  d uration  o f  1 p s  and  a  rep etitio n  rate 

o f  7 6  M H z. A fte r  th e  irrad iation  w a s  carried  o u t m a tin g  o f  e x p o se d  (E ) and  in tact (I) in d iv id u a ls  in  

v a r io u s  c o m b in a tio n s . A s  a  con tro l (K ) u se d  f l ie s  th at w ere  near terahertz sou rce  during  irrad iation , 

b u t d o  n o t fa ll in to  th e  irrad iation  z o n e . W e  u se d  c lu tch  o f  e g g s  in  th e  first tw o  d a y s  a fter  irrad iation , 

w h ic h  co rresp o n d s to  m ature e g g s  at th e  tim e  o f  irrad iation . th e  ad u lt sta g e  o f  o ffsp r in g  in d iv id u a ls . , 

It w a s  record ed  th e  n u m b er  o f  rea ch in g  th e  ad u lt sta g e  o f  o ffsp r in g  in d iv id u a ls  and  th e ir  g en d er  (d a ily  

from  th e  first ca se  o f  reach in g ). T o  d eterm in e  th e  s ig n if ic a n c e  o f  d iffe r e n c e s  b e tw e e n  th e  cu rv es  o f  th e  

m atu ration  d y n a m ic s  th e  y l  t e s t  w a s  u sed .

R e s u lt s .  T h e p r o g e n ie s  d er iv ed  from  m a tin g  o f  u n e x p o se d  fe m a le s  w ith  n on -irrad ia ted  ( $ $ K  x  

3 3 K )  or in ta c t ( $ $ K  x  3 $ !)  m a le s . T h e first ca se  o f  rea ch in g  o f  adu lt state in  in d iv id u a ls  o f  both  

s e x e s  is  reg istered  o n  th e  1 1th d a y  from  th e  b e g in n in g  o f  m atin g . T h e  n u m b er  o f  in d iv id u a ls  is  sm a ll. 

T h e  fo l lo w in g  d ay , th e  m atu rin g  o f  m a le s  and  fe m a le s  is  in crea sed  s ig n if ic a n tly  and  rea ch es  a  

m a x im u m  v a lu e  o n  th e  13th d ay  from  th e  b eg in n in g  o f  m atin g . T h en , th e  n u m b er  o f  ripe sp e c im e n s  o f  

b o th  se x e s  is  d ecrea sed  c o n s is te n t ly  (F ig .1 ,2 ) .

T h e  p ro g en y  d er iv ed  from  m a tin g  o f  in tact fe m a le s  and  u n e x p o se d  m a le s  ( $ $ I  x  3 3 K ) .  T h e first 

c a se  o f  rea ch in g  o f  ad u lt state in  in d iv id u a ls  o f  b o th  s e x e s  is  r eg istered  o n  th e  12 th d ay  from  th e  start 

o f  m atin g . T h e fo l lo w in g  d ay , th e  m a x im u m  n u m b er  o f  ripe in d iv id u a ls  o f  b o th  s e x e s  is  record ed . 

A fte r  that, it is  in d ica ted  a  c o n s is te n t  d ecrea se  in  th e  n u m b er  o f  ripe in d iv id u a ls . T h e  to ta l duration  o f  

th e  r ip en in g  p er io d  v a r ie s  from  8 to  10 d a y s  at d ifferen t varian ts o f  m a tin g  (F ig .1 ,2 ) . T h e cu rv es  o f  

d e v e lo p m e n t d y n a m ic s  o f  m a le s  and  fe m a le s  d o  n o t d iffe r  s ig n if ic a n tly . S e x  ratio w a s  1:1.

T h e  p r o g e n ie s  d er iv ed  from  m a tin g  o f  irrad iated  fe m a le s  w ith  irrad iated  ( $ $ E  x  3 3 E )  or  in tact  

( 9 $ E  x  3 3  I) m a le s . T h e first c a se  o f  rea ch in g  o f  ad u lt state in  in d iv id u a ls  o f  b o th  s e x e s  is  reg istered  

o n  th e  11th d a y  from  th e  b eg in n in g  o f  m atin g . T h e n u m b er  o f  in d iv id u a ls  is  sm a ll. T h e fo l lo w in g  d ay , 

th e  m a x im u m  n u m b er  o f  ripe in d iv id u a ls  o f  b o th  s e x e s  is  record ed  co m p a red  to  o th er  d ays. T hird  day  

o f  m aturing  is  ch aracter ized  b y  a  d ecrea se  in  th e  n u m b er  o f  in d iv id u a ls , rea ch in g  th e  adu lt stage . 

T h en , th e  re la tiv e  n u m b er  o f  ripe in d iv id u a ls  sh arp ly  d ecrea sed . T h e  to ta l duration  o f  th e  r ip en in g  

p er io d  w a s  w ith in  5 - 6 d a y s  (F ig .1 ,2 ) . T h e  cu rv es  o f  d e v e lo p m e n t d y n a m ics  o f  m a le s  and  fe m a le s  do  

n o t d iffer  s ig n if ic a n tly . S e x  ratio w a s  1:1.

T h e  p r o g e n ie s  d er iv ed  from  m a tin g  o f  in ta c t fe m a le s  and  irrad iated  m a le s  ( $ $ I  x  3 3 E ) .  T h e  first  

c a se  o f  rea ch in g  o f  ad u lt state in  in d iv id u a ls  o f  b o th  s e x e s  is  reg istered  o n  th e  1 1 th d ay  from  th e  start 

o f  m atin g , b u t th e  m a x im u m  n u m b er  o f  ripe in d iv id u a ls  o f  b o th  s e x e s  is  reg istered  o n  th e  13 th d ay  

from  th e  b e g in n in g  o f  th e  m atin g . T h e to ta l d uration  o f  th e  r ip en in g  p er io d  w a s  7 d a y s  in  m a le s  and  

fe m a le s . T o ta l n u m b er  o f  ripe m a le s  w a s  h ig h er  th an  fe m a le s . S e x  ratio w a s  1 :0 .8 3 . T h e cu rv es  o f
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d e v e lo p m e n t  d y n a m ics  o f  m a le s  and  fe m a le s  are d ifferen t s ig n if ic a n tly  (x 2 = 4 ,8 6 ) . A n o th e r  d ifferen ce  

w a s  th e  d y n a m ic s  o f  su b seq u en t red u ction  in  th e  re la tive  ab u n d an ce  o f  m ature f l ie s . In m a le s , it  w a s  

a lm o st  as g o o d  a s in  th e  con tro l grou p . F em a le s  h a v e  b e e n  a  sharp d ecrea se  in  th e  re la tiv e  n u m b er  o f  

ripe in d iv id u a ls  (F ig .1 ,2 ) . T h is  cu rve o f  d e v e lo p m e n t d y n a m ics  s ig n if ic a n tly  d ifferen t from  th e  con tro l 

(X 2= 8-41).
0,7

0,6

0,5

1
~  0,4 

!

i
о 0,3

s
0,2

0,1

■ x

u

I

:: ■ ,

m

6

\ l

g-. 'A-:-.

10 11 12 13 14 15 16 17 18 19 20

Time from start of mating (days)

0

Fig. 1. Dynamics of maturation of male individuals. Fig. 2. Dynamics of maturation of female individuals. 
Oblique cross -  $$E  x б'б'Е, circle -  $$E  x d'd'I, rectangular cross -  $ $ I x S S  E, rhombus -  $$K  x 
б'б'К, square -  $$K  x d'd'I, triangle -  $ $ I x d'd'K.

T h u s, terahertz rad ia tion  c a u se s  a  sh o rten in g  o f  d e v e lo p m e n t p er io d  to  ad u lth o o d  in  o ffsp r in g  

ob ta in ed  b y  m a tin g  irrad iated  fe m a le s  w ith  b o th  irrad iated  and  n on -irrad ia ted  m a le s . In th e  c a se  o f  

p ro g en y  d er iv ed  from  m a tin g  o f  irrad iated  m a le s  and  in tact fe m a le s , th e  e f fe c t  o f  T H z rad iation  

d ep en d s o n  th e  s e x  o f  o ffsp r in g .
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W e  p resen t th e  resu lts  o f  n u m er ica l s tu d ie s  o n  th e  d e v e lo p m e n t o f  m e th o d s  fo r  th e  g en era tio n  o f  
p o w e r fu l IR  rad ia tion  o f  u ltrashort duration  u s in g  th e  dual ch a n n e l fe m to se c o n d  la ser  sy s te m  b a sed  on  
param etric  a m p lif ic a tio n , w o rk in g  at 1 0  H z  rep etitio n  ra te , crea ted  in  Institu te  o f  L a ser  P h y s ic s  (IL P )  
S B  R A S .

In order to  a c h ie v e  lo n g e r  w a v e le n g th s  w e  u se  th e  fe m to se c o n d  sig n a l and  id ler  rad iation  o f  our  
la ser  sy stem . T o  m o v e  further to  IR  at ea ch  step  w e  p ara m etr ica lly  a m p lify  th e  id ler  from  p rev io u s  
step  w ith  th e  s ig n a l w a v e . H a v in g  th e  s ig n a l at th e  cen tra l w a v e le n g th  o f  0 .8 6  pm  and  id ler  at 1 .4  pm  
w e  s u c c e s s iv e ly  ob ta in  n e w  w a v e le n g th s  o f  2 .2 4 , 3 .7 , 5 .7 , and  10 .4  pm . C om p ared  to  d ifferen ce  
fr eq u en cy  g e n era tio n , su ch  ap p roach  en a b le s  to  reta in  h ig h  en e r g y  in  IR  p u lse s  at c o s t  o f  h ig h er  
c o m p le x ity . T h e  sc h e m e  p resen ted  b y  u s  en a b le s  g en era tio n  o f  IR  p u lse s  w ith  h ig h er  e f f ic ie n c y  at 
w id e r  w a v e le n g th  range co m p a red  to  p rev io u s  o n e  o f  ours [ 1 ].

A lth o u g h  large  n u m b er  o f  n o n lin ea r  o p tica l crysta ls  are su itab le  fo r  th e  m id -IR  ra n g e , th e ir  
p ractica l u se  is  lim ite d  e ith er  b y  lo w  d am age  th r e sh o ld , lo w  a v a ila b le  aperture or  d egrad ation  due to  
tw o -p h o to n  ab sorp tion . W e  d ecrea se  th e  in flu e n c e  o f  th e  la tter e f fe c t  b y  su b seq u en t id ler  w a v e le n g th  
in crea se , w h ic h  a llo w s  u s in g  m ore o p tim a l cry sta ls . W e  c h o se  A g G a S e 2 (A G S e )  crysta l due to  its  h ig h  
n o n lin ea r ity , h ig h  d am age  th resh o ld , h ig h  a v a ila b le  aperture up to  sev era l c m  and  tran sp aren cy  range  
up to  18 p m  [2 ]. In ou r sc h e m e  o f  n o n lin ea r  co n v e r s io n  w e  u se  L B O  cry sta ls  fo r  n ear- to  m id -IR  (up  
to  2 .2 4  pm ) and  A G S e  fo r  m id - to  far-IR  as sh o w n  in  F ig . 1a. T h e g en era ted  sp ectra  is  sh o w n  in  F ig . 
1b. W ith  o p tim iz a tio n s  o f  v a r io u s  p aram eters th e  o p tim u m  e n e r g y  and  p u lse  d uration  o f  g en era ted  
p u lse s  w ere  co m p u ted  to  be  130  m J and  35  fs  fo r  2 .2 4  pm , 4 0  m J and  6 0  fs  fo r  3 .7  pm , 15 m J and  9 0  
f s  fo r  5 .7  pm , and  7 m J and  150  fs  fo r  1 0 .4  p m  cen tra l w a v e le n g th .

Fig. 1 a) scheme of nonlinear frequency conversion and b) generated IR-spectra of all conversion steps

A  m eth o d  o f  g en era tio n  o f  teraw att fe m to se c o n d  p u lse s  in  IR  range w ith  u se  o f  h ig h -p o w e r  la ser  
sy s te m  d e v e lo p e d  at IL P  S B  R A S  h as b e e n  p ro p o sed . Its a d v a n ta g es  are p o s s ib il ity  to  u se  crysta ls  
su ita b le  fo r  r e la tiv e ly  narrow  w a v e le n g th  range and  a b ility  to  p ro v id e  h ig h  p u lse  en erg y . T h e  p ea k  
p o w e r  o f  fe m to se c o n d  IR -p u lse s  th at can  b e  gen era ted  w ith  ou r sc h e m e  is  h ig h  en o u g h  fo r  en h a n c in g  
th e  ex p er im en ta l research  o n  th e  d e v e lo p m e n t  o f  n e w  a p p ro a ch es to  th e  a tm osp h ere  d ia g n o stic s ,  
g en era tio n  o f  p o w e r fu l fe m to se c o n d , a tto seco n d  p u lse s  in  X -ra y  and  so  on .
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In recen t y ea rs , f ib er  o p tic  se n so r  h as r e c e iv e d  e x te n s iv e  a tten tion  and  research  du e to  its  u n iq u e  

a d v a n ta g es , and  it h as b e e n  s u c c e s s fu lly  u se d  in  m a n y  areas, su ch  as a ero sp a ce , con stru ctio n  

e n g in e e r in g , b io m e d ic in e , e tc .  H o w e v e r , th e  b a la n ce  b e tw e e n  th e  s im p le  structure and  th e  su p er ior ity  

p erform an ce  o f  th e se  sen so r  is  b e c o m in g  a  “b o tt le n e c k ” w h ic h  h a s  a lread y  restr icted  th e  d e v e lo p m e n t  

o f  th is  f ie ld . U t il iz in g  th e  structure ch aracter istics  o f  m u lti-c la d d in g  fib er , th e  c la d d in g  m o d e  

reso n a n ce  f ib er  sen so r  m a k es  th e  lig h t  tran sm itted  from  core  and  c la d d in g  c o u p le  w ith  e a c h  other, so  

as to  rea lize  th e  d e te c tio n  o f  th e  m ea su rem en t p h y s ic a l q u an tity . T h is  se n so r  h as th e  a d v a n ta g es o f  

sim p le  structure, co n tro lla b le  m o d e  e x c ita tio n , h ig h  se n s it iv ity , n o -c r o ss  s e n s it iv it ie s  and  so  on , w h ic h  

o p e n s  up  a  n e w  w a y  fo r  th e  research  and  a p p lica tio n  o f  th e  sp e c ia l f ib er  o p tic  sen so r . T h u s, it  is  o f  

g rea t s ig n if ic a n c e  to  carry o u t th e  re lev a n t th eo re tica l and  ex p er im en ta l research  around its  

ch a ra cter istics . In th is  paper, th e  c la d d in g  m o d e  reso n a n ce  p h e n o m e n o n  o f  th e  tr ip le  c la d d in g  quartz  

sp e c ia lty  f ib er  (T C Q S F ) and  th e  ch aracter istics  o f  th is  sen so r  h a v e  b e e n  a n a ly zed  s p e c if ic a lly  b a sed  

o n  c o u p le d  m o d e  th eo ry . U t il iz in g  th e  c o u p le d  m o d e  th eo ry , th e  e f fe c t iv e  m o d e l o f  th e  T C Q S F  is  

esta b lish ed . T h e  re la tio n sh ip  b e tw e e n  th e  len g th  and  tra n sm iss io n  sp ectru m  o f  th e  se n so r  is  

esta b lish ed . A  stra igh t forw ard  ex p er im en t is  p erfo rm ed  to  stu d y  th e  tem perature  se n s in g  p rop erties o f  

th is  c la d d in g  m o d e  reso n a n ce  sen sor . T he re la tion sh ip  b e tw e e n  d ifferen t tem perature and  w a v e le n g th  

drift is  s tu d ied  ex p er im en ta lly . M o reo v er , th e  curvature se n s in g  ch aracter istics  o f  th is  se n so r  is  

stu d ied . T h e  re la tion sh ip  b e tw e e n  d ifferen t curvature and  w a v e le n g th  drift is  s tu d ied  ex p er im en ta lly .  

F in a lly , the ch aracter istics  o f  the sen so r  b a sed  o n  T C Q S F  w h ic h  is  d is lo c a tio n  w e ld in g  w ith  th e  s in g le  

m o d e  fib ers  is  stu d ied . T h e re la tio n sh ip  b e tw e e n  th e  s iz e  o f  th e  d is lo c a tio n  and  refractive  in d e x  

se n s it iv ity  is  a n a ly zed . T h e  refractive  in d e x  and  tem perature ch a ra cter istics  o f  th e  se n so r  are te s ted  

and  d isc u sse d .
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In 19 6 8  a c a d e m ic ia n  L V  K e ld y sh  p red ic ted  th e  e x is te n c e  o f  th e  e le c tr o n -h o le  liq u id  (E H L ) in  
se m ic o n d u c to r s  [1]. E H L  is  a  c o n d e n se d  state o f  th e  e le c tr o n -h o le  p la sm a , w h ic h  o ccu rs  at lo w  
tem p era tu res and  h ig h  co n cen tra tio n s  o f  e le c tr o n -h o le  pa irs (E H P ). A t  lo w  tem p era tu res, th e  E H P  
form  a  h y d ro g en -q u a sip a r tic le s  - free  e x c ito n s  (F E ). A t  lo w  co n cen tra tio n s  free  e x c ito n s  in  th e  
se m ic o n d u c to r  ca n  be  regard ed  as an id ea l g a s , c o n s is t in g  o f  v ir tu a lly  in teractin g  p a rtic le s . A t  h ig h  
co n cen tra tio n  o f  e x c ito n s  th e y  form  th e  e x c ito n  c o m p le x e s  (E C ) - tr io n s  and  b ie x c ito n s  w h ic h  act as  
co n d e n sa tio n  n u c le i o f  E H L  d rop s. T h is  E H L  is  n o t m o le c u la r  flu id , as carriers are free  to  m igrate  
th ro u g h  th e  drop, w h ic h  is  ty p ic a l fo r  liq u id  m eta l (a n a lo g y , liq u id  a lk a li m eta ls) .

I f  th e  E H L  is  fo rm ed  in  th e  se m ic o n d u c to r  sa m p le , it in crea se s  th e  sam p le 's  c o n d u c tiv ity . O u r id ea  
w a s  to  try  to  u se  th e  E H L  e f fe c t  in  d ia m o n d  p h o to -e le c tr o n ic  sw itc h e s . E H L  w a s  e x p er im en ta lly  
fo u n d  in  m a n y  se m ico n d u c to rs  in  th e  form  o f  d ro p le ts  su rrounded  b y  e x c ito n  g a s . E H L  w a s  o b serv ed  
in  se m ico n d u c to rs  th at h a v e  in d irec t-lik e  structure (G e , S i , S iC  and  C ) and  th e  d irect-gap  structure  
(G a A s, C d S , C d T e, e tc .) .

T h e  p h a se  tra n sitio n  E H P  - E H L  o ccu rs  at co n cen tra tio n s  a b o v e  th e  E A F  and  th e  tem perature  
b e lo w  th e  cr itica l p o in t o f  th e  sa m p le . F or g erm a n iu m  co n cen tra tio n  and  tem perature  o f  th e  p h ase  
tra n sitio n  is  8 .9  • 1 0 16 c m -3 and  6 .7  K , r e sp e c tiv e ly . F or  s i l ic o n  - 1 .2  • 1 0 18 c m -3 and  2 8  K , r e sp e c tiv e ly . 
T h e ty p ic a l s iz e  o f  th e  E H L  d rop s in  G e and  S i is  1 0 -1 0 0  m icro n s.

T h e  th ird  s im p le  se m ico n d u c to r  w ith  in d ir e c t-m a n y -v a lle y  structure and  nature o f  th e  co n d u c tio n  
ban d  is  d iam on d . It's b an d  g ap  is  5 .4 9  e V , th e  d ie lec tr ic  co n sta n t is  5 .7 . C a lcu la tio n s  sh o w e d  th at the  
E H L  sh o u ld  b e  fo rm ed  in  d ia m o n d  at th e  E H P  co n cen tra tio n  o f  1020 c m -3 and  a tem perature  b e lo w
138 K .

N atu ra l d ia m o n d  is  h e a v ily  co n ta m in a ted  w ith  n itro g en  im p u rity  th at form s th e  v a r ie ty  o f  d e fe c ts ,  
in c lu d in g  p o ly o ls  co n ta in in g  v a c a n c ie s , in terstitia l s ite s , and  o th er  im p u rity  a to m s. S u ch  d e fe c ts  can  
act as cen ters o f  e x c ito n  reco m b in a tio n . T hat's w h y  th e  first resu lts  in  th e  f ie ld  o f  E H L  fo rm a tio n  in  
d ia m o n d s w ere  ob ta in ed  o n ly  in  2000 .

In  ou r w o r k  w e  in v e s tig a te d  th e  fo rm a tio n  o f  E H L  in  d ia m o n d  sa m p le s  and  th e ir  co n d u c tiv ity  in  
su ch  c o n d it io n s . T h ere  w ere  5 sam p les: o n e  natural d ia m o n d  and  4  ar tific ia l sa m p le s . T h e sc h e m e  o f  
ex p er im en ta l setu p  is  sh o w n  o n  th e  F ig . 1. T h e  sa m p le s  w ere  irrad iated  b y  K rC l* -la ser  (^ = 2 2 2  n m )  
and  c o o le d  b y  liq u id  n itrogen . E H L  w a s  d e tec ted  b y  th e  ap p earin g  o f  th e  w id e  ban d  n ear  2 4 0  n m  in  
th e  sp ectru m  o f  th e  sa m p le  p h o to lu m in e sc e n c e  and  th e  tem perature  d y n a m ic  o f  th is  band . T w o  
sa m p le s  ou t o f  f iv e  sh o w e d  th is  b and , b o th  w ere  m ad e b y  C V D  (c h e m ic a l v a p o r  d e p o s it io n ) m eth od . 
T h e  th resh o ld  v a lu e s  o f  la ser  rad ia tion  in ten s ity  fo r  E H L  fo rm a tio n  w ere  3  and  10 M W /c m 2 fo r  th e se  
sa m p le s . T h e d ifferen ce  can  b e  e x p la in e d  b y  d ifferen t le v e l  o n  im p u r itie s  co n ta in ed .

T h e  sa m p le  w ith  lo w e s t  E H L  fo rm a tio n  th resh o ld  w a s  u se d  in  th e  research  o f  im p u lse  
c o n d u c tiv ity . It h ad  th e  e lec tro d e  sy s te m  o n  it's su r fa ces and  w a s  sw itc h e d  in  th e  e le c tr ic  c ircu it lik e  it 
is  sh o w n  o n  th e  F ig . 1c. W h e n  th e  la ser  p u lse  in ten s ity  w a s  ab ou t 3 M W /c m 2 th e  a m p litu d e  o f  v o lta g e  
p u lse  th ro u g h  th e  sa m p le  w a s  2 -3  t im e s  h ig h e r  at 9 0  K  th an  at 3 0 0  K . O n  th e  o th er  h and , at 9 0  K  th e  
p h o to c o n d u c tiv ity  w a s  10 t im e s  h ig h e r  at 3 .4  M W /c m 2  in te n s ity  th an  at 0 .5 5  M W /c m 2  in ten s ity  (F ig . 

2 ).

P re lim in ary  w e  can  co n c lu d e  th at th e  p resen ce  o f  E H L  in  d ia m o n d  sa m p le  ca n  d ra stica lly  in crea se  
it's c o n d u c tiv ity . It ca n  b e  u se d  in  p h o to -e le c tr o n ic  sw itc h e s  b a se d  o n  d ia m o n d s.
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Fig. 1 Experimental setup scheme. a) Setup for impulse photoconductivity. 1 -  diamond sample, 2 -  ground 
copper electrode, 3 -  potential copper electrode, 4 -  heat sink, 5 -  volume with liquid nitrogen, 6 -  
thermoresistor, 7 -  low-voltage contacts, 8 -  chamber, 9 -  high-voltage contact, 10 -  silica window.
b) Experimental scheme. L -  KrCl*-laser, QP -  silica plates, CL -  cylindrical lense, F -  focus spot of CL 
lense, A -  pinhole, 1 -  diamond sample, FC -  photocathode, SC -  oscilloscope, PE -  pyroelectrical detector.
c) Electric cirquit for pulsed photoconductivity measurement and equivalent scheme of diamond sample. 1 -  
1 -  diamond sample, 11 -  shielded box, hv -  laser radiation, RD -  resistance of «low-resistant» layer, CD -  
capacity of high-resistant layer, C0 -  storage capacitor, RCh - charging resistor, RL -  resistance of 
oscilloscope.

Fig. 2 Dependence of photoconductive current of a) voltage and b) temperature. The continuous curve on 
a) is the result of theoretical calculations that don't take into account the presence of EHL.
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B la ck b o d y -r a d ia tio n (B B R )-in d u ce d  sh ifts  and  rates o f  in d u ced  tra n sitio n s  from  R y d b erg  s - ,p - , d -  
sta tes  in  Z nII, C dII and  H gII io n s  o f  th e  grou p  IIb e le m e n ts  w ere  c a lcu la ted  o n  th e  b a s is  o f  th e  
quan tu m  d e fe c t  m eth o d  (Q D M ), s im ila r  to  th e  ca se  o f  th e  grou p  IIa io n s  [1 ,2 ] ,  w h ic h  en su res  correct  
a sy m p to tic  b e h a v io r  fo r  w a v e fu n c t io n s  w ith  large  p rin c ip a l quantum  n u m b er  n.

F or  c o n c ise  p resen ta tio n  o f  th e  o b ta in ed  resu lts  ap p ro x im a tio n  fo rm u la e  w ere  u se d  fo r  re la tive  
B B R -in d u c e d  d e c a y s  and  ex c ita tio n s:

aRdec (exc) ( j ) _ dec (exc) ( j ) + a ^ c( exc) ( j ) x + a d2ec(exc) (T ) x2

n
f  Z 2T  ^

e x p
l  n3T J

- 1

x  _
100

n T 1/3
( 1 )

and  th e  sh ifts

s j  ( T ) _ 2416.61
T

300
(  aS (T )  +  a S (T )  z  +  a S ( T )  z 2 ) , (2 )

w h ere  th e  fra ctio n  x is  th e  c u b ic  roo t o f  th e  fra ctio n  o f  th e  tran sition  en e r g y  1 / n3 to  th e  n earb y  

sta tes  and  th e  th erm al e n e r g y  o f  e n v iro n m en t T /  Ta (b o th  in  a to m ic  u n its , w h ere  Ta _  3 1 5 7 7 6  K  is

th e  a to m ic  u n it o f  tem p eratu re), n  is  th e  R y d b erg -sta te  p r in c ip a l quantum  n u m b er  and  T  is  the  

tem perature  o f  en v iro n m en t. T h e  rates o f  th e  B B R -in d u c e d  d e c a y s  and  ex c ita tio n s  are
■pdec(exc)s^\   jjdec(exc) /^ \T̂ sp
1 nlj (T )  “  R nlj (T ) A nlj .

T h e  rate o f  sp o n ta n eo u s d e c a y s  Г р  o f  th e  R y d b erg  state \ n l j  in to  th e  lo w e r -e n e r g y  sta tes  is  

in v erse  o f  th e  natural life t im e  ( Г р  _  1 /  т̂ ). T h e fa cto r  n 3 is  ch aracter istic  o f  th e  a sy m p to tic  (at

n M  <x>) d e p en d en ce  o f  tp  o n  th e  p r in c ip a l quantum  n um ber. T h e rest o f  th e  n -d ep en d en ce  m a y  be  

w e ll  a p p rox im ated  b y  a  p o ly n o m ia l, a s  fo l lo w s

T sp _  a spn 3 
‘-nlj U 0 n

f л a,sp a2p a f  ^ 
1 + —  + ~ r  + “ ^ Г  l  n n n j

(3 )

C o e ff ic ie n ts  a f ^ exc)( T )  and  a S (T )  m a y  b e  fitted  b y  s im p le  p o ly n o m ia ls  in  p o w e r s  o f  

tem perature  w ith  a  g o o d  a ccu ra cy  in  a  range o f  T = 2 0 0  to  1 0 0 0  K , as fo l lo w s

2 f 100^k 3
bik Ia ( T ) _ z

k _0 T
(4 )

T h e standard curve fitt in g  p o ly n o m ia l p roced u res w ere  u se d  fo r  d e term in in g  a ll p o ly n o m ia l  
c o e f f ic ie n ts  o f  eq u a tio n s  (1 )- (4 ) .
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S h iftin g  th e  m in im u m  re fle c ta n ce  o f  p -p o la r ized  lig h t Rp in  th e  an gu lar  and  sp ectra l m ea su rem en ts  b y  
F T IR  sc h e m e  is  ty p ic a lly  u se d  to  d eterm in e  th e  refractive  in d e x  o f  th e  m e d iu m  (th e  a n a ly te ). In 
co n v e n tio n a l sc h e m e s  w ith  a  m eta l f ilm  o n  th e  h y p o te n u se  p la n e  o f  th e  prism  su rface  p la sm o n  
reso n a n ce  (S P R ) is  o b serv ed , w ith  th e  ad d itio n  o f  th e  d ie le c tr ic  la y er  is  c a lle d  p la sm o n  reso n a n ce  
w a v e g u id e  (P W R ).

A  tw o -la y e r  structure (the sc h e m e  is  sh o w n  in  th e  in se t  o f  F ig . 1 )  ca n  b e  c o n s id e r e d  as tw o-m irror  
m u ltib ea m  r e fle c tio n  in terfero m eter  u p o n  o b liq u e  in c id e n c e . T h e first m irror is  a  m eta l f ilm , th e  
se c o n d  m irror o f  th e  in terfero m eter  is  a  T IR  in ter fa ce  and  h a s  a  h ig h  r e fle c tio n . T h e ca lcu la ted  
m a x im u m  r e fle c tio n  c o e f f ic ie n t  o f  th is  in terfero m eter  is  c lo s e  to  u n ity . T h e  in terfero m eter  reson an t  
e f fe c ts  o c c u r  w ith  a d d ition a l c a p a b ilit ie s  fo r  sc h e m e  tu n in g . F urtherm ore, it  is  p o s s ib le  to  u se  
o rth o g o n a l s -p o la r iza tio n . T h in  la y er  d ie le c tr ic -m e ta l structure c o m p o se d  o f  a lu m in u m  (th ic k n e ss  < <  
w a v e le n g th )  and  a  d ie lec tr ic  la y e r  o n  th e  quartz p r ism  is  co n s id ered . W e  stu d y  th e  an gu lar  and  
sp ectra l ch aracter istics  o f  th e  re fle c te d  lig h t at a n g le s  o f  in c id e n c e  e x c e e d  th e  cr itica l a n g le .

Fig. 1 Calculated spectral dependences R  and Rp for a two-layer structure Al+ZnS and a one- 
layer Al for comparison. Angle is 44°.
Fig. 2 Calculated angular dependences R  and RpforAl+Na3AlF6, X=0.63 mkm.

A s  sh o w n  in  F igu re 1 , th e  a sy m m etr ic  d e p en d en ce  o b serv ed  in  th e  in ter feren ce  sp ectru m  o f  th e  
structure A l +  Z n S  (w a v e le n g th  0 .6 3  m k m ). T h e  op era tin g  range is  n arrow ed  in  order co m p a red  to  th e  
pure A l. T h e cu rve  sh ift  Rp, w h e n  c h a n g in g  th e  refractive  in d e x  o f  a ir (1 .0 0 -1 .0 1 ) ,  is  3 7  nm .

N o te ,th a t in  th e  tw o -la y e r  structure ca n  b e  o b se r v e d  an gu lar  d e p en d en ce  o f  th e  in terferen ce  for  
b o th  p o la r iza tio n s . T h is  is  sh o w n  in  F ig . 2 , w h ere  th e  co m p u ta tio n  o f  th e  tw o -la y e r  structure A l +  
c ry o lite  (w a v e le n g th  0 .6 3  m k m ) is  p resen ted . T h e an gu lar  sh ift  is  th e  sam e fo r  tw o -  and  o n e - la y e r  and  
eq u a l to  0 .5 ° .

T h e  d if f ic u lty  in  creatin g  th e  sen so r  structure (c a lc u la tio n  and  ex p er im en ta l m a k in g ) is  th e  n e e d  to  
tak e in to  co n sid era tio n  a  n u m b er  o f  in d ep en d en t p aram eters ch aracter iz in g  th e  p rop erties o f  th e  m eta l 
and  d ie lec tr ic .
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T h e  f ie ld  o f  la ser  c o o lin g  o f  rare-earth  e le m e n ts  is  b e in g  rap id ly  d e v e lo p e d  in  th e  la s t d eca d e . 

N o w a d a y s  lan th an id es fin d  th e ir  a p p lica tio n  from  w o r ld  le a d in g  o p tica l c lo c k s  [1] to  n o v e l  

ex p er im en ts  o n  d ip o le -d ip o le  in teraction  in  u ltra co ld  fe r m io n ic  and  b o s o n ic  g a s e s  [2 ,3 ].

T h u liu m  a tom  h a s  a  large  m a g n e tic  m o m e n t 4 p B, th at m a k es  it  a  p ro m is in g  o b je c t  fo r  stu d y  d ip o le -  

d ip o le  in teraction  and  fo r  quantum  sim u la tio n s . B e s id e s  th at T m  h as narrow  m a g n e tic  d ip o le  

tra n sitio n  4 f 13(2F o)6 s 2( J = 7 / 2 ) ^ 4 f 13(2F o) 6 s 2(J = 5 /2 )  b e tw e e n  th e  f in e  c o m p o n e n ts  o f  T m  g rou n d  state at 

w a v e le n g th  X =  1 .14  p m , w h ic h  w e  c o n s id e r  as a  can d id a te  fo r  a  2 D  o p tica l la ttice  c lo c k .

In ou r grou p  w e 'v e  d em on stra ted  d eep  la ser  c o o lin g  o f  T m  a tom s d o w n  to  9 p K  in  tw o  stage  

m a g n e to -o p tic a l trap [4]. S u ch  a  lo w  tem perature  lea d s  up  to  50%  re load  e f f ic ie n c y  to  o p tica l d ip o le  

trap p ro d u ced  b y  4  W  5 3 2  n m  V e r d i la ser , and  a b ou t 5%  e f f ic ie n c y  to  1D  o p tica l la ttice  at 8 0 7  n m  

w ith  1W  T i:sap p h ire  laser . T o  co n firm  th e o r e tic a lly  c a lc u la te d  y = 1 .2  H z  natural lin e w id th  o f  

co n s id e r e d  c lo c k  tran sition  w e  h a v e  m ea su red  u p p er  c lo c k  le v e l  life t im e  in  d ip o le  trap. T he  

m ea su rem en t p roced u re  is  sh o w n  o n  F ig .1 . A fte r  c o o lin g  and  re lo a d in g , so m e  fra ctio n  o f  T m  a to m s  

w a s  e x c ite d  b y  1 .14  p m  reson an t p u lse  o f  3 0  m s duration; th en  a to m s rem a in ed  in  th e  g rou n d  state  

w ere  r em o v ed  b y  1m s 4 1 0  n m  reson an t p u lse . N u m b e r  o f  a to m s d e c a y e d  b a ck  to  th e  g rou n d  state v s . 

w a itin g  t im e  w a s  m ea su red  and from  e x p o n e n tia l f it  to  th e  ex p er im en ta l data  u p p er c lo c k  le v e l  

life t im e  w a s  e stim a ted  to  b e  т =  1 1 2 ± 4  m s, th at g iv e s  u p p er  b o u n d  o n  natural tra n sitio n  lin e w id th  1.4  

H z, w h a t is  in  th e  e x c e lle n t  a g reem en t w ith  th e  th eo re tica l v a lu e .

Fig. 1 Measurement of the lifetime of the upper clock level. The normalized number of atoms decayed to the 
ground level (circles with errorbars) vs. waiting time and exponential fit (blue line) in the insert.
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A n  o p tica l p u lsa tin g  d isch a rg e  (O P D ) g en era ted  b y  p o w e r fu l h ig h  freq u en cy  (~ 1 0 0  k H z) p u lse d  la ser  

rad ia tion  is  a  u n iq u e  a c o u stic  sou rce  o f  w id e  range (from  in fra so u n d  to  u ltra so n ic ) so u n d  [ 1]. 

In frasou n d  is  gen era ted  due to  sh o c k  w a v e  m erg in g  m e c h a n ism  [ 2 ] .  T h e  m eth o d  is  p ro b a b ly  o n ly  

p o ss ib le  w a y  fo r  rem ote  (from  h u n d red s m eters  to  k ilo m e te r s)  g en era tio n  o f  in ten se  in fra  and  

u ltrasou n d  d u e to  w id e  d irec tio n a l pattern  o f  in frasou n d  sou rce  and  h ig h  a tten u ation  o f  u ltra so n ic  in  

a tm osp h ere . A s  sh o w n  b y  p rev io u s  stu d ies , th e  p ro p o sed  m eth o d  is  r e la tiv e ly  e f f ic ie n t  -  ab ou t 20%  o f  

th e  la ser  en erg y  is  co n v er ted  in to  so u n d  [3 ].

W e  h a v e  co n s id e r e d  th e  sp ectru m  and  lo c a liz a t io n  rad ius o f  a c o u stic  f ie ld  gen era ted  b y  o p tica l  

p u lsa tin g  d isch a rg e .

Fig. 1 The dependence of bound frequencies from average laser power. Inserts corresponds schematic 
spectrum structure for each field of laser parameters.

T h e  sp ectru m  w a s  s tu d ied  e x p e r im e n ta lly  and  b y  ca lc u la tio n s . In th e  ex p er im en ts  w e  u se d  p u lse  

p e r io d ic  C O 2-la ser  L O K -3 M F , th e  avera g e  p o w e r  o f  ~ 1  k W , p u lse  rep etitio n  rate f  v a r ied  from  ab ou t  

3 k H z  to  a b ou t 180  k H z. O P D  w a s  g en era ted  in  an argon  stream  or o n  th e  su rface  o f  th e  th in  m eta l 

d isk . W e  w ere  ob ta in ed  la ser  p u lse  fr eq u en c ie s  (b o u n d  freq u en c ie s : fs, f+ , f 0) co rresp o n d in g  to  v a r io u s  

sp ectru m . T h e sp ectru m  m a y  co n ta in  m a n y  lin e s  in  a  w id e  fr eq u en cy  range or  a  f e w  lin e s  (m a y  be  

o n ly  o n e )  in  u ltra so n ic  reg io n . U n d er  th e  in flu e n c e  o f  p u lse  tra ins w ith  rep etitio n  rate F < < f  it is  

p o ss ib le  to  gen era te  lo w  fr eq u en cy  so u n d  du e to  m e c h a n ism  o f  sh o ck  w a v e  m erg in g . F ig . 1 sh o w s  th e  

d ep e n d e n c e  o f  th e  b ou n d  freq u e n c ie s  from  th e  avera g e  la ser  p o w e r  W. C hart is  d iv id e d  b y  4  f ie ld s .  

E a ch  f ie ld  co rresp o n d in g  la ser  p aram eters fo r  e v e r y  sp ectru m  structure as it  sh o w n  o n  th e  figu re  

in serts.
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Fig. 2 The dependence of localization radius R of OPD sound from laser pulse frequency f  for different 
average powers.

L o c a liz a tio n  rad ius R  o f  O P D  so u n d  is  d ista n ce  from  O P D  co rresp o n d in g  to  130  d B  a c o u stic  

in te n s ity  le v e l  (p a in  th resh o ld ). T h e  d e p en d en ce  o f  R  from  la ser  p u lse  fr eq u en cy  f  h as b e e n  ca lcu la ted . 

It ta k es  in to  a cc o u n t a tm o sp h er ic  ab sorp tion  o f  so u n d . W e  v a r ied  th e  p u lse  rep etitio n  rate, and  the  

avera g e  p o w e r  o f  th e  la ser  rad iation . F ig . 2  sh o w s  th e  d e p en d en ce  o f  R  from  f  fo r  tw o  d ifferen t  

avera g e  p o w e r s . B y  in crea s in g  th e  avera g e  la ser  p o w er , lo c a liz a t io n  rad ius, o f  co u rse , is  in crea sin g , as  

it  in crea se s  th e  to ta l p o w e r  o f  sou n d . W ith  freq u en cy  in crea s in g , lo c a liz a t io n  rad ius d ecrea se s  d u e to  

th e  fa c t th at m ore and  m o re  o f  th e  so u n d  p o w e r  is  co n cen tra ted  in  th e  u ltra so n ic  fr eq u en cy  range. 

Startin g  w ith  a  certa in  freq u en cy  lo c a liz a t io n  rad ius b e g in  to  g r o w  b a ck  to  th e  o r ig in a l du e to  th e  

sh o c k  w a v e  m erg in g  m e c h a n ism  -  th e  p o w e r  o f  u ltra so n ic  fr eq u en cy  "pum ped" in to  th e  lo w  

fr eq u en cy  ran ge, fo r  w h ic h  th e  ab so rp tio n  is  in s ig n ifica n t.

T h u s, o p tica l p u lsa tin g  d isch a rg e  g en era ted  b y  r e p e tit iv e ly  p u lse d  la ser  rad iation  is  an in ten se  
so u n d  sou rce  w ith  tu n a b le  sp ectru m  and  lo c a liz a t io n  rad ius. T h e tu n in g  is  p erform ed  b y  ch a n g in g  th e  
la ser  p u lse  rep etitio n  freq u en cy .
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T h e c o m p le x  en v iro n m en ts  (d u st, fo g , h a ze , und erw ater , u n e v e n  illu m in a tio n , lo w  lig h t  illu m in a tio n , 

e tc .)  s ig n if ic a n tly  in flu e n c e  th e  d e te c tio n  e ffe c t , th e  id en tif ica tio n  a b ility  and  th e  a p p lica tio n  sc o p e  o f  

th e  o p tica l im a g in g  d e te c tio n  te ch n iq u e . P o lar im etr ic  im a g in g , w h ic h  b a se d  o n  th e  m ea su rem en t o f  

th e  p o la r iza tio n  in fo rm a tio n , ca n  e f fe c t iv e ly  d ecrea se  th e  in flu e n c e  o f  th e  en v iro n m en t o n  the  

d e te c tio n  e ffe c t . T h ere fo re , p o la r im etr ic  im a g in g  h a s  u n iq u e  ad van tage  fo r  th e  d e te c tio n  in  c o m p le x  

en v iro n m en ts . T h is  w o rk  fo c u s e s  o n  tw o  ty p e s  o f  c o m p le x  en v iro n m en ts  in c lu d in g  sca tter in g  m ed iu m  

(u n d erw ater  im a g in g  sc e n a r io s)  and  u n e v e n  illu m in a tio n .

In u n d erw ater  im a g in g  sc e n a r io s , th e  sca tter in g  m e d ia  c o u ld  c a u se  sev ere  im a g e  d egrad ation  due  

to  th e  b a ck sca tter  v e i l in g  as w e ll  as s ig n a l a tten u ation . W e  c o n s id e r  th e  p o la r iza tio n  e f fe c t  o f  th e  

o b jec t, and  p ro p o se  a  m eth o d  o f  re tr iev in g  th e  o b jec ts  rad ian ce b a sed  o n  e stim a tin g  th e  p o la r iz e d -  

d ifferen ce  im a g e  o f  th e  ta rg et s ig n a l. W e  sh o w  w ith  a  rea l-w o r ld  ex p er im en t th at b y  ta k in g  in to  

a cc o u n t th e  p o la r iz e d -d iffe r e n c e  im a g e  o f  th e  target s ig n a l a d d itio n a lly , th e  q u a lity  o f  th e  u n d erw ater  

im a g e  ca n  b e  e f fe c t iv e ly  en h a n ced  [1 ] , w h ic h  is  p articu lar ly  e f fe c t iv e  in  th e  c a se s  w h ere  b o th  the  

o b je c t  rad ian ce and  th e  b a ck sca tter  con trib u te  to  th e  p o la r iza tio n , su ch  as u n d erw ater  d e te c tio n  o f  th e  

artifact o b je c ts .

Fig. 1 Intensity image and the recovered image by our method in underwater imaging scenarios.

Fig. 2 Intensity image and the recovered image under uneven illumination scenarios.
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In p o la r im etr ic  im a g in g , th e  u n e v e n  illu m in a tio n  c o u ld  ca u se  th e  s ig n if ic a n t sp atia l in ten sity  

f lu c tu a tio n s  in  th e  sc e n e , and  th u s h am p ers th e  ta rg et d e tec tio n . W e  p ro p o se  a  m eth o d  o f  illu m in a tio n  

co m p e n sa tio n  and  con trast o p tim iza tio n  fo r  S to k es  p o lar im etr ic  im a g in g , w h ic h  a llo w s  s ig n if ic a n tly  

in crea s in g  th e  p erform an ce  o f  target d e te c tio n  u n d er  u n e v e n  illu m in a tio n . W e  sh o w  w ith  n u m er ica l  

s im u la tio n  and  rea l-w o r ld  e x p er im en t that, b a se d  o n  th e  in ten s ity  in fo rm a tio n  co n ta in ed  in  the  

p o la r iza tio n  in fo rm a tio n , th e  con trast ca n  b e  e f fe c t iv e ly  en h a n ced  b y  p rop er ap p roach  [2 ] , w h ic h  is  o f  

particu lar  im p ortan ce  in  p ractica l a p p lica tio n s  w ith  sp atia l illu m in a tio n  flu c tu a tio n s , su ch  a s rem ote  

sen s in g .
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T h e in v e n tio n  o f  th e  la ser  a llo w e d  sc ie n tis ts  to  con tro l b o th  in ternal and  ex tern a l d e g r e e s  o f  freed o m  
o f  a tom s and  m o le c u le s  w ith  h ig h  a ccu ra cy . N o w  y o u  ca n  sp eed  u p , s lo w  d o w n , capture a  s in g le  
a to m s and  co llim a te d  a to m ic  b ea m s. C urrently , la ser  c o o lin g  h as b e c o m e  an  area  o f  s c ie n c e  at th e  
cro ssro a d s o f  la ser  p h y s ic s  and  a to m  o p tic s  [1 -3 ]. In itia lly , th e  th eo ry  o f  tran sla tion a l m o tio n  o f  a tom s  
in  la ser  f ie ld s  d e v e lo p e d  in  th e  fram ew ork  o f  a  s im p le  m o d e l o f  th e  a tom , th e  in ternal d e g rees  o f  
w h ic h  are d escr ib ed  b y  tw o  sta tes  co rresp o n d in g  to  n o n -d eg en era te  en e r g y  le v e ls  [4 -6 ]. It w a s  
b e lie v e d  th at th e  u se  o f  th is  m o d e l is  q u ite  ad eq u ate  to  d escr ib e  th e  m a in  ex p er im en ta l resu lts. It 
se e m e d  th at ta k in g  in to  a cco u n t th e  actu a l structure o f  th e  a to m ic  le v e ls  d eg en era ted  in  th e  p ro jec tio n  
o f  th e  to ta l an gu lar  m o m en tu m , w i l l  o n ly  lea d  to  a  sm a ll n u m b er  co rrectio n s . A p p lie d  to  la ser  c o o lin g  
th e  m a in  resu lt o f  th e  fo l lo w in g  tw o - le v e l  m o d e l [ 1 ,2 ] , is  th e  e x is te n c e  o f  a  th eo re tica l lim it  o n  th e  
m in im u m  tem perature  c o o lin g , th e  s o -c a lle d  D o p p le r  lim it, w h ic h  is  a  ty p ic a l v a lu e  fo r  th e  a lk a li 
m eta l a to m s is  ab ou t o n e  m ic r o k e lv in .

T h e  m a in  d if f ic u lty  o f  th e  th eo re tica l d escr ip tio n  o f  th e  in teraction  o f  a to m s w ith  th e  f ie ld  c o n s is ts  
in  th at th e  k in e tic s  o f  neutral a tom s in  co h eren t lig h t f ie ld s  is  d escr ib ed  b y  quan tu m  k in e tic  eq u a tio n s  
fo r  th e  tw o -p o in t  a to m ic  d en s ity  m a tr ix  th at in c lu d e s  a ll a to m ic  le v e ls  and  co h e r e n c e  b e tw e e n  th em , 
as w e ll  a s  ta k e  in to  a cco u n t th e  r e c o il e f fe c ts  th at o ccu r  in  th e  p r o c e sse s  o f  ab so rp tio n  and  e m is s io n  o f  
p h o to n s . F or a  q u a lita tive  d escr ip tio n  o f  k in e tic  e f fe c ts  w a s  o r ig in a lly  d e v e lo p e d  s e m ic la s s ic a l  
ap p roach  [1 ,2 ] , w h ere  th e  eq u a tio n  fo r  th e  quantum  d e n s ity  m atr ix  red u ces  to  th e  F o k k er-P lan ck  
eq u a tio n  fo r  th e  d istr ib u tion  fu n c tio n  in  th e  p h a se  sp a ce . T h e m a in  c o n d it io n  fo r  th e  a p p lica b ility  o f  

th e  se m ic la s s ic a l ap p roach  is  th e  sm a lln e ss  o f  th e  reco il p aram eter wr /  у << 1 . T h is  app roach  w a s  

u se d  to  ob ta in  e x p r e ss io n s  fo r  th e  fo rce  and  d iffu s io n  c o e f f ic ie n ts  w h ic h  a llo w  a q u a lita tive  
d escr ip tio n  o f  th e  d y n a m ics  o f  a tom s in  o p tica l f ie ld s  and  th e  e f fe c ts  o f  D o p p le r  and  su b -D o p p ler  
c o o lin g  o f  a to m s. L ater quantum  m e th o d s  w ere  d e v e lo p m e n t to  d escr ib e  th e  k in e tic s  o f  a to m s that 
g o e s  b e y o n d  th e  se m ic la s s ic a l a p p ro x im a tio n  [7 -9 ]. It sh o u ld  b e  n o ted  th at th e  quantum  a p p roach es  
a lso  h a v e  lim ita tio n s . F or e x a m p le , to  d escr ib e  th e  c o o lin g  a to m s and  lo c a liz a t io n  in  th e  o p tica l  
p o ten tia l ap p roach  is  u se d  b a se d  o n  th e  quantum  secu la r  ap p ro x im a tio n  [7 ,1 0 -1 3 ] . T h is  approach  
a ssu m e s  th at th e  d ista n ce  b e tw e e n  th e  en erg y  b an d s in  th e  o p tica l p o ten tia l greater  th an  th e ir  w id th , 
du e to  o p tica l p u m p in g  and  tu n n e lin g , and  th e  d ep th  o f  th e  o p tica l p o ten tia l is  d eterm in ed  b y  th e  lig h t  
sh ifts . T h en , a t a  f ix e d  d ep th  o f  th e  o p tica l p o ten tia l, th is  ap p ro x im a tio n  is  v a lid  in  th e  lim it  o f  large  
d etu n in g . C o n v e r se ly , it  fa ils  a  g iv e n  d e tu n in g  in  an  o p tica l d eep  p o ten tia l. M o reo v er , e v e n  i f  th e se  
c o n d it io n s  are g o o d  secu la r  a p p ro x im a tio n  is  v a lid  o n ly  fo r  th e  lo w e r  v ib ra tio n a l le v e ls  o f  th e  o p tica l  
p o ten tia l and  break s fo r  h ig h er  w h ere  th e  d ista n ce  b e tw e e n  th e  v ib ra tio n a l le v e ls  b e c o m e s  sm a ller  due  
to  th e  e f fe c ts  o f  an h arm on ic ity . In a d d itio n , a  c o m p le te ly  secu la r  app roach  is  n o t  a p p lica b le  fo r  a to m ic  
c o m m it  ab ove-b arr ier  m o tio n . P rev io u s ly , w e  h a v e  d e v e lo p e d  a fa st and  e f f ic ie n t  m eth o d  o f  
c a lcu la tio n  [14] s tea d y  m o m en tu m  and  sp atia l d istr ib u tion s o f  a to m s in  th e  f ie ld  o f  a  stan d in g  lig h t  
w a v e  w ith  a  fu ll a cco u n t o f  th e  e f fe c ts  o f  r eco il and  lo c a liz a tio n .

H o w e v e r , fo r  p ractica l a p p lica tio n s , it is  im portant to  k n o w  h o w  m u ch  tim e  a to m s w il l  b e  c o o le d  
to  th e  d es ired  tem perature and  lo ca ted  in  th e  o p tica l p o ten tia l. D ir e c t  d y n a m ic  so lu tio n  o f  th e  p rob lem  
o f  c o o lin g  o f  a to m s in  a  reso n a n t m o n o ch ro m a tic  rad iation , in c lu d in g  fu ll a cc o u n t o f  r eco il 
e f fe c ts  and  lo c a liz a t io n  o f  a to m s, su ch  as th e  M o n te -C a r lo  m eth o d , h a s  a  n u m b er  o f  d raw b ack s. 
F irstly , th e  ad d itio n  tim e  g r id  lea d s  to  a s ig n if ic a n t  in crea se  o f  th e  requ ired  co m p u ta tio n a l reso u rces  
and  C P U  tim e  sp en t. S e c o n d ly , a n y  n u m er ica l c a lcu la tio n  error in e v ita b ly  a ccu m u la te s , m o reo v er , it 
in crea se s  m ore and  m ore w ith  in crea sin g  tim e  requ ired  to  reach  a  s tea d y  m o d e . C o n seq u en tly , th e  
a ccu ra cy  o f  th e  so lu tio n  w il l  b e  lim ite d  b y  th is  error.
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T h e  p resen ce  o f  sta tistica l m eth o d s  in  th e  f ie ld  o f  la ser  c o o lin g  h as b e e n  sh o w n  in  [1 5 ]. H o w e v e r , 
in  [15 ] c o n s id e r e d  a  lim itin g  c a se  o f  stron g  lo c a liz a tio n , w h e n  th e  re c o il e f fe c t  is  su p p ressed  b y  th e  
L a m b -D ic k e  e ffe c t . T h ere fo re , it is  im p ortan t to  d e v e lo p  a  m ore  g en era l approach , a p p lica b le  to  a  
w id e  range o f  p ro b lem s o f  la ser  c o o lin g , w h ic h  is  th e  m a in  o b je c tiv e  o f  th is  w ork .

W a s d e v e lo p e d  b y  th e  sta tistica l m eth o d  w h ic h  a llo w s  to  q u ic k ly  and w ith  h ig h  e f f ic ie n c y  to  
ob ta in  in fo rm a tio n  fo r  th e  tim e  o f  la ser  c o o lin g  [1 6 ]. It w a s  im p le m e n te d  fo r  th e  quantum  p ro b lem , 
tak in g  in to  fu ll a cc o u n t r e c o il e f fe c ts , and fo r  th e  q u a s i-c la ss ic a l F o k k er-P la n ck  eq u ation . W e  
in v e s tig a te d  th e  d ep e n d e n c e  o f  th e  c o o lin g  rate o f  th e  tw o - le v e l  a to m  in  a  stan d in g  w a v e  f ie ld  o n  th e  
in ten s ity  o f  th e  lig h t f ie ld , th e  d e tu n in g  from  th e  a to m ic  re so n a n ce , th e  freq u en cy  o f  s in g le  p h o to n  
re c o il and w id th  o f  th e  in itia l d istr ib u tio n  o f  th e  a tom s. T h e  in itia l d istr ib u tion  o f  th erm al a to m s and  

h as a  w id th  Aqstart in  q -sp a ce .

D e p en d en ce  o f  th e  avera g e  tim e  required  to  e s ta b lish  th e  avera g e  k in e tic  en erg y  o f  th e  reco il  
fr eq u en cy  is  sh o w n  in  F ig . 1a. In c la s s ic a l reg im e , a ll m e th o d s  g iv e  th e  sam e resu lt, b u t w ith  an  
in crea se  r e c o il freq u en cy  appears m o re  str ik in g  d iffe r e n c e s . It ca n  b e  s e e n  th at a  s im p le  e s t im a tio n  for  
s lo w  a to m s g iv e s  c le a r ly  in co rrect resu lts. T h e c o o lin g  tim e  fo r  th e  quantum  p ro b lem , ta k in g  in to  fu ll  
a cc o u n t re c o il e f fe c ts , is  le s s  th en  th e  c o o lin g  tim e  fo r  th e  q u a s i-c la ss ic a l F o k k er-P la n ck  eq u ation .

In a d d itio n , there is  an op tim u m  in  term s o f  m in im iz in g  th e  c o o lin g  t im e  o f  th e  lig h t  f ie ld  
fr eq u en cy  d e tu n in g  from  th e  a to m ic  re so n a n ce  (F ig  1b). T h e p o s it io n  o f  th e  o p tim a l d e tu n in g  d ep en d s  
o n  th e  reco il freq u en cy  and  in ten s ity  o f  th e  lig h t  fie ld .

Fig. 1 Dependence of the average time required to establish the average kinetic energy of a) recoil frequency, 
b) detuning field from atom transition.

T h e  w o rk  w a s  su p p orted  b y  th e  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  F ed era tion  
(S ta te  A ss ig n m e n t N o . 2 0 1 4 /1 3 9 ,  P ro ject N o . 8 2 5 ) , b y  th e  R u ss ia n  F o u n d a tio n  fo r  B a s ic  R esea rch  
(G rants N o . 1 4 -0 2 -0 0 7 1 2 , 1 4 -0 2 -0 0 9 3 9 , 1 5 -0 2 -0 8 3 7 7 , 1 5 -3 2 -2 0 3 3 0 ) .
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In v en tio n  su ch  p rec ise  and  p o w e r fu l to o l a s  a  la ser  h as o p e n e d  b e fo re  sc ie n tis ts  a  w id e  range o f  

c a p a b ilit ie s  fo r  a tom  m an ip u la tion : a cce lera tio n , d e ce lera tio n , lo c a liz a tio n , d e f le c t io n , and  fo c u s in g . 

S o  la ser  c o o lin g  h as b e c o m e  an in tegra l part o f  b o th  fu n d a m en ta l s c ie n c e  and  m a n y  p ractica l 

a p p lica tio n s  (h ig h -p r e c is io n  fre q u e n c y  and  tim e  standards, n a n o lith o g ra p h y , quan tu m  in fo rm a tio n  

e tc .)

T h e  th eo re tica l d escr ip tio n  o f  th e  k in e tic s  o f  neutral a to m s in  th e  p o la r ized  lig h t f ie ld s  w ith  a ll th e  

a to m ic  le v e ls ,  th e  co h e r e n c e , th e  r e c o il e f fe c t  is  b o th  im p ortan t and  ch a lle n g in g  p ro b lem . T h e  first 

step  to w a rd  u n d erstan d in g  m e c h a n ism s o f  in teraction  b e tw e e n  a tom s and  lig h t w a s  c a lle d  q u a si

c la s s ic a l approach . [ 1 ,2 ]  It l ie s  in  th e  fa c t th at th e  eq u a tio n s  fo r  th e  d e n s ity  m atr ix  ca n  b e  red u ced  to  

th e  F o k k er-P la n ck  eq u a tio n  fo r  th e  W ig n e r  fu n c tio n  in  th e  p h a se  sp a ce . S im p lic ity  o f  th is  approach  

h as a llo w e d  to  u n d erstan d  m a n y  o f  c o o lin g  m e c h a n ism s in  th e  u su a l and  ord inary term s o f  fo rce  and  

d iffu s io n . H o w e v e r , th is  ap p roach  can  o n ly  b e  a p p lied  in  certa in  c a se s . F irst, th e  sm a ll r eco il 

fr eq u en cy  param eter  co m p a red  to  th e  rate o f  sp o n ta n eo u s d e c a y , and  s e c o n d ly , th e  m o m en tu m  o f  a  

lig h t  f ie ld  p h o to n  sh o u ld  b e  m u ch  sm a ller  th an  th e  w id th  o f  th e  m o m en tu m  d istr ib u tio n  o f  th e  a tom s. 

L ater quantum  m e th o d s  w ere  d e v e lo p e d  [3 ,4 ] , fo r  e x a m p le , th e  secu la r  ap p roach  w h ic h  d escr ib es  

c o o lin g  and  lo c a liz a t io n  o f  a tom s in  th e  o p tica l p o ten tia l. In th is  a p p ro x im a tio n  d ista n ce  b e tw e e n  the  

en e r g y  b a n d s in  th e  o p tica l p o ten tia l is  greater  th an  th e ir  b ro a d en in g  c a u se d  b y  o p tic a l p u m p in g . A t  a  

f ix e d  d ep th  o f  th e  o p tica l p o ten tia l th is  ap p ro x im a tio n  is  v a lid  in  th e  lim it  o f  large  d etu n in g , and  th u s, 

fo r  a  g iv e n  co n fig u ra tio n  is  d isru p ted  in  a  d eep  o p tica l p o ten tia l. M o reo v er , e v e n  w h e n  th is  co n d itio n , 

th e  secu la r  a p p ro x im a tio n  is  v a lid  o n ly  fo r  th e  lo w e r  v ib ra tion a l le v e ls ,  and  fa ils  fo r  th e  h ig h er , w h ere  

th e  d ista n ce  b e tw e e n  th e  le v e ls  b e c o m e s  sm a ller  d u e to  th e  e f fe c ts  o f  a n h arm on ic ity . T h e m ore secu la r  

a p p ro x im a tio n  is  n o t  a p p lica b le  to  a tom s u n d erg o  a b ove-b arr ier  m o tio n .

W e  h a v e  d e v e lo p e d  an o w n  quantum  m eth o d  [5] to  o b ta in in g  th e  sta tion ary  d istr ib u tion  o f  tw o -  

le v e l  a to m s in  a  s tan d in g  w a v e  o f  arbitrary in ten s ity , a llo w in g  fu ll a cco u n t th e  re c o il e ffe c t . T he  

m eth o d  u se d  is  to  d e c o m p o se  th e  d e n s ity  m a tr ix  e le m e n ts  in  th e  F ou rier  ser ie s  fo r  th e  spatia l 

h a rm o n ics , w h ic h  is  p o s s ib le  du e to  p er io d ic ity  o f  th e  lig h t w a v e . T h u s w e  o b ta in  a  sy ste m  re c u r s iv e ly  

c o u p le d  eq u a tio n s , w h ere  ea ch  h a rm o n ic  is  e x p r e sse d  th rou gh  th e  p rev io u s  o n e , and  starting from  free  

s e le c te d  o n e  ( in  ou r c a lc u la tio n s , u su a lly  tw e n ty  or  m o r e )  a ll th e  h a rm o n ics  are eq u a l to  zero . U s in g  

th is  m eth o d  k in e tic s  o f  a to m s in  lig h t f ie ld s  o f  v a ry in g  in ten s ity  w a s  in v estig a ted . T h e  n e w  and  m o st  

im p ortan t resu lt w a s  m o d e  w h ic h  w e  c a lle d  th e  a n o m a lo u s  lo c a liz a tio n . In stron g  stan d in g  w a v e  (R ab i 

fr eq u en cy  greater  th an  th e  co n sta n t sp o n ta n eo u s r e la x a tio n ) w a s  d e tec ted  a  a n o m a lo u s  b eh a v io r  o f  

a to m s, n a m e ly , th e  co n cen tra tio n  at th e  p ea k s o f  th e  o p tica l p o ten tia l.

T h e  n e x t  im portant step  w a s  to  stu d y  th e  quantum  m o d e s  fo r  d ifferen t p aram eters o f  th e  p rob lem . 

It is  k n o w n  th at th e  q u a s i-c la ss ic a l ap p roach  g iv e s  G a u ssia n  sh ap e m o m en tu m  d istr ib u tio n s o f  and  is  

c o m p le te ly  in a p p lica b le  to  th e  q uantum  re g im e s . T h e resu lts  o f  quantum  c a lc u la tio n  are sh o w n  in  

F ig .1 . T h ere  is  a  b im o d a l d istr ib u tion  - th e  narrow  cen tra l p ea k  and  a  broad  substrate. I f  w e  p u t a to m s  

w ith  b im o d a l d istr ib u tion s in to  th e  sm a ll d ep th  o p tic a l trap it w i l l  lea d  to  cu ttin g  o f f  th e  h o t a to m s and  

w e  g e t  th e  fin a l m o m en tu m  d istr ib u tio n  o f  a to m s b e lo w  th e  D o p p le r  lim it, m a in ta in in g  a  s ig n if ic a n t  

n u m b er  o f  a to m s. S u ch  a  c lea r ly  e x p r e sse d  b im o d a l structure w ith  h ig h  a ccu ra cy  ca n  b e  ap p rox im ated  

b y  tw o  G a u ss ia n  fu n c tio n s  co rresp o n d in g  to  th e  tw o -s p e e d  g ro u p s o f  a tom s. A to m s  are e s se n t ia lly
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n o n -eq u ilib r iu m  m o m en tu m  d istr ib u tion , w h ic h  is  a  g o o d  ap p ro x im a tio n  can  b e  d escr ib ed  b y  tw o  

G a u ss ia n  fu n c tio n s . T h e  p o ss ib il ity  o f  o b ta in in g  th e  tem perature  o f  c o ld  fraction  b e lo w  hy. T he  

p rop ortion  o f  th e  fraction  o f  c o ld  a to m s is  s u ff ic ie n t ly  h ig h  and  m a y  reach  60% .

Fig. 1 Bimodal momentum distributions of cold atoms in quantum regimes: a) The distribution has a clearly 
expressed narrow peaks which width of order a single photon momentum. b) The distribution has narrow 
structure of cold atoms and wide wings. Parameters of the problem are located on graphs.

T h e w o r k  w a s  su p p orted  b y  th e  M in is try  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  F ed era tion  

(S ta te  A ss ig n m e n t N o . 2 0 1 4 /1 3 9 ,  P ro ject N o . 8 2 5 ) , b y  th e  R u ss ia n  F o u n d a tio n  fo r  B a s ic  R esea rch  

(G rants N o . 1 4 -0 2 -0 0 7 1 2 , 1 4 -0 2 -0 0 9 3 9 , 1 5 -0 2 -0 8 3 7 7 , 1 5 -3 2 -2 0 3 3 0 ) .
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C urrently , a  sp e c ia l p la c e  is  th e  p ro b lem  is  im p ro v e  th e  a ccu ra cy  o f  freq u en cy  standards. F or  so m e  o f  

th e  ta sk s  n e c e ssa r y  to  create a  r e la tiv e ly  ch ea p  and  sm a ll co m p a c t standards. In 1 9 9 3 , it  w a s  p ro p o sed  

to  u se  th e  e f fe c t  o f  co h eren t p o p u la tio n  trap p in g  (C P T ) to  create a  m ic r o w a v e  fr eq u en cy  standard  

w h ic h  w o u ld  b e  la ck  th e  m ic r o w a v e  reson ator  [1 ] . In recen t y ears, w id e ly  u se d  crea tio n  o f  standards  

b a se d  o n  th is  e ffe c t .

C P T  reso n a n ce  p h e n o m e n o n  m a n ife s ts  i t s e l f  in  th e  c e l l  b y  p u m p in g  tw o  in teractin g  lig h t  w a v e s  

w ith  d ifferen ce  o f  freq u en cy  eq u a l to  th e  freq u en cy  o f  th e  h y p erfin e  tran sition .

T o  create a c o m b in e d  freq u en cy  standard in  th e  o p tica l and  m ic r o w a v e  ran ges is  p referab le  to  u se  

th e  c la s s ic  la ser  d io d e . N e c e s s a r y  to  rea lize  la ser  rad ia tion  at a  w a v e le n g th  o f  7 9 5  n m  w ith  a  

m o d u la tio n s  at a  freq u en cy  eq u a l to  h a l f  th e  v a lu e  o f  th e  freq u en cy  o f  th e  c lo c k  tran sition . A s  has  

b e e n  d em on stra ted  p r e v io u s ly  [ 2 ] ,  e f f ic ie n t  m o d u la tio n  o ccu rs  at a  freq u en cy  eq u a l in term od e  

in terva l o f  laser.

In th is  w o rk , a  d e ta iled  stu d y  o f  th e  d e p en d en ce  o f  th e  tran sform ation  c o e f f ic ie n ts  o f  the  

m ic r o w a v e  p u m p s current m o d u la tio n  in  th e  la tera l c o m p o n en ts  o f  th e  freq u en cy  am p litu d e .

T h e  stu d ies  w ere  co n d u c ted  o n  th e  se m ico n d u c to r  la ser  (w a v e le n g th  7 9 5  n m ), w h ic h  is  

m an u factu red  b y  V ita W a v e . T o  be  ab le  to  co n fig u re  la ser  th e  d es ired  freq u en cy  and  lin e  n arrow in g  o f  

th e  la ser  h as to  w o rk  w ith  an ex tern a l resonator . T h e reson ator  len g th  w a s  c h o se n  s p e c if ic a lly  to  

im p le m e n t R b freq u en cy  standard v a lu e  w h e n  in term od e freq u en cy  is  in  th e  F 0/2 .

In ou r e x p er im en ts , th e  d e p en d en ce  o f  th e  a m p litu d es  o f  th e  la tera l c o m p o n e n ts  o f  th e  freq u en cy  o f  

th e  m ic r o w a v e  gen era to r  w a s  a lso  a reso n a n ce  character. T h e sp ectru m  o f  th e  la ser  rad ia tion  w a s  

o b se r v e d  u s in g  a  F ab ry -P ero t in terfero m eter  w ith  a  free  sp ectra l range o f  18 G H z. T h e  m a x im u m  

v a lu e  o f  th e  a m p litu d es  o f  th e  lateral c o m p o n e n ts  h as o ccu rred  at a  fr eq u en cy  o f  f  =  3 .5 4  G H z  (F ig . 

1), w h ic h  co rresp o n d s to  a  c a v ity  len g th  l =  4 2  m m . D iffe r e n c e  lateral c o m p o n e n ts  a m p litu d es  m a y  be  

rela ted  to  th e  fa c t th at w h e n  th e  pu m p  current m o d u la tio n  ta k es  p la ce  s im u lta n e o u s ly  b o th  am p litu d e  

and  freq u en cy  m o d u la tio n .

Fig. 1 The spectrum of the laser radiation at a frequency of 3.54 GHz swap

W h e n  th e  m ic r o w a v e  m o d u la tio n  current p u m p in g  d io d e  la ser  at a  fr eq u en cy  n ear  3 .5 4  G H z, 

reso n a n ce  d e p en d en ce  o f  th e  c o n v e r s io n  fa c to r  in  th e  s id e  o f  th e  m ic r o w a v e  m o d u la tio n  a m p litu d e  o f  

th e  freq u en cy  c o m p o n e n ts  w a s  o b serv ed  (F ig . 2 ) . D e c l in e s  d ep en d in g  s id e  c o m p o n e n ts  o f  the  

a m p litu d e  ca n  b e  e x p la in e d  b y  in a ccu ra c ie s  in  th e  m ea su rem en t o f  th e  len g th  o f  th e  la ser  ca v ity .
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Fig 2 Dependence of the amplitude of the side components of the microwave frequency swap (square- left 
lateral component, circle-right).
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L a ser  p erform an ce  w ith  h ig h -v o lta g e  ex c ita tio n  sy s te m  in  order to  ob ta in  a  p o w er fu l la ser  rad iation  o f  
e le c tr o n ic  tra n sitio n s o f  e x c im e r  m o le c u le s  in  tw o -c o m p o n e n t  g a s  a c tiv e  m e d ia  w ith o u t an y  
co n v e n tio n a l b u ffer  g a s  w a s  d e s ig n e d .

In v e s tig a tio n  o f  sp ec tra l, en e r g y  and  tem p o ra l ch aracter istics  o f  th e  la ser  d isch a rg e  e x c im e r  A rF  
(1 9 3  n m ), K rC l (2 2 2  n m ), K rF (2 4 8  n m ) and  X e C l (3 0 8  n m ) la sers  in  th e  in ert-gas h a lid e s  are 
p resen ted .

T h e  m a x im u m  la ser  en e r g y  rea liz ed  b y  ex c ita tio n  o f  g a s  m ix tu res  (w o rk in g  inert g a s  and  a  h a lo g e n  
m o le c u le )  su ch  as: A r:F 2 , K r:B C l3 , K r:F 2 and  X e :B C l3 .

A rF  la ser  ou tp u t en e r g y  v a r ied  fro m  4 0  to  160 m J d ep en d in g  o n  la ser  ex c ita tio n  c o n d it io n  su ch  as  
d isch a rg e  v o lta g e  (1 5 -2 6  k V ) and  to ta l w o rk in g  p ressu re  (0 .7 -1 .2  atm ).

T h e  p u lse  p o w e r  o f  th e  A rF -la ser  w a s  ~  19 M W  w ith  th e  p u lse  duration  8± 1  n s  (F W H M ).

K rC l la ser  ou tp u t en erg y  v a r ied  from  7 0  to  110  m J d ep en d in g  o n  la ser  ex c ita tio n  c o n d it io n  su ch  as 
d isch a rg e  v o lta g e  (2 0 -2 6  k V ) and  to ta l w o rk in g  p ressu re  (1 .1 -1 .3  atm ).

T h e  p u lse  p o w e r  o f  th e  K rC l-la ser  w a s  ~  14 M W  w ith  th e  p u lse  d uration  8± 1  n s  (F W H M ).

K rF la ser  ou tp u t en e r g y  v a r ied  from  6 0  to  170 m J d ep en d in g  o n  la ser  ex c ita tio n  c o n d it io n  su ch  as  
d isch a rg e  v o lta g e  (1 0 -2 6  k V ) and  to ta l w o rk in g  p ressu re  (0 .4 -1 .1  atm ).

T h e  p u lse  p o w e r  o f  th e  K rF -la ser  w a s  ~  2 4  M W  w ith  th e  p u lse  duration  7± 1  n s  (F W H M ).

X e C l la ser  ou tp u t en e r g y  v a r ied  from  5 0  to  130  m J d ep en d in g  o n  la ser  ex c ita tio n  c o n d it io n  su ch  as  
d isch a rg e  v o lta g e  (1 0 -2 6  k V ) and  to ta l w o rk in g  p ressu re  (0 .4 5 -0 .6 5  atm ).

T h e  p u lse  p o w e r  o f  th e  X e C l- la se r  w a s  ~  9 M W  w ith  th e  p u lse  duration  14± 1 n s  (F W H M ).

F or th e  A rF , K rC l, K rF and  X e C l la sers  th e  m a x im u m  la ser  e f f ic ie n c y  (from  stored  en erg y ) eq u a l 
to  0 .4% , 0 .2 5 % , 0 .8%  and  0 .7 %  resp e c tiv e ly .

A ls o , K rF la ser  ou tp u t en e r g y  115 m J w a s  o b ta in ed  o n  la ser  ex c ita tio n  c o n d it io n  su ch  as d isch arge  
v o lta g e  (1 5 -2 6  k V ) and  to ta l w o rk in g  p ressu re  (0 .6 -0 .8  atm ) at th e  g a s  m ix tu re  K r:N F 3.

T h e  resu lts are p ro m is in g  in  term s o f  ex p er im en ta l la ser  p h y s ic s , and  from  th e  stan d p o in t o f  
th eo re tica l ca lcu la tio n s . T h ey  w il l  m ak e  m o re  a d v a n ced  k in e tic  m o d e l e x c im e r  la ser  co m p a red  to  
trad ition a l.
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T h e  resu lts o f  an ex p er im en ta l s tu d y  o f  sp ectra l, en e r g y  and  tem p o ra l ch aracter istics  o f  th e  p u lsed  
d isch a rg e  m u lti-w a v e le n g th  A r  I-, K r I- and  X e  I- h ig h -p ressu re  la sers  are p resen ted .

T w e lv e  n e w  near-in frared  a tom  tra n sitio n  la ser  lin e s  at A r  I, X e  I and  K r I ran g in g  from  1 ,48  to  
4 ,0 6  p m  are reported  fo r  th e  first t im e .

T h e  p r e v io u s ly  k n o w n  ex p er im en ta l A r  I-la ser  sp ectra l lin e s  con ta in s: 0 .9 1 , 0 .9 6 , 1 .4 1 , 1 .6 9 , 1 .79  
p m , and  f iv e  n ew : 1 .5 5 , 1 .7 5 , 1 .8 4 , 2 .0 2 , 3 .5 9  pm . T h e m o s t  in ten se  o f  th e  p resen ted  spectra l lin e  is  
1 .7 9  p m , w h ile  th e  m in im u m  in te n s ity  h as a  lin e  o f  1 .41 p m , w h ic h  is  0 .6  re la tiv e  u n its  o f  th e  
m a x im u m .

T h e  p r e v io u s ly  k n o w n  ex p er im en ta l K r I-la ser  sp ectra l lin e s  con ta in s: 2 .1 9 , 2 .4 8 , 2 .5 2 , 2 .5 7 , 3 .0 7  
p m , and  n e w  one: 2 .2 9  pm . T h e  m o s t  in ten se  o f  th e  p resen ted  sp ectra l lin e  is  2 .5 2  p m , w h ile  th e  
m in im u m  in te n s ity  h a s  a  lin e  o f  2 .2 9  p m , w h ic h  is  0 .1  re la tiv e  u n its  o f  th e  m a x im u m .

T h e  p r e v io u s ly  k n o w n  ex p er im en ta l X e  I-la ser  sp ectra l lin e s  con ta in s: 0 .9 7 9 , 1 .0 6 , 1 .6 , 1 .7 3 , 
2 .0 2 6 , 2 .4 8 , 2 .6 3 , 2 .6 5 , 3 .4 7  p m , and  s ix  n ew : 1 .4 8 , 1 .6 3 , 1 .9 1 , 1 .9 8 , 2 .6 9 , 4 .0 6  pm . T h e  m o s t  in ten se  
o f  th e  p resen ted  sp ectra l lin e  is  2 .0 2 6  p m , w h ile  th e  m in im u m  in te n s ity  h as a  lin e  o f  0 .9 7 9  p m , w h ic h  
is  0.2 re la tiv e  u n its  o f  th e  m a x im u m .

T h e  m a x im u m  la ser  en erg y  w a s  rea liz ed  b y  tran sverse  h ig h -v o lta g e  e x c ita t io n  o f  h ig h -p ressu re  g a s  
m ix tu res  (b u ffer  g a s  and  w o rk in g  gas): H e :A r = 9 6 .3 :3 .7  % , H e :K r = 9 7 .5 :2 .5  % and  A r :X e = 9 6 .7 :3 .3  

%.

A r  I-la ser  m a x im u m  ou tp u t en e r g y  10 m J w a s  ob ta in ed  at th e  d isch a rg e  v o lta g e  14 .5  k V  and  to ta l 
w o rk in g  p ressu re  4 .8  atm .

K r I-la ser  m a x im u m  ou tp u t en e r g y  w a s  1 m J d isch a rg e  v o lta g e  14 k V  and  to ta l w o rk in g  pressu re  
4 .1  atm .

X e  I-la ser  m a x im u m  ou tp u t en erg y  3 0  m J w a s  ob ta in ed  at th e  d isch a rg e  v o lta g e  2 3  k V  and  to ta l 
w o rk in g  p ressu re  4  atm .

T h e  p u lse  p o w e r  o f  th e  A r  I-la ser  w a s  ~  0 .2  M W  w ith  th e  p u lse  duration  5 0 ± 1  n s  (F W H M ).

T h e  p u lse  p o w e r  o f  th e  K r I-la ser  w a s  ~  0 .0 3  M W  w ith  th e  p u lse  d uration  4 0 ± 1  n s  (F W H M ).

T h e  p u lse  p o w e r  o f  th e  X e  I-la ser  w a s  ~  0 .8  M W  w ith  th e  p u lse  duration  4 0 ± 1  n s  (F W H M )
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I n tr o d u c t io n
M icro  and  n an o  structuring o f  m eta l su r fa ces a llo w s  to  ex p a n d  th e  p rop erties o f  in itia l m ater ia ls  

and  as a  resu lt, th e  range o f  th e ir  u se  [1 ]. S tructuring o f  th e  sa m p le  su rface  can  b e  carried  o u t b y  
d ifferen t w a y s:c h e m ic a l e tc h in g , lith o g ra p h y , m e c h a n ic a l im p a c t, la ser  te c h n o lo g y , e tc . A  
c o m b in a tio n  o f  sev era l te c h n iq u e s  m a y  lea d  to  n e w  resu lts . T h e  a im  o f  th is  w o rk  w a s  to  ob ta in  
d e v e lo p e d  m icrostru ctu res o n  th e  titan iu m  su rface  b y  la ser  a b la tio n  in  e th a n o lw ith  fo l lo w e d  ch e m ic a l 
e tch in g .

E x p e r im e n ta l  t e c h n iq u e
C reatin g  o f  th e  in itia l r e l ie f  o n  th e  titan iu m  su rface  b y  la ser  a b la tio n  m eth o d  in  e th a n o l (95% ) w a s  

p erfo rm ed  [2 ]. R ad ia tio n  p aram eters o f  N d: Y A G  laser: X =  1 0 6 4  n m , т =  2 5 0  p s , v  =  2 0  H z , Q  =  0 .3  

m J, Q S =  0 .1  ^  0 .6  J /cm 2. T arget su rface  trea tm en t w a s  carried  ou t in  tw o  m o d es: d y n a m ic  and  
stationary . In th e  c a se  o f  a  d y n a m ic  m o d e  c e l l  w ith  th e  sa m p le  m o v e d  b y  m o to r iz e d  ta b les  
S ta n d a re la tiv e ly  to  th e  fo c a l spot. M o v e  o p tion s: sp e e d  o f  5 0 0  q m /s , step  o f f s e t  b y  th e  other  
co o rd in a te  - 16 m icro n s. In c a se  o f  a  sta tion ary  m o d e  c e l l  w ith  th e  ta rg et rem ain  f ix e d  r e la tiv e ly  to  th e  
fo c a l sp o t. T h e th ic k n e ss  o f  liq u id  a b o v e  th e  sa m p le  su rface  w a s  5 m m .

T h e fo l lo w in g  trea tm en t o f  th e  la ser -in d u ced  structures su rface  carried  o u t b y  c h e m ic a l e tch in g . A s  
th e  rea g en t w a s  u se d  th e  b len d  o f  a c id s  w ith p ercen ta g e  ratio: H N O 3 -98% , H F  - 2% .

A n a ly s is  o f  th e  tita n iu m  su rface  at v a r io u s  sta g es  o f  p r o c e ss in g  w a s  carried  ou t b y  a sca n n in g  
e lec tro n  m ic r o sc o p e  C arl Z e is s  E v o  5 0  w ith  n itro g en -freeen erg y  d isp e r s iv e d e te c to r X -M a x  8 0 (E D X , 
error o f  m ea su rem en ts  is  a b ou t 1% ). V isu a liz a t io n  o f  th e  ob ta in ed  structures a lso  w a s  carried  ou t b y  
3 D -m o d e lin g so ftw a r e  Im ageJ .

R e s u lt s a n d d is c u s s io n
A s  a  resu lt o f  o n e  h undred  p u lse s  su b n a n o seco n d  IR  la ser  rad iation  in  th e  range o f  f lu e n c e s  from

0.1  to  0 .6  J /cm 2 im p a c t o n  th e  tita n iu m  su rface  in  e th a n o l m e d ia  in  th e  d y n a m ic  and  sta tion ary  m o d e s , 
th e  cra ck in g  o f  th e  sa m p le  su rface  la y e r  o n  a lo t  o firregu lar  p o ly g o n s  w ith  an avera g e  s iz e  o f  2  m m  
w a s  o b se r v e d  (F igu re  1a). T h at ro u g h ly  2  t im e s  sm a ller  th an  g ra in s s i z e o f  th e  u se d  titan iu m  sam p le . 
E n e rg y -d isp ers iv e  a n a ly s is  sh o w s  an  in h o m o g e n e o u s  o x y g e n  d istr ib u tion  o n  th e  sa m p le  su rface  
(F igu re  1b).

Fig. 1 a) SEM image of theTi target irradiated in ethanol at dynamic mode; b) Oxygen surface distribution 
EDX map on the Ti target irradiated in ethanol, which presented on inset;

T h e se  data a llo w s  to  rev ea l th e  d ep en d en ce  o f  th e  o x y g e n  p ercen ta g e  ratio in  th e  su rface  la y er  on  
th e  la ser  f lu e n c e  (F igu re  2 ).
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Energy density, J /crrr
Fig. 2 Oxygen percentage ratio in the Ti target surface layer dependence on the laser fluence.

T h e  d isc o v e r e d  d ep en d en ce  ca n  b e  e x p la in  b y  th e  fa c t th at during  th e  la ser  a b la tio n  o f  titan iu m  in  
e th a n o l, c o n ta in in g  w ater , o x id a tiv e  rea c tio n s  can  tak e p la c e . F urtherm ore, a  ch a n g e  in  f lu e n c e  at th e  
su rface  o f  th e  titan iu m  target, as in  [1 ,3 ,4 ] , lea d  to  a  c o lo r  ch a n g e  o f  th e  sa m p le  su r fa ce , w h ic h  ca n  be  
d irec tly  a sso c ia te d  w ith  d ifferen t th ic k n e ss  o f  th e  o x id e  la y er  [4 ].

W ith  th e  in crea se  o f  th e  n u m b er  o f  la ser  p u lse s  a c tin g  o n  th e  tita n iu m  su rface  up  to  20000 
structure d ep ic ted  in  F igu re 3 a w a s  o b serv ed , w ith  ch aracter istic  d im en sio n s: th e  avera g e  d ia m eter  o f  
th e  fo u n d a tio n  -  2  m icro n s, avera g e  h e ig h t  -  3 ц т .  T h e d y n a m ic s  o f  ch a n g es  in  th e  sa m p le  su rface  
m o r p h o lo g y  in  th e  p u lse s  range from  100  to  20000 sh o w e d  th at th e  in itia l crack in g  o f  th e  o x id e  la y er  
(F ig . 1a) e f fe c t in g  o n  th e  further g ro w th  o f  th e  m icrostru ctu res a s th e  p h y s ic o c h e m ic a l p rop erties o f  
titan iu m  and  titan iu m  o x id e  are d ifferen t.

R em o v a l o f  th e  o x id e  la y e r  b y  c h e m ic a l e tc h in g  from  th e  structures su rface  ob ta in ed  b y  la ser  
a b la tio n  in  e th a n o l lea d  to  th e  id e n tif ic a tio n  o f  titan iu m  structures w ith  ch aracter istic  d im en sio n s: th e  
avera g e  d ia m eter  o f  th e  fo u n d a tio n  -  1.5 ц т ,  th e  average  h e ig h t  -  0 .7  ц т ,  p resen ted  in  F igu re 3b.

Fig. 3 SEM image of the surface structures prepared by laser ablation in ethanol at a stationary mode on the 
Ti target. 20000 pulses a) before chemical etching;b) after chemical etching, with the result of 3D-modeling 
the individual surface element in the inset; c) SEM image of the Ti surface after a chemical etching.

T h ese  structures h a v e  a  " negative  rad ius o f  curvature" , w h ic h  m a y  b e  a sso c ia te d  w ith  the  
fo rm a tio n  o f  th e  o x id e  la y er  w ith  an  in h o m o g e n e o u s  m o r p h o lo g y  o n  th e  sa m p le  su rface  a fter  la ser  
p ro c e ss in g .

C h em ica l e tch in g  o f  th e  n o t su b jec ted  to  la ser  trea tm en t titan iu m  su rfa ce , d o e s  n o t  lea d  to  th e  
fo rm a tio n  o f  structures, its  resu lt is  sh o w n  in  F igu re  3c.
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High-power femtosecond all-fiber oscillators: 
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G en era tio n  o f  h ig h ly -c h ir p e d  d iss ip a tiv e  so lito n s  (H C D S ) is  o n e  o f  th e  m o s t  a d v a n ced  w a y s  to  ob ta in  
h ig h -e n e r g y  fe m to se c o n d  p u lse s  in  m o d e - lo c k e d  la sers. Im p lem en ta tio n  o f  th e  c o m b in e d  c a v ity  
co n s is t in g  o f  short s in g le -m o d e  f ib er  (S M F ) fo r  N P E  m o d e -lo c k in g  and  lo n g  p o la r iza tio n  m a in ta in in g  
(P M ) f ib er  fo r  p u lse  en e r g y  s c a lin g  [ 1 ]  resu lts  in  th e  su ff ic ie n t  in crea se  o f  th e  ca v ity  len g th  and  p u lse  
en e r g y  a s a  c o n se q u e n c e . H o w e v e r , th is  w a y  is  lim ite d  b y  th e  stim u la ted  R am an  sca tter in g  (S R S )  
th resh o ld . T h ere  are tw o  o p p o rtu n ities  fo r  further d e v e lo p m e n ts . F irst o n e  is  th e  sc a lin g  b y  in crea sin g  
th e  f ib er  m o d e  f ie ld  d ia m eter  (M F D ) at a  m a x im u m  c a v ity  len g th  b e lo w  th e  S R S  th resh o ld  [2]. 
S e c o n d  o n e  is  u s in g  th e  S R S  e f fe c t  fo r  a  co h eren t h ig h ly -c h ir p e d  R am an  d is s ip a tiv e  so lito n s  (R D S )  
[3] g en era tio n .

Fig. 1 Combined experimental setup of an all-fiber highly-chirped DS-RDS fiber oscillator (with feedback 
shown in the cloud). Calculated pulse shapes at the different points of cavity is presented at the right.

T h e  sc h e m e  p resen ted  in  F ig . 1 ca n  b e  u se d  as a  b a se  fo r  b o th  w a y s . F or  th e  fir st  c a se  (M F D  
sc a lin g )  w e  try  L M A  fib ers  w ith  10 pm  co re  fo r  b u ild in g  th e  a ll-f ib e r  la ser  c a v ity  in  th e  h yb rid  S M -  
P M  fib er  co n fig u ra tio n . W e  add  a  sp ectra l f ilte r  in to  th e  c a v ity  th at stro n g ly  in f lu e n c e s  th e  param eters  
o f  th e  ou tp u t p u lse s . In th e  s e c o n d  c a se  th e  fo rm a tio n  o f  R D S  is  p o s s ib le  w ith  in tracav ity  feed b a ck  
lo o p  p ro v id ed  b y  re -in jec tio n  o f  th e  R am an  p u lse  in to  th e  la ser  c a v ity  w ith  p rop er tim in g  (c lo u d y  in se t  
in  F ig . 1). T h e  in flu e n c e  o f  th e  feed b a ck  lo o p  o n  th e  first-ord er R am an  p u lse  is  sh o w n  in  F ig . 1 (r igh t 
part). Further in v e s tig a tio n s  h a v e  sh o w n  th at th e  seco n d -o rd er  R D S  ca n  b e  gen era ted , se e  F ig .2 , in  a  
s im ila r  w a y  as th e  first-ord er R D S  -  b y  a d d in g  a  s e c o n d  lo o p  o f  in tra ca v ity  fe e d b a c k  [4].

Fig. 2  (a) Experimental spectrum of three-color bound solitons at different pumping and its comparison with 
numerical simulations (inset): DS (1020 nm), 1st-order RDS (1065 nm) and 2nd-order RDS (1120 nm); (b) 
ACF of the combined pulse, with a wide range ACF in the inset.
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It tu rn ed  o u t th at a ll th e  p u lse s  (D S , 1st- and  2 nd-ord er R D S ) h a v e  a  ch irp  p aram eter o f  > 1 0 0  and  
ca n  b e  ex tern a lly  co m p r e sse d  to  2 0 0 -3 0 0  fs  duration . T o g eth er , D S , R D S  and  seco n d -o rd er  R D S  form  
a  th r e e -c o lo r  c o m p le x . T h e ex p er im en ta l sp ectra  o f  su ch  c o m p le x  agree  w e ll  w ith  th e  ca lcu la tio n  
resu lts  p resen ted  in  F ig . 2  (a). T h e im p ortan t feature is  a  m u tu a lly  co h e r e n c e  th at h as b e e n  co n firm ed  
b y  e f f ic ie n t  co h eren t c o m b in in g  e x h ib it in g  < 4 0  fs  in ter feren ce  fr in g es  w ith in  th e  c o m b in e d  p u lse  
e n v e lo p e  F ig . 2  (b).

T o  d em on strate  a  p o s s ib il ity  o f  s im u lta n eo u s  c a v ity  len g th  and  M F D  in crea se , th e  H C D S  reg im e  
w a s  o b ta in ed  at f iv e  d ifferen t len g th s  o f  P M -p art o f  ca v ity . A s  a  resu lt, th e  rep etitio n  rate w a s  red u ced  
from  ~ 2 0  M H z  to  ~ 5  M H z  [5 ]. T h e sp ectra l sh a p es  are sh o w n  in  F ig . 3 (a ) fo r  th e  10 pm  co re  and  th e  
P F  p er io d  o f  15 nm . T h e sp ectra  o f  th e  gen era ted  D S  p u lse s  are cen tered  n ear  1 0 5 0  nm . A  sm a ll  
p o rtio n  o f  th e  s ig n a l g o e s  o u t o f  th e  PF  b a n d w id th , w h ic h  s lig h t ly  red u ces  th e  D S  p u lse  q u a lity . T h e  
c o m p a r iso n  o f  th e  D S  en e r g y  in  f ib er  c a v it ie s  w ith  d ifferen t co re  d iam eters and  w ith  d ifferen t PF  
p er io d s  in  1 0 -p m  f ib er  c a v ity  is  p resen ted  in  F ig . 3 (b ). T h e m a x im u m  en e r g y  o f  th e  R a m an -free  D S  
in  1 0 -p m  fib er  c a v ity  w ith  th e  17-n m  PF  is  3 2  nJ at L ~ 2 0  m  (rh om b s in  F ig . 3 (b )) . T h e cr itica l len g th  
ca n  b e  in crea sed  to  ~ 4 0  m  b y  d ecrea s in g  th e  P F  b a n d w id th  d o w n  to  15 n m  th at resu lts  in  th e  p u lse  
en e r g y  in crea se  up  to  53  nJ (sq u ares in  F ig . 3 (b )). T h is  v a lu e  is  in  a g reem en t w ith  th e  th eo re tica l  
e st im a tio n  [1] o f  th e  S R S  th resh o ld , w h ic h  is  p rop ortion a l to  th e  m o d e  f ie ld  area. T h e ou tp u t p u lse  
w a s  c o m p r e sse d  d o w n  to  2 5 0  fs . T h e d uration  o f  th e  ch irp ed  p u lse  w a s  e stim a ted  as 14 ps. 
C o n seq u en tly , th e  c o m p r e ss io n  fa cto r  w a s  qu ite  large , a m o u n tin g  to  ab ou t 60 .

Fig. 3 (a) Generated output spectrum as dependent on cavity length for PF period of 15 nm; (b) Output 
energy of the DS as dependent on cavity length for different PF periods and fiber cores.

In c o n c lu s io n , w e  stu d ied  th e  p o s s ib il ity  o f  a  c o m p le x  ap p roach  to  th e  o p tim iza tio n  o f  ou tp u t p u lse  
en e r g y  fo r  an h ig h ly -c h ir p e d  a ll-f ib e r  o sc illa to r , th at in v o lv e s  th e  en la rg em en t o f  th e  c a v ity  len g th  (b y  
P M  fib er) and  its  m o d e  area  s im u lta n eo u s ly . B y  su p p ress in g  R am an  e f fe c t  v ia  th e  in tra -cav ity  
filte r in g , h ig h ly -c h ir p e d  p u lse s  w ith  en erg y  as h ig h  a s 53  nJ at 2 5 0  fs  co m p r e sse d  d uration  are 
g en era ted  in  4 0 -m  lo n g  1 0 -p m  co re  f ib er  ca v ity . A n  a ltern ative  ap p roach  o f  R am an  d iss ip a tiv e  
so lito n s  o p e n s  th e  d o o r  to w a rd s c a sc a d e d  g en era tio n  o f  co h eren t d is s ip a tiv e  so lito n s  in  a  broad  
sp ectra l range (s o -c a lle d  d is s ip a tiv e  so lito n  co m b ) th a t ca n  im p ro v e  areas su ch  as fr eq u en cy  co m b  
g en era tio n , p u lse  sy n th e s is , b io m e d ic a l im a g in g  and  a lso  em erg e  n e w  a p p lica tio n s .
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Compression of waveform of Mossbauer y-ray photon 
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T h e c o n c e p ts  and  id ea s  o f  co h eren t, n o n lin ea r , and  q uantum  o p tic s  h a v e  b e g u n  to  p enetrate in to  the  
range o f  1 0 -1 0 0  k ilo e le c tr o n v o lt  (k e V ) p h o to n  e n e r g ie s , co rresp o n d in g  to  so ft  y -ray  or, eq u iv a len tly , 
hard X -ra y  rad iation . S o m e  o f  th e  recen t ex p er im en ta l a c h ie v e m e n ts  in  th is  fr eq u en cy  range in c lu d e  
th e  d em o n stra tio n  o f  p aram etric  d o w n -c o n v e r s io n  in  th e  L a n g e v in  reg im e  [1 ], c a v ity  
e le c tr o m a g n e tic a lly  in d u ced  tran sp aren cy  [2 ], c o lle c t iv e  L am b sh ift  [3 ], v a cu u m -a ss is te d  g en era tio n  
o f  a to m ic  c o h e r e n c e s  [4 ], and  s in g le -p h o to n  rev iv a l in  n u c lea r  ab sorb in g  sa n d w ic h e s  [5]. A ls o ,  
rea liza tio n  o f  a  s in g le  p h o to n  co h eren t storage [6] and  stim u la ted  R am an  ad iab atic  p a ssa g e  [7] w ere  
r ecen tly  p ro p o sed  in  th is  r eg im e . M o re  re la ted  w o rk s ca n  b e  fo u n d  in  th e  r e v ie w  [8].

R e c e n tly , tran sform ation  o f  1 4 .4  k e V  p h o to n s  sp o n ta n e o u s ly  em itted  b y  a  ra d io a ctiv e  57C o so u rce , 
in to  a  p er io d ic  se q u e n c e  o f  p u lse s  o f  duration  shorter th an  th e  life t im e  o f  th e  em ittin g  state o f  th e  
n u c le i w a s  rea liz ed  [9 ]. T h e a b ility  to  con tro l th e  sh a p e , duration , and  rep etition  p er io d  o f  th e  
p ro d u ced  p u lse s  w a s  sh o w n . T h e sp ectra l-tem p ora l c o n v e r s io n  o f  rad iation  o ccu rred  a s a  resu lt o f  
rad ia tion  p a ssa g e  th rou gh  a  fo i l  w ith  re so n a n tly  ab sorb in g  n u c le i o f  57F e  w h ic h  h a rm o n ica lly  o sc illa te  
a lo n g  th e  p ro p a g a tio n  d irectio n . U n iq u e ly  large  ratio o f  reso n a n ce  en e r g y  o f  th e  n u c le i to  th e  

reso n a n ce  b a n d w id th  ( 3 x 1 0 12 fo r  14 .4  k e V  tra n sitio n  o f  57F e) m a k es  e f fe c t iv e  th e  u se  o f  th e  D o p p ler  
e f fe c t  in  th e  p h o to n -n u c le i in tera ctio n  fo r  g en era tin g  th e  w e ll-se p a r a te d  p h a se -lo c k e d  y -rad ia tion  
s id eb a n d s and  p ro d u c in g  th e  p u lse  train . T h e sam e tech n iq u e  in  a  c o m b in a tio n  w ith  t im e -d e la y e d  
c o in c id e n c e  m ea su rem en t [ 10] a llo w e d  o n e  to  d em on stra te  th e  p o s s ib il ity  to  con tro l th e  w a v e fo r m  

(t im e -d e p e n d e n c e  o f  th e  d e te c tio n  p rob ab ility ) o f  a  s in g le  y-ray p h o to n , w h ic h  is  an  im portant  

con tr ib u tion  in to  th e  fa s t  d e v e lo p in g  quantum  y-ray  o p tic s  and  its  a p p lica tio n s  fo r  quantum  
in fo rm a tio n  p r o c e ss in g  [8]. In th at ex p er im en t, th e  n u c lea r  ab sorb er w ith  m od era te  o p tica l d ep th , ТМ ~  
5 , and  natural a b u n d an ce , ~ 2% , o f  th e  reson an t iso to p e  57F e  w a s  u sed .

In th e  p resen t co n tr ib u tio n , w e  c o n s id e r  th e  p o s s ib il it ie s  to  ex ten d  th e  p o ten tia l o f  th is  te ch n iq u e  
u s in g  th e  M o ssb a u er  ab sorber, 100%  en r ich ed  b y  57F e  n u c le i w ith  o p tica l d ep th  up  to  100 . In su ch  a  
d eep  reso n a n t m ed iu m , th e  in flu e n c e  o f  th e  reson an t d isp ers io n  [ 1 1 ] and  d y n a m ica l b ea ts  [ 10] on  the  

w a v e fo r m  o f  th e  y -ray  p h o to n  b e c o m e  im portant. In th e  re feren ce  fram e o f  th e  o sc illa t in g  ab sorb er th e  
e le c tr ic  f ie ld  o f  th e  in c o m in g  p h o to n  is  fr eq u en cy  m o d u la ted , co rresp o n d in g  to  a  c o m b  o f  "in-phase"  
and  "anti-phase" sp ectra l c o m p o n en ts . I f  th e  am p litu d e  o f  th e  ab sorb er v ib ra tio n , R , sa t is f ie s  co n d itio n  
k R = 1 .8 4 , w h ere  k=2n/X , and  X is  th e  w a v e le n g th  o f  th e  p h o to n , th e  in c id e n t sp ectru m  co n ta in s  o n ly  
th e  o n e  "anti-phase" c o m p o n e n t o f  ap p rec iab le  am p litu d e . A s  sh o w n  in  [9 ], su p p ress io n  o f  th is  
c o m p o n e n t v ia  tu n in g  it  to  th e  ab sorb er reso n a n ce  a llo w s  tran sform in g  th e  e x p o n e n tia lly  d e c a y in g  

w a v e fo r m  o f  th e  in c id e n t y -ray  p h o to n  in to  d ec a y in g  p u lse  train. In an  o p t ic a lly  d eep  ab sorber, in stead  
o f  su p p ress io n  o f  th e  "anti-phase" sp ectra l c o m p o n en t, its  in itia l p h a se  ca n  b e  in v er ted  (ch a n g ed  b y  n) 
v ia  th e  reson an t d isp ers io n . In o th er  w o r d s , th e  "anti-phase" sp ectra l c o m p o n e n t ca n  b e  tran sform ed  
in to  "in-phase" o n e  resu ltin g  in  its  co n stru ctiv e  in ter feren ce  w ith  th e  o th er  sp ectra l c o m p o n en ts  and  
fo rm a tio n  o f  p u lse s  w ith  h ig h er  am p litu d e . W e  a n a ly z e d  b o th  th e se  p o s s ib il it ie s  in  d eta il.

B a se d  o n  th e  accurate n u m er ica l so lu tio n  [9] fo r  th e  w a v e fo r m  o f  th e  y-ray  p h o to n  p rop agatin g  
th rou gh  th e  v ib ra tin g  ab sorber, w e  n u m er ica lly  fo u n d  th e  o p tim a l param eters o f  th e  sy s te m  w h ic h  
a llo w  p ro d u c in g  p u lse s  w ith  th e  h ig h e s t  am p litu d e , and  a c h ie v e  th e  h ig h e s t  p eak  d e te c tio n  p ro b a b ility  
o f  th e  ou tp u t p h o to n  (p er  u n it  t im e ). T h e resu lt o f  su ch  an o p tim iza tio n  fo r  th e  c a se  o f  su p p ress io n  o f  
th e  "anti-phase" sp ectra l co m p o n e n t and  th e  sa m e freq u en cy  o f  v ib ra tio n  a s in  [9 ], Q /2 n = 1 0 .2 M H z , is  
sh o w n  in  F ig . 1(a). T h e  w a v e fo r m  o f  th e  o u tg o in g  p h o to n  co rresp o n d in g  to  th e  o p tim a l se t  o f  
p aram eters in  F ig .1 (a ) , th at is  th e  reso n a n t o p tica l d ep th  o f  ab sorb er TM =17.5, and th e  in itia l p h a se  o f  
ab sorb er v ib ra tio n  0 0= 1 .3 5 л , is  sh o w n  in  F ig . 1(b) a lo n g  w ith  th e  w a v e fo r m , p lo tte d  fo r  th e
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param eters o f  ex p er im en t [9 ], i.e . TM= 5 .2  and  90= 0 , b u t fo r  100%  en r ich ed  b y  57F e  reson an t absorber. 
A s  se e n  from  th e  fig u re , th e  o p tim iza tio n  h as a llo w e d  in crea sin g  th e  p ea k  d e te c tio n  p ro b a b ility  o f  th e  
p h o to n  b y  a p p ro x im a te ly  60% and e n h a n c in g  th e  con trast o f  th e  p u lse s . S in c e  in  e x p er im en t [9] th e  
reso n a n t ab sorb er w ith  natural a b u n d an ce , ~ 2% , o f  57F e  n u c le i w a s  u sed , th e  d e tec ted  w a v e fo r m  w a s  
a p p ro x im a te ly  4  t im e s  w ea k er , as co m p a red  to  th at sh o w n  in  F ig . 1 (b ), b e c a u se  o f  th e  large  
p h o to a b so rp tio n .

B e s id e s , w e  h a v e  sh o w n  th e  p o ss ib il ity  to  p rod u ce  th e  p u lse s  v ia  n  p h a se  sh ift  o f  th e  "anti-phase"  
sp ectra l c o m p o n e n t due to  th e  reson an t d isp ers io n  o f  th e  m ed iu m . It w a s  sh o w n  th at u se  o f  the  
reso n a n t d isp ers io n  a llo w s  a c h ie v in g  h ig h er  avera g e  a m p litu d e  o f  th e  p u lse s  in  th e  p u lse  tra in  as  
co m p a red  to  su p p ress io n  o f  th e  "anti-phase" co m p o n e n t v ia  its  reson an t ab sorp tion . A t  th e  sam e t im e ,  
th e  p ea k  d e te c tio n  p ro b a b ility  o f  th e  p h o to n  d o e s  n o t  reach  th e  lim it, co rresp o n d in g  to  co n stru ctiv e  
in ter feren ce  o f  a ll th e  spectra l c o m p o n e n ts  o f  th e  ou tp u t f ie ld . T h e  rea so n s  fo r  th is  d iscrep a n cy  are: 
p artia l ab so rp tio n  o f  th e  (q u a si)reso n a n t sp ectra l c o m p o n e n t and  n o n u n ifo rm ity  o f  th e  reso n a n t p h a se  
in cu rsio n  o f  th e  d ifferen t fr eq u en c ie s  w ith in  th e  b a n d w id th  o f  th is  co m p o n en t.

In  a  su m m ary , in  th is  co n tr ib u tion  w e  h a v e  a n a ly zed  th e  o p p o rtu n ities  to  ex ten d  th e  c a p a b ilit ie s  o f  

th e  m eth o d  fo r  y -ray  p h o to n  sh a p in g  in  a  v ib ra tin g  r e c o il le s s  reson an t ab sorb er [9] u s in g  th e  o p tic a lly  
d eep  absorber, en r ich ed  b y  th e  reso n a n t n u c le i. T h e  p ro d u ced  s in g le -p h o to n  p u lse  tra ins ca n  be  
a p p lied  fo r  th e  t im e -r e so lv e d  reso n a n t n u c lea r  sp e c tr o sc o p y  [ 1 1 ], as w e ll  as fo r  th e  quantum  
in fo rm a tio n  tran sfer  and  p r o c e ss in g  [ 12 ].

Fig. 1 (a) - Dependence of the peak detection probability of the outgoing photon, normalized to the peak 
detection probability without absorber, on the optical depth of absorber, TM, and initial phase of absorber 
vibration, 90. The frequency of vibration is fl/2n=10.2MHz. The central frequency of the source, ror, exceeds 
the resonance frequency of the absorber, ю„, by the frequency of absorber vibration, fl, that is ror- ю„= fl.
(b) - Time dependence of the detection probability of the photon at the exit of the vibrating resonant 
absorber, normalized to the peak detection probability without absorber. The relevant parameters are: 
kR=1.84, fl/2n=10.2MHz, ror- roa= fl. The absorber is 100% enriched by the resonant 57Fe nuclei. The bold 
blue curve corresponds to the optimal parameters in (a): TM=17.5, 90=1.35n. The dashed red curve 
corresponds to the parameters from [9]: TM=5.2 and 90=0. The thin light grey curve is the exponential 
waveform without absorber.
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T h e  d e s ig n  and  crea tio n  o f  fe m to se c o n d  la ser  sy s te m s  w ith  h ig h  in te n s it ie s  are o n e  o f  th e  m o st  
im p ortan t tren d s in  la ser  p h y s ic s . L a ser  fa c il it ie s  w ith  th e  in ten s ity  rea ch in g  th e  le v e l  o f  1025 W /c m 2 or  
h ig h e r  o p en  a w a y  to  th e  ex p er im en ta l research  o f  th e  w id e  range p ro b lem s in  fu n d am en ta l p h y s ic s ,  
ch em istry , b io lo g y  and  th e ir  a p p lica tio n s  [ 1 ].

O b ta in in g  o n e  or  m ore  o f  a tto se c o n d  lig h t p u lse s  o p e n s  th e  p o s s ib il ity  o f  co h eren t con tro l o f  
e le c tr o n ic  p r o c e s se s  in  th e  a tto seco n d  tim e  sca le  [2 ]. A lth o u g h  a tto se c o n d  p u lse s  tra in  is  ob ta in ed  
r e la tiv e ly  e a s y  th rou gh  h ig h  h a rm o n ic  g en era tio n  p r o c e ss , th e  g en era tio n  o f  a  s in g le  a tto se c o n d  p u lse  
requ ires m o re  c o m p le x  la ser  sy ste m s w ith  e ith er  p o la r iza tio n  g a tin g , d u a l-freq u en cy  m ix in g  or  spatia l 
f ilter in g . C o m m o n  to  a ll th e se  m e th o d s  is  th e  s ta b iliza tio n  o f  th e  ca rr ier-en v e lo p e  o f f s e t  p h a se , w h ic h  
a llo w s  o p tim iz in g  th e  e lec tr ic  f ie ld  sh ap e o f  th e  rad iation  to  gen era te  o n e  or  tw o  p u lse s  [3 ].

O ur a ll so lid -s ta te  fe m to se c o n d  la ser  sy s te m  c o n s is ts  o f  a  m aster  o sc illa to r  and  a m u lti-p a ss  
am p lifier . A  m irror-d isp ersion  c o n tro lled  o sc illa to r  g en era te s  broad b an d  (~ 1 0 0  n m ), u ltrashort (~ 1 0  
fs )  p u lse s  at ~ 7 5  M H z  rep etitio n  rate. T h e p u lse s  are stretch ed  b y  tra v ersin g  a  su itab le  a m ou n t o f  
o p tica l g la s s  to  d ecrea se  in te n s ity  fo r  a m p lifica tio n . T h ird -order d isp ers io n  p r e -c o m p e n sa tio n  is  
a c h ie v e d  b y  a  certa in  n u m b er  o f  r e f le c tio n s  from  T O D -d isp e r s io n  c o m p en sa tin g  m irrors. T h en  th e  
p u lse s  are a m p lif ie d  b y  9 -  p a s se s  th rou gh  a  -p u m p ed  a m p lif ie r  up  to  ~  0 .6  m J. A fte r  th e  first fou r  
p a sse s  p u lse s  w ith  1 k H z  rep etitio n  rate are s e le c te d  from  th e  M H z -p u lse  train  to  b e  further a m p lif ie d  
in  a n o th er  f iv e  p a sse s . A fte r  a m p lif ic a tio n  th e  p u lse s  are reco m p ressed  to  le s s  th an  3 0  f s  w ith  central 
w a v e le n g th  -  8 0 0  n m  b y  a  d o u b le -p r ism  co m p resso r .

T h e  spectra l c o m p o n en ts  o f  rad ia tion  e m itted  from  th e  fe m to se c o n d  la ser  c a v ity  h a v e  n o n -zero  
o ffse t . T o  m easu re  th e  o ffs e t , sp ectru m  is  g en era ted  b roader th an  an  o c ta v e  in  a n o n lin ea r  fib er , and  
th en  red  sp ectra l c o m p o n e n ts  are freq u en cy  d o u b led  and  are b ea ten  w ith  b lu e  c o m p o n e n ts . T h e b ea t  
s ig n a l is  r ec tif ied  b y  a  p h o to d etec to r . A n  e le c tr o n ic  u n it  s e le c ts  th e  b ea t fr eq u en cy  and  p ro v id es  
fe e d b a c k  to  s ta b iliz e  th e  freq u en cy  sh ift, w h ic h  is  c a lcu la ted  b y  th e  b ea t freq u en cy . T h e  con tro l 
e le m e n t  o f  fe e d b a c k  lo o p  is  th e  a c o u sto -o p tic  m od u la tor , w h ic h  red u ces  th e  pu m p  p o w e r  o f  th e  m aster  
fe m to se c o n d  o sc illa to r .

P h a se  perturbations during  th e  a m p lif ic a tio n  are reg istered  in  a  n o n lin ea r  f - 2 f  in terferom eter . T he  
e m is s io n  sp ectru m  is  b ro a d en ed  in  th e  sapph ire p la te . T h e  red  part o f  th e  sp ectru m  is  fr eq u en cy  
d o u b led  in  a n o n lin ea r  crysta l and  is  b ea ten  w ith  a b lu e  part o f  th e  sp ectru m  at th e  in p u t o f  th e  
sp ectrom eter . P erturbation  p h a se  is  ca lcu la ted  b y  co m p u ter  u s in g  th e  sp ectra l b ea ts . A  sig n a l  
p rop ortion a l to  p h a se  d e v ia tio n s  in  th e  a m p lifie r  is  m ix e d  w ith  th e  carrier p h a se  drift s ig n a l o f  th e  
m a ster  o sc illa to r  and  u sed  to  co n tro l a c o u sto -o p tic  m o d u la to r ’s p o w er . T h e  sta b iliza tio n  sy ste m  
im p lem en ted  h as a llo w e d  o n e  to  a c h ie v e  p h a se  resid u a l in sta b ility  ~ 0 .1 7  radian  (rm s) fo r  3 0  f s -p u lse , 
w h ic h  is  su ff ic ie n t  to  fo r th co m in g  h ig h  h a rm o n ic  g en era tio n  ex p er im en ts  e f f ic ie n t ly .

T h is  w o rk  is  su p p orted  in  part b y  R A S  P rogram  “E xtrem e la ser  radiation: p h y s ic s  and  fu n d am en ta l 
a p p lic a tio n s”, reg istra tion  n u m b er  А А А А -А 1 5 -1 1 5 1 1 3 0 1 0 0 0 2 -9  and  G o v ern m en t program , 
reg istra tion  n u m b er  0 1 2 0 1 3 7 4 3 0 6 .
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A  n e w  n o n cen tro sy m m etr ic  N d kY lL a mS c n(B O 3) 4 (N Y L S B )  crysta l w ith  h u n tite -lik e  structure w a s  
g ro w n  b y  th e  h igh -tem p era tu re  to p -se e d e d  so lu tio n  (T S S G ) m eth o d  u s in g  L iB O 2- L iF  so lv en t. L in ear  
and  n o n lin ea r  o p tica l param eters o f  crysta l m ateria l and  sp e c tr o sc o p ic  p rop erties  o f  N d -io n  in  the  
N Y L S B  w e r e  in v e s tig a te d  and  co m p a red  w ith  that o f  N d :Y A l3(B O 3)4 crystal.

T h e  c o m p o s it io n  o f  th e  m ix tu re  in  m o la r  parts for  N d kY lL amS c n(B O 3)4 crysta l g ro w th  w a s  as 
fo llo w s:  0 .0 8 N d 2O 3-0 .3 S c 2O 3-0 .0 6 Y 2O 3-2 B 2O 3-2 .1 L iF -1 .5 L i2O  and  th e  ch em ica l c o m p o s it io n  o f  
N d 103Y 0.19S c 2.78(B O 3)4 is  sim ilar  to  L Y S B  (L a0.72Y 0.57S c 2.71(B O 3)4)-cry sta l [1 ]. F ig . 1 s h o w s  th e  X -ray  
p o w d e r  d iffra c tio n  patterns o f  N Y S B  (a ) and  L Y S B  (b ) crysta ls. It m ay  b e  c o n c lu d e d  that th e  
structures o f  b o th  cry sta ls  is  th e  sa m e  w ith  n o n cen tro -sy m m etr ic  R 3 2  sp a ce  group.

a)
Fig. 1 a) NYSB-crystal, b) X-ray powder diffraction patterns of NYSB (a) and LYSB (б) crystals.

b)

Also we observe the regular shift of the NYSB x-ray diffraction pattern to higher diffraction angles because 
Nd3+ ionic radius is less than La3+ one. The calculated cell parameters of NYSB crystal are as follows:

Cell parameters La0.72Y0.57Sc2.71(BO3)4
LYSB [2]

N d1.03Y 0.19Sc2.78(BO3)4
NYSB [this work]

a, A 9.774(1) 9.761(3)

c, A 7.946(2) 7.905(5)

T h e  tran sm ittan ce  sp ectru m  o f  4 0 0  q m  th ick  N Y S B -o p t ic a l e le m e n t w a s  record ed  at room  
tem p eratu re  u s in g  S h im a d zu  3 0 1 0  sp ec tro p h o to m eter  in  th e  range 3 0 0  - 3 0 0 0  nm . A  ty p ic a l N d 3+ 
sp ectru m  w ith  a lo t  o f  ab sorp tion  p ea k s in  sp ectra  range 3 0 0 -9 0 0  n m  w ith  tra n sm iss io n  c o e f f ic ie n t  
ab ou t 0 .0 6  at 5 3 2  n m  w a s  o b serv ed . C a lcu la tio n  o f  re fraction  in d e x  o f  N Y S B  in  tra n sm iss io n  range  
h a s sh o w n  that ord inary and  extraord inary  in d e x e s  o f  N Y S B  and  L Y S B -c r y s ta ls  are q u ite  c lo s e  in  
v a lu es .

S e c o n d  h a rm o n ic  g en era tio n  (S H G ) o f  N d :Y A G  la ser  (A ,=1064 n m ) ex p er im en ts  w e r e  p erform ed  
o n  th e  2 .5  m m  th ick  p la te  w ith  or ien ta tion  0PM = 31  d e g  to  th e  o p tica l ax is . T h e  a ssu m p tio n  w a s d on e  
that th e  ty p e  I p h a se  m a tch in g  a n g le  m u st b e  c lo s e  to  th o se  o f  L Y S B  (fo r  w h ic h  th e  p h a se  m a tch in g  
a n g le -0 PM is  equ a l to  3 3 .4 8  d e g ) [3]. A s  th e  e x p r e ss io n  o f  th e  e ffe c t iv e  n o n lin ea r  c o e f f ic ie n t  for  th is  
sy m m etry  and  fo r  th is  p h a se  m a tch in g  ty p e  is  deff(I) =  d n c o s 0c o s 39  (ф b e in g  th e  a n g le  b e tw e e n  th e  
p ro jec tio n  o f  w a v e  v e c to r  in  th e  xy p lan  and  th e  x  ), th e  crysta l is  cut so  that th e  in c id en t w a v e  
p ro p a g a ted  in  th e  xz p la n e  (ф = 0 ° )  in  order to  ob ta in  a m a x im u m  e ff ic ie n c y . T h e  p la te  h as transparent 
w in d o w s  b ig  en o u g h  fo r  a n a ly z in g  th e  o p tica l q u a lity  and  e f f ic ie n c y  o f  SH G .

A  m a x im u m  S H G  e f f ic ie n c y  is  o b ta in ed  b y  tu rn in g  th e  sa m p le  around th e  norm al in c id e n c e , w h ic h  
co rresp o n d s to  a var ia tion  o f  0 for  ty p e  I p h a se  m a tch in g  at 0PM =  3 4 .8  d eg . T h is  resu lt is  in  g o o d
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a g reem en t w ith  a  s im ila r  v a lu e  o f  p h a se  m a tch in g  0PM a n g le  and  c o n se q u e n tly  o f  re fractive  in d e x e s  o f  
L Y S B  and  N Y S B .

In c o n tin u o u s  m o d e  w ith  a  fo c u se d  G a u ssia n  b ea m  w e  o b ta in ed  P (® )/P (2 ® ) =  2 .7 5 W /3 .4 2  q W  for  
4 3  p m  b ea m  w a is t  s iz e . T hat corresp o n d s to  c a lcu la ted  deff (I) =  0 .9 1  p m /V  w ith o u t ta k in g  in to  
a cc o u n t its ab sorp tion  [3 ]. T h is  v a lu e  in crea se s  up  to  2 .3  p m /V  i f  o n e  ta k es  in to  a cco u n t th e  o p tica l 
lo s s e s  in  N Y S B  sam p les: 21  c m -1 at 5 3 2  n m  and  0 .2  c m -1 at 1 0 6 4  nm . A n d  as a  resu lt, th e  v a lu e  o f  
ratio  d eff( N Y S B ) /  d eff( N Y A B )  is  eq u a l to  0 .5  fo r  c a lcu la tio n  w ith o u t and  1 .28  w ith  o p tica l lo s s e s .

M ea su rem en ts  a lso  h a v e  b e e n  p erform ed  in  a  p u lsed  m o d e . F or th e  m a x im u m  in c id e n t p o w e r
0 .8 2 W  corresp o n d in g  to  th e  d e n s ity  o f  156  M W /c m 2 w e  h a v e  ob ta in ed  ab ou t 0 .5 %  e f f ic ie n c y .

In ord er to  d ecrea se  th e  co n cen tra tio n  o f  N d  and  in  turn to  lo w e r  th e  ab sorp tion  at around 5 3 2  n m , 
w e  h a v e  g r o w n  an oth er  cry sta ls  w ith  partia l su b stitu tio n  o f  N d  b y  L a. In s e le c te d  cry sta l w e  m a n a g ed  

to  d ecrea se  th e  co n cen tra tio n  o f  N d  from  3 .5 -1 0 21 to  1 .5 -1 0 21 c m -3 in  n e w  m ix e d  crysta l - 
N d kY  lL amS c n(B O 3)4 w ith  (k + l+ m + n = 4 )  or  N Y L S B  [4].

S in c e  th e  m a g n itu d e  o f  N L O -c o e f f ic ie n t  d eff(N Y L S B )  h a s  b e e n  ob ta in ed  b y  th e  m ic r o sc o p ic  

c o m p o n e n t o f  h y p erp o la r iza b ility  te n so r  o f  B O 3-grou p  o f  crysta l w ith  p m  su sc e p tib ility  [5 ], th e  
iso m o rp h o u s  rep la cem en t o f  rare earth  ca tio n  sh o u ld  n o t ch a n g e  N L O -p ro p er tie s  o f  th e  m ix e d  crysta l. 
O n th e  o th er  h and  th e  sp e c tr o sc o p ic  p rop erties w ere  ch an ged .

T h e  U V -V I S -N I R  ab sorp tion  sp ectra  o f  N Y L S B -c r y s ta ls  w ere  m ea su red  and  in v e s tig a te d  at room  
tem perature. T h e fea tu res co rresp o n d in g  to  th e  m a in  ab sorp tion  tra n sitio n s o f  N d - io n  from  
fu n d am en ta l le v e l  -4I9/2 to  e x c ite d  lev e ls :  4F 3/2, 4F 5/2 + 4S 3/2, 4F 9/2 and  o th er  h a v e  b e e n  id e n tif ie d  and  
a n a ly z e d  w ith in  th e  fra m ew o rk  o f  Ju d d -O fe lt  th eory .

T y p ica l N IR  f lu o r e sc e n c e  sp ectra  o f  N Y L S B -c r y s ta l w ere  o b ta in ed  w ith  ex c ita tio n  at 5 3 2  nm  
w ith in  th e  ab sorp tion  band  -2K J3/2 + 4G 9/2+ 4G 7/2. T h e  f lu o r e sc e n c e  sp ectra  c o n s is ts  o f  fo u r  band  

e m is s io n s  p ea k in g  at 8 9 8  n m  (4F 3/2— 4I9/2), 1 0 6 1 .5  n m  ( 4F 3/2— 4In/2) , 1 3 3 0 - n m  (4F 3/2— 4IJ3/2) and  

1 8 0 0 n m  (4F 3/2—>4I i5/2, n o t  m ea su red ), th e  first tw o  ban d s are p resen ted  in  f ig . 2 .

Fig. 2 NIR fluorescence spectrum of NYLSB-crystal at room temperature.

T h e  flu o r e sc e n c e  life t im e  o f  e x c ite d  le v e l  4F 3/2 w a s  m ea su red  at room  tem perature  in  N Y L S B  

sa m p le  w ith  co n cen tra tio n  o f  N d  io n s  - 4 -1 0 21 c m -3, it  is  eq u a l to  5 3 - 10-6 s. T h e  d e c a y s  w ere  fo u n d  to  
b e  s in g le  e x p o n en tia l.

T h e  m ajor c o n c lu s io n  d raw n  from  th e se  s tu d ies  is  th at th e  n e w  N Y L S B -c r y s ta l c o u ld  b e  su itab le  
fo r  m icro ch ip  S F D  la ser  a p p lica tio n s .

T h e  w o rk  w a s  p artly  su p p orted  b y  th e  P rogram  R A S  “E xtrem e la ser  f ie ld s  and  fu n d am en ta l 
a p p lic a tio n s” and  P rogram  o f  B a s ic  R ese a r c h e s  N A N B -S B  R A S , p ro jec t 1 1 5 -2 9 .
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W e  are rep ortin g  a b ou t in v e s tig a tio n  o f  3 m m  aperture p e r io d ic a lly  p o lle d  lith iu m  n io b a te  (P P L N )  

structures fo r  in tracav ity  M ID -IR  p u m p in g . E x c lu s iv e  P P N L  structures at m u ltigra tin g , fa n -o u t and  

m u lti fa n -o u t co n fig u ra tio n  w ere  prepared  at “L ab fer  L T D ” . T h e ca sca d e  M ID -IR  O P O  w a s  

d em on stra ted  recen tly  b y  o u r  grou p  w ith  M B I co lla b o ra tio n .
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A t th e  p resen t t im e , th e  d e v e lo p m e n t o f  la sers  o f  h ig h -e n e r g y  p u lse s  is  o n e  o f  th e  m o s t  im portant  
p ro b lem s [1 -4 ]. T h e se  la sers are w id e ly  u se d  in  v a r io u s areas o f  s c ie n c e , te c h n o lo g y , and  en g in eer in g . 
W e  p u t forw ard  a  w a y  to  rea lize  su ch  p u lse  so u rces  b a sed  on  fib er  la sers  w ith  h y b r id iza tio n  o f  p a ss iv e  
m o d e  lo c k in g  and  th e  reg im e  o f  u n d a m p ed  regu lar  sp ik es . W e  p resen t resu lts  o f  a  n u m erica l  
s im u la tio n  o f  a  fo rm a tio n  o f  rep rod u cib le  stab le  h ig h -e n e r g y  p u lse s  in  th e se  lasers.

Fig. 1 Schematic representation of laser setup.

T h e  in v e s tig a te d  la ser  is  sc h e m a tic a lly  rep resen ted  in  F ig . 1. It co n ta in s  a  co n tin u o u s  p u m p in g  
sou rce  1, a  g a in  f ib er  2  (~  10 m ), a  d e v ic e  o f  n o n lin ea r  lo s s e s  3 , a  lo n g  p a s s iv e  f ib er  5 (~  1.7 k m ). 
W ith o u t th e  lo n g  p a ss iv e  f ib er  5 , o w in g  to  th e  d e v ic e  o f  n o n lin ea r  lo s s e s  3 , th e  la ser  o p era tes  in  th e  
reg im e  o f  regu lar  u n d a m p ed  sp ik e s  [2 ]. E a ch  sp ik e  is  fo rm ed  from  in tra ca v ity  sp o n ta n eo u s e m iss io n .  
A s  resu lt, p u lse s  c o m in g  o u t from  th e  la ser  c a v ity  th rou gh  th e  c o u p ler  4  h a v e  random  irrep rod u cib le  
sp a ce -tim e  structure. In th e  w e ll-k n o w n  sc h e m e  o f  a  f ib er  la ser  op era tin g  in  th e  reg im e  o f  regu lar  
u n d a m p ed  sp ik e s , w e  add  th e  lo n g  p a s s iv e  f ib er  5. A s  a  resu lt, a  part o f  th e  rad ia tion  g o e s  o u t from  th e  
la ser  c a v ity  th rou gh  th e  f ib er  5 , and  th en  it  en ters a g a in  in  th e  la ser  ca v ity . W e  are in v e s tig a tin g  th e  
c a se  w h e n  th e  tim e  o f  a  p u lse  p a ssa g e  th rou gh  th e  f ib er  5 is  a p p ro x im a te ly  eq u a l to  th e  tem p o ra l 
in terva l b e tw e e n  th e  ad jacen t sp ik es . T h is  d e term in es  th e  len g th  o f  th e  f ib er  5. In th is  c a se , ea ch  sp ik e  
is  fo rm ed  from  rad ia tion  o f  p re v io u s  sp ik e . A s  resu lt, a ll p u lse s  in  ou tp u t rad ia tion  are rep rod u cib le . In 
th is  c a se , th e  la ser  op era tes in  a  hyb rid  reg im e  o f  p a ss iv e  m o d e  lo c k in g  and  regu lar  u n d a m p ed  sp ik es.

W e  h a v e  in v e stig a te d  th is  la s in g  reg im e  u s in g  a  n u m er ica l s im u la tio n . F ig u res  2 -4  p resen t resu lts  
o f  our in v e stig a tio n . F igure 2  sh o w s  th e  d e p en d en ce  o f  th e  rad ia tion  en e r g y  J (z ) in  th e  a c tiv e  ring  

c a v ity  o n  a  n u m b er  o f  p a sse s  th rou gh  th e  ca v ity .

Z

Fig. 2 Dependence of the radiation energy J  in the active ring cavity on a number of passes Z of radiation 
through the cavity.
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F igu re  3 sh o w s  a  p rop agation  o f  a  p u lse  in  th e  lo n g  p a s s iv e  f ib er  5. D e c r e a se  o f  th e  p u lse  is  due to  
lin ea r  lo s s e s  in  th e  fib er . F igu re  4  d em o n stra tes  th e  d istr ib u tion  o f  rad iation  I p in  th e  f ib er  5 fo r

Z = 630 . T h e sm a ll p u lse  in d u ces  a  g en era tio n  o f  th e  large  p u lse .

4x10

2x10"'

0

t

0 64 128

t

Fig. 3 Distribution of radiation in the long passive Fig- 4 Mstottutim ° f radrntim in Ше l°ng passire
fiber I p (r) for various numbers of passes Z . fiber I p (r) for Z = 630 .

A  duration  o f  p u lse s  in  ou tp u t rad iation  is  ~  1 p s . E n erg y  o f  p u lse s  is  sev era l pJ. In th e  c a se  o f  
reg im e  o f  regu lar  u n d a m p ed  g ia n t p u lse s , en e r g y  o f  th e  g en era ted  p u lse s  can  b e  co n s id era b ly  
in creased .

T h e  su g g e s te d  sc h e m e  o f  a  la ser  m o d e - lo c k in g  o p e n s  up  fresh  o p p o rtu n ities  to  d e s ig n  h ig h -e n e r g y  
p u lse  la sers.

T h e  w o rk  w a s  su p p orted  b y  a  gran t o f  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  
F ed era tion  in  th e  fram ew ork  o f  th e  p ro ject o f  th e  state ta sk  (p ro ject 1 3 1 6 ).
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T h e io n iz a tio n -in d u c e d  g en era tio n  o f  broad b an d  in ten se  terah ertz  (T H z) rad ia tion  b y  u ltrashort 

(fe m to se c o n d )  la ser  p u lse s  attracts co n sid era b le  in terest d u e to  v a r io u s  a p p lica tio n s . T h e m o s t  o f  th e  

ex p er im en ta l and  th eo re tica l s tu d ie s  o f  su ch  la ser -p la sm a  g en era tio n  are n o w  co n cen tra ted  o n  th e  so -  

c a lle d  tw o -c o lo r  m eth o d  p ro v id in g  stron g  T H z  p u lse s  w ith  v e r y  broad  sp ectru m  w h e n  an  u ltrashort 

tw o -c o lo r  p u lse  w ith  freq u en cy  ratio o f  tw o  io n iz e s  a  g a s  [1 -3 ]. In th is  m eth o d , th e  m a in  co n tr ib u tion  

to  th e  lo w -fr e q u e n c y  T H z  rad ia tion  is  d e fin e d  b y  th e  fre e -e le c tr o n  current in  th e  fo rm ed  la ser  p la sm a  

[2 , 3 ]. D e tu n in g  th e  freq u en c ie s  o f  tw o -c o lo r  la ser  p u lse s  a w a y  from  fr eq u en cy  ratio o f  tw o  resu lts in  

a  v e r y  w id e  tu n a b ility  o f  th e  T H z  rad ia tion  em itted  b y  th e  la ser -p ro d u ced  p la sm a  and  in  th e  p o s s ib ility  

fo r  g en era tio n  o f  short m id -in frared  p u lse s  [4].

In th is  w o rk , w e  sh o w  th a t th e  g en era tio n  o f  lo w -fr e q u e n c y  T H z  and  m id -in frared  rad ia tion  ca n  be  

u n d ersto o d  as th e  io n iz a tio n -in d u c e d  m u ltiw a v e  m ix in g  (or, in  o th er  w o rd s , g en era tio n  o f  

co m b in a tio n  fr e q u e n c ie s )  [5 ]. W e  sh o w  th at th e  m a in  fea tu res o f  th is  w a v e m ix in g  are d e fin e d  b y  th e  

in tr in sic  n o n lin ea r  p rop erties  o f  th e  io n iz e d  p artic les . P articu larly , th e  n u m b er  o f  m ix e d  w a v e s , w h ic h  

is  ty p ic a lly  large , is  d eterm in ed  b y  th e  e f fe c t iv e  e x p o n e n t o f  th e  io n iz a tio n  rate a s  a  fu n c tio n  o f  

io n iz in g  f ie ld  strength . T h e d e p e n d e n c e s  o f  m a x im u m  (o v e r  th e  p h a se  sh ift  b e tw e e n  o n e -c o lo r  

c o m p o n e n ts  o f  th e  tw o -c o lo r  p u lse )  a m p litu d e  o f  lo w -fr e q u e n c y  current d en s ity  o n  freq u en cy  ratio  

c o n s is t  o f  reso n a n t-lik e  p ea k s at fr eq u en cy  ra tios lo c a te d  n ear  ration a l fra c tio n s  w ith  n o t so  b ig  od d  

su m  o f  n u m erator  and  d en o m in a to r  (fra c tio n s  su ch  as 1 : 2 , 2  : 3 , 3 : 4 , 2  : 5 , e tc .) . T h e m a g n itu d es  o f  

d ifferen t p ea k s ca n  b e  co m p a ra b le  w h e n  th e  tw o  la ser  c o m p o n en ts  h a v e  c lo s e  in te n s it ie s , and  the  

la ser -p la sm a  g en era tio n  o f  lo w -fr e q u e n c y  rad iation  w ith  th e  tw o -c o lo r  p u lse s  o f  u n c o m m o n  freq u en cy  

ratios m a y  b e  e f fe c t iv e  en o u g h .

O u r c lo se d -fo r m  a n a ly tica l fo rm u la  supports th e  a b o v e  c o n c lu s io n s  and  rev ea ls  s im ila r itie s  and  

d iffe r e n c e s  b e tw e e n  th e  io n iz a tio n -in d u c e d  w a v e m ix in g  u n d er  c o n sid era tio n  and  th e  co m m o n  

w a v e m ix in g  a sso c ia te d  w ith  K err-lik e  n o n lin ea r  re sp o n se  o f  b ou n d  ch a rg es. T h e se  d ifferen ces  

or ig in a te  m a in ly  from  th e  e s se n t ia lly  h ig h -o rd er  character  o f  n o n lin ea r  io n iz a tio n  and  th e  a sso c ia ted  

stron g  n o n lin ea r  d isp ersion : ( i)  th e  n u m b er  o f  m ix e d  w a v e s  d ra stica lly  d ep en d s o n  th e  la ser  in ten sity ;  

( ii)  th e  e f fe c t  is  s tro n g ly  m o d if ie d  at h ig h  e n o u g h  in te n s it ie s  du e to  th e  n eutra l d ep le tio n ; ( iii)  there is  

an a sy m m etry  w ith  th e  re sp ec t to  th e  s ig n  o f  th e  d e tu n in g  from  th e  e x a c t  sy n ch ro n ism . T he  

id e n tif ic a tio n  o f  th e se  s im ila r itie s  and  d iffe r e n c e s  sh o u ld  p rom ote  th e  se n s ib le  and  ta rg eted  d e s ig n  o f  

m eth o d s  fo r  rad iation  g en era tio n  in  th e  T H z , m id -in frared , and  o th er  freq u en cy  ranges.

T h is  w o rk  w a s  su p p orted  b y  th e  G o v ern m en t o f  th e  R u ss ia n  F ed era tion  (A g r e e m en t N o .  

1 4 .B 2 5 .3 1 .0 0 0 8 )  and  R u ssia n  F o u n d a tio n  fo r  B a s ic  R esea rch  (G rants N o . 1 4 -0 2 -0 0 8 4 7 , 1 6 -3 2 -6 0 1 6 6 ,  

and  1 6 -3 2 -6 0 2 0 0 ) .
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T h e  im p ortan t is su e  b y  d e v e lo p m e n t o f  freq u en cy  standards is  in crea se  o f  th e ir  stab ility . S ta b iliza tio n  

o f  th e  o sc illa to r  frequencyvL  n eara  referen ce  fr eq u en cy  v 0can  b e  p erfo rm ed  b y  m ea n s  o f  a  m o d u la tio n  

o f  th e  freq u en cy  d ifferen ce  5 =  v L — v 0 . H a rm o n ic  ty p e  o f  th em o d u la tio n o fla se r  freq u en cy  n ear  a  

re so n a n ce  freq u en cy  o f  an a to m ic  tra n sitio n  is  w id e ly  u se d  in  o p tica l freq u en cy  standards. B y  

sta b iliza tio n  it  is  n e c e ssa r y  to  g a in  th e  m a x im a l s lo p e  o f  lin ea r  part o f  th ea sy m m etr ic  d iscr im in an t  

cu rve  o f  th e  error s ig n a l n ear  v 0 , b e c a u se  th is  s lo p e  is  o n e  o f  th e  param eters d eterm in in g  freq u en cy  

standards sta b ility  [ 1 ].

In th is  w o rk  w e in v e s t ig a te  th e  c a se  w h e n  m o d u la t io n la w o f  th e  la ser  freq u en cy m h a s fo llo w in g  

form : m ( t )  =  ш +  A w s in ( w m t ) ,  w h ere  Дш  is  d ep th  o f  m o d u la tio n , ш т  is  m o d u la tio n  freq u en cy . T he  

fir st-h a rm o n ic  s ig n a l o f  tran sm itted  p o w e r w a s  c h o se n  as th e  error s ig n a l. O n  th e  b a s is  o f  th eo re tica l  

m eth o d  d e v e lo p e d  in  our w o rk  [ 2 ]  th e d ep en d en ce  o f  the s lo p e  o f  th e  f ir st-h a rm o n ic s ig n a lo n  

m o d u la tio n  p aram eters (Д ш , ш т ), R ab i freq u en cy  f l  and  th e  re feren ce  s ig n a l p h a se ф  fo r  tw o - le v e l  

a to m ic  sy s te m  in  sp o n ta n eo u s re la x a tio n  m o d e l w a s  o p tim iz e d  b y  u se  o f  th e  d en s ity  m atr ix  fo rm a lism . 

O p tim al m o d u la tio n  param eters w ere  fo u n d  w h ere  th e  m a x im a l s lo p e  is  reach ed at f ix e d  v a lu e s  o f  f l  

and  ф  (se e  f i g .1 (a ,b )).

Fig. 1 (a) Counter plot of the dependence of the slope ofthe first-harmonic signal (in relative units) on 
modulation parameters (Дш, шт ) ймф = 0 and fl = 0.1ysp. (b) Counter plot of the dependence of the slope 
ofthe first-harmonic signal(in relative units) on modulation parameters (A, шт ), where A = Дш/шт  is 
modulation index, ймф = n /2  and fl = 0.1ysp. ysp is the decay rate of excited level.

T w o  sp e c ia l c a se s  in  re la tion  to  m o d u la tio n  la w m ( t ) o f  th e  la ser  freq u en cy m w ere  a lso  c o n s id e r e d  

separately: 1 ) th e  in -p h a se  c o m p o n e n t o f  th e  fir st-h a rm o n ic  s ig n a l (ф  =  0) and  2 ) the quadrature  

c o m p o n e n t o f  th e  first-h a rm o n ic  s ig n a l (ф  =  n / 2 ) .  It w a s  sh o w n th a t th e  m a x im a l s lo p e  o f  th e  

q u ad ra tu recom p on en t is  s ig n if ic a n tly  m o re  th an  th e  m a x im a l s lo p e  o f  th e  in -p h a se  c o m p o n e n t at R ab i 

fr eq u e n c ie s  f l  >  y sp (see  f ig .2  (a )). A ls o  th e  q u ad ra tu recom p on en tis  reach ed  at h ig h er  m o d u la tio n
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fr eq u e n c ie s  (s e e  f ig . 2 (b ))  (at h ig h er  freq u e n c ie s  te c h n ic a l n o is e s  are lo w er ). It m a k es  th e  

q u ad ra tu recom p on en t m ore u sa b le  in  s ta b iliza tio n  sy stem s.

modulationfrequency wm opt on Rabi frequency fi for the in-phase component (ф =  0 )and the 
quadraturecomponent (ф =  n / 2 ) .

T h e  w o rk  w a s  su p p orted  b y  th e  M in is try  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ss ia n  F ed era tion  
(S ta te  A ss ig n m e n t N o . 2 0 1 4 /1 3 9 , P ro ject N o . 8 2 5 ) , b y  th e  R u ss ia n  F o u n d a tio n  fo r  B a s ic  R esea rch  
(G rants N o . 1 6 -3 2 -0 0 1 2 7 , 1 6 -3 2 -6 0 0 5 0 ) .
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[2] V. I. Yudin, A. V. Taichenachev, and M. Yu. Basalaev, “Dynamic steady state of periodically driven quantum systems”, 
Phys. Rev. A 93 , 013820 (2016).
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W e  h a v e  im p le m e n te d  a  h ig h ly  se n s it iv e  and  fa s t  r e sp o n se  (1 0 0  m s) a m m o n ia  se n so r  b a se d  o n  F abry- 

P ero t in terfero m eter  and  to ta l in ternal r e f le c tio n  o f  a  lig h t in  o p a l lik e  s i l ic a  film .
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The design of ultrabroadband parametric amplifier for 
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A t th e  Institu te  o f  L a ser  P h y s ic s  o f  S B  R A S  a  m u ltiteraw att fe m to se c o n d  d io d e -p u m p ed  sy s te m  w ith  
p u lse  rep etitio n  rate up  to  1 k H z  b a se d  o n  a ll d io d e -p u m p ed  Y b 3+ -doped  m e d ia  is  d e v e lo p e d . It 
c o n s is ts  o f  tw o  o p tic a lly  sy n c h r o n iz e d  ch a n n e ls :  p aram etric  a m p lif ic a tio n  ch a n n e l and  la ser  
a m p lif ic a tio n  ch a n n e l. P u lse s  from  th e  la ser  a m p lif ica tio n  ch a n n e l are u se d  a s pu m p  fo r  th e  
param etric  a m p lif ic a tio n  ch an n el.

In th e  param etric  a m p lif ic a tio n  ch a n n e l su p ercon tin u u m  p u lse  (~ 1 5 0  n m  F W H M ) is  p ro d u ced  [1] 
and  tem p o ra lly  stretch ed  to  ~400 p s  to  p rev en t o p tica l b rea k d o w n  d u rin g  th e  a m p lif ic a tio n  p r o c e ss  
and  to  m a tch  it  w ith  p u m p  duration  (~ 1  n s). A ls o , w e  h a v e  s im u la ted  th e  p u lse  p ro p a g a tio n  th rou gh  
10 m  lo n g  h ig h ly  n o n lin ea r  p h o to n ic  cry sta l fibre [2 ]. T h e ex p er im en ta l resu lts  and  m o d e lin g  data  are 
in  g o o d  a g reem en t. O ur s im u la tio n s  sh o w  th at th e  su p erco n tin u u m  ca n  b e  u se d  as a  se e d  s ig n a l for  
a m p lif ic a tio n  in  th e  param etric  a m p lif ica tio n  ch an n el. T h en  th e  rad iation  is  to  b e  a m p lif ie d  to  10 m J  
w h ic h  co rresp o n d s to  1 T W  p o w e r  at th e  ou tp u t o f  th e  sy stem . T h e sy s te m  ca n  b e  sca led  
stra igh tforw ard ly  u s in g  a d d itio n a l la ser  a m p lif ic a tio n  ch a n n e ls  to  ob ta in  m u lti-T W  le v e l.

W e  w ere  to  e stim a te  u ltrabroadband p aram etric  a m p lif ie r  p aram eters to  ob ta in  th e  d es ired  10 m J. 
S o , w e  c h o se  th e  B B O  crysta l, and  th e  a ccep ta n ce  b a n d w id th , p eak  g a in  d e p e n d e n c ie s  o v e r  p h a se 
m a tch in g  a n g le , n o n c o llin e a r  a n g le , tem p eratu re  and  crysta l len g th  w ere  in v e stig a te d . T w o  crysta ls  
sc h e m e  w a s  p ro p o sed , pum p d iv id e d  u n e v e n ly  b e tw e e n  tw o  cry sta ls . F or e a c h  stage  op tim a l 
p aram eters w ere  e s ta b lish ed : crysta l len g th s  1,1 and 1,5 cm , p h a se -m a tch in g  a n g le s  2 3 ,3 2 °  and  
2 3 ,3 0 ° , n o n c o llin e a r  a n g le s  0 .4 °  and  0 .8 ° , resu ltin g  in  a  g a in  p ro file  w ith  a  ~ 3 0 %  d ip  near th e  center. 
S u ch  app roach  ta ilo rs  th e  a m p lif ie d  s ig n a l spectra l sh ap e su p p ress in g  th e  cen tra l peak .

H o w e v e r , th e  la ser  a m p lif ica tio n  ch a n n e l is  e x p e c te d  to  p rod u ce  1 n s , 150  m J p u lse s  cen tered  at 
5 1 5  n m  w ith  1 k H z  rep etitio n  rate to  a c h ie v e  th e  p o s s ib il ity  o f  d escr ib ed  a m p lif ic a tio n  o f  
su p ercon tin u u m  up  to  10 m J. T h e la ser  a m p lif ic a tio n  ch a n n e l c o n s is ts  o f  tw o  co n se q u e n t a ll-d io d e -  
p u m p ed  Y b :Y A G  m u ltip a ss  a m p lifie r s  and  a  s e c o n d  h a rm o n ic  g en era tio n  un it. In sid e  th e  se c o n d  
m u ltip a ss  c r y o g e n ic  (120  K ) a m p lif ie r  th e  b ea m  tra v e ls  a b ou t 3 0  m . T h is  lea d s  to  ex trem e se n s it iv ity  
to  an gu lar  d isp la c e m e n ts  and  drifts. T h ere  w ere  ~ m rad  in  lo n g  term  and  - t e n s  urad short term  b ea m  
p o in tin g  f lu c tu a tio n s  at th e  ou tp u t o f  th e  am p lifier . T h is  lea d s  to  th e  n e c e s s ity  o f  c o o lin g  sy ste m  
o p tim iza tio n  to  a llo w  u s in g  th e  ou tp u t b ea m  as p u m p  fo r  p aram etric  am p lifier .

T h e  ex p er im en ts  w ere  carried  o u t to  d eterm in e  th e  so u rces  o f  in sta b ilit ie s . U s in g  th e  ex p er im en ta l 
data, th e  c o o lin g  sy s te m  h a s  b e e n  o p tim iz e d , d ra stica lly  red u c in g  th e  short-term  and  lo n g -term  
an gu lar  sta b ility . A ls o , th e  c o o lin g  c y c le - to -c y c le  rep ea tab ility  o f  th e  sy s te m  p aram eters in crea sed  
s ig n if ic a n tly . O ur c a lc u la tio n  sh o w s  th at a c h ie v e d  b ea m  sta b ility  is  a ccep ta b le  to  b e  u se d  as th e  pum p  
fo r  th e  param etric  am p lifier .

A ll  th e  data, b o th  s im u la ted  and  ex p er im en ta l, are u se d  in  th e  d e v e lo p m e n t o f  th e  ch a n n e ls  o f  the  
a ll-d io d e -p u m p ed  h ig h  in ten s ity  c r y o g e n ic  la ser  sy ste m  w o rk in g  w ith  1 k H z  rep etitio n  rate.

T h is  w o rk  is  su p p orted  in  part b y  R A S  P rogram  “E xtrem e la ser  radiation: p h y s ic s  and  fu n d am en ta l 
a p p lic a tio n s”, reg istra tion  n u m b er  А А А А -А 1 5 -1 1 5 1 1 3 0 1 0 0 0 2 -9  and  G o v ern m en t program , 
reg istra tion  n u m b er  0 1 2 0 1 3 7 4 3 0 6 .
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In th is  w o rk  w e  p resen t first in  R u ss ia  d em o n stra tio n  o f  c ity  b a se d  q uantum  k e y  d istr ib u tion  in  
t e le c o m  o p tic a l fib er . T h e  quan tu m  k e y  d istr ib u tio n  setu p  w a s  b u ilt  o n  th e  b a se  o f  a u to co m p en sa tio n  
p lu g & p la y  o p tic a l sc h e m e  [1 ] .  A u to c o m p e n sa tio n  o p tic a l sc h e m e  s ta b iliz e s  s in g le  p h o to n  p rop erties  
p ro p a g a tin g  in  th e  o p tica l f ib er  in  th e  c ity  en v iro n m en t. Id Q u a n tiq u e  I D 2 3 0  s in g le  p h o to n  d etec to r  
w a s  u se d  to  d e tec t s in g le  p h o to n  s ig n a l. T h is  d e tec to r  w o rk s in  th e  free-ru n n in g  m o d e  w ith  quantum  
e f f ic ie n c y  10% and 10-20  dark co u n ts  p er  s e c o n d  [2 ].

Q u an tu m  k e y  d istr ib u tion  w a s  im p le m e n te d  o n  th e  b a se  o f  p h a se  c o d in g  o f  th e  quan tu m  sta tes o f  
s in g le  p h o to n s , em itted  from  a  p u lse d  se m ico n d u c to r  la ser , in  th e  tw o  a ltern ative  n o n -o r th o g o n a l 
b a se s . A ll  th e  o p tica l e le m e n ts  in c lu d in g  la ser , p h ase  m o d u la to rs and  h ig h  sp eed  a ttenuators are 
in teg ra ted  to  th e  s in g le  m o d e  fib er . B e fo r e  ea ch  ex p er im en t start th e  p roced u re o f  setu p  ad ju stm en t  
h a v e  b e e n  co n d u c ted  in  th e  m u lti p h o to n  m o d e . B o b  em itted  m u lti p h o to n  la ser  p u lse s  and  m easu red  
th e  t im e  o f  s ig n a l forth  and  b a ck  p ro p a g a tio n  th rou gh  th e  quantum  ch a n n e l. U s in g  th e  m ea su rem en t  
resu lt  B o b  se t  a ll co rresp o n d in g  tim e  d e la y s  fo r  th e  o p to e le c tr o n ic  e le m e n ts  g u id a n c e , s in g le  p h o to n  
d etec to rs  sy n ch ro n iza tio n  and  quantum  k e y  d istr ib u tion  B B 8 4  p ro to co l e x e c u tio n . O n th e  n e x t  stage  
A lic e  a tten u ated  la ser  p u lse  to  th e  0 .2  p h o to n /p u lse  o n  its  w a y  b a ck  w ith  th e  u se  o f  fa st attenuators. 
F req u en cy  o f  th e  p u lse  rep etitio n  w a s  10 M H z. K e y  w a s  d istr ib u ted  w ith  th e  u se  o f  B B 8 4  p ro to co l
[3].

T h e  o p tica l f ib er  len g th  is  3 0 ,6  km . S ifted  k e y  g en era tio n  rate is  1.8 k b it/s  and  Q B E R  is  4 .5 -5 .5 % . 
W e  tak e in to  a cco u n t th e  n e ig h b o r  f ib er  lin e s  e f fe c t  o n  th e  Q B E R  and  m eth o d s  o f  in crea se  o f  th e  
s ig n a l/n o ise  ratio .

T h e  sup p ort from  th e  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  F ed era tio n  in  the  
fram ew ork  o f  th e  F ed era l P rogram  (A g r e e m en t 1 4 .5 8 2 .2 1 .0 0 0 9 )  is  g rea tly  a ck n o w le d g e d .
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N a n o p a r tic le s  o f  n o b le  m eta ls  are w id e ly  u se d  fo r  v a r io u s a p p lica tio n s  in  m a n y  areas su ch  as 

n a n o p h o to n ic s , n a n o - and  m ic r o e lec tro n ic s , p h o to ch em istry , e tc . T h e d ev e lo p m e n t o f  th e se  

a p p lica tio n s re lie s  o n  th e  p rop erties o f  th e  g en era ted  structures th at start d ev ia tin g  from  th o se  o f  

m a ss iv e  sa m p le s  w h e n  p article  s iz e  drops b e lo w  around 100  nm . S u ch  d im en sio n a l e f fe c ts  ch an ge  

ch aracteristic  param eters o f  va r io u s p r o c e sse s  (th e  freq u en cy  o f  p la sm o n  reso n a n ce , e lec tro n  free path  

len g th  and  o th ers) and  d e fin e  p h y s ic o c h e m ic a l p roperties o f  n a n o sy stem s.

N an ostru ctu red  n o b le -m e ta llic  c lu sters d em on strate  n o n lin ea r  op tica l e f fe c ts  in  v is ib le  spectral 

range b eca u se  o f  their  p la sm o n ic  p roperties. In  ad d ition , o p tica l ch aracter istics o f  th ese  structures 

stro n g ly  d ep en d  o n  the p eriod . I f  the d ista n ce  b e tw e e n  the p a rtic les is  c lo s e  to  their  s iz e s , the op tica l 

p roperties o f  the ran d om ly  d e p o s ite d  structures m a y  co n s id era b ly  d iffer  from  th ese  o f  p er io d ica l 

structures. T h u s, s in terin g  o f  th e  b im e ta llic  g o ld  and  s ilv er  c o m p le x e s  resu lts in  p ro n o u n ced  ch a n g es  o f  

th e  op tica l p roperties. In th is  c a se , both  m o r p h o lo g y  and  shape o f  th e  p a rtic les in flu e n c e  th e  fin a l 

o p tica l p roperties. O n e  o f  the ch a lle n g in g  is su e s  in  the d em on stra tion  o f  the s c a le -e ffe c t  fo r  m eta llic  

c lu ster  is  th e  con tro l o v e r  p artic les  s ize .

L aser  ab la tion  is  co n sid ered  to  be o n e  o f  the v ersa tile  m eth o d s o f  n an op artic le  g en era tio n  that 

a llo w s  a re liab le  con tro l o v e r  partic le  s iz e s . In particu lar, the p resen ce  o f  n an op artic les  w a s  

d em on strated  in  p u lsed  la ser  d ep o s it io n  p erform ed  b o th  in  v a cu u m  and  in  inert g a se s . L a ser  ab la tion  in  

liq u id  m ed ia , furtherm ore, w a s  sh o w n  to  be  a  p ro m isin g  ap proach  fo r  a  w id e  range o f  ap p lica tio n s. In 

con trast to  n an op artic les  sy n th e s iz e d  b y  ch e m ic a l tech n iq u es , n an op artic les  g en era ted  b y  la ser  ab la tion  

in  liq u id s can  b e  free o f  surface  a c tiv e  su b sta n ces and irrelevan t io n s , thus p ro v id in g  a p o ss ib ility  o f  

g en era tin g  ch e m ic a l “p ure” c o llo id s .

T he prop erties o f  n an op artic les  g en era ted  b y  la ser  ab la tion  in  liq u id s  d ep en d  o n  m a n y  param eters, 

su ch  a s la ser  w a v e le n g th , la ser  p u lse  duration , la ser  f lu e n c e , m ateria l ab sorp tion , c h o ic e  o f  the liq u id , 

etc . O ne o f  th e  m a in  d iff ic u lt ie s  in  th e  a p p lica tio n  o f  h ig h  in ten sity  la ser  so u rces is  h ig h  p la sm a  en erg y  

and  d rop let form ation , w h ic h  are rea lly  hard to  a v o id . W h en  p u lsed  la sers are u sed , furtherm ore, la ser  

in ten sity  is  ty p ic a lly  su ff ic ie n tly  h ig h  fo r  la ser -in d u ced  n an op artic le  fragm en tation  to o ccu r  during  

n an op artic le  form a tio n  in  c o llo id s , co n s id era b ly  co m p lica tin g  the p red ictio n  o f  the exp er im en ta l 

resu lts. In fact, strong sh o c k  w a v e s , p h ase  tran sition s, and  ca v ita tio n  b u b b les  are k n o w n  to  be  

g en era ted  b y  b o th  n a n o se c o n d  and fe m to se c o n d  p u lse  durations. U n d er  su ch  c o n d it io n s , n o t  o n ly  target  

is  a ffec ted  b y  la ser  a ctio n , b u t a lso  p artic les , i f  th ey  are p resen t in  the surround ing  liq u id . In add ition , 

su ch  e ffe c ts  as o p tica l b reak d ow n  and  liq u id  d eco m p o s it io n  w ere  reported  to  o ccu r  at h ig h  la ser  

in ten sitie s . T h ese  e ffe c ts  can  resu lt in  u n con tro llab le  ch a n g es  in  b o th  p article  s iz e  and  s iz e  d istribution .

W h en  a co n tin u o u s-w a v e  la ser  is  u sed  fo r  n an op artic le  p rod u ction , its  in ten sity  is  ty p ic a lly  orders o f  

m agn itu d e  sm a ller  th an  th e  o n e  in  p u lse -p er io d ic  reg im e. T h e  ro le  o f  la ser  is  m o s t ly  therm al in  th is  

ca se . F or a  particu lar range o f  la ser  in ten s itie s , m e ltin g  o f  th e  target is  e x p e c te d  lea d in g  to  a  m o lten  

b ath /layer  form ation , w h o se  th ick n ess  is  d e fin ed  b y  the c o e f f ic ie n t  o f  therm al d iffu s io n  o f  the target 

m ateria l. H o w e v e r , liq u id  is  ty p ic a lly  h ea ted  to o , and  its  c o n v e c t iv e  m o v e m e n t can  p rev en t the  

form ation  o f  sh o ck  w a v e s , o f  a  ca v ita tio n  b u b b le  or a  g a s  c a v ity  w ith  a  h ig h  g a s  pressu re . T h erefore ,
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b oth  th e  m ech a n ism s and s iz e s  o f  n an op artic le  form ed  b y  co n tin u o u s-w a v e  la ser  are d ifferen t from  the  

o n e s  in  p u lsed -p er io d ic  reg im e  and  are n o t y e t  c o m p le te ly  understood .

Fig. 1 Optical spectra of colloidal particles before and after laser irradiation. Demonstrated the formation of a 
bimetallic clusters.

W e report th e  resu lts o f  con tin u o u s w a v e  la ser  in teraction s w ith  b o th  g o ld  and  s ilv e r  targets in  th e  

p resen ce  o f  d ifferen t liq u id s  (d e io n iz e d  w a ter , e th a n o l, and  g ly c e r o l)  [1 ] . U p o n  m od erate  la ser  

irrad iation  at w a v e le n g th  o f  1 .06  n m  during 3 0  m in , n an op artic le  c o llo id s  are sh o w n  to  b e  fo rm ed  w ith  

su rp risin g ly  narrow  s iz e  d istr ib u tion s and  average d isp ers io n  as sm a ll as 1 5 -2 0  nm . T he average  

partic le  s iz e s  range b e tw e e n  8 and  5 2  n m  for  g o ld  and  b e tw e e n  2 0  to  107  n m  fo r  s ilver . T h is  param eter  

is  sh o w n  to  b e  stab le  and  w e ll-c o n tr o lle d  b y  su ch  la ser  param eters as in ten sity  and  e ffe c t iv e  irradiation  

t im e , as w e ll  a s  b y  th e  c h o ic e  o f  th e  liq u id  p h a se . T he p o s s ib ilit ie s  o f  an e f f ic ie n t  con tro l o v e r  th e  

p ro p o sed  sy n th es is  te ch n iq u es  are d isc u sse d  and  th e  resu lts o f  a  b im e ta llic  A u -A g  structure d ep o s itio n  

from  th e ob ta in ed  c o llo id s  are p resen ted  [2 ] . T he form ation  o f  th e  e x ten d ed  arrays o f  g o ld  and  s ilv er  

n an op artic les  w ith  co n tro lled  m o r p h o lo g y  is  ex a m in ed . T h e ch a n g es  in  th e  op tica l p rop erties o f  the  

ob ta in ed  th in  film s  are fo u n d  to  d ep en d  o n  th e ir  m o rp h o lo g y , in  particu lar, o n  th e  p article  s iz e  and  

d ista n ce  b e tw e e n  them .

Fig. 2 SEM-images of synthesis bimetallic cluster (a) and it elements analyze (b).
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T h e  p r o c e ss  o f  carry in g  ou t th e  research  o f  th e  lu m in e sc e n c e  ch aracter istics  o f  an iso tro p ic  m e d ia  and  

a n a ly z in g  o f  th e ir  sp atia l d istr ib u tion s requ ires a  large  n u m b er  o f  d ifferen t p aram eters. It is  n e c e ssa r y  

to  tak e in to  a cco u n t th e  c h a n g e s  in  th e  cry sta l lu m in e sc e n c e  in ten s ity  d ep en d in g  o n  th e  d ista n ce  as 

m u ch  as th e  ch a n g es  in  th e  lu m in e sc e n c e  e x c it in g  o p tica l rad ia tion  state o f  p o la r iza tio n . T he  

ch aracter istics  o f  cry sta ls  are th e  m a g n itu d e  and  or ien ta tio n  o f  th e  e lec tr ic  d ip o le  m o m e n ts  o f  

quan tu m  tra n sitio n s in  th e  lu m in e sc e n c e  cen ters and  th e ir  p erm ittiv ity  ten so rs . T h e m a in  

ch aracter istics  o f  th e  e x c it in g  o p tica l f ie ld s  in  th e  e le c tr ic  d ip o le  a p p ro x im a tio n  are th e  ord inary  and  

extraord in ary  w a v e s  w a v e  and  e lec tr ic  v e c to r s . T h e ch a ra cter istics  o f  cry sta ls  are th e ir  p erm ittiv ity  

ten so rs  as m u ch  as th e  m a g n itu d e  and  or ien ta tion  o f  th e  e lec tr ic  d ip o le  m o m e n ts  o f  quantum  

tra n sitio n s in  th e  lu m in e sc e n c e  cen ters. T h e n u m b er  o f  p o s s ib le  o r ien ta tio n s  o f  th e  lu m in e sc e n c e  

cen ters  and  rela ted  or ien ta tio n s o f  th e  tra n sitio n s d ip o le  m o m e n ts  d ep en d s o n  th e  sy m m etry  o f  th e  

cry sta l r e c o g n iz e d  as th e  ca teg o ry  and  th e  ty p e  o f  th e  sy n g o n y . It is  a lso  str ic tly  n e c e ssa r y  to  sp e c ify  

th e  d irec tio n  o f  th e  lu m in e sc e n c e  o b serv a tio n  and  to  tak e in to  a cco u n t th e  e m is s io n  d iagram  o f  th e  

lu m in e sc e n c e  o f  ea ch  o f  th e  d ip o le  radiators u sed . A n y  v e c to r  is  d e fin e d  b y  th ree  d ifferen t  

co o rd in a tes . T h erefore  th e  to ta l n u m b er  o f  cr itica l param eters is  s ig n ifica n t. F a c ts  n a m ed  w ith in  

n e c e ss ita te d  th e  sp e c ia l program  w r itin g  fo r  th e  research  a cce lera tin g  and  th e  b etter  u n d erstan d in g  o f  

th e  p r o c e s se s  occu rr in g  in  a n iso tro p ic  cry sta ls  at in teraction  w ith  o p tica l rad iation . T h e  p rogram  a lso  

r e m o v e s  d if f ic u lt ie s  o f  th e  f lu o r e sc e n t ch a ra cter istics  d e te c tio n  and  d escr ip tio n . S e m ic la s s ic a l e le c tr ic -  

v e r s io n  o f  th e  in teraction  o f  lig h t w ith  an  a n iso tro p ic  cry sta llin e  m ed iu m  c o n ta in in g  lu m in e sc e n c e  

cen ters  w ith  d ifferen t o r ien ta tio n s  p erm itted  b y  th e  la w s  o f  sy m m etry  [ 1 ] , b eca m e  th e  th eo re tica l b a s is  

fo r  th e  program  d e v e lo p m en t.

T h e  p rogram  is  w ritten  in  C  + +  in  th e  en v iro n m en t B o r la n d  C + +  B u ild er  d e v e lo p m e n t. T h e  m a in  

o b je c t iv e s  o f  th e  program  are th e  c a lcu la tio n  and  p lo ttin g  d ifferen t v a lu e s  and  d isp la y in g  n u m erica l 

v a lu e s  n e e d e d  fo r  further research .

V ie w  d esk to p  w in d o w  is  sh o w n  in  th e  F ig . 1. T h e  program  co n ta in s  three ta b s, e a c h  is  a  f ie ld  for  

b u ild in g  s p e c if ic  d e p e n d e n c y  graphs. A  w in d o w  to  en ter  th e  n u m er ica l v a lu e s  o f  p h y s ic a l q u an tities  

d er iv ed  from  c a lc u la tio n s  is  s itu ated  b e lo w . C en ters o f  d ifferen t o r ien ta tio n s  p erm itted  b y  th e  la w s  o f
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sy m m etry  o f  th e  cry sta ls  con trib u te  to  th e  o v era ll in ten s ity  o f  th e  lu m in e sc e n c e . T h e se  cen ters  

co rresp o n d  to  th e  s p e c if ic  or ien ta tio n  o f  th e  e lec tr ic  d ip o le  m o m e n t o f  th e  quan tu m  tra n sitio n s  

r e sp o n s ib le  fo r  th e  ab so rp tio n  and  th e  lu m in e sc e n c e . T h e  program  fea tu re  is  th e  a b ility  to  en a b le  and  

d isa b le  ea ch  o f  th e  in d iv id u a l d ip o le  cen ter  fo r  a  m ore  d e ta iled  co n sid era tio n  o f  th e  co n tr ib u tion  o f  th e  

oth ers.

Fig. 2 A possible variant of the orientation of the dipole moments of the transitions in the crystal with a point 
symmetry group D3d.

F ig . 2  sh o w s  a  p o ss ib le  varian t o f  th e  or ien ta tion  o f  th e  three d ip o le  m o m en ts  in  th e  lu m in e sc e n c e  

cen ters r e sp o n s ib le  for  tran sition s in  th e  crysta l m ed iu m  c a te g o r y  w ith  th e  p o in t grou p  sy m m etry  D 3d 

[2 ] . T h e  cry sta l w a s  u se d  as an  o b je c t  o f  s tu d y  for  d em o n stra tio n  o f  th e  th e  w ritten  program  

c a p a b ilit ie s . Y o u  ca n  sp e c ify  tw o  a n g le s  to  orien ta te  ea ch  o f  th e  tra n sitio n s d ip o le  m o m en t in  th e se  

crysta ls: th e  a n g le  b e tw e e n  th e  d ip o le  m o m e n t and  th e  o p tica l a x is  - рц, and  th e  a n g le  b e tw e e n  th e  

p ro jec tio n  o f  th e  d ip o le  m o m e n t in  th e  X Y  p la n e  and  th e  X  a x is  -  р ц.

T h e  fo l lo w in g  re la tio n sh ip s  ca n  b e  c a lcu la ted  u s in g  th e  program :

• th e  lu m in e sc e n c e  in ten s ity  d ep e n d e n c e  from  th e  a n g le  o f  ro ta tion  o f  th e  e le c tr ic  v e c to r  o f  about 

th e  o p tica l ax is;

• d ep e n d e n c e  o f  th e  lu m in e sc e n c e  in te n s ity  from  a n g le s  w h ic h  d eterm in e  th e  d irec tio n  o f  th e  

tra n sitio n  d ip o le  m o m e n ts  o f  a b ou t th e  o p tica l a x is  and  a b ou t th e  a x is  X ;

• d ep e n d e n c e  o f  th e  lu m in e sc e n c e  in ten s ity  from  a n g le s  d e fin in g  d irec tio n  o f  o b serv a tio n  o f  th e  

lu m in e sc e n c e ;

• th e  lu m in e sc e n c e  in ten s ity  d e p en d en ce  from  th e  cry sta l d istan ce;

• th e  d e p en d en ce  o f  th e  sp atia l m o d u la tio n  o f  th e  lu m in e sc e n c e  in ten s ity  o f  th e  d ep th  from  

d ifferen t a n g le s  w h ic h  d eterm in e  th e  d irec tio n  o f  th e  f ie ld  v ec to r s  and  lu m in e sc e n c e  cen ters  

orien ta tion .
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O p tica l fr eq u en cy  sy n th es izer s  b a se d  o n  fe m to se c o n d  la sers  are m o s t  im p ortan t b lo c k s  o f  p r e c is io n  
la ser  sy s te m s  fo r  m ea su rem en t o f  a b so lu te  o p tica l fr eq u en c ie s  and  th e ir  stab ility . T h e y  are a lso  u sed  
to  so lv e  th e  p ro b lem  o f  tran sferrin g  th e  freq u en cy  ch aracter istics  o f  o p tica l fr eq u en cy  standards to  th e  
rad io  freq u en cy  range. A t  p resen t, sy n th e s iz e r s  o n  th e  b a s is  o f  y tterb iu m -d o p ed  cry sta ls  are b e c o m in g  
m ore p op u lar . T h e ab sorp tion  b an d s o f  y tterb iu m  cry sta ls  c o in c id e  w ith  th e  g en era tio n  range o f  h ig h -  
p o w e r  se m ic o n d u c to r  d io d e  la sers  (9 4 0  n m  and  9 8 0  n m ). A m o n g  y tterb iu m -d o p ed  m ed ia , the  
p o ta ss iu m  tu n g sta te s  Y b :K Y W  and  Y b :K G W  are m o s t  p r o m is in g  o w in g  to  large  ab so rp tio n  c r o s s 
se c t io n s  and  in d u ced  rad iation , w id e  lu m in e sc e n c e  b and , and  rather h ig h  h ea t co n d u c tio n . In th is  
paper, v a r io u s  sc h e m e s  o f  sm a ll c a v it ie s  o f  a  Y b :K Y W  la ser  w ith  h ig h -p o w e r  m u ltim o d e  d io d e  
p u m p in g  are in v estig a ted .

A s  an  a c tiv e  m ed iu m , w e  u se d  Y b :K Y W  cry sta l w ith  5 at. % Y b 3+ io n s  and  a  th ic k n e ss  o f  1.5 m m . 
T h e  cry sta ls  w ere  cu t in  th e  d irec tio n  o f  a x is  c  (Е  || a, b ). T h e tem perature o f  th e  crysta l w a s  sta b ilized  
at 9 °С  u s in g  a  P e ltier  e lem en t. T h e sou rce  o f  p u m p in g  w a s  a  L I M O 2 5 -F 1 0 0 -D L 9 8 0  la ser  w ith  a  
m u ltim o d e  f ib er  output. T h e cen tra l rad iation  w a v e le n g th  w a s  98 1  n m , th e  m a x im u m  ou tp u t p o w e r  
w a s  25  W , and  th e  f ib er  co re  d iam eter  w a s  105 pm . T h e  pu m p  la ser  rad ia tion  had  c ircu lar  
p o la r iza tio n .

E arlier  s tu d ie s  [1 -2 ] sh o w e d  th e  p o s s ib il ity  o f  crea tion  o f  a  h ig h -e f f ic ie n c y  Y b :K Y W  la ser  w ith  a  
d ifferen tia l e f f ic ie n c y  o f  40 %  and  a  fu ll o p tica l e f f ic ie n c y  o f  35% . In th is  paper, in v e s tig a tio n s  o f  the  
V -sh a p e d  c a v ity  h a v e  b e e n  p erform ed . T h e  p u m p  la ser  rad ia tion  w a s  fo c u se d  b y  tw o  le n s e s  w ith  a  
fo c a l len g th  o f  2 5  m m . T h e c a v ity  co n ta in ed  a  Y b :K Y W  crysta l, a  f la t d ich ro ic  m irror, a  m irror w ith  a  
curvature rad ius o f  5 0  m m , a  G T I-m irror, and  an  ou tp u t m irror w ith  d ifferen t tra n sm iss io n  
c o e f f ic ie n ts . T h e  in term o d e  freq u en cy  w a s  a b ou t 2 .5  G H z.

T h e  g en era tio n  p o w e r  v er su s  th e  in c id e n t pu m p  p o w e r  fo r  th e  free  g en era tio n  reg im e  h as b e e n  
d eterm in ed . M ea su rem en ts  fo r  ou tp u t m irrors w ith  v a r io u s  tra n sm iss io n  c o e f f ic ie n ts  (1% , 2 .2% , 3% , 
and  4% ) h a v e  b e e n  m ad e. T h e d ifferen tia l e f f ic ie n c y  w a s  5 3 .2 % , th e  o p tica l e f f ic ie n c y  w a s  4 8% , and  
th e  m a x im a l ou tp u t p o w e r  w a s  3 .9 4  W  at a  p u m p  p o w e r  o f  8 .2  W . T h is  is  a  record  resu lt  w h e n  u s in g  a  
m u ltim o d e  p u m p  so u rce . S in c e  th e  p u m p in g  rad ia tion  w a s  u n p o la r ized , its part w ith  S -p o la r iza tio n  
w a s  u se d  in e f f ic ie n t ly  d u e to  sm a ller  ab sorp tion  in  th e  cry sta l (Е ||b) and  sm a ll m irror tra n sm iss io n . 
T h is  d ecrea sed  th e  o v era ll e f f ic ie n c y  and  in crea sed  th e  g en era tio n  th resh o ld .

M a x im u m  e f f ic ie n c y  ca n  b e  a c h ie v e d  b y  u s in g  s in g le -m o d e  d io d e  p u m p in g  fo r  th is  sch em e  w h e n  
th e  pu m p  and  g en era tio n  w a is ts  fu lly  o v er la p . T h e  pu m p  so u rce  is  a  d istr ib u ted  B ra g g  re flec to r  
tap ered  d io d e  la ser  [3 ]. T h e p u m p  d io d e  c o n s is ts  o f  a  4 -m m -lo n g  g a in -g u id e d  tap ered  se c t io n  and  a  2 -  
m m -lo n g  4 -p m -w id e  in d e x -g u id e d  stra igh t r id g e -w a v e g u id e  se c t io n  co n ta in in g  a  1 -m m -lo n g  su rface  
B ra g g  gratin g . T h e D B R  T D L  e m its  at 98 1  n m  w ith  a  sp ectra l l in e w id th  o f  le s s  th an  2 0  p m  (F W H M ). 
In a d d itio n , th e  d e v ic e  h as a  n ea r ly  d iffra c tio n  lim ite d  ou tp u t b ea m  w ith  a  la tera l b ea m  p ro p a g a tio n  
fa c to r  M 21 /e2 =  1 .2  c o n ta in in g  m ore th an  72%  o f  th e  p o w e r  in  th e  cen tra l lo b e . T h e m a x im u m  ou tp u t 
p o w e r  is  7  W , and  th e  lig h t  is  c o llim a te d  b y  an a sp h er ic  le n s  w ith  a  fo c a l len g th  o f  3 m m  and  a  
c y lin d r ica l le n s  w ith  f=  3 0  m m . P re lim in ary  resu lts  o f  in v e s tig a tio n s  o f  th e  Y b :K Y W  la ser  u s in g  th e  
D B R  T D L  fo r  p u m p in g  are p resen ted .

T h is  w o rk  w a s  p erform ed  at th e  support o f  th e  R u ssia n  F o u n d a tio n  fo r  B a s ic  R esea rch  (p ro ject n o . 
1 6 -0 2 -0 0 6 3 9 -a )  and  R A S  P resid iu m  P rogram  “E xtrem e L ig h t F ie ld s  and  T h e ir  A p p lic a t io n s” .
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F or C h irp ed  P u lse  A m p lif ic a t io n  (C P A ) h ig h  p o w e r  la ser  sy ste m s, o p tic a l p u m p in g  in  m u ltip a ss  or 
reg en era tiv e  a m p lifie r s  in d u ces  a  th erm al lo a d  th at b e c o m e s  e s p e c ia lly  cr itica l as rep etitio n  rate o f  the  
la ser  in crea se s . T h e  th erm al lo a d  c a u se s  a  refractive  in d e x  grad ien t and  le a d s  to  th erm al le n s in g  in  the  
a m p lif ie r  m e d iu m . T h is  th erm al le n s in g  in d u c e s  d ifferen t k in d s o f  o p tic a l aberrations, b ire fr in g en ce , 
b e s id e s  a  red u ction  in  th e  a m p lif ie d  b ea m  s iz e  c a u se s  o p tica l d a m age . O ne o f  th e  w a y s  to  d ecrea se  
th erm al le n s in g  is  to  p erform  c o o lin g  o f  th e  a m p lif ie d  m ed iu m  [1 ]. C ry o g en ic  c o o lin g  resu lts  in  
d ecrea se  o f  th e  th erm al lo a d in g  and  is  c o m m o n ly  u se d  to  red u ce th e  th erm al le n s in g  e ffe c t .

A t th e  In stitu te  o f  L a ser  P h y s ic s  o f  S B  R A S  a  h ig h  p o w e r  fe m to se c o n d  la ser  sy s te m  w ith  p u lse  
rep etitio n  rate 1 k H z  b a se d  o n  d io d e -p u m p ed  Y b 3+ -d op ed  m e d ia  h as b e e n  d e v e lo p in g . O ne o f  th e  
m ajor  fea tu res o f  th is  sy ste m  is  b a se d  o n  th e  p aram etric  and  la ser  m eth o d  [2 ] o f  th e  a m p lif ic a tio n  o f  
p u lse s  g en era ted  b y  m a ster  o sc illa to r  in  th e  tw o  o p tic a lly  sy n ch ro n ized  ch a n n e ls . T em p o ra lly  
stretch ed  p u lse  o f  m aster  o sc illa to r  b a se d  o n  Y b :Y 2O 3 cera m ics  is  a m p lif ie d  in  regen era tive  a m p lifie r  
to  en e r g y  up  to  0 .5  m J. T h en  rad iation  is  d iv id e d  to  a  param etric  a m p lif ic a tio n  ch a n n e l and  a  la ser  
a m p lif ic a tio n  ch a n n e l. In p aram etric  a m p lif ica tio n  ch a n n e l there are p h o to n ic -cry sta l fib re  fo r  
sp ectru m  b ro a d en in g , param etric  a m p lif ie r  and  co m p resso r . In  a m p lif ic a tio n  ch a n n e l there are tw o  
m u ltip a ss  a m p lifie r s  and  S H G  crysta l. T h e  first is  6-p a ss a m p lif ie r  b a sed  o n  Y b :Y A G  w a te r -c o o led  
cry sta l th at in crea se s  p u lse  en e r g y  up  to  10 m J. T h e s e c o n d  a m p lif ie r  c o n s is ts  o f  8 c r y o g e n ic a lly  
c o o le d  Y b :Y A G  b o n d ed  cry sta ls  and  is  u se d  to  a m p lify  p u lse  en erg y  up  to  3 0 0  m J. T h e  c o o lin g  
sy s te m  o f  th e  s e c o n d  a m p lifie r  is  b a sed  o n  fo u r  c lo s e d - lo o p  h e liu m  c o o le r  op era tin g  in  v a cu u m  
ch a m b ers. E a ch  ch am b er  co n ta in s  tw o  Y b -Y A G  cry sta ls  w h ic h  are m o u n ted  to  a  h ea ts in k  b lo c k  th a t is  
in  co n ta c t w ith  c lo se d - lo o p  c r y o c o o le r . T h e  e x p e c te d  ou tput p u lse  p aram eters o f  th e  la ser  sy s te m  are 
duration  10 fs  and  en e r g y  10 m J w ith  1 k H z  rep etitio n  rate.

In  th is  w o rk  w e  n u m e r ic a lly  s o lv e d  th e  th erm al c o n d u c tiv ity  eq u a tio n  to  g e t  tem perature  
d istr ib u tion  in  a m p lif ie r  e le m e n ts  o f  th e  la ser  sy s te m  as w e l l  a s  p aram eters o f  th erm al le n se s . T he  
resu lts  o f  m o d e lin g  sh o w  th at th e  v a lu e  o f  th e  tem perature d ifferen ce  is  a b ou t 1 0 0 -1 4 0  C b e tw e e n  th e  
a x is  and  th e  e d g e  o f  th e  crysta l u s in g  th e  w a te r -c o o lin g  and  in  th e  p u m p  p o w e r  range 1 0 0 -2 0 0  W . T he  
d io p tr ic  p o w e r  s lo p e  o f  th e  th erm al le n s e s  fo r  w a te r -c o o le d  Y b :Y A G  a m p lif ie r  is  a b ou t 5 m'^W"1.

S u ch  a s a ll path  len g th  o f  th e  c r y o g e n ic  a m p lifie r  is  ab ou t 2 5  m , th ere fo re  fo r  e ff ic ie n t  
a m p lif ic a tio n  it  is  v e r y  c ru c ia lly  to  m in im iz e  th e  short and  lo n g  tim e  an gu lar  sta b ility  o f  th e  b eam . T o  
red u ce  th e  m e c h a n ic a l v ib ra tio n s th e  c o o lin g  sy ste m  h a s  b e e n  o p tim ized . T h e resu lts  o f  the  
ex p er im en ts  sh o w  th at short t im e  a n gu lar  s ta b ility  is  in crea sed  in  three t im e s  and  is  ab ou t 5 qrad  
(R M S ) w ith  m a x im a l d e v ia tio n  10 qrad. A ls o , lo n g  tim e  an gu lar  sta b ility  is  in crea sed  to  o n e  order and  
tw o  orders o f  m a g n itu d e  for  h o r izo n ta l and  v er tica l d irec tio n s  and  e q u a ls  ab ou t 11  qrad and  0.1 qrad, 
re sp e c tiv e ly .

T h is  w o rk  is  su p p orted  in  part b y  R A S  P rogram  “E xtrem e la ser  radiation: p h y s ic s  and  fu n d am en ta l 
a p p lic a tio n s” , reg istra tion  n u m b er  А А А А -А 1 5 -1 1 5 1 1 3 0 1 0 0 0 2 -9  and  G o v ern m en t program , 
reg istra tion  n u m b er  0 1 2 0 1 3 7 4 3 0 6 .

References
[1] M. Pittmat, S. Ferre, J.-P. Rousseau et al, Appl.Phys. B 74, 529 (2002).
[2] V. Petrov, E. Pestryakov, A. Laptev et al, Quantum Electronics 44, 452 (2014).

192

mailto:alex_laptev@ngs.ru


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Spatial-modulation method for studying of quantum 
systems orientation in crystalline media

N . L azareva , A . K u zn etsov , and  E. M artyn ov ich
Irkutsk Branch o f the Institute o f Laser Physics SB RAS, 130A Lermontov str, Irkutsk, 664033, Russia 

Irkutsk State University, 20 Gagarin blvd, Irkutsk, 664033, Russia 
E-mail: filial@ilph.irk.ru

Im portant p rop erties  o f  c ry sta llin e  o p tica l m ater ia ls  d ep en d s  o n  th e  or ien ta tion  o f  co n ta in ed  in  th em  

quantum  sy s te m s  in teractin g  w ith  th e  rad iation . T h erefore , th e  d e v e lo p m e n t o f  cry sta llin e  op tica l  

e le m e n ts  fo r  d ifferen t p u rp o ses  n e e d  to  h a v e  data  o n  th e ir  orien ta tion . T h erefore , so m e  m e th o d s  fo r  

d eterm in in g  th e  or ien ta tio n  o f  th e  cen ters in  cry sta ls  h a v e  b e e n  d e v e lo p e d  a lread y  [1 -3 ].

In th is  pap er w e  d e v e lo p  a th eo ry  o f  the sp atia l m o d u la tio n  o f  p h o to lu m in e sc e n c e  in ten s ity  o f  

a n iso tro p ic  cry sta ls  u n d er  la ser  ex c ita tio n  [4]. T h e p ro p o sed  n e w  m eth o d  a llo w s  to  d eterm in e  the  

orien ta tio n  o f  th e  quantum  sy s te m s  in  a n iso tro p ic  cry sta ls  o f  d ifferen t cry sta llo g ra p h ic  p o in t  group . 

T he m eth o d  w a s  te s ted  o n  the ex a m p le  o f  o n e  o f  the c o lo r  cen ters in  the cry sta l o f  n eu tron-irrad iated  

sapph ire. Sapphire is  o p tic a lly  u n ia x ia l crysta l. It h a s  th e  fo rm u la  o f  sy m m etry  L 33 L 22 P C  refers to  th e  

a x ia l cen tra l c la s s  D 3d tr ig o n a l sy stem , th e  m id d le  ca teg o ry . A n y  p o s s ib le  or ien ta tio n  o f  th e  d ip o le  

m o m e n t o f  tra n sitio n  in  th e se  cry sta ls  w il l  b e  rep ea ted  up to  3 o r ien ta tio n s  ( f ig .1 .a )  du e to  th e  

sy m m etry  a x is  o f  th e  th ird  order o f  L 3.

Fig. 1 a - A possible variant of the orientation of the dipole moments of the transitions in the crystal with a 
point symmetry group D3d; b - photo of a spatially periodic distribution of the luminescence intensity of the 
sample were obtained; c - section of the luminescence intensity; d - plot of the angle pEmax versus Рц.
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In th e  ex p er im en t, th e  lu m in e sc e n c e  ex c ita tio n  is  p erp en d icu la r  to  th e  o p tica l a x is  o f  th e  crysta l. 

M o n ito r in g  w a s  carried  ou t p erp en d icu la r  to  th e  la ser  b ea m  at an a n g le  o f  4 5 °  to  th e  o p tica l a x is  o f  th e  

crysta l. P h o to g ra p h s o f  a  sp a tia lly  p e r io d ic  d istr ib u tion  o f  th e  lu m in e sc e n c e  in ten s ity  o f  th e  sam p le  

w e r e  ob ta in ed  ( f ig . 1 .b) a t d ifferen t or ien ta tio n s o f  th e  e le c tr ic  v e c to r  pE a b ou t th e  o p tica l a x is  o f  the  

crysta l. T o  d eterm in e  th e  d ep th  o f  th e  lu m in e sc e n c e  in te n s ity  m o d u la tio n  b y  m ea n s o f  th e  program  

« M u lt iV o x  D IC O M  V ie w e r »  s e c t io n  o f  th e  lu m in e sc e n c e  in ten s ity  is  ob ta in ed  fo r  ea ch  p h o to  r e c e iv ed  

( f i g . l .c ) .  B y  s im p le  m a th em a tica l ca lc u la tio n s  d e fin e d  a n g le  pEmax - th e  a n g le  o f  ro ta tion  o f  the  

e le c tr ic  v e c to r  w ith  re sp ec t to  th e  o p tica l a x is  o f  th e  cry sta l, co rresp o n d in g  to  th e  m a x im u m  v a lu e  o f  

th e  d ep th  o f  th e  lu m in e sc e n c e  in ten s ity  m o d u la tio n .

O n f i g . l .d  sh o w s  a  p lo t  o f  th e  a n g le  pEmax v e r su s  р ц ( f ig .1 .a ) . T h is  graph  is  ob ta in ed  b y  

m a th em a tica l m o d e lin g . C om p arin g  th e  e x p er im en ta lly  o b ta in ed  v a lu e  pEmax w ith  th is  p lo t, w e  g e t  the  

v a lu e  o f  th e  or ien ta tio n  a n g le  o f  th e  te s t  c o lo r  cen ters in  th e  cry sta l m atrix .

T h u s, in  th is  paper, th e  co rresp o n d en ce  b e tw e e n  th e  lu m in e sc e n c e  in ten s ity  m o d u la tio n  d ep th  and  

orien ta tio n  o f  th e  d ip o le  m o m e n ts  o f  quantum  tra n sitio n s w ere  d e fin e d  b y  th eo re tica l m eth o d s . T he  

n e w  m eth o d  o f  m ea su r in g  th e  or ien ta tio n  o f  th e  quantum  sy s te m s  in  cry sta llin e  m e d ia  w a s  d e v e lo p e d  

and  e x p e r im e n ta lly  tested .

T h is  w o rk  w a s  su p p orted  b y  th e  p ro ject I I .1 0 .1 .6  o f  P rogram s F N I o f  S tate  R u ssia n  A c a d e m ie s ,  

p ro jec t n u m b er  3 8 3 3  o f  IS U  State A ss ig n m e n t and  R F B R  gran t №  1 6 -5 2 -4 4 0 5 6  M o n g _ a .
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L a ser  c o o lin g  o f  a to m s u s in g  m a g n e to -o p tic a l trap is  an  e sse n tia l part o f  m o d e m  a to m ic  p h y s ic s  [1 ,2 ]. 

In order to  m easu re  tem perature  o f  c o ld  a to m s and  th e ir  fu n c tio n  o f  d istr ib u tion  m e th o d s  o f  n o n lin ea r  

sp e c tr o sc o p y  are w id e ly  u sed . O n e  o f  su ch  m eth o d s  is  b a se d  o n  th e  so -c a lle d  re c o il- in d u c e d  

r e so n a n ces  w h ic h  w ere  p red icted  in  th e  w o rk  [3] fo r  th e  first t im e  and  w ere  o b serv ed  in  th is  w o rk  [4]. 

In ou r w o r k  w e  d escr ib ed  th e o r e tic a lly  th e  m o s t  g en era l c a se  o f  r e c o il- in d u c e d  re so n a n ces  for  

arbitrary p o la r iza tio n  o f  f ie ld s  fo rm in g  r e c o il- in d u c e d  r e so n a n ces  and  fo r  arbitrary d ip o le  a llo w e d  

tran sition , s in c e  in  p rev io u s  w o rk s a ll a n a ly s is  w a s  d o w n  to  e ith er  s im p lif ie d  tw o - le v e l  m o d e ls  or  

tran sition  fo r  certa in  v a lu e s  o f  m o m e n ta  fo r  g rou n d  and  e x c ite d  sta tes or  fo r  co n cre te  p o la r iza tio n s  o f  

f ie ld s .A ll  ca lc u la tio n s  w ere  p ro v id ed  fo r  tw o  d ifferen t c a se s . In th e  fir st  ca se  c o ld  a to m s w ere  

su p p o sed  to  b e  free  and  in  th e  s e c o n d  o n e  th e y  w ere  c o n s id e r e d  in  th e  w o rk in g  m a g n e to -o p tic a l trap  

w h ic h  d e f in ite ly  h ad  a  s ig n if ic a n t im p a c t o n  p o la r iza tio n  d e p en d en ce  o f  r e c o il- in d u c e d  reso n a n ces .

T h e  m a in  resu lts  o f  th e  w o rk  are:

1 . F o r  a n y  c lo s e d  d ip o le  tran sition  w e  g o t  e x p lic it  a n a ly tica l e x p r e ss io n s  fo r  p o la r iza tio n  

d ep e n d e n c e  o f  m a g n itu d e  o f  r e c o il- in d u c e d  r e so n a n ces  a s fo r  th e  c a se  o f  free  a tom s and  for  

a to m s in  th e  m a g n e to -o p tic a l trap. M a x  and  m in  v a lu e s  w ere  g o tten .

2 . In w o rk in g  trap co n tr ib u tio n s a sso c ia te d  w ith  or ien ta tio n  and  a lig n m en t are su p p ressed  b eca u se  

o f  a v era g in g  o v e r  param eters o f  lo c a l p o la r iza tio n  v e c to r  o f  f ie ld  o f  trap. O n e ca n  e a s ily  

retr ieve  in fo rm a tio n  a b o u t an avera g e  v a lu e  o f  m u ltip o le  m o m en ta  o f  a tom  in  m a g n e to -o p tica l  

trap from  p o la r iza tio n  m ea su rem en ts .

3 . T h eo ry  ca n  be  g e n e r a liz e d  su b jec t to  real h y p erfin e  structure.

T h e  w o rk  w a s  su p p orted  b y  th e  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  F ed era tion  

(S ta te  A ss ig n m e n t N o . 2 0 1 4 /1 3 9 , P ro ject N o . 8 2 5 ) , b y  th e  gran t o f  P res id en t o f  th e  R u ssia n  

F ed era tion  (N S h -  6 6 8 9 .2 0 1 6 .2 ) ,  b y  th e  R u ssia n  F o u n d a tio n  fo r  B a s ic  R esea rch  (grant n o s . 1 4 -0 2 

0 0 7 1 2 , 1 4 -0 2 -0 0 9 3 9 , 1 5 -3 2 -2 0 3 3 0 , 1 5 -0 2 -0 8 3 7 7 , 1 6 -3 2 -0 0 1 2 7 ) .
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L a ser -p u m p ed  a to m ic  m a g n e to m eter  h a s  b e e n  w e ll  d e v e lo p e d  and  ex h ib its  h ig h e r  s e n s it iv ity  

co m p a red  w ith  th e  la m p -p u m p ed  ty p e . A s  lig h t sh ift  tran sfers th e  la ser  freq u en cy  or  in ten sity  

f lu c tu a tio n s  to  th e  m a g n e t ic -f ie ld  m ea su rem en t re su lts , h ig h -se n s it iv ity  a to m ic  m a g n e to m eter  requ ires  

th e  o p tica l fr eq u en cy  s ta b iliz ed  to  su p p ress th e  lig h t sh ift. C o m m o n ly , th o se  sc h e m e s  n e e d  ad d ition a l 

a to m ic  referen ce  c e l ls  and  ex p er im en ta l se tu p , w h ic h  m a k es  th e  a to m ic  m a g n e to m eter  sy ste m  le ss  

co m p a c t. M o re  im p o rta n tly , s in c e  th e  p aram eters o f  re feren ce  c e l ls 1 are in c o n s is te n t w ith  th o se  o f  

a to m ic  se n so r  th e  la ser  cen ter  freq u en cy  is  d if f ic u lt  to  b e  lo c k e d  to  th e  d es ired  p o in t a u to m a tica lly , 

w h ic h  e s se n t ia lly  c a u se s  sy ste m a tic  errors. L ig h t sh ift  ca n  in d u ce  th e  a to m ic  a lig n m e n t to  or ien ta tion  

c o n v e r s io n  (A O C ) e f fe c t2. T h is  e f fe c t  ca n  d ev ia ted  th e  le ft-c ircu la r ly  M O D R  s ig n a l IL and  r igh t-  

c ircu la r ly  M O D R  sig n a l IR. W e  u se  th e  d ifferen t s ig n a l to  con tro l th e  la ser  freq u en cy .

T h e  ex p er im en ta l setu p  o f  ou r la ser  p u m p ed  4H e  m a g n e to m eter  is  illu stra ted  sc h e m a tic a lly  in  

F igu re 1, w h ic h  is  u n d er  th e  co n v e n tio n a l M O D R  co n fig u ra tio n . A  lin ea r ly  p o la r ized  lig h t  d er iv ed  

from  a  D F B  (D istr ib u ted  F eed b a ck ) f ib er  la ser , is  u se d  fo r  o p t ic a lly  p u m p in g  and  a lig n in g  the  

m eta sta b le  state o f  4H e  e x c ite d  b y  a  33  M H z  rad io  freq u en cy  d isch a rg e  in  a  45  m m  lo n g  and  3 0  m m  

d ia m eter  a to m ic  v a p o r  c e ll  (a t room  tem p eratu re , 0 .3  T orr). T h e c e ll  is  p la c e d  in  th e  cen ter  o f  a  f iv e -  

la y e r  ц -m eta l m a g n e tic  sh ie ld . A  co n sta n t m a g n e tic  f ie ld  B 0 is  gen era ted  b y  a  so le n o id . T h e m a g n e tic  

f ie ld  is  se t  around th e  g e o m a g n e t ic  f ie ld  v a lu e . T h e M O D R  s ig n a ls  are d r iven  b y  a  w e a k  o sc illa t in g  

m a g n e tic  f ie ld  B 1, w h ic h  is  g en era ted  b y  a  pa ir  o f  H e lm h o ltz  c o ils .

Fig. 1 The Experimental setup of the laser-pumped magnetometer with light shift suppression. LS, laser 
source; HWP, half-wave plate; PBS, polarization beam splitter; BE, beam expander; MS, magnetic shield;
HC, Helmholtz coil; QWP, quarter wave plate; PD, photodiode; PID, Proportion-Integration-Differentiation;
LIA, lock-in amplifier. FG, function generator; Ref, demodulation reference frequency.

In order to  o b serv e  th e  tw o  s ig n a ls  (IL and  IR) s im u lta n e o u s ly , a  c ircu lar  a n a ly zer  w h ic h  c o n s is ts  o f  

th e  Q W P  and  th e  P B S  is  u se d  in  th e  ex p er im en t. T h e fa st a x is  o f  th e  Q W P  is  se t  a t 45  ° w ith  resp ec t  

to  th ep o la r iza tio n  a x is  o f  th e  P B S . W ith  th is  structure, th e  tw o  c ircu lar  c o m p o n e n ts  o f  th e  lin ea r ly  

p o la r ized  la ser  lig h t ca n  b e  tran sform ed  in to  tw o  o r th o g o n a lly  lin ea r ly  p o la r ized  lig h t f ie ld s  after  

p a ss in g  th e  Q W P , w h ic h  ca n  b e  e x a c t ly  r e f le c te d  or  tran sm itted  b y  th e  P B S  and  d e tec ted  

in d ep en d en tly .

W e  th e n  ad op t th e  m a g n e to m eter  sy s te m  w ith  s ta b iliz ed  la ser  freq u en cy  to  m o n ito r  th e  m a g n e tic  

f ie ld  var ia tio n s in s id e  th e  m a g n e tic  sh ie ld  o v e r  m ore th an  3 0 0  s. F ig . 2  sh o w s  th e  s e n s it iv ity  o f  th e
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m a g n eto m eter , w h ic h  rea ch es a  n o is e  f lo o r  o f  a b ou t 3 p T /H z 12 a b o v e  10 H z . T h ere  e x is ts  a  n o is e  p eak  

at 5 0  H z  du e to  th e  m a g n e tic  f ie ld  n o ise  in  th e  lab.

Fig. 2 The measured magnetic field sensitivity of the laser-pumped magnetometer, of which the laser 
frequency is stabilized.
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A im in g  at th e  req u irem en t o f  m o n ito r in g  g a s  p o llu ta n ts  in  real t im e  in  th e  f ie ld s  o f  industria l 

p ro d u ctio n  and  en v iro n m en ta l p ro tec tio n , w e  in v e stig a te  th e  g a s  se n s in g  tech n iq u e  b a se d  o n  fib er  

la ser  in tracav ity  a b so rp tio n  sp ec tro sco p y . A fte r  co n d u c tin g  th e  th eo re tica l a n a ly s is  o f  in tracav ity  g a s  

se n s in g , w e  co n stru ct th e  m ix e d  g a s  se n s in g  sy s te m  w h ic h  h as a ring c a v ity  structure and  o p era tes in  

C + L  b and . B y  c o m b in in g  in tra ca v ity  ab sorp tion  w ith  w a v e le n g th  sw e e p  and  m o d u la tio n , w e  rea lize  

th e  se n s it iv e  d e te c tio n  o f  th e  m ix e d  g a s e s  o f  C 2H 2, C O  and  C O 2. In order to  so lv e  th e  p ro b lem  o f  

sp ectra l o v er la p  in  m ix e d  g a s  sen s in g , w e  p ro p o sed  a m eth o d  to  separate th e  o v er la p p in g  ab sorp tion  

l in e s  rap id ly , th en  th e ir  r e sp e c tiv e  a b sorb an ce  d istr ib u tion  ca n  b e  retr ieved . C o n s id er in g  th e  n o n lin ea r  

and  creep in g  ch a ra cter istics  o ccu rred  in  th e  w a v e le n g th  tu n in g  p r o c e ss  u s in g  th e  sca n n in g  la ser  sou rce  

in  ou r se n s in g  sy ste m , w e  u se  th e  w a v e le n g th  re feren ce  g a s  c e l l  fo r  la ser  w a v e le n g th  ca lib ra tion . T h e  

g a s  c e l l  is  f i l le d  w ith  m u ltip le  g a se s  and  th e  ab sorp tion  lin e s  o f  ea ch  g a s  lo ca te  in  o n e  ban d  o f  the  

la ser  so u rce . T h e ab sorp tion  w a v e le n g th s  o f  d ifferen t g a se s  are u se d  as th e  rea l-tim e w a v e le n g th  

re feren ce  and  h a v e  g o o d  tem p eratu re  sta b ility . A s  a  resu lt, th e  accurate w a v e le n g th  ca lib ra tion  o f  

sca n n in g  la ser  sou rce  is  rea liz ed  in  th e  w id e  tu n in g  range and  tem perature  range. T h e m in im u m  

d etec ta b le  co n cen tra tio n s  are 0 .6  p p m , 1 7 .4  p p m  and  19 .2  p p m  r e sp e c t iv e ly , and  th e  m a x im u m  errors  

o f  C O  and  C O 2 are red u ced  to  35%  and  42%  o f  th e  errors w ith o u t u s in g  th e  m eth o d .
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Hybrid structures with InAs/AlGaAs quantum dots 
strongly coupled to plasmonic bowtie nanoantennas
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D e te r m in is t ic a lly  in tegra tin g  se m ic o n d u c to r  quantum  em itters w ith  p la sm o n ic  n a n o -d e v ic e s  p a v e s  th e  
w a y  to w a rd s c h ip -sc a le  in teg ra b le , true n a n o sc a le  quantum  p h o to n ic s  t e c h n o lo g ie s . F or th is  p u rp ose , 
stab le  and  b r igh t se m ic o n d u c to r  em itters  are n e e d e d , w h ic h  m o r e o v e r  a llo w  fo r  C M O S -c o m p a tib ility  
and  o p tica l a c tiv ity  in  th e  te le c o m m u n ic a t io n  band . H ere , w e  d em on strate  stro n g ly  en h a n ced  lig h t-  
m atter  c o u p lin g  o f  s in g le  n ear-su rface  ( <  10 n m ) In A s quantum  d o ts  m o n o lith ic a lly  in tegrated  in to  
e le c tr o m a g n e tic  h o t-sp o ts  o f  su b -w a v e le n g th  s iz e d  m eta l n an oan ten n as.

In  th is  w o r k  structures w ith  p ro x im a l I n A s /A lG a A s  Q D s  (d is ta n ce  to  su rface  o f  1 0  n m ) g r o w n  in  
S tran sk i-K rastan ov  m o d e  w ere  stu d ied . O n th e  structure su rface  a  p er io d ica l array o f  g o ld  b o w tie  
an ten n as w a s  fo rm ed  b y  e lec tro n  lith ograp h y . B o w t ie  param eters w ere  c h o se n  to  p ro v id e  a  spectra l 
o v er la p  o f  p la sm o n  reso n a n ce  and  Q D  e m is s io n  ban d  [1 ,2 ] .  B o w tie  tr ia n g le  s iz e  o f  1 0 0  n m  and  th e  
g ap  o f  5 n m  w ere  v e r if ie d  b y  sca n n in g  e lec tro n  m ic r o sc o p y  (S E M ) m ea su rem en ts . 
M ic r o p h o to lu m e n e sc e n c e  (m ic r o -P L ) m ea su rem en ts  w ere  co n d u c ted  w ith  th e  ex c ita tio n  la ser  
w a v e le n g th  o f  8 5 0  nm . A s  s e lf -a s se m b le d  Q D s are ran d om ly  d istr ib u ted , th e  part o f  Q D s th at stro n g ly  
in teract w ith  an ten n as is  lo w . O n th e  m ap  o f  in tegra l in te n s ity  o f  m icro -P L  o f  15 x 1 5  ц т  three Q D s  
w ith  an o p tica l s ig n a l th at e x c e e d s  avera g e  b y  an  order o f  m a g n itu d e  w ere  o b serv ed . L a ser  r e fle c tio n  
sca n  d em o n stra tes  a  p er io d ic  structure w ith  param eters co rresp o n d in g  to  S E M  im a g e  o f  an ten n as. T he  
corre la tio n  o f  p o s it io n s  o f  h ig h  in ten s ity  Q D s w ith  m a x im u m s o f  la ser  re fle c tio n  in d ica te s  th at that 
Q D s are lo c a te d  d irec tly  u n d er n an oan ten n as.

M icro -P L  sp ectra  w ere  m ea su red  fo r  d ifferen t p o la r iza tio n s  in  th e  d e te c tio n  ch a n n e l re la tiv e  to  
b o w tie  m a in  a x is . S p ectra  o f  a  Q D  w ith  h ig h  in ten s ity  w ere  m ea su red  in  c o -p o la r iz a tio n  and  c r o s s 
p o la r iza tio n  th at are p ara lle l and  p erp en d icu la r  to  th e  b o w tie  a x is  r e sp e c tiv e ly . T h e m a x im u m  P L  
in te n s ity  fo r  th e se  p o la r iza tio n s  w a s  d iffered  b y  a  fa cto r  o f  1 6  co m p a red  to  a  re feren ce  Q D  lo ca ted  ou t  
o f  th e  b o w tie  f ie ld . T h e  p ro x im ity  to  a  b o w tie  an ten n a  d ra m a tica lly  c h a n g e s  th e  Q D  e m is s io n  pattern  
from  an iso tro p ic  o n e  to  a  d ip o le  pattern  w ith  th e  d eg ree  o f  p o la r iza tio n  o f  86%.

T h e m icro -P L  d y n a m ic s  r e v e a ls  a  d ecrea se  o f  th e  e x c ito n  life - t im e  fo r  th e  Q D s in teractin g  w ith  
an ten n as b y  a  fa c to r  o f  3 .5  th a t w a s  lim ite d  b y  th e  setu p  reso lu tio n . T h erefore  th e  in crea se  o f  m icro -  
P L  in ten s ity , stron g  p o la r iza tio n  d e p en d en ce  and  th e  d ecrea se  o f  th e  life - t im e  co n firm  th at there is  
stron g  e x c ito n -p la sm o n  in tera ctio n  b e tw e e n  p ro x im a l Q D s and  n an oan ten n as.

In su m m ary , w e  d em o n stra ted  p ro n o u n ced  lig h t-m a tter -co u p lin g  o f  b r igh t ( 16 x  en h a n ced ) and  fa st  
(<  2 0 0  p s ) , m o n o lith ic a lly  in tegrated , se m ic o n d u c to r  In A s q uantum  d o ts  p o s it io n e d  1 0 n m  b e lo w  sm all 
fe e d -g a p  (2 5 n m ) lith o g ra p h ica lly  d e fin e d  A u  b o w tie  n a n o a n ten n a s, resu ltin g  in  P u rce ll-fa c to rs  >
3 .5 .T h e  ob ta in ed  resu lts  o p e n  th e  d o o r  to  th e  con tro l o v e r  em itter  p rop erties in  h yb rid  m eta l-  
se m ic o n d u c to r  n an ostru ctu res.

T h e  w o rk  w a s  su p p orted  b y  R F B R  v ia  gran t 1 6 -3 7 -6 0 0 7 5 . A A L  a c k n o w le d g e s  th e  fin a n c ia l 
sup p ort v ia  R F  p res id en t sch o la rsh ip  (S P -3 0 1 4 .2 0 1 6 .3 ) .
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P la sm o n ic  w a v e g u id e s  are c o m m o n ly  co n s id e r e d  as p ro m is in g  ca n d id a tes  for  in tegra l p h o to n ic  

n an ostru ctu res a s th e y  a llo w  to  co n cen tra te  e le c tr ic  f ie ld  o n  a  sca le  b e lo w  th e  lig h t w a v e le n g th  and  

th ere fo re  s ig n if ic a n tly  red u ce  g e o m e tr ica l s iz e  o f  th e se  structures. A  p o s s ib le  sc h e m e  o f  p la sm o n ic  

w a v e g u id e s  is  b a se d  o n  fa b r ica tio n  o f  a  narrow  V -g r o o v e  ch a n n e l in  a  m eta l substrate [1 ]. R e c e n tly  

th is  c o n c e p t  w a s  s u c c e s s fu lly  transferred  to  s i l ic o n  w a fer s  and  V -g r o o v e  ch a n n e ls  w ith  

cry sta llo g ra p h ic  p la n es  ( 1 1 1 )  w ere  fo rm ed  b y  U V -p h o to lith o g r a p h y  fo l lo w e d  b y  c h e m ic a l e tch in g  [ 2 ]. 

T h in  g o ld  f ilm  w a s  th e n  d e p o s ite d  b y  m ea n s  o f  e le c tro n  b ea m  eva p o ra tio n . O b v io u s  a d v a n ta g es  o f  

th is  te ch n iq u e  are te c h n o lo g ic a l s im p lic ity  th a t en a b le s  p ro d u c in g  h ig h ly  rep rod u cib le  ch a n n e ls  and  

p o ss ib le  im p lem en ta tio n  fo r  in tegra l h yb rid  structures. O n th e  o th er  h and , fab r ica tion  o f  a  ch a n n e l that 

is  fa c e te d  w ith  cry sta llo g ra p h ic  p la n es  lim its  th e  w a v e g u id e  g e o m e tr y  in c lu d in g  b en d in g  to  an  

arbitrary a n g le .

T h is  g e o m e tr ica l lim ita tio n  to  a  w a v e g u id e  co n fig u ra tio n  ca n  b e  o v e r c o m e  w ith  ch a in s  o f  m eta l  

n a n o p a rtic le s . W h e n  ch a in  param eters are o p tim iz e d , p la sm o n ic  m o d e s  ca n  p rop agate  o v e r  large  

d is ta n c e s  w ith  e x tr e m e ly  lo w  lo s s e s  [3 ]. In th is  w o rk  p la sm o n ic  w a v e g u id e s  b a se d  o n  n an op yram id s  

fo rm ed  in  n a n o h o le s  c h e m ic a lly  e tc h e d  in  s i l ic o n  and  G a A s are th eo r e tic a lly  in v e stig a te d . S u ch  

g e o m e tr y  a lso  a llo w s  to  form  p y ra m id -lik e  n a n o a n ten n a s and  h ig h ly  e f f ic ie n t  p la sm o n ic  w a v e g u id e s  

in  a  c lo s e  p ro x im ity  to  m o n o lith ic a lly  in tegra ted  quan tu m  d o ts  (Q D s )  and  o th er  quan tu m  em itters for  

in tegra l p h o to n ic  ch ip s.

N u m e r ic a l s im u la tio n s  o f  p la sm o n ic  w a v e g u id e s  w ere  carried  o u t w ith in  th e  d iscre te  d ip o le  

a p p ro x im a tio n  [4]. P aram eters o f  m eta l p a rtic le s  w ere  se t  regard in g  rea lis tic  g e o m e tr y  o f  n a n o h o le s  

th at w ere  fo rm ed  in  s i l ic o n  substra tes b y  e le c tr o n ic  b ea m  lith o g ra p h y  w ith  su b seq u en t se le c t iv e  

c h e m ic a l e tch in g . A n  im p ortan t feature o f  th is  w o rk  is  m o d if ic a t io n  o f  in d iv id u a l p artic le  g e o m e tr y  b y  

tu rn in g  a  lith o g ra p h ica l pattern  re la tiv e  to  c ry sta llo g ra p h ic  a x e s . D e p e n d e n c e  o f  ch a in  w a v e g u id e  

tra n sm iss io n  o n  a  p artic le  g e o m e tr y  and  in terp artic le  d ista n ce  is  stu d ied . It is  sh o w n  th at ch a in s  o f  

e lo n g a te d  p yram id s en a b le  h ig h ly  e f f ic ie n t  tra n sm iss io n  o f  a  s ig n a l from  a  p o in t  d ip o le  so u rce . D u e  to  

lo c a liz e d  p la sm o n  reso n a n ce  nature th e se  w a v e g u id e  are e s se n t ia lly  fr eq u en cy  s e le c t iv e  and  v a ry in g  

p artic le  param eters th e  w a v e g u id e  b and  ca n  b e  d e s ig n e d  to  in crea se  s ig n a l to  n o is e  ratio . D e p e n d e n c e  

o n  Q D  p o s it io n  is  s tu d ied  and  th e  h yb rid  structure is  o p tim iz e d  to  p erform  stron g  e x c ito n -p la sm o n  

in teraction . R e su lts  ob ta in ed  c o u ld  be  u sed  fo r  in tegra l h yb rid  sc h e m e s  b a se d  o n  sem ico n d u c to r  

su b stra tes w ith  m o n o lith ic a lly  in tegra ted  q uantum  em itters.

T h e  w o rk  w a s  su p p orted  b y  R F B R  v ia  gran t 1 6 -3 7 -6 0 0 7 5  and  1 6 -3 2 -0 0 2 6 9 . A A L  a c k n o w le d g e s  

th e  f in a n c ia l sup p ort v ia  R F  p res id en t sch o la rsh ip  (S P -3 0 1 4 .2 0 1 6 .3 ) .

R eferen ces
[1] S.I. Bozhevolnyi et al., Nature 440, 508 (2006).
[2] C.L.C. Smith et al., Nano Lett. 14, 1659 (2014).
[3] I.L. Rasskazov, S.V. Karpov, V.A. Markel, Opt. Lett. 38 , 4743 (2013).
[4] M.A. Yurkin and A.G. Hoekstra, J. Quant. Spectrosc. Radiat. 112, 2234 (2011).

200

mailto:lyamkina@isp.nsc.ru


VII International Symposium “MODERN PROBLEMS OF LASER PHYSICS” (MPLP-2016)

Generation of a laser-plasma ion flow 
in a microwave cavity

A .E . M ed v ed ev , G .N . G rachev
Institute o f Laser Physics SB RAS, Russia 

E-mail: medvedev@laser.nsc.ru

A tm o sp h er ic -p ressu re  g a s  d isch a rg es  o c c u p y  an  e v e r  greater  p la c e  in  p ractica l a p p lica tio n s . S o m e  o f  

th e ir  o b v io u s  p rop erties  m ak e  it  p o s s ib le  to  c o n s id e r  a tm o sp h er ic  g lo w  d isch a rg e  p la sm a  as a  p la tform  

o f  th e  2 1 st cen tu ry  te c h n o lo g ie s  [1 ] . T o  in crea se  th e  s p e c if ic  en erg y  co n tr ib u tio n  and  h o m o g e n e ity  o f  

p la sm a , h ig h -fr e q u e n c y  p o w e r  su p p ly  so u rces  are u sed . M a g n etro n  m ic r o w a v e  gen era tors are h ig h ly  

e f f ic ie n t  and  h a v e  n o  co m p etito rs  in  s im p lic ity  and  re lia b ility . In th is  paper, a  p o s s ib il ity  o f  u s in g  

m icro w a v e -ra n g e  e le c tr ic  en erg y  to  a cce lera te  io n s  o f  o p tica l p u lsa tin g  d isch a rg e  (O P D ) la ser  p la sm a  

fo r  n o n -v a cu u m  su rface-trea tm en t te c h n o lo g ie s  is  c o n s id e r e d  [2 ] .

T h e  e le c tr ic  f ie ld  d o e s  n o t  pen etrate  in to  d en se  la ser -p la sm a , and  a ll v o lta g e  a p p lied  to  th e  g ap  ( U )  

d rop s a cro ss  th e  screen in g  la y er  l «  rD (1 +  U /T ) 1/2 fo rm ed  b y  p o s it iv e  io n s  (w h ere  rD is  th e  D e b y e

len g th  and  T  is  th e  p la sm a  tem p eratu re). T h e  th ic k n e ss  o f  th e  screen in g  la y er  at a tm o sp h er ic  pressu re  

d o e s  n o t e x c e e d  th e  free  path  len g th . F or  a  n o t to o  h ig h  freq u en cy  o f  th e  ex tern a l so u rce , w h e n  th e  

o s c illa t io n  am p litu d e  o f  e le c tro n s  (a )  is  greater  th an  l, th e  e lec tro n s  w il l  reach  th e  e lec tro d e . T h en , 

o w in g  to  th e  se m ico n d u c to r  p rop erties o f  th e  p la sm a -co n d u c tin g  b o d y  in ter fa ce , at th e  screen in g  la y er  

there w il l  b e  d irec t v o lta g e  n e e d e d  fo r  io n  a cce lera tio n , in  ad d itio n  to  a ltern atin g  v o lta g e . It is  w e ll-  

k n o w n  th at in  h ig h -fr e q u e n c y  d isch a rg e  p la sm a  as th e  g a s  p ressu re  and  f ie ld  freq u en cy  r ise , th e  d irect  

v o lta g e  at n ea r-e lec tro d e  la y ers d rop s, and  in teraction  w ith  th e  su rface  in  th e  m ic r o w a v e  freq u en cy  

range is  n o t o b serv ed . H o w e v e r , fo r  p la sm a  d e n s ity  m o re  th an  1 0 13 cm -3 at an ex tern a l g en era tor  

fr eq u en cy  n o t h ig h er  th an  10 G H z  th e  c o n d it io n  a > l is  sa tis fied . It f o l lo w s  from  ou r e s t im a te s  th at in  

th e  m ic r o w a v e  f ie ld  th e  O P D  p la sm a  (1 0 13̂ 1 0 18 c m -3) io n s  w il l  in teract w ith  th e  su rface  w ith  en erg y  

o f  up  to  sev era l hu n d red  eV .

A n  a n a ly s is  w a s  m a d e  to  te s t  e x p er im en ta lly  th e  p o s s ib il ity  o f  o b ta in in g , o n  th e  b a s is  o f  O P D , an  

io n  f lo w  at a tm o sp h er ic  p ressu re  and  u s in g  it  in  th e  su rface  trea tm en t te c h n o lo g y . T h e m o tio n  o f  

p a rtic le s  w a s  s im u la ted . T h e p la sm a  w a s  c o n s id e r e d  as an e lec tro d e  u n d er a  flo a tin g  p o ten tia l lo ca ted  

in  th e  g ap  w ith  an  a ltern atin g  f ie ld . O n th e  b a s is  o f  th e  a n a ly s is  resu lts , c a lcu la tio n  and  d e s ig n  o f  a  

to ro id a l c a v ity  reson ator  w ere  m ad e. T h e c a v ity  w a s  lo c a te d  o n  a  te c h n o lo g ic a l h ea d  fo rm in g  a  la ser  

b ea m  and  a  g a s  f lo w . L aser  p la sm a  is  in itia ted  in  th e  g ap  o f  th e  to ro id a l reson ator  cap acitor . T h e gap  

is  fo rm ed  b y  a  c o n d u c tin g  p la te  and  th e  reson ator  h ead . T h is  a llo w s  free  m o tio n  o f  th e  p la sm a  w ith  

th e  m ic r o w a v e  f ie ld  a lo n g  th e  su rface  b e in g  treated . T h e  en e r g y  in p u t to  th e  c a v ity  from  th e  p u lsed  

m ic r o w a v e  gen era to r  o f  a  fr eq u en cy  o f  2 ,4 7  G H z  and  a  p o w e r  o f  up  to  3 k W  is  sy n ch ro n o u s w ith  th e  

la ser  p u lsed  rad iation .

T h e  resu lts  o f  m ea su rem en ts  o f  m ic r o w a v e  ch aracter istics  o f  th e  te c h n o lo g ic a l h ea d  are d escr ib ed . 

P re lim in a ry  ex p er im en ts  o n  th e  a c tio n  o f  O P D  p la sm a  in  th e  e le c tr ic  f ie ld  o n  th e  su rface  b e in g  treated  

are p resen ted .
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T u n g sten  te llu r ite  g la s s  (T W -g la ss )  is  c a u se d  a  g r o w in g  in terest b ec a u se  o f  u n iq u e  c o m b in a tio n  o f  
p rop erties  [1 -3 ]. G la s se s  o f  th e  T eO 2-W O 3-(E r, Y b )2O 3 sy s te m  h ad  b e e n  sy n th e s iz e d  and  th e ir  
sp e c tr a l- lu m in e sc e n t p rop erties  w ere  in v e s tig a te d  to  ev a lu a te  th e  p ro sp ec ts  fo r  la s in g . J u d d -O fe lt  
in te n s ity  param eters h a v e  b e e n  d eterm in ed  from  m ea su red  and  c a lcu la ted  ab sorp tion  tra n sitio n s o f  
E r3+ from  th e  g rou n d  state to  (4F 5/2 &  4F 3/2) b and , (4F 7/2 &  2H 11/2 &  4S 3/2) , 4F 9/2, and  4I9/2. T h is  m ad e  it 
p o ss ib le  to  d eterm in e  th e  rad ia tive  life t im e  o f  4I13/2 le v e l ,  a b sorp tion , e m is s io n , and  g a in  c ro ss  se c tio n  
in  th e  1 .53 pm  b and . T h e  m in im u m  v a lu e  o f  in v e r s io n  param eter  w a s  fo u n d  to  b e  0 .2 . W e  m o d e l th e  
p o p u la tio n  o f  th e  en e r g y  le v e ls  to  d eterm in e  th e  m in im u m  p u m p  in te n s ity  to  th e  in v e r s io n  p aram eter  
b e c o m e s  eq u a l to  0 .2 .

P artia l Er3+:Y b 3+ en e r g y  le v e l  sy s te m  as w e l l  as  
th e  re lev a n t en erg y  tran sfer  b e tw e e n  th e  Y b 3+ and  

E r3+ io n s  are p resen ted  in  F ig . 1. T h e  reso n a n t en erg y  
tran sfer  corresp o n d s to  a d e -e x c ita t io n  o f  an Y b 3+ io n  
from  its  e x c ite d  state 2F 5/2 to  th e  g rou n d  state 2F 7/2 and  
an  ex c ita tio n  o f  a  n e ig h b o r in g  E r3+ io n  from  its  

g rou n d  state 4I15/2 to  th e  u p p er  state 4I11/2. D u e  to  th e  
v e r y  short life t im e  o f  th e  u p p er  state (W 32 ~ 1 5 0 0 0 0  s -1 
is  ty p ic a l fo r  4I11/2 ~ ~ >  4I13/2 in  Er3+ d o p ed  g la s s )  a 

q u ick  re la x a tio n  to  th e  m eta sta b le  Er3+ state 4I i3/2 
ta k es  p la c e  and, th u s, a n y  b ack -tran sfer  o f  en erg y  is  
su p p ressed .

T h e  co rresp o n d in g  rate eq u a tio n s  w ith o u t a n y  
u p c o n v e r s io n  p r o c e s se s , en e r g y  b ack -tran sfer , 
w ith o u t ab sorp tion  o f  p u m p  lig h t  b y  th e  Er3+ io n s , and  
fo r  lo w  p u m p  in te n s ity  ca n  b e  e x p r e sse d  as

dN2 /dt=W32 N 3-W2J N 2

dN3/dt=o13 фрN 1+ K trN 5N 1-W32N 3 (lb)

6NS/dt= O45 фрN 4- K trN 5N i -W 54N 5 (1c)

N 1 +N 2 +N 3 =NEr (ld)

N 5+N 4 =N Yb (1e)
w h ere  t represents th e  t im e , N t is  th e  co n cen tra tio n  o f  io n s  in  th e  i-th state, NEr, N Yb - co n cen tra tio n  o f  
E r and  Y b  io n s , Wij represents the rate transition from  i-th to j-th state, 0 y -  c r o ss  se c t io n  o f  i j
tran sition , K tr-  cross-relaxation fro m  Y b 3+ to  Er3+ coefficient, фр =  Ip/hv, Ip p u m p  in ten s ity , hv - e n e r g y  o f  
pu m p  p h oton .

U s in g  th is  m o d e l and  ex p er im en ta l sp e c tr o sc o p ic  data, w e  h a v e  d eterm in ed  th e  m in im u m  p u m p  
in te n s ity  and  cro ss-re la x a tio n  c o e f f ic ie n t  K tr fo r  th e  sa m p le  o f  Er3+:Y b3+ T W -g la ss  c o n s is t in g  o f  

60T eO 2-25W O 3-14Y b2O 3-E r2O 3 (m ol.% ).
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Fig. 1 Simplified energy level diagram of 
the co-doped Er3+:Yb3+ TW-glass
system.
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T h e a d v en t o f  h ig h -p o w e r  m id in frared  fe m to se c o n d  la ser  so u rces  h a s  o p e n e d  up  n e w  p e r sp e c tiv e s  in  
th e  research  o f  s tro n g -f ie ld  laser-m atter  in teraction s. O n e o f  th e  m o s t  im p r e ss iv e  b e n e f its  o f  u s in g  
m id -IR  so u rces  to  d rive th e  p r o c e s se s  a sso c ia te d  w ith  la ser -in d u ced  io n iz a tio n  is  a  dram atic  e x te n s io n  
o f  th e  p la teau  in  the sp ectru m  o f  p h o to n s  p ro d u ced  v ia  h ig h -o rd er  h a rm on ic  g en era tio n  (H H G ) in  
g a s e s  [1 ] . T h e  e x te n s io n  o f  th e  p la teau  p ro d u ced  w ith  lo n g e r -w a v e le n g th  d r iv in g  la sers is  due to  the  
p ro p o rtio n a lity  o f  th e  e lec tro n  p o n d ero m o tiv e  e n e r g y  to  th e  square o f  the la ser  w a v e le n g th . H o w e v e r ,  
th e  e f f ic ie n c y  o f  h arm on ic  g en era tio n  b y  in d iv id u a l a tom s is  k n o w n  to  sca le  u n fa v o ra b ly  (a s AT5-6 [2 ])  
w ith  th e  la ser  w a v e le n g th ; th is  is  c a u se d  to  a  large  d eg ree  b y  a  d ecrea se  in  th e  p ro b a b ility  o f  e lec tro n  
r e c o ll is io n  w ith  th e  p arent io n  d u e to  th e  larger  free -e lec tro n  w a v e -p a c k e t  sp read in g  in  a  lo w e r -  
fr eq u en cy  la ser  f ie ld . It w a s  d em on stra ted  th at th is  lo s s  o f  e f f ic ie n c y  ca n  b e  su b sta n tia lly  c o m p en sa ted  
fo r  b y  im p le m e n tin g  p h a se -m a tch ed  H H G  at h ig h  g a s  p ressu res and  large  in teraction  len g th s  u s in g  
g a s - f i l le d  w a v e g u id e s  [1]; th e  ca p a b ility  o f  th is  ap p roach  is , h o w e v e r , lim ite d  b y  th e  req u irem en t o f  
v e r y  lo w  io n iz a tio n  le v e l  o f  a  g a s  lea d in g  to  lim ita tio n s  o n  th e  la ser  in te n s ity  to  b e  u sed . A  search  for  
a ltern ative  a p p roach es to  in crea se  h a rm o n ic  y ie ld s  is  th erefore  a  to p ic a l is su e . O n e o f  th e  m o st  
p r o m is in g  a p p ro a ch es is  to  u se  m u ltifr eq u en cy  la ser  f ie ld s  to  fa c ilita te  fa v o ra b le  p h a se -m a tch in g  
c o n d it io n s  an d /or  to  m a x im iz e  h a rm o n ic  e m is s io n  from  e a c h  p artic le  o f  a  g a s . R e c e n tly , d ifferen t  
sc h e m e s  w ere  p ro p o sed  to  a c h ie v e  th e se  g o a ls  u s in g  tw o -  or  th r e e -c o lo r  d r iv in g  f ie ld s  [ 3 - 6 ] .  M o st  o f  
th e se  a p p roach es re lied  o n  th e  u se  o f  m a n y -c y c le  la ser  p u lse s; the p h y s ic a l o r ig in  o f  th e  y ie ld  
en h a n cem en t o n  a  s in g le -a to m  le v e l  w a s  u su a lly  ex p la in e d  in  term s o f  th e  p ecu lia r itie s  o f  th e  free -  
e lec tro n  b eh a v io r  in  a  m u ltic o lo r  fie ld .

In th is  con tr ib u tion , w e  s tu d ied  th e  p o s s ib il ity  to  en h a n ce  th e  e f f ic ie n c y  o f  H H G  u s in g  f e w -c y c le  
o p tica l w a v e fo r m s  o b ta in ed  b y  su p erp o sin g  tw o  la ser  p u lse s  o f  d ifferen t c o lo r  d e la y e d  o p tim a lly  
re la tiv e  to  ea ch  other. A  w id e  range o f  la ser  in te n s it ie s  h a s  b e e n  a d d ressed . S p ec ia l a tten tion  w a s  p a id  
to  th e  d y n a m ic s  o f  th e  d ep o p u la tio n  o f  a to m ic  sta tes , w h ic h , o n e  the o n e  h an d , p ro m o tes  e le c tro n s  to  
th e  co n tin u u m  to  take part in  th e  h ig h -e n e r g y  p h o to n  e m is s io n , bu t, o n  th e  o th er  h an d , d ep le te s  the  
n o n lin ea r  m ed iu m . T h e  u se  o f  a b o v e -m e n tio n e d  w a v e fo r m s  g iv e s  ex tra  f le x ib il ity  co m p a red  to  the  
s in g le -c o lo r  c a se  to  co n tro l th e  b o u n d -sta te  d ep o p u la tio n  and  the e lec tro n  a cce lera tio n  in  the  
co n tin u u m . T h e  stu d y  w a s  carried  o u t u s in g  th e  q u a n tu m -m ech a n ica l trea tm en t o f  H H G  w ith in  th e  
str o n g -f ie ld  ap p ro x im a tio n  [7] m o d if ie d  p rop er ly  to  a d eq u a te ly  tak e in to  a cc o u n t th e  d e p le t io n  o f  
a to m ic  sta tes. B o th  freq u en cy  c o m p o n e n ts  o f  th e  la ser  p u lse  w ere  co n s id ered  lin ea r ly  p o la r ized  a lo n g  
th e  sam e a x is , w h erea s  th e  to ta l e le c tr ic  f ie ld  o f  th e  sy n th e s iz e d  w a v e fo r m  w a s  tak en  as

E  (t) =  E 1 c o s[® 1 (t + 1 ) +  ^ ]ex p

1
1 Ы ЁГ NJ

+
 

о
 

«н to

__
__

__
__

_I

+  E 2 c o s (® @ )e x p
f  12 1

-  2 l n 2 —-
L t  J l  T2 J

w h ere  E 1, шь  т 1 and  E 2, ю2, т2 are th e  f ie ld  am p litu d e , freq u en cy , and  d uration  o f  th e  1st and  2n d  
p u lse , r e sp ec tiv e ly ;  т is  th e  d e la y  b e tw e e n  tw o  p u lse s  and  ф is  an a d d ition a l p h a se  sh ift  o f  th e  1st 
p u lse . B o th  stron g- and  m o d era te -in ten s ity  re g im e s  h a v e  b e e n  ex p lo red , w h ic h  co rresp on d  to  strong  
and  w e a k  io n iz a tio n  c a se s , r e sp ec tiv e ly ;  th e  la tter c a se  is  m ore fa v o ra b le  in  term s o f  p h a se  m a tch in g .  
T h e p aram eters o f  th e  la ser  p u lse s  w ere  o p tim iz e d  to  p ro v id e  th e  m a x im a l h arm on ic  y ie ld  w ith in  a  
g iv e n  range o f  h a rm o n ic  p h o to n  en e r g ie s . T y p ic a l resu lts fo r  th e  a b o v e  tw o  c a se s  are sh o w n  in  F ig . 1 
( le f t  and  r igh t p a n e ls , r e sp e c t iv e ly ) . T h e se  resu lts  d em on stra te  u sa b ility  o f  th e  app roach  p ro p o sed  here  
to  in crea se  b y  up  to  order o f  m a g n itu d e  th e  e f f ic ie n c y  o f  o p tica l fr eq u en cy  c o n v e r s io n  in to  su b -k e V  or  
f e w -k e V  p h o to n  en erg y  ran ges.
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H ig h  e f f ic ie n c y  o f  H H G  in  o p tim a l c o n d it io n s  p resen ted  in  F ig . 1 is  ex p la in e d  b y  th e  p ecu lia r itie s  
o f  th e  p h o to e lec tro n  d y n a m ics , w h ic h  are in  th e se  c a se s  ch aracter ized  b y  a  co m b in a tio n  o f  h ig h -  
p ro b a b ility  re lea se  o f  the e le c tr o n  resp o n s ib le  fo r  h ig h est-o rd er  h a rm o n ic  p ro d u ctio n  and  its  
su b seq u en t strong  a cce lera tio n  a cc o m p a n ie d  b y  a  r e la tiv e ly  lo w  p ro b a b ility  o f  th e  b ou n d -sta te  
d e p le tio n  during th e  t im e  in terva l b e tw e e n  io n iz a tio n  and  r e c o llis io n . S im ila r  resu lts  w ere  reported  b y  
u s ear lier  fo r  th e  c a se  o f  H H G  d r iv en  b y  n o n lin e a r ly  ch irp ed  f e w -c y c le  la ser  p u lse s  [8].

Fig. 1 (a) Time profile of the laser electric field, (b) time dependence of the atomic ground-state population, 
and (c) high-energy part of the HHG spectrum for a hydrogen atom driven by a single-color (1=3,9 |rm, grey 
line) and two-color (X2=3,9 |rm, X.1=1,95 ^m, black line) few-cycle laser pulse. FWHM of the 3,9 ^m pulse is 
1,5 cycles; the values of other parameters (see text) are chosen to maximize the harmonic yield between 2100 
and 2300 eV: I=6,5x1014 W/cm2 (single-color field), I2=6,5x1014 W/cm2, Ij=7,5x1013 W/cm2, Xj=2,1 Tl, 
t=0,25 T2, ф=0 (two-color field); T12=X12/c. Dashed line outlines the region responsible for the formation of 
the spectra shown. (d-f) Same as (a-c) but with the constrain imposed on the ionization level to not exceed 
4%; the laser parameters are chosen to maximize the harmonic yield between 500 and 600 eV: 
I=1,27x1014 W/cm2 (single-color field), I2=1,25x1014 W/cm2, Ip4,0x1012 W/cm2, Ti=1,5 T1, t=0,25 T2, ф=0 
(two-color field).
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P aram etric  fo u r  w a v e  m ix in g  (F W M ) is  an a ttractive p r o c e ss  fo r  n o n lin ea r  freq u en cy  c o n v e r s io n  in  
o p tica l f ib ers. F ib er  o p tica l param etric  o sc illa to r s  (F O P O s), u tiliz in g  th e  F W M  p r in c ip le s , o ffe r  an  
op p o rtu n ity  to  gen era te  e f f ic ie n t  tu n ab le  la ser  rad ia tion s in  n e w  spectra l ra n g es, w h ere  th e  
c o n v e n tio n a l f ib er  la sers are n o t a v a ila b le , in  particu lar, in  sh o r t-w a v e len g th  reg io n , < 1  pm. T h is  
r e g io n  is  p articu lar ly  a ttractive fo r  b io lo g ic a l n o n lin ea r  m ic r o sc o p y  -  o p tic a l c o h eren ce  to m o g ra p h y  
and  co h eren t R am an  sca tter in g  m ic r o sc o p y . A ll- f ib e r  o p tica l p aram etric  o sc illa to r s  op era tin g  b e lo w  1 
pm u su a lly  co m p r ise  p h o to n ic  crysta l f ib er  (P C F ) p u m p ed  b y  an  Y b -d o p e d  fib er  laser. R e c e n tly , w e  
h a v e  d em o n stra ted  C W  F O P O  in  su ch  co n fig u ra tio n  w ith  w a v e le n g th  tu n in g  from  9 2 3  to  1005  nm  
[1 ]. S horter w a v e le n g th s  g en era tio n  w a s  lim ite d  b y  g rea tly  in crea s in g  F O P O  th resh o ld  p o w e r  at large  
p aram etric  fr eq u en cy  sh ifts . T h is  e f fe c t  m ig h t b e  du e to  th e  in flu e n c e  o f  pu m p  lin e w id th  and  fib er  
lo n g itu d in a l d isp ers io n  in h o m o g e n e ity  o n  th e  p aram etric  g a in  w h ic h  red u ces  th e  in tegra l g a in  in s id e  
th e  F O P O  ca v ity . F e w  a p p roach es in  th e  p ast h a v e  b e e n  reported  to  u n d erstan d  th e  e f fe c t  o f  d isp ers io n  
f lu c tu a tio n s  o n  th e  n e t param etric  g a in  in  f ib er  param etric  a m p lifie r s  [2 , 3 ]. H o w e v e r , th e  im p a c t o f  
d isp ers io n  f lu c tu a tio n s  o n  th e  C W  F O P O  p aram eters (th resh o ld  and  ou tp u t p o w er , s lo p e  e f f ic ie n c y )  
h a s n o t b e e n  s tu d ied  y et.

In th e  p resen t w o rk , a  n u m er ica l s im u la tio n  m o d e l o f  th e  o sc illa to r  a cco rd in g  to  F O P O  th eo ry  [4] 
h a s b e e n  d e v e lo p e d  to  a cc o u n t th e  im p a c t o f  f ib er  in h o m o g e n it ie s  o n  th e  p er fo rm a n ce  o f  both  
p o la r iza tio n  m a in ta in in g  (P M ) and  n o n -P M  F O P O s. T h e F O P O s w ere  a sse m b le d  u s in g  a  18 -m  lo n g  
P M  P C F  (L M A -5 -P M ) from  N K T  p h o to n ic s  [1 ]. R in g  c a v ity  w a s  fo rm ed  b y  sp e c ia lly  se le c te d  
standard (fo r  n o n -P M  c o n fig u ra tio n ) or  P M  (fo r  P M  c o n fig u ra tio n ) w a v e le n g th  d iv is io n  m u ltip lex ers  
(W D M s) u se d  to  la u n ch  th e  S to k es  w a v e  b a ck  in to  th e  c a v ity  and  rem o v e  th e  a n ti-S to k es  w a v e  
o u ts id e  it.

T h e  pu m p  p o w e r  th resh o ld  o f  th e  F O P O s w a s  c a lcu la ted  u s in g  th e  sp ectra l va r ia tio n  o f  th e  c a v ity  
lo s s e s  (se e  F ig . 1a). F or  th e  h o m o g e n e o u s  fib er , th e  var ia tio n  o f  P th fo l lo w s  th e  a n a ly tica l re la tion  [4] 
g iv e n  as,

Plh = (gL )- 1 cosh- 1 (1 / 4 r )  , (1 )

w h ere  y = 1 0  (W .k m )-1 is  th e  f ib er  n o n lin ea r  param eter, L  =  18 m  is  th e  f ib er  len g th , T  is  th e  round  trip  
c a v ity  tran sm ittan ce . C a lcu la ted  P th is  sh o w n  in  F ig . 1b a lo n g  w ith  th e  ex p er im en ta l data  sh o w n  b y  
p o in ts . O ne ca n  se e , th at ex p er im en ta l P th v a lu e  is  m u ch  h ig h er  at th e  shorter w a v e le n g th s  th an  the  
th eo re tica l o n e . W e  a ssu m e  th at it is  du e to  th e  lo n g itu d in a l d isp ers io n  flu c tu a tio n s  a lo n g  th e  fiber.

T h e  P M  P C F  sup p orts tw o  p o la r iza tio n  m o d e s  and  ea ch  m o d e  h a s  s lig h t ly  d ifferen t zero  d isp ers io n  
w a v e le n g th  (Z D W ). Z D W s fo r  th e  fa s t-  and  s lo w -a x is  m o d e s  are 1 0 5 2 .9 5  and  1 0 5 1 .8 5  nm , 
re sp e c tiv e ly . T h e e f f ic ie n t  param etric  g en era tio n  o ccu rs  w h e n  th e  p h a se  m a tch in g  c o n d it io n  is  
sa tis fied ,

@2 fap ) n  2 +  в 4 fap ) n  4 /1  2 +  2 rP =  0 (2 )
w h ere  th e  sy m b o ls  h a v e  th e ir  u su a l m ea n in g  [1 , 4 ]. T h e v a lu e s  p 2(® p) and  p 4(® p) are ex p a n d ed  

a cco rd in g  to  T a y lo r  ser ie s , in  term s o f  co n sta n ts  p 03 and  p 04 at th e  Z D W :

в 2 (®p) = P l  ((»p -  ®0 )+  p 04 (®p -® 0 ^ /2  and  P4К  ) = p 04 (3 )

In ou r ca lc u la tio n s , w e  h a v e  co n s id e r e d  p 03 =  6 .7 5 5 * 1 0 " 2 p s 3/k m , p 04 =  -1 .0 0 1 * 1 0 " 4 p s4/k m . In  
ord er to  m o d e l th e  lo n g itu d in a l d isp ers io n  f lu c tu a tio n s  a lo n g  th e  fib er , w e  d iv id e d  th e  to ta l fib er  
len g th  (L ) o f  18 m  in to  100  eq u a l se g m e n ts  and  a ssu m ed  th at th e  Z D W  in  e a c h  se g m e n t ta k es  a  v a lu e  
w h ic h  w ere  ra n d o m ly  c h o se n  from  a  standard n orm al d istr ib u tion  w ith  m ea n  eq u a l to  ZDW  and
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standard d e v ia tio n  eq u a l to  X . O ne random  rea liza tio n  o f  lo n g itu d in a l flu c tu a tio n  in  Z D W  o f  th e  fib er  
at X  =  0 .3 4  n m  is  sh o w n  in  F ig . 1c. S o lid  red  lin e  in  F ig . 1c rep resen ts th e  Z D W  o f  co rresp o n d in g  
h o m o g e n e o u s  fiber. W e  c a lcu la ted  th e  th resh o ld  p u m p  p o w e r s  fo r  N  random  rea liza tio n s  o f  m o d if ie d  
d isp ers io n  and  a v era g ed  it  in  order to  g e t  th e  a v era g ed  th resh o ld  p o w e r  (P th). T h e v a r ia tio n  o f  P th w ith  

a n ti-S to k es  w a v e le n g th  (Z i) fo r  b o th  ty p e s  o f  F O P O s is  g iv e n  in  F ig . 1d. T h e  so lid  cu rv es  rep resen t P th 
v a r ia tio n  c a lcu la ted  at th e  p resen ce  o f  d isp ers io n  flu c tu a tio n s . T erm s ‘fa s t ’ and  ‘s lo w ’ in  th e  curve  
le g e n d s  in d ica te  th at in  P M  c a s e , th e  pu m p  is  p o la r ized  a lo n g  th e  fa st and  s lo w -a x is  o f  th e  fib er  
r e sp e c tiv e ly . C orresp on d in g  ex p er im en ta l data  are sh o w n  b y  p o in ts  in  F ig . 1d.

It is  apparent th at e v e n  a  sm a ll va r ia tio n  in  th e  f ib er  Z D W  s ig n if ic a n tly  a ffe c ts  th e  th resh o ld  p o w e r  
P th o f  th e  C W  F O P O  fo r  b o th  th e  c a se s  o f  P M  and  n o n -P M  F O P O . Further from  F ig . 1b and  1d it  is  
c lea r  th at th resh o ld  is  h ig h er  fo r  P M  F O P O  th an  it  is  fo r  n o n -P M  F O P O  b e c a u se  o f  th e  h ig h er  c a v ity  
lo s s e s  ( s e e  F ig . 1a). S im u la tio n s  a lso  sh o w  an e x c e lle n t  a g reem en t w ith  th e  ex p er im en ta l resu lts.

Fig. 1 (a) Variation of cavity losses for various type of FOPOs , (b) analytical threshold behavior without any 
ZDW fluctuation (solid lines) together with the experimental data, (c) A single realization of longitudinal 
ZDW fluctuation, and (d) variation of threshold according to our model (solid lines) together with the 
experimental data.

T o  c o n c lu d e , w e  h a v e  stu d ied  th e  e f fe c t  o f  f ib er  lo n g itu d in a l d isp ers io n  flu c tu a tio n  o n  th e  
th resh o ld  pu m p  p o w e r  o f  a  C W  F O P O  b o th  in  n o n -P M  and  P M  co n fig u ra tio n . T h e  s im u la tio n s  sh o w  a  
s ig n if ic a n t in crea se  in  th e  th resh o ld  p o w e r  at param etric  w a v e le n g th s . It is  o b se r v e d  th at a  s lig h t  
v a r ia tio n  o f  th e  f ib er  d isp ers io n  is  ca p a b le  o f  in crea sin g  th e  th resh o ld  tr e m e n d o u s ly , e s p e c ia lly  at 
short w a v e le n g th s . A  g o o d  a g reem en t b e tw e e n  our ex p er im en ta l and  n u m er ica lly  s im u la ted  data  is  
o b serv ed .

T h is  w o rk  w a s  f in a n c ia lly  su p p orted  th rou gh  D ep artm en t o f  S c ie n c e  and  T e c h n o lo g y  (D S T ), und er  
R ef. N o . IN T /R U S /R F B R /P -1 8 4  and  R F B R  grant 1 5 -5 2 -4 5 0 6 8 _ in d _ a . T h e authors w o u ld  lik e  to  
c o n v e y  th e ir  sin cere  th an k s to  b o th  o f  th e  sp o n so r in g  a g e n c ie s .
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In a  recen t le tter  A . D a n a n  e t a l. h a v e  e x p er im en ta lly  d em on stra ted  an  in tr igu in g  b e h a v io r  o f  p h o to n s  
in  an  in terfero m eter  [1 ]. T h is  ex p er im en t w a s  in sp ired  b y  recen t d is c u s s io n  ab ou t th e  p a st o f  a  
quan tu m  p artic le  in  an in terfero m eter  [2]. S im p lif ie d  la y o u t o f  th e  ex p er im en ta l setu p  is  a  n e sted  
M a x -Z eh n d er  in terfero m eter  (M Z I) d e p ic te d  in  F ig . 1. O rdinary b ea m  sp litters  B S 1  and  B S 2 , and  
m irrors A  and  B  form  an  in n er  M Z I. P o la r ized  b ea m  sp litters  P B S 1  and  P B S 2 , and  m irrors C , E  and  F  
form  an  ou ter  M Z I. V a r io u s  m irrors in s id e  th e  M Z I v ib rate  w ith  d ifferen t fr e q u en c ie s . T h e  rotation  o f  
a  m irror c a u se s  a  v er tica l sh ift  o f  th e  lig h t b ea m  re fle c te d  o f f  th at m irror. T h e  sh ift  is  m ea su red  b y  a  
q u a d -c e ll p h o to d e tec to r  Q C D . W h e n  th e  v ib ra tio n  fr eq u en cy  o f  a  certa in  m irror ap pears in  th e  p o w e r  
sp ectru m , authors co n c lu d e  th at p h o to n s  h a v e  b e e n  near th at p articu lar m irror. W h e n  b o th  th e  in n er  
M Z I and  th e  large  o n e  are ad ju sted  to  p rod u ce  co n stru ctiv e  in terferen ce  o f  th e  lig h t b ea m s p rop agated  
to w a rd  m irror F and  Q C D  r e sp e c t iv e ly , th e  p o w e r  sp ectru m  sh o w s  p ea k s at a ll freq u en c ie s .

Fig. 1 Simplified experimental setup with two nested Mach-Zehnder interferometers. A, B, C, E, and F 
stands for mirrors; P1 and P2 stands for polarizers; BS1 and BS2, and PBS1 and PBS2 stands for ordinary 
and polarized beam splitters respectively. The elements BS1, A, B, and BS2 form an inner MZI whereas the 
elements P1, PBS1, C, E, F, PBS2, and P2 form an outer MZI.

T h e su rp risin g  resu lt is  ob ta in ed  w h e n  th e  in n er  M Z I is  tu n ed  to  d estru ctiv e  in ter feren ce  o f  th e  
l ig h t  p rop agatin g  to w a rd  m irror F. In th at c a se  th e  p o w e r  sp ectru m  sh o w s  n o t o n ly  p ea k  at th e  
fr e q u e n c y  o f  m irror C  b u t tw o  m ore p ea k s at th e  freq u en c ie s  o f  m irrors A  and  B , and  n o  p ea k s at th e  
fr eq u e n c ie s  o f  m irrors E  and  F. F rom  th e se  resu lts  authors c o n c lu d e  th at th e  p a st o f  th e  p h o to n s  is  n o t  
rep resen ted  b y  co n tin u o u s  tra jecto ries , b e c a u se  th e  p h o to n s  are reg istered  in s id e  th e  in n er  M Z I and  
n o t reg istered  o u ts id e  it. T h e au thors p ro v id e  an ex p la n a tio n  u s in g  th e  tw o -s ta te  v e c to r  fo rm a lism  o f  
quantum  th eo ry  [3 , 4 ] and  c la im  th at th is  w o u ld  be  th e  m o s t  in tu itiv e  ex p la n a tio n  o f  th e  p h en o m en o n . 
T h e y  a lso  d isc u ss  th at an  ex p la n a tio n  in  term s o f  c la s s ic a l e le c tr o m a g n e tic  w a v e s  is  cer ta in ly  p o s s ib le  
and  p ro v id e  a  partial c la s s ic a l d e scr ip tio n  o f  th e ir  resu lts  bu t c o n s id e r  th ere  is  n o  s im p le  in terpretation  
o f  th e  resu lts  w ith in  th e  fram ew ork  o f  th e  approach .
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T h ese  u n u su a l resu lts  ra ised  a  sp ir ited  d is c u s s io n  [ 5 - 1 1 ] .  T h e  m o s t  th o ro u g h  a n a ly s is  o f  th e  
e x p er im en t b o th  a n a ly tica l and  n u m er ica l w a s  m a d e  in  [9] o n  th e  b a se  o f  th e  o p tica l parax ia l 
app roach . N e v e r th e le s s , u n til n o w  there w a s  n o  c o m p r e h e n s iv e  and  c lea r  a n a ly s is  o f  th e  ex p er im en t  
w ith in  th e  fram ew ork  o f  th e  c la s s ic a l e le c tr o m a g n e tic  w a v e s  approach . In particu lar, it w a s  u n c lea r  i f  
th e  nature o f  th e  a b sen ce  o f  p ea k s at th e  freq u en c ie s  o f  m irrors E  and  F is  th e  sam e or  d ifferen t.

In th is  paper, w e  p resen t a  p h y s ic a lly  c lea r  and  c o m p r e h e n s iv e  a n a ly s is  o f  th e  p a ra d o x ica l resu lts  
[1] b a se d  o n  trad ition a l c o n c e p ts  o f  th e  c la s s ic a l e le c tr o m a g n e tic  w a v e s  (o r  quantum  m e c h a n ic s ) . 
T h ese  c o n c e p ts  im p ly  th e  c o n tin u ity  o f  th e  w a v e  (p h o to n ) tra jectories .

W e  sh o w  th at ta k in g  in to  a cco u n t a ) sm a lln e ss  o f  th e  o p tica l b ea m s d e f le c t io n  du e to  th e  m irrors  
v ib ra tio n s , and  b) a x ia l sy m m etry  o f  th e  b ea m s, th e  lig h t p o w e r  d ifferen ce  ab sorb ed  b y  th e  upp er  
(y >  0 )  and  th e  lo w e r  (y <  0 )  c e l ls  o f  Q C D  m a y  b e  rep resen ted  as fo l lo w s  

2
D =  — /o ( [d 4  +  Sc +  SE +  SF ~\cos(jpAC) +  [5 B +  Sc +  SE +  SF]cos(p BC) +  Sc

* tt
+  [<5Л +  5B +  2 (SE +  SF ) ] [ 1 +  co s(tpAB) ] }  I f 2(x, 0 )  dx

J —tt
w h ere  I 0 is  th e  lig h t in ten sity  at th e  en tran ce o f  M Z I, f(x , y) is  n o rm a lized  a m p litu d e  d istr ib u tion  

(ff—ttf 2(x, y) dxdy =  1 ) ,  S( is  th e  v er tica l d isp la c e m e n t o f  th e  lig h t b ea m  at Q C D  ca u se d  b y  the  

m irror i v ib ra tio n , <ptj =  <pt — <pj, <pt is  th e  p h a se  ch a n g e  o f  th e  lig h t  b ea m  du e to  its  p rop agation  

from  th e  c o m p o u n d  M Z I en tran ce tow ard  m irror i and , f in a lly , to  Q C D .

In th e  c a se  o f  co n stru ctiv e  in terferen ce  b o th  in n er  and  ou ter  IM Z  (фА =  <pB =  фс ) ,  th e  ex p r e ss io n  

in  b races fo r  th e  d ifferen ce  D  b e c o m e s  as fo l lo w s  { •••}  =  ( 3 [ 5 Л +  SB +  Sc +  2(SE +  SF ) ] } .  T he  
s ig n a l p o w e r  sp ectru m  c o n s is ts  o f  p ea k s at fr eq u e n c ie s  o f  a ll th e  m irrors. M u ltip lier  2  at SE and  SF 
c a u se d  b y  co n stru c tiv e  in ter feren ce  o f  lig h t b ea m s in  u p p er  and  lo w e r  arm s o f  in n er  IM Z . M o reo v er , 
th e  p o w e r  sp ectru m  at th e  v ib ra tio n  freq u e n c ie s  o f  m irrors E  and  F h as a  p eak  th at is  fo u r  t im e s  m ore  
th e  p ea k s at th e  v ib ra tio n  freq u en c ie s  o f  m irrors A , B , and  C , b e c a u se  th e  p o w e r  sp ectru m  is  
p rop ortion a l to  th e  square o f  th e  o s c illa t io n  a m p litu d e  at ea ch  freq u en cy .

In th e  c a se  o f  d estru ctiv e  in terferen ce  o f  in n er  IM Z  (фА =  фс =  <pB ±  n) th e  e x p r e ss io n  in  b races  
fo r  d ifferen ce  D  b e c o m e s  as fo l lo w s  { •••}  =  {5Л — SB +  Sc }. N atu re  o f  th e  p ea k s a b sen ce  at th e  
v ib ra tio n  freq u e n c ie s  o f  m irrors E  and  F is  d ifferen t. D e f le c t io n  o f  m irror E  e q u a lly  sh ifts  b ea m s in  
u p p er  and  lo w e r  arm s o f  in n er  IM Z , and  th at is  w h y  it  d o e s n ’t  ch a n g e  its  d estru ctiv e  in terferen ce . 
D e f le c t io n  o f  m irror A  (o r  B )  resu lts  in  p erturbation  o f  d estru ctiv e  in ter feren ce  o f  in n er  IM Z  p ropor
t io n a l to  SA (SB) .  M o reo v er , ou tp u t b ea m  from  in n er  IM Z  is  a n tisy m m etr ica l a b ou t th e  у  a x is  c a u sed  
b y  a x ia l sy m m etry  o f  in c id en t lig h t b ea m  and  sm a lln e ss  o f  m irror d e f le c t io n . In turn, th e  ch a n g e  o f  
th e  ou tp u t du e to  d e f le c t io n  o f  m irror F  is  sy m m etr ica l and  is  n o t  m ea su red , c o n se q u e n tly , b y  Q C D .

It sh o u ld  b e  n o ted  th at m ea su red  s ig n a l D  is  en tire ly  c a u se d  b y  th e  in terferen ce  o f  m o d u la ted  and  
u n m o d u la ted  parts o f  lig h t b ea m s o f  IM Z . S o , in  th e  c a se  o f  d estru ctiv e  in terferen ce  o f  in n er  IM Z  

(<pA =  <pc =  <Pb ±  n ) th e  o n ly  u n m o d u la ted  part is  th e  o n e  p rop agatin g  a lo n g  th e  lo w e r  arm  o f  th e  
ou ter  IM Z . W h e n  th is  lig h t b ea m  m o v in g  from  th e  m irror C is  b lo c k e d  th en  a ll p ea k s d isap p ear.

S o , there is  c lea r  ex p la n a tio n  o f  p a ra d o x ica l resu lts  [1] b a se d  o n  trad ition a l c o n c e p ts  o f  th e  c la s s i
ca l e le c tr o m a g n e tic  w a v e s . T h u s, there is  n o  n e c e s s ity  fo r  a  n e w  c o n c e p t  o f  d isco n tin u o u s  tra jectories.
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O n e o f  th e  m o s t  im p ortan t fu n d am en ta l p h e n o m e n a  in  n o n lin ea r  la ser  sp e c tr o sc o p y  o f  g a se s  is  
sa tu ra ted -ab sorp tion  reso n a n ce  (S A R ) in  th e  f ie ld  o f  co u n terp rop agatin g  lig h t w a v e s  [1 ]. U su a lly , 
S A R  is  o b serv ed  a s a  s in g le  structure (d ip  or  p eak , it  d ep en d s o n  th e  w a v e s ’ p o la r iza tio n s  and  th e  
structure o f  a to m ic  en e r g y  le v e ls ) . H o w e v e r  th e  n e w  e f fe c t  w a s  d isc o v e r e d  sev era l yea rs  a g o  [2 ], 
w h ic h  c o n s is te d  in  o b se r v in g  o f  d o u b le  structure o f  SA R : a  narrow  p ea k  w a s  form ed  in  th e  m id d le  o f  
c o n v e n tio n a l sa tu rated -ab sorp tion  d ip . In th e  w o rk  [2] th e  e f fe c t  w a s  ex p la in ed  u s in g  th e  s im p le  
sp e c tr o sc o p ic  m o d e l o f  a  tw o - le v e l  a tom , i.e . w ith o u t ta k in g  in to  a cc o u n t d e g e n e r a c y  o f  en erg y  le v e ls .  
It w a s  n o te d  that th e  e f fe c t  c o u ld  n o t b e  c a u se d  b y  p r e v io u s ly  k n o w n  p h en o m en a . H o w e v e r , that  
s im p le  m o d e l d id  n o t c o n s id e r  e f fe c ts  th at ca n  a ffe c t  th e  form  o f  th e  reso n a n ce  in  real ex p er im en ts . In 
particu lar, it  is  w e ll  k n o w n  th at the h igh er-ord er  sp atia l h a rm o n ics  (H S H ) o f  a to m ic  p o la r iza tio n  as  
w e ll  as c h a n g e s  in  the p aram eters o f  lig h t w a v e s  p o la r iza tio n s  ca n  h a v e  s ig n if ic a n t  in flu e n c e  o n  the  
sh ap e  o f  S A R  [1].

In th is  research  w e  th eo r e tic a lly  in v e s tig a te  th e  in f lu e n c e  o f  H S H  and  param eters o f  lig h t  w a v e  
p o la r iza tio n s  o n  th e  d o u b le  structure o f  th e  sa tu rated -ab sorp tion  reso n a n ce  ta k in g  in to  a cc o u n t th e  real 
(d eg en era te ) structure o f  a to m ic  en e r g y  le v e ls .  T h e  resu lts  o b ta in ed  d em on strate  the s ig n if ic a n t  
in f lu e n c e  o f  c o n s id e r e d  e f fe c ts  o n  th e  sh ap e  and  con trast o f  th e  cen tra l p ea k  (s e e  F ig . 1a a s an  
e x a m p le  o f  th e  reso n a n ce  cu rv e). M o reo v er , n u m er ica l c a lc u la tio n s  sh o w  that var ia tio n  o f  the  
p o la r iza tio n  p aram eters ca n  resu lt in  d isap p earan ce  o f  th e  d ou b le-stru ctu re  e f fe c t  (F ig . 1b). It is  
a sso c ia te d  w ith  th e  p ecu lia r itie s  o f  o p tica l p u m p in g  in  a to m ic  g a s . T h e  o p tim a l v a lu e s  o f  lig h t w a v e  
p o la r iza tio n s  and  in te n s it ie s  to  ob ta in  a h ig h -co n tra st cen tra l p eak  h a v e  b e e n  d efin ed .

Fig. L Saturated-absorption resonance: (a) Influence of HSH on the contrast of central peak (solid line takes 
into account the higher spatial harmonics); (b) variation o f light-field polarization parameters results in 
disappearance o f the double-structure effect (lin || lin configuration, Rb R2 are the Rabi frequencies).

T h e  resu lts  h a v e  e s se n t ia lly  c o m p le m e n te d  th e  k n o w le d g e  a b ou t th e  n e w  n o n lin ea r  e f fe c t  that w a s  
d isc o v e r e d  in  [2] and  can  b e  u se d , fo r  e x a m p le , in  quan tu m  m e tr o lo g y  fo r  la ser  sta b iliza tio n . T h is  
w o rk  w a s  p artia lly  su p p orted  b y  R F B R  (grant n o s . 1 5 -0 2 -0 8 3 7 7 , 1 5 -3 2 -2 0 3 3 0 )  and  b y  R u ssia n  
P resid en tia l G rant (N S h -6 6 8 9 .2 0 1 6 .2 ) .
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A m o n g  v a r io u s  so ft  m atters, liq u id  cry sta ls  (L C s) h a v e  perh ap s th e  m o s t  in terestin g  and  p ro m isin g  
o p tica l p rop erties . L C s feature v e r y  h ig h  n o n lin ea r  o p tic a l su sc e p tib ility  o f  c o m p le x  or ien ta tio n -  
e le c tr o n ic  nature [1 , 2 ]. O rien ta tion  order and  a n iso tro p y  o f  L C s ca n  b e  e a s i ly  m o d if ie d  b y  a p p ly in g  
r e la tiv e ly  w e a k  e le c tr o -m a g n e tic  f ie ld s  and  in d u c in g  th erm al grad ien ts  [3 ]. G o o d  q u a lity  o p tica l 
c o n ta c t b e tw e e n  L C s and  g la s s  substra tes is  n o rm a lly  a ch ie v a b le . It m a k es  L C s a ttractive o p tic  m e d ia  
fo r  research  in to  n o n lin ea r  p h o to n ic s  and  d e v e lo p m e n t o f  n o v e l o p tic  d e v ic e s , in c lu d in g  f ib er -co u p led  
o n e s . T h u s a  m in ia tu re  fib e r -c o u p le d  L C -b a sed  la ser  fr eq u en cy  co n v erter  w a s  d em on stra ted  recen tly  
[4 ]. It h as a  f ib er  in p u t and  a  free -sp a ce  output. A n  im p ortan t ta sk  fo r  further e la b o ra tio n  o f  su ch  L C -  
b a se d  n o n lin ea r  p h o to n ic  d e v ic e s  is  tran sition  to  th e  in -lin e  ( fu lly  f ib e r -c o u p le d ) d e s ig n . In -lin e  L C -  
b a se d  fib er -o p tic  e le m e n ts  m a y  b e  in  d em an d  fo r  v a r io u s  a p p lica tio n s  ran g in g  from  u ltra -co m p a ct  
la ser  sy s te m s  to  t e le c o m  te c h n o lo g ie s .

O n th e  b a s is  o f  th e  a b o v e , w e  stu d ied  ex p e r im e n ta lly  fe a s ib il ity  o f  n o n lin ea r  fib er -to -fib er  
co u p lin g  v ia  n em a tic  liq u id  crysta l (N L C ). T h e  ex p er im en ta l ap p roach  is  illu stra ted  in  F ig . 1. T w o  
id en tica l t e le c o m  s in g le -m o d e  o p tica l fib ers (co re  d ia m eter  ~  8 pm ) w ere  term in ated  c o a x ia lly  in  a  
cy lin d r ica l s le e v e  f i l le d  w ith  N L C . A  room -tem p eratu re  cy a n o b ip h e n y l-b a se d  (n C B ) n em a tic  m ixture  
w a s  u sed . T h e sp a c in g  S  b e tw e e n  th e  f ib er  en d  fa c e s  w a s  ad ju stab le  from  ~  10 to  5 0 0  p m  b y  m ea n s  o f  
a  tran sla tion  sta g e  w ith  a  m icrom eter . T o  m o n ito r  th e  g ap  a  C C D  ca m era  w ith  m icro im a g e  o p tic s  w a s  
u sed . А  le n g th w ise  s lit  in  th e  m a tin g  s le e v e  en a b led  ad ju stm en t o f  th e  N L C  ca p a c ity . A  f ib er -co u p led  
la ser  d io d e  at 1 4 8 0  n m  w ith  ou tp u t p o w e r  tu n ab le  from  fe w  to  4 0 0  m W  w a s  u se d  as a  lig h t sou rce .

laser radiation

outputfiber

to  power meter

Fig. 1 Experimental fiber coupling arrangement: NLC -  nematic liquid crystal, S -  fiber spacing value 
(varied ~10 ^500 pm). The right inset is a microimage of the gap (obtained by a monitoring CCD camera).
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W e  d isc o v e r e d  th at strong o p tic a l co u p lin g  ( lo s s  ~  1 d B ) o f  tw o  s in g le -m o d e  o p tica l fib ers  
sep arated  c o a x ia lly  b y  N L C  ca n  b e  a c h ie v e d  th rou gh  a  se lf - in d u c e d  lig h t  g u id e  d esp ite  a  r e la tiv e ly  
la rge  f ib er -to -fib er  sp a c in g  and  a  lo w  o p tica l p o w er . T h is  e f fe c t  is  du e to  lig h t- in d u c e d  reorien ta tion  
o f  N L C  m o le c u le s ,  w h ic h  c a u se s  s e lf -c o n fin e m e n t  o f  a  p rop agatin g  la ser  b eam . S e lf -c o n fin e m e n t  o f  
l ig h t  in  N L C s  w a s  a lread y  o b serv ed  and  e x p la in e d  ear lier  [2 ] . In our w o r k  th is  e f fe c t  w a s  fo r  th e  first 
t im e  e x p lo ite d  to  a c h ie v e  and  stu d y  n o n lin ea r  f ib er -to -fib er  co u p lin g  and  to  d em on stra te  fe a s ib il ity  o f  
d e v e lo p m e n t o f  N L C -b a se d  in -lin e  f ib er -o p tic  e le m e n ts  and  d e v ic e s . F ig . 2  rep resen ts  th e  m ea su red  
tra n sm iss io n  cu rve fo r  f ib er -to -fib er  c o u p lin g  v ia  a  3 2 0 -p m  N L C -f il le d  gap .

Fig. 2 Experimental transmission curve (dependence o f fiber-to-fiber coupling coefficient on the input 
optical power) traced 3 times for reproducibility proof at S ~ 320 pm. The horizontal line marked by triangles 
is measured transmission o f the same gap but filled with a refractive-index matching gel instead NLC.

D e sp ite  th e  h u g e  f ib er  sp a c in g  eq u a l to  ~ 4  d iffra c tio n  le n g th s , th e  tra n sm iss io n  rea ch ed  n ear ly  70%  
at a  certa in  o p tica l p o w e r  le v e l  (~  4 0  m W ). T h e  se lf- in d u c e d  lig h t  g u id in g  w a s  e n o u g h  stab le  o v e r  
t im e  and  qu ite  rep rod u cib le . T h e  la rg est f ib er  sp a c in g  w h ic h  still a llo w e d  stron g  o p tica l co u p lin g  w a s  
e stim a ted  e x p er im en ta lly  as n ea r ly  4 5 0  pm .

T he p h y s ic s  o f  se lf-tr ig g ered  lig h t g u id in g  in  N L C  is  su p p o sed  to  b e  b a se d  on  th e  b a la n ce  b e tw e e n  
d iffra c tio n  and  se lf - fo c u s in g . H o w e v e r  it  d iffer s  from  n o n lin ea r  lig h t p ro p a g a tio n  in  so lid s  b ec a u se  o f  
h ig h ly  n o n lo c a l r e sp o n se  o f  N L C . T h u s th e  cr itica l p o w e r  fo r  th e  a b o v e  b a la n ce  in  N L C  is  d e fin e d  b y  
an eq u a tio n  d ifferen t from  th e  K err c a se  ty p ic a l fo r  so lid s  [2 ] . In N L C  th e  cr itica l p o w e r  v a r ies  w ith  
th e  b ea m  w a is t . S e lf - fo c u s in g  w e a k e n s  (th e  cr itica l p o w e r  in crea se s)  as th e  sp o t-s iz e  red u ces , th ereb y  
p rev en tin g  c o lla p se  and  s ta b iliz in g  th e  se lf-tra p p ed  w a v e p a c k e t in  N L C .

T he ob ta in ed  resu lts p ro v e  fe a s ib il ity  o f  stron g  n o n lin ea r  f ib er -to -fib er  o p tica l co u p lin g  v ia  
n em a tic  liq u id  cry sta ls . It o p e n s  up  p o s s ib il it ie s  fo r  d e v e lo p m e n t o f  n o v e l N L C -b a se d  in -lin e  f ib er 
o p tic  e le m e n ts  w ith  su ch  fu n c tio n a lit ie s  a s la ser  freq u en cy  co n v e r s io n , p o w e r  lim ita tio n , and  
p o la r iza tio n  con tro l.

T h e  w o rk  w a s  p artia lly  su p p orted  b y  g o v e r n m e n t p rogram s (projects: N S h -6 6 8 9 .2 0 1 6 .2 ,  
0 3 0 7 2 0 1 4 0 0 0 5 ,  and  0 3 0 7 2 0 1 4 0 0 0 7 ) .
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S ilic o n  n an op artic les  are w ild ly  u sed  in  d ifferen t p h o to n ic  a p p lica tio n s [1 , 2 ]. Its o p tica l p roperties, 
in c lu d in g  reson an t re sp o n ses , are co n sid era b ly  d ep en d en t o n  th e  s iz e s , sh ap e, and  cry sta lliza tio n  
d egree . T h e  m eth o d s o f  la ser  ab la tion  in  liq u id  a llo w  to  con tro l the average  s iz e  and  sp h erica l sh ap e o f  
th e  fab r ica ted  p artic les  c h o o s in g  su itab le  irradiation  co n d itio n s  (p u lse  duration , en erg y  d en sity  e tc .).

In th is pap er w e  p resen t resu lts o f  the s i l ic o n  n an op artic le  sy n th es is  (w ith  average  n an op artic le  s iz e  
con tro l) b y  th e  co n tin u o u s la ser  irrad iation  o f  th e  th in  s ilic o n  target p la ced  in  eth an o l. P orou s and  
m o n o lith ic  s i l ic o n  targets are con sid ered . T h e g en era ted  c o llo id a l so lu tio n s  are u se d  fo r  form ation  o f  
the o n e -la y ered  c o v e r in g  c o m p o se d  o f  s ilic o n  n a n o p a rtic les  w ith  reson an t o p tica l resp o n se  in  the  
v is ib le  spectra l range.

F or fab rica tion  o f  s ilic o n  n an op artic les  th e  m eth o d  o f  C W -la ser  ab la tion  w a s  u sed  [3]. A p p lica tio n  
o f  th e  C W -la ser  rad iation  sou rce  w ith  m od erate  in ten sity  p ro v id ed  th e  p o ss ib ility  to  ob ta in  nan op artic le  
w ith  a  sm a ll d ev ia tio n  o f  th e  average  v a lu e . T o  a v o id  th e  o x id a tio n  o f  n an op artic les  w e  rea lized  the  
la ser  ab la tion  ex p er im en t in  th e  99%  ethanol.

T he la ser  b ea m  (d iam eter  100  g m ) w a s  fo c u se d  o n  th e  surface  o f  th e  target (u s in g  th e  lo n g  fo c a l-  
len g th  len s  w ith  the fo c a l len g th  o f  10 0  m m ) and  sca n n ed  it. T h e  p o w e r  var ia tion  w a s  in  the d iap ason  
o f  10 -  100 W , w h ic h  w a s  resu lted  in  th e  rad iation  in ten sity  o f  105 -  106 W /c m 2. T h e w h o le  irradiation  
tim e w a s  6 0  m in u tes.

T he la ser  irradiation  o f  the p orou s target resu lted  in  a w id e r  d istr ib u tion  fu n ctio n  o f  nan op artic le  
s iz e s  as com p ared  w ith  crysta llin e  target (f ig .1 ) . In th e  b o th  c a se s  sp h erica l n an op artic les  w ith  average  
d iam eter  o f  100  n m  w ere  ob ta in ed  (f ig .2 ) .

NW>* % N (d), %

1 . 0  | ..............................................................  1 I i I I I I : I .............................................................. T - |  ^  1 , 1  1 1  ' ' 4  ' '  1 ..................  ~ ........................................... 1 ' ' 1
0.001 0.010 0.100 1.000 6 000 0.001 0 010 0 100 1000 6000
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Fig. 1 The histogram of the particle diameters distribution in colloidal system, which was obtained using laser 
irradiation (intensity 106 W/cm2, scanning speed 100 gm/s) of the monolithic target (a) and porous (b).

Fig. 2 REM-images of colloidal particles, obtained during the ablation of the monolithic (a) and porous (b) targets.
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Im a g es  o f  th e  p artic les  sh o w n  in  f ig .2  corresp on d  to  th e  evap ora tion  p ro cess  o f  th e  e th an o l co llo id a l  
drop w ith  n a n o p a rtic les  in s id e . T h e ex p er im en t w a s  carried  ou t in  a  tem perature co n tro lled  ch am b er  
w ith  th e  tem perature o f  2 0  oC. A s  it  can  b e  se e n  from  f ig .2  there are u n ifo rm ly  d ep o s ited  p a rtic les on  
th e  b ase  area  o f  th e  drop after its  evap oration .

T o  con tro l th e  d ep o s it io n  o f  th e  n an op artic les  from  a  sm a ll c o llo id a l drop w e  h a v e  u se d  th e  m eth o d s  
d escr ib ed  in  [3 ] . T h e resu lts o f  s ilic o n  n an op artic le  d ep o s itio n s  und er d ifferen t tem perature co n d itio n s  
is  sh o w n  in  f ig .3 .

Fig. 3 AFM-images if  the deposition o f the silicon colloidal particles in controlled temperature chamber with 
temperature conditions 15 oC, 10 oC, 5 oC accordingly (left to right).

It is  n e c e ssa r y  to  n o te  th at due to  th e  th erm o sta b iliza tio n  and  va p o r  saturation  th e  evap oration  
p r o c e ss  in  th e  tem perature co n tro lled  ch am b er  d iffers  from  th e  evap ora tion  at th e  natural co n d itio n s .

T he m easu rem en ts o f  n an op artic le  op tica l p roperties w ere  carried  ou t u s in g  a  m ic r o sc o p e  w ith  x 1 0 0  
len s . A s  w e  can  se e  from  f ig .4  n an op artic les  can  reso n a n tly  scatter lig h t o f  d ifferen t freq u en c ies .

Fig. 4 A  dark-field (scattered light) image o f the deposited colloidal systems o f monolithic (a) and porous (b) silicon

It c o u ld  b e  w ith  th e  d ifferen t s iz e s  and  cry sta lliza tio n  d eg ree  o f  th e  n an op artic les  [1 ] . It is  a lso  
im portant that in  th e  ca se  o f  th e  irradiation  o f  th e  p orou s s ilic o n  target a  large am ou n t o f  n an op artic les  
d o e s  n o t support th e  reson an t o p tica l resp o n se  in  th e  v is ib le  ran ge , b eca u se  o f  th e ir  lo w  refractive  
index .
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It is  k n o w n  th a t m a in  p aram eters o f  g a s  d isch a rg e  la sers  su ch  a s p u lse  duration , ou tp u t and  e f f ic ie n c y  
are su b sta n tia lly  d e term in ed  b y  u n ifo rm ity  and  sta b ility  o f  se lf -su s ta in e d  v o lu m e  d isch a rg e  in  a c tiv e  
m ix tu res . C urrently  it is  g e n e r a lly  r e c o g n iz e d  that n e c e ssa r y  c o n d it io n s  fo r  v o lu m e  d isch arge  
d e v e lo p m e n t  are th e  u se  o f  p rop er ly  sh a p ed  e le c tr o d e s  w ith  n o  stron g  e d g e  e f fe c ts , p r e io n iza tio n  from  
d ifferen t so u rces  ( V U V  rad iation , x -ra y s , e le c tro n  b ea m  and  so  o n )  p ro d u c in g  certa in  e lec tro n  n u m b er  
d en s ity , o v e r -v o lta g e  p u lse  a p p lied  to  a  la ser  g ap  [1 -3 ] .

N e v e r th e le s s , fo rm a tio n  o f  q u ite  u n ifo rm  d isch a rg e  in  v a r io u s  g a se s  at h ig h  p ressu re  and  e ff ic ie n t  
la s in g  are p o ss ib le  e v e n  w ith o u t a n y  p re io n iza tio n  i f  v o lta g e  p u lse s  w ith  a m p litu d e  o v e r  100  k V  and  
su b -n s r ise -tim e  are a p p lied  to  n e e d le  or  b la d e  e le c tr o d e s  [4 ]. In th is  c a se  v o lu m e  d isch a rg e  is  form ed  
du e to  p re io n iza tio n  b y  b ea m  o f  ru n -aw ay  e lec tro n s . T h is  d isch a rg e  form  is  c a lle d  ru n -aw ay  e lec tro n  
p r e io n iz e d  d iffu se  d isch a rg e  (R E P  D D ) [5].

B e lo w  la ser  p aram eters in  d ifferen t sp ectra l ran ges und er R E P  D D  ex c ita tio n  are p resen ted . R E P  in  
v a r io u s  g a s  m ix tu res  w a s  fo rm ed  b y  a  R A D A N -2 2 0  gen era to r  p ro d u c in g  v o lta g e  p u lse s  w ith  
a m p litu d e  o f  2 5 0 - 3 0 0  k V  and  r ise -tim e  ab o u t 1 n s. L aser  g ap  w a s  fo rm ed  b y  tw o  b la d e  e le c tr o d e s  3 0  
cm  in  len g th . T h e d isch a rg e  g ap  d  b e tw e e n  th e  e le c tr o d e s  w a s  d = 1 .8  cm . T h e o p tica l c a v ity  co m p r ised  
p la n e  m irrors. M ix tu res  o f  rare g a se s , n itro g en , h y d ro g en , d eu teriu m  w ith  S F 6 and  F 2 w ere  u se d  in  
ex p er im en ts .

T w o  o p era tion  m o d e s  o f  N 2 la ser  in  N 2-S F 6 m ix tu res  u n d er  R E P  D D  ex c ita tio n  w ere  ob ta in ed  in  
ex p er im en ts . M a x im a l e le c tr ic  e f f ic ie n c y  o f  N 2 la ser  is  ch aracter istic  o f  th e  first op era tin g  m o d e . In 
th is  th e  ca se  m a in  part o f  en e r g y  stored  in  th e  g en era tor  is  d e p o s ite d  in to  d isch arge  p la sm a  during  10 
n s. T h e  m a x im a l en e r g y  o f  th e  U V  rad ia tion  at 3 3 7  n m  w a s  4 .2  m J, th e  p ea k  rad ia tion  p o w e r  reach ed  
1.4  M W . T h e e le c tr ica l e f f ic ie n c y  w a s  as h ig h  as 0 .2  %. S u ch  e f f ic ie n c y  is  c lo s e  to  th e  u ltim ate  
th eo re tica l v a lu e  and  to  m a x im a l e f f ic ie n c ie s  o b ta in ed  e x p e r im e n ta lly  fo r  d isch arge  n itro g en  la ser  
e m ittin g  at 3 3 7  nm .

C h aracteristic  feature o f  th e  s e c o n d  o p era tio n  m o d e  o f  N 2 la ser  is  tw o  or  three rad ia tion  p eak s  
during  su c c e s s iv e  current o sc illa t io n s . T h is  o p era tion  m o d e  w a s  a c h ie v e d  fo r  th e  first t im e  in  th e  g a s  

m ix tu res  at pressu re  b e lo w  « 1 0 0  Torr.

U ltim a te  e f f ic ie n c y  o f  n o n -ch a in  ch e m ic a l H F (D F ) la ser  w a s  d em on stra ted  u n d er  R E P  D D  
e x c ita tio n . D u ra tion  o f  R E P  D D  current in  S F 6-H 2(D 2) m ix tu res  w a s  ab ou t 10 ns. Input e le c tr ic  p o w e r  

w a s  a s h ig h  as 15 M W -cm "3. L a ser  p u lse s  h a v e  o n e  p ea k  w ith  ab ou t 75  n s  in  d uration  (F W H M )  
fo l lo w e d  b y  an  e x p o n e n tia lly  d e c a y in g  ta il. M a x im a l ou tp u t o n  H F  and  D F  m o le c u le s  reach ed  110  m J  
and  75  m J, r e sp e c tiv e ly , w ith  p ea k  rad iation  p o w e r  o v er  1 .2  M W .

In ten se  ca sca d e  tra n sitio n s p ro v e  th e  h ig h  u n ifo rm ity  o f  R E P  D D  w h ic h  p ro v id es  u n ifo rm  en erg y  
d e p o s it io n  in to  th e  d isch a rg e  p la sm a . C a sca d e  tra n sitio n s in crea se  th e  ex tra c tio n  e f f ic ie n c y  from  th e  
a c tiv e  m ed iu m  o f  n o n -c h a in  c h e m ic a l la sers , b e ca u se  o n e  H F  or  D F  e x c ite d  m o le c u le  m a y  e m it  up  to  
3 - 4  p h o to n s . B e s id e s  du e to  h ig h  R E P  D D  p o w er , th e  la s in g  o n  separate lin e s  started  w ith in  1 5 -2 0  ns  
a fter  th e  g ap  b rea k d o w n  w h ic h  d ecrea se s  th e  en e r g y  lo s s  fo r  a tta in m en t o f  th e  la s in g  th resh o ld . T h ese  
factors p ro v id e  u ltim a te  e f f ic ie n c y  o f  th e  R E P  D D  p u m p ed  n o n -c h a in  laser.

E ff ic ie n t  U V  and  V U V  la ser  a c tio n  o n  e x c im e r  m o le c u le s  in  rare g a s e s - F 2 m ix tu res  w a s  ob ta in ed  
fo r  th e  first tim e . T h erew ith  an o sc illa to r y  character  o f  R E P  D D  w ith  duration  o v e r  5 0  n s  w a s  ev id en t.  
L a ser  a c tio n  w a s  o b serv ed  during  2 - 3  current p er io d s  (se e  F ig . 1). T h is  m e a n s  m a in ta in in g  th e  R E P  
D D  d iffu se  b urn ing  p h a se  e v e n  a fter  rep ea ted  ch a n g e  o f  th e  current d irectio n . M a x im a l ou tp u t o f  
X e F *  la ser  in  3 0  n s  p u lse  w a s  a s h ig h  as 10 m J, co rresp o n d in g  to  e le c tr ica l e f f ic ie n c y  o f  0 .65% .
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Fig. 1 Waveforms o f REP DD current (Id), spontaneous emission (P sp) and laser pulses (P las) on KrF* (a) and 
XeF* (b) molecules. Gas mixtures o f the Не : Kr : F2 = 3 atm :100 : 5 Tor (a) and Не : Xe : F2 = 3 atm :10 : 5 
Torr (b) compositions are used.

L a s in g  o n  K rF* m o le c u le s  starts w ith in  10 n s and  la sted  during  tw o  current h a lf -c y c le s , w h ile  to ta l 
d uration  o f  th e  la ser  p u lse  w a s  as lo n g  a s 3 0  n s. T h is  a lso  in d ica te s  th e  h ig h  h o m o g e n e ity  and  s ta b ility  
o f  th e  R E P  D D  in  H e-K r-F 2 m ix tu res. T h e  la ser  ou tp u t in c r e a se s  lin ea r ly  w ith  H e  pressu re  and  
rea ch ed  Q = 2 0  m J, th e  e lec tr ica l e f f ic ie n c y  w a s  as h ig h  a s 1.3% .

T h u s, th e  resu lts  o b ta in ed  d em on stra te  th at p aram eters o f  R E P  D D  p u m p ed  X e F *  and  K rF* lasers  
are com p arab le  w ith  th e  p aram eters o f  la sers  p u m p ed  b y  a  tran sverse  d isch a rg e  w ith  p re io n iza tio n .

S im u lta n e o u s  la ser  a c tio n  o n  red  F I l in e s  and  V U V  tra n sitio n  o f  F 2 m o le c u le s  at 1 5 7  n m  w a s  
ob ta in ed  in  H e -F 2 m ix tu res  ( s e e  F ig .2 , a). V U V  la ser  p u lse  o n  F 2 m o le c u le s  had  tw o  d is tin c t p ea k s and  
o n e  w e a k  p ea k  during  three h a lf-p er io d s  o f  th e  R E P  D D  current, la s in g  duration  w a s  a s lo n g  as 2 5  ns. 
T h e  V U V  rad ia tion  p o w e r  in  th e  p ea k s in crea sed  e x p o n e n tia lly  w ith  H e  p ressu re . M a x im a l V U V  
e n e r g y  o f  2  m J w a s  a c h ie v e d  at H e  pressu re  o f  5 atm . T h erew ith  e lec tr ica l e f f ic ie n c y  o f  F2 la ser  w a s  
as h ig h  as 0 .1% , w h ic h , s im ila r ly  to  X e F *  and  K rF* la sers , is  co m p a ra b le  w ith  th e  p aram eters o f  F 2 
la sers  p u m p ed  b y  a  tran sverse  d isch a rg e  w ith  p re io n iza tio n

R E P  D D  in  b in ary  and  ternary  A r -X e -(H e )  and  A r-K r-(H e) m ix tu res  in te n s iv e ly  em its  at 
w a v e le n g th  c lo s e  to  147  nm . P aram eters o f  V U V  e m is s io n  in  R E P  D D  in  th e se  m ix tu res  w a s  stu d ied  
( s e e  F ig .2 , b ). In crease  o f  h e liu m  pressu re  resu lts  in  dram atic  in crea se  o f  th e  V U V  rad ia tion  in ten sity  
w h ile  its  d uration  at h a lf-m a x im u m  d ecrea sed . R a d ia tio n  at 147  n m  appears w ith in  5 - 1 0  n s  a fter  R E P  
D D  fo rm a tio n  w h ic h  m a y  b e  a  s ig n  o f  la ser  a ctio n . A d d itio n a l ex p er im en ts  fo r  o b ta in in g  th e  V U F  
la ser  e m is s io n  in  rare g a s  m ix tu res  w ith  in crea sed  c a v ity  reson ator  Q -fa c to r  are n ecessa ry .
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Fig. 2 Waveforms o f REP DD current Id and laser radiation on FI (curves 1, 2) and F2 (PVUV) in the He:F2=3 
atm:5 Torr mixture, output coupler with reflectivity o f 7% (1, P VUV) and 90% (2) are used (a) and waveforms of  
REP DD current Id and visible (Pvis) and VUV (P VUV) emission in He:Ar:Xe=3 Atm:400:0.4 Torr mixture (b).

T h is  w o rk  w a s  m a d e  u n d er  th e  support o f  th e  R u ssia n  F o u n d a tio n  fo r  B a s ic  R esea rch , p ro ject N o .  
1 4 -0 8 -0 0 0 7 4 .
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P h o to n ic  la tt ic e s  are a  v er sa tile  p la tform  fo r  rea liz in g  and  o b se r v in g  n u m ero u s o p tica l p h en o m en a . 
T h is  p la tform  ca n  p ro v id e  su ch  p rop erties and  p o s s ib il it ie s , w h ic h  n o  o th er  sy s te m  ca n  o ffer . O ne o f  
rep resen ta tiv es  o f  th is  c la ss  is  a  d iscre te  m e sh  la ttice  1. S u ch  sy s te m s  are c o m p o se d  o f  an array o f  
w a v e g u id e s  w ith  ea ch  o n e  b e in g  d isc r e te ly  and  p e r io d ic a lly  c o u p le d  to  its  ad jacen t n e ig h b o rs  (F ig .1 , : 
(a,c)). U n lik e  ord inary  w a v e g u id e  arrays, lig h t  p ro p a g a tio n  in  su ch  m e sh  sy s te m s  is  d iscre tiz ed  in  tw o  
d im e n s io n s  (tran sverse  and  lo n g itu d in a l) . T h o u g h  su ch  sy s te m s  are q u ite  c o m p le x  and  e x p e n s iv e  in  
m an u fa ctu r in g , th erefore  an oth er  ty p e  o f  p h o to n ic  la ttic e s  w a s  d e s ig n e d  -  sy n th e tic  p h o to n ic  la ttices  
(S P L ) (F ig 1 , le ft , (b ,d )). T h ese  la ttic e s  are a n a lo g o u s  to  d iscre te  m e sh  la ttic e s  w ith  o n e  im portant 
d iffe r e n c e  -  s ig n a l e v o lu t io n  in  sy n th e tic  p h o to n ic  la ttic e s  ta k es  p la ce  in  tim e  d o m a in  in stea d  o f  
sp atia l d o m a in  e v o lu t io n  o f  m e sh  la ttic e s . A s  in d ica ted  in  sev era l s tu d ie s , S P L  ca n  b e  u se d  to  o b serv e  
a  n u m b er  o f  p r o c e s se s , lik e  d iscre te  quantum  w a lk , P T  -  sy m m e tr y [1 -2 ], d iscre te  so lito n s  and  op tica l  
d iam etr ic  d rive  a cce lera tio n  th rou gh  a c tio n -rea c tio n  sy m m etry  break in g .

Fig. 1 Left: (a,c) mesh photonic lattice, (b,d) synthetic photonic lattice. Right: evolution of localized modes 
excited at m=0.

A n  S P L  c o n s is ts  o f  tw o  c o u p le d  f ib er  lo o p s  th at are c o u p le d  v ia  a  cen tra l 5 0 :5 0  d irectio n a l  
co u p ler . T h e se  tw o  fib er  lo o p s  d iffe r  in  len g th  b y  AL. H ere , th e  eq u iv a le n t tran sverse  co u p lin g  to  the  
le f t  and  r igh t s ite s  is  en a b led  b y  th is  len g th  d ifferen ce  b e tw e e n  th e  tw o  lo o p s . A n  in d ep en d en t  
d iscre tiza tio n  in  tim e  is  th en  o b ta in ed  b y  m o n ito r in g  th e  round-trip  n u m b er  m  in  th e se  lo o p s . H e n c e ,  
th e  sy s te m  is  e s se n t ia lly  d isc r e tiz e d  in  tw o  d im e n s io n s  (F ig . 1, r igh t). A s  w e  w il l  s e e , th e  p rop agation  
d y n a m ic s  o f  lig h t  p u lse s , la u n ch ed  in  su ch  d iscre te  tem p o ra l la ttic e s  is  e x a c t ly  id en tica l to  th o se  
e x p e c te d  in  th e  sp atia l c o n fig u ra tio n s . E v o lu tio n  o f  im p u lse  ch a in  d ep en d s o n  p h a se  o f  ea ch  im p u lse  
and  ca n  be  a ltered  b y  p h a se  m od u la tors. P h ase  m o d u la tio n  p la y s  ro le  o f  an o p tica l p o ten tia l in  th e  
sy stem . D iffe r e n t  co n fig u ra tio n  o f  th is  p o ten tia l le a d s  to  d ifferen t e ig e n m o d e s , th at is  th e  p u lse  ch a in s  
w ith  stab le  n u m b er  o f  p u lse s  w ith in . W e  sh o w  a n a ly tic a lly  and  n u m e r ic a lly  th a t co n tro llin g  p h ase  
sh ift  o f  lig h t p u lse s  b y  m ea n s  o f  p h a se  m o d u la to r  i t ’s p o s s ib le  to  co n stru ct an a n a lo g u e  o f  a  
w a v e g u id e  in  S P L  w ith  th e  e ig e n m o d e s  lo c a liz e d  in s id e  th e  w a v e g u id e . It is  fo u n d  th at m o d e s  
co rresp o n d in g  to  su rface  w a v e s  o n  bord ers o f  p o ten tia l w e l ls  m a y  em erg e . W e  in v e s tig a te  th e  
e v o lu t io n  o f  th e se  lo c a liz e d  w a v e s  in  SP L .

T h is  w o rk  w a s  supported  b y  R u ss ia n  M in istry  o f  E d u ca tio n  and  S c ie n c e  (1 4 .5 8 4 .2 1 .0 0 1 4 )
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F or  m ore  th an  2 0  yea rs  in  th e  B a ik a l r eg io n  Institu te  o f  L aser  P h y s ic s  is  carried  ou t co n tin u o u s  

m o n ito r in g  o f  th e  d e fo rm a tio n  p r o c e s se s  o f  E arth ’s cru st in  th e  u n d ergrou n d  m in e  o f  g e o p h y s ic a l te s t  

s ite  "Talaya" o b serv a tio n s  u s in g  th e  la ser  stra inm eter d e v e lo p e d  in  th e  Institu te . A s  a  resu lt o f  

p r o c e ss in g  large a m ou n ts o f  data, n e w  in fo rm a tio n  a b o u t th e  im p a c t o f  th e  p r o c e ss  o f  preparing  

reg io n a l stron g  earth q u ak es o n  th e  d e fo rm a tio n  p r o c e s se s  at th e  o b serv a tio n  p o in t w a s  ob ta in ed .

T h e report d e scr ib es  sy ste m a tic  recurring  fea tu res in  the d e fo rm a tio n  p r o c e ss , p o in tin g  to  the  
p reparation  o f  a  r eg io n a l earthquake.

12 24 36 48 60 72 84 96 hour

Fig. 1 Excitation o f microdeformation noise before the earthquake o f energy class K = 13.5.

Id en tified  fea tu res lie  in  d ifferen t ran ges o f  the o s c illa t io n  p er io d s: d a y s - lo n g  m o n o to n ic  strain  

drift, d istu rb an ces in  the co u rse  o f  sem id iu rn a l tid a l flu c tu a tio n s , super lo n g -p e r io d  o sc illa t io n s  

e x c ite d  in  the lith o sp h ere  and  the a tm osp h ere  o n  the e v e  o f  s e ism ic  e v e n ts , g en era tio n  o f  the m icro  

d efo rm a tio n  n o ise  w ith  p er io d s  ran g in g  from  2 0  to  4 0  s F ig .1 . D a ta  o f  rather rare and  u n iq u e  ca se  o f  

th e  d e fo rm a tio n  p r o c e ss  during  th e  preparation  o f  th e  earthquake o f  th e  14th  en erg y  c la s s  lo ca ted  at a  

d ista n ce  o f  3 0  km  from  th e  o b serv a tio n  p o in t are d escr ib ed .
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L a ser  stra in m eter  d e s ig n e d  in  Institu te  o f  L aser  P h y s ic s  fo r  g e o d y n a m ic  m o n ito r in g  o f  s tre ssed ly -  

d e fo rm ed  state o f  rock  and  stu d y  fea tu res o f  th e  d e fo rm a tio n  p r o c e ss  o n  th e  e v e  o f  reg io n a l  

earth q u ak es is  d escr ib ed . S tra in m eter  is  b u ilt  u n d er  th e  sc h e m e  o f  u n eq u a l-p a th  M ic h e lso n  

in terfero m eter  w ith  a  tran sfer  o f  p h a se  in fo rm a tio n  from  o p tic a l range to  r a d io -freq u en cy  range b y  

o p tica l h e tero d y n e . A c o u s to -o p tic  m o d u la to rs  are u se d  to  ob ta in  h e tero d y n e  and  m ea su r in g  rad ia tion s  

w ith  f ix e d  o p tica l fr eq u en cy  d iffe r e n c e  (1 M H z). T h e m a in  ad v a n ta g e  o f  th e  la ser  stra in m eter  is  th at it  

d o e s  n o t require th e  u se  o f  sh ie ld in g  o f  la ser  b ea m s o n  th e  m ea su r in g  b a se . T h e  o r ig in a l m eth o d  o f  

e lim in a tin g  th e  in flu e n c e  o f  th e  a tm osp h ere  o n  th e  strain  m ea su rem en t is  u sed . T h is  m eth o d  c o n s is ts  

in  th e  d irec t m ea su rem en t o f  th e  v a r ia tio n s  o f  th e  w a v e le n g th  in  th e  a tm osp h ere  u s in g  a  sh ort f ix e d  

len g th  m ea su r in g  arm  (standard) and  p ro v id es  a  re la tiv e  s e n s it iv ity  a b ou t 10-14 in  a  b and  o f  record ed  

fr eq u e n c ie s  up  to  1 k H z  and  a  m ea su rem en t b a se  up  to  3 0 0  m . S tra in m eter  ca n  b e  u se d  in  th e  m in in g  

in d u str ies  fo r  th e  p red ic tio n  and  p rev en tio n  o f  e m e r g e n c y  s itu a tio n s  c a u se d  b y  rock  b u m p s and  o th er  

m a n ife s ta tio n s  o f  rock  pressu re .
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A n  in tera ctio n  o f  e x c ite d  sta tes  o f  a lk a li a tom s w ith  transparent d ie le c tr ic  su r fa ces su ch  as g la s s  and  
sap p h ire  are n o t fu lly  u n d ersto o d . It is  k n o w n  th at th e  e x c ite d  a tom  lo s e s  its  en e r g y  a lm o st  c o m p le te ly  
in  a  c o l l is io n  w ith  sapph ire (A l2O 3) su rface . It h ap p en s n o tw ith sta n d in g  th at sapph ire h as a  w id e  
tran sp aren cy  w in d o w  stretch in g  up  to  v a cu u m  u ltra v io le t range, w h ic h  m ea n s  th at sapph ire h as n o  
en e r g y  le v e ls /e n e r g y  z o n e s  co rresp o n d in g  to  a lk a li e x c ite d  state en e r g y  (~  1 .5 -3  e V ). T h e q u estio n  
arises: w h a t p r o c e ss  is  resp o n s ib le  fo r  en e r g y  e x c h a n g e  and  q u en ch in g  o f  a lk a li e x c ite d  states?

B e s id e s , an  a to m  a p p roach in g  th e  su rface  e x p e r ie n c e s  attraction  du e to  in d u ced  m irror im a g e  
resu ltin g  in  v a n -d er -W a a ls  (v d W ) or C a sim er-P o ld er  in teraction  [1]. V d W  in tera ctio n  s c a le s  a s V(r)/h 
~ C 3/r 3, w h ere  r is  th e  a to m -to -su rfa ce  d is ta n ce , w ith  C 3 ~  1.1 k H z p m 3 fo r  R b  5 S 1/2 ^ 5 P 3/2 tra n sitio n  
[1 ]. A n  e stim a ted  freq u en cy  sh if t  du e to  v d W  in teraction  is  ab ou t 1 G H z  at th e  d ista n ce  r ~  10 nm . 
T h e  freq u en cy  sh ifts  m a y  b e  d ifferen t fo r  d ifferen t sta tes ca u s in g  le v e l  c r o ss in g , s ta tes  m ix in g  and  
n o n a d ia b a tic  tran sition s.

T h e  m a in  g o a l o f  our research  is  to  in v e stig a te  th e  R u b id iu m  e x c ite d  sta tes (p rim arily  5P 3/2 and  
5 D 5/2) f lu o r e sc e n c e  in  c lo s e  p ro x im ity  to  sapph ire su rface . W e  are lo o k in g  fo r  en erg y  sh ifts  and  
o p tica l lin e  a sy m m etry  p ro d u ced  b y  e x c ite d  a tom s m o v in g  to  and  from  th e  su rface . T h e  m a in  
d iff ic u lty  in  su ch  m ea su rem en ts  o r ig in a tes  from  th e  fa c t th at th e  n u m b er  o f  a tom s n ear  th e  su rface  is  
v e r y  lo w . H e n c e , th e  m ajor part o f  th e  flu o r e sc e n c e  or  ab sorp tion  s ig n a l c o m e s  from  th e  a tom s that 
are far a w a y  from  th e  surface .

W e  u se  an  E x trem e ly  T h in  C e ll (E T C ) w ith  var iab le  th ic k n e ss  o f  2 5 0 - 4 0 0  n m  f il le d  w ith  natural 
m ixtu re  R u b id iu m  iso to p e s  m ad e b y  A rm en ia n  g rou p , s e e  e.g. [2 ]. T h e  c e ll  h as tw o  round  fla t 
su rfaces; its  in ter ior  h a s  a  w e d g e  sh ap e  w ith  th e  d im e n s io n s  s p e c if ie d  a b o v e . W e  h a v e  a b ility  to  
c h o o s e  a  d es ired  th ic k n e ss  b y  illu m in a tin g  th e  c e ll  at th e  d e fin e d  w e d g e  h e ig h t. W e  e x p e c t  th at w ith  
c e l l  s iz e  o f  4 0 0  n m  a b ou t 2 - 3  p er  c en t o f  a to m s w o u ld  be  su r fa c e -in flu e n c e d  to  p ro v id e  u s  so m e  
in s ig h t.

Fig. 1 Levels of 85Rb: two-step excitation populates 5Dsn_ level, fluorescence from 6P 3/2 level is detected.

T h e  re lev a n t R u b id iu m  le v e ls  are p resen ted  in  F ig . 1. W e  p o p u la te  th e  le v e l  5 D 5/2 b y  tw o -s te p  
ex c ita tio n  b y  m ea n s  o f  tw o  c w -d io d e  la sers (E C D L  T O P T IC A  D L -1 0 0 )  ad ju sted  to  reson an t  
tra n sitio n s  5 S 1/2 ^ 5 P 3/2 and  5 P 3/2 ^ 5 D 5/2 w ith  w a v e le n g th  o f  7 8 0  and  7 7 5  nm . A n  in ten se  b lu e  lig h t  
w ith  X =421 n m  is  o b se r v e d  from  6 P 3/2 le v e l.  T h e lu m in e sc e n c e  is  u n id irec tio n a l in  con trast w ith  fou r-
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w a v e -m ix in g  c a se  [3 ]. It sh o u ld  be  n o ted  th at th erm al t im e -o f - f l ig h t  is  o n ly  ~ 1  n s , v e r y  sh ort in  
co m p a r iso n  w ith  7 0 7  n s , th e  5 D 5/2- le v e l  sp o n ta n eo u s d e c a y  tim e .

T h e  se t-u p  is  sh o w n  in  F ig .2 . F irst, s ta b iliz ed  b y  R b re feren ce  c e ll  7 8 0  n m -la ser  e x c ite s  th e  o n e  o f  
85R b h y p er fin e  5 S 1/2 ^ 5 P 3/2 tran sition . S e c o n d  la ser  w ith  T.=775 n m  is  sca n n ed  b y  p ie z o . T w o  la ser  
b ea m s are fo c u se d  in  th e  c e ll  w ith  sp o t s iz e  o f  ~ 8 5  pm . D iffr a c tio n  gratin g  m o n o ch ro m a to r  M 2 6 6  
(S o la r  L S ) is  u se d  fo r  d e te c tio n  o f  b lu e  lig h t  b y  m ea n s o f  C C D  or P M  T u b e (H am am atsu  H 1 1 8 9 0 ) .

Fig. 2 Set-up. Beam-splitter BS combines two laser beams into one, the first lense condenses light into 
Extremely Thin Cell (ETC), 421 nm blue fluorescence is detected by photo-multiplier tube PMT or CCD.

F ig . 3 p resen ts  an  e x a m p le  o f  th e  ex c ita tio n  sp ectru m  o f  6 P 3/2- le v e l  b lu e  flu o r e sc e n c e  w h e n  se c o n d  
la ser  w a s  sca n n ed  around 5 P 3/2^ 5 D 5/2 re so n a n ce  lin e . T h e  p o w e r  o f  th e  s e c o n d  la ser  w a s  m in im iz e d  
to  su p p ress  p o w e r  b road en in g . B lu e  f lu o r e sc e n c e  in ten s ity  in  d e p en d en ce  o n  th e  c e l l  th ic k n e ss , R b  
n u m b er  d e n s ity  and  la sers  lig h t  p o w e r  w ere  in v e stig a te d  and  w il l  b e  reported . S o m e  lin e  shape  
d isto r tio n  c o u ld  be  e x p la in e d  ta k in g  in to  a cc o u n t u n r e so lv e d  h y p erfin e  structure o f  5 P 3/2 e x c ite d  state. 
T h e  o b serv ed  m in o r  lin e s  or ig in a te  from  n o n -re so n a n t tw o -p h o to n  ex c ita tio n s  from  g rou n d  state  
h y p er fin e  su b le v e ls  o f  87R b  (tw o  lin e s )  and  85R b (o n e  lin e ) . N o te , a lso , th at th e  m ea su red  lin e  w id th  is  
a lm o st  tw ic e  le s s  th an  th e  D o p p le r  w id th .

Fig. 3 Blue fluorescence line shape versus 775nm-laser detuning.
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T ra n sfo rm -lim ited  p u lse s  w ith  en e r g y  le v e l  u n d er hun d red s o f  uJ and  h ig h  rep etitio n  rates are 
n e c e ssa r y  and  e sse n tia l to o l fo r  fe m to c h e m istry  stu d y  and  la ser  sp e c tr o sc o p y  [1 ]. T o  sa tis fy  
req u irem en ts o f  th e se  resea rch es , th e  p u lse s  sh o u ld  p ro d u ce  e x c e lle n t  p u lse -to -p u lse  sta b ility  and  
broad  b an d w id th . T h ere  are lo ts  o f  o sc illa to r s  th at g en era te  tra n sfo rm -lim ited  p u lse s  w ith  duration s o f  
a f e w  h u n d red s o f  fe m to se c o n d s  and  nJ order o f  en e r g y  le v e l .  O n e  o f  th e  w a y s  o f  crea tio n  o f  a  la ser  
sy s te m  th a t p ro d u ces  p u lse s  su ch  a s d escr ib ed  a b o v e  c o u ld  b e  a m p lif ic a tio n  o f  th e  p u lse s  w ith o u t  
tem p o ra l stretch in g .

T h ere  are a f e w  m o d e ls  d e scr ib in g  th e  la ser  a m p lif ic a tio n  p r o c e ss  fo r  s ig n if ic a n tly  ch irp ed  p u lse s  
or an  in h o m o g e n e o u s ly  b ro a d en ed  m ed iu m . T h e se  m o d e ls  are b a se d  o n  th e  itera tive  a lgor ith m  u s in g  
F ra n tz -N o d v ik  eq u a tio n s  fo r  e a c h  in d ep en d en t freq u en cy  or  so lv in g  th e  sy s te m  o f  eq u a tio n s  in  
a cco rd a n ce  fo r  in sta n ta n eo u s freq u en cy  in d ep en d en tly , b u t a ll th e se  m o d e ls  ca n n o t b e  a p p lied  to  the  
tra n sfo rm -lim ited  p u lse s  a m p lif ica tio n  in  h o m o g e n e o u s ly  b ro a d en ed  m ed iu m . F urtherm ore, th e  le s s  
p u lse  is  ch irp ed  th e  le s s  a ccu ra cy  th e se  m o d e ls  h a v e , p ro v id in g  n o t correct resu lts  [2] fo r  w e a k ly  
ch irp ed  broadband  or  tra n sfo rm -lim ited  p u lse s .

In  th is  p ap er  w e  p resen t th e  m o d e l d e scr ib in g  th e  la ser  a m p lif ica tio n  p r o c e ss  o f  n ear  tran sform -  
l im ite d  broad b an d  p u lse s  in  h o m o g e n e o u s ly  b ro a d en ed  m ed iu m . T h e m o d e l b a sed  o n  th e  sy s te m  o f  
rate eq u a tio n  c o u p le d  w ith  p h oton -tran sp ort eq u a tio n  and  w ritten  in  th e  m o v in g  fram e co o rd in a te s:

=  a ( a )  I  ( z ,  t)  N  ( z ,  t)
dz

M i i d I (z , , ) n  (z, t )
dt h a  ( 1 )

w h ere  I ( z , t )  -  an in te s ity  o f  la ser  p u lse , c -  th e  v e lo c ity  o f  lig h t, a  -  e m is s io n  c r o ss -se c t io n , a  -  th e  
fr eq u en cy  o f  p u lse , N ( z , t )  -  an in v e r s io n  p o p u la tio n  d en sity . In ou r m o d e l a(a) is  a  fu n c tio n  that 
rep resen ts  th e  spectra l d istr ib u tion  o f  e m is s io n  c r o ss -se c tio n . A c c o r d in g  w ith  ou r a ssu m p tio n  the  

p ro d u ctio n  u (a )I(z , t) co rresp o n d s to  th e  in teraction  o f  la ser  p u lse  w ith  a  m e d iu m  and  sh o u ld  be  
d o n e  in  freq u en cy  d om a in :

d I ( z , t)

dz

LU j LU \

N ( z ,  t) j |  j  I ( z , r )e^atd r  <j(a ) eiwtd a  =

= N (z, t) j  I (z , r ) d r j  ( a ( a ) e ia(t z>d a )  =
—да —да

да

= N (z, t) j  I (z , t )G ( t  — r )d r  = N (z, t)S (z, t)
—да

( 2 )

In th e  eq u a tio n  (2 )  th e  fu n c tio n  S (z ,t)  rep resen ts a  c o n v o lu t io n  a  la ser  p u lse  w ith  a  m e d iu m  in  tim e  
d o m a in . F or th e  s e c o n d  eq u a tio n  in  th e  sy s te m  ( 2 )  th e  sam e tra n sfo rm a tio n s sh o u ld  b e  d o n e  w ith  
h m * h m 0 , w h ere  ю 0 is  a  cen tra l freq u en cy  o f  la ser  p u lse . T h en  sy s te m  (2 )  is  rew ritten  as:
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d l  (z, t )

dz
S (z , t )  N  (z, t )

dN (z, t ) 

dt
- C  S ( z , t ) N  (z, t )
n a 0 (3)

T h e  sy s te m  (3 )  d e scr ib es  s im u lta n eo u s in teraction  o f  a ll fr eq u en c ie s  o f  th e  p rop agatin g  p u lse  at 
e a c h  step  a lo n g  p ro p a g a tio n  a x is , th u s p ro v id in g  v a lid  ap p roach  fo r  th e  la ser  a m p lif ic a tio n  o f  an  
u n ch irp ed  p u lse .

T h is  sy s te m  o f  eq u a tio n s  w a s  a n a ly zed  and  w e  c o m e  to  th e  c o n c lu s io n  th at th e  p ro p o sed  sy ste m  
p ro v id e s  in fo rm a tio n  a b ou t th e  ou tp u t ch aracter istics  o f  an  u n ch irp ed  p u lse  a fter p a ss in g  th rou gh  an  
a c tiv e  h o m o g e n e o u s ly  b ro a d en ed  m e d iu m  and  ab o u t th e  p o p u la tio n  in v ers io n  in s id e  th e  m ed iu m  at 
a n y  m o m e n t o f  t im e .

In v e stig a tio n  o f  a m p lif ic a tio n  o f  1 p s  tra n sfo rm -lim ited  la ser  p u lse  at 1 0 3 0  n m  cen tra l w a v e le n g th  
w a s  d o n e  fo r  Y b -d o p e d  m e d ia  [4] (Y b :Y 2O 3, Y b :Y A G ) b y  u s in g  b o th  o f  m o d e ls  and  com p ared . W e  
a n a ly z e d  th e  e v o lu t io n  o f  sp ectra l and  tem p o ra l p ro file s  o f  th e  p u lse  during  p ro p a g a tio n  th rou gh  th e  
a c tiv e  m ed iu m . T h e  d e p e n d e n c ie s  o f  ou tp u t in ten s ity  from  th e  in p u t p u lse  tem p o ra l p ro file  and  
en erg y , th e  p u m p  w a v e le n g th  and  p o w er , len g th  o f  a c tiv e  m ed iu m  and  its  g a in  c r o ss -se c t io n . W e  
o b se r v e d  th at in crea sin g  p u lse  spectra l b a n d w id th  lea d s  to  th e  le s se r  a ccu ra cy  w h ile  u s in g  w e ll-k n o w n  
m o d e ls , b u t in  our s im u la tio n s  w e  g e t  th e  re lia b le  resu lts  w ith o u t d e p e n d e n c y  o n  th e  b an d w id th .

T h is  m o d e l c o u ld  b e  u se d  fo r  s im u la tio n s  o f  la ser  a m p lif ic a tio n  o f  w e a k ly  ch irp ed  broad b an d  or 
tra n sfo rm -lim ited  p u lse s  in  h o m o g e n e o u s ly  b ro a d en ed  m ed iu m .

T h is  w o rk  is  su p p orted  in  part b y  R A S  P rogram  “E xtrem e la ser  radiation: p h y s ic s  and  fu n d am en ta l 
a p p lic a tio n s”, reg istra tion  n u m b er  А А А А -А 1 5 -1 1 5 1 1 3 0 1 0 0 0 2 -9  and  G o v ern m en t program , 
reg istra tion  n u m b er  0 1 2 0 1 3 7 4 3 0 6 .
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L a ser  T erahertz (T H z) con tro l sy s te m s  require w a v e g u id e  and  s e le c t iv e  e le m e n ts . C urrently  

w a v e g u id e s  fo r  th e  tra n sm iss io n  o f  terahertz rad ia tion  [1 -2 ] are stu d ied . C reating  a  p h o to n ic  crysta l 

fib ers  (P C F ) w ith  a  h o llo w  co re  red u ces  lo s s e s  and  a llo w s  to  s e le c t  th e  T H z sig n a ls .

W e  h a v e  p ro p o sed  th e  fo rm a tio n  varian t o f  p e r io d ic  structures u s in g  th e  a sse m b ly  o f  p o ly m e r  

w a v e g u id e s  [2] to  gen era te  P C F . In  ord er to  gen era te  a  h o llo w  core  P C F  w e  h a v e  p ro p o sed  the  

m eth o d  o f  fo rm in g  a  w a v e g u id e  o f  th e  fo ld e d  f ilm  w ith  fib ers  a ttach ed  to  it F ig . 1 (b -c ).

convolution; c) sparse spiral convolution.

F ib ers w ith  d ia m eter  o f  3 5 0  ±  25  m icro n s  is  u se d  in  th e  m an u factu r in g  o f  P C F  sa m p le s . P C F  

fo rm a tio n  iscarr ied  ou t in  a  p o ly p r o p y le n e  tu b e o f  10 m m  in n er  d ia m eter  and  a  w a ll th ic k n e ss  o f  1.5 

m m . T h e  m ea su rem en t o f  w a v e g u id e s  sp ectra l tran sm ittan ce  ch aracter istics  is  ta k en  w ith  B R U K E R  

IF S  6 6 v /S  sp ec tro m eter  in  th e  syn ch ro tron  rad ia tion  cen ter  at th e  IC K C , R u ss ia n  A c a d e m y  o f  

S c ie n c e s .

F ig . 2  sh o w s  th e  tra n sm iss io n  sp ectra  o f  th e  p o ly p r o p y le n e  rod , P C F  w ith  a  d en se  arran gem en t o f  

fib ers  b a sed  o n  th e  se lf-o r g a n iz a tio n  and  P C F  fo rm ed  b y  sp ira l c o n v o lu t io n  o f  fib ers  o n  th e  f ilm  (f ilm  

th ic k n e ss  o f  9 and  18 m icro n s). T h e sa m p le  len g th  is  10 m m .

T h e  tra n sm iss io n  sp ectra  o f  P C F  w ith  a  sp iral p e r io d ic  structure arou se  th e  g rea test in terest. F ig . 3 

sh o w s  th e  tra n sm iss io n  sp ectra  o f  P C F  w ith  a  sp iral structure w ith  a  d ifferen t f ilm  th ic k n e ss  and  

len g th  o f  th e  sa m p le s . F or  co m p a r iso n , th e  fig u re  sh o w s  th e  range o f  p o ly p r o p y le n e  rod  tra n sm iss io n .

T h e  greater  tra n sm iss io n  co m p a red  w ith  o th er  sa m p le s  is  p r im arily  du e to  th e  ap p earan ce o f  air  

c a v it ie s . T h e graph  c le a r ly  sh o w s  th e  freq u en cy  c h a n g e s  o f  th e  tra n sm iss io n  sp ectru m . It sh o u ld  a lso  

b e n o ted  th e  d im in u tio n  o f  w a v e g u id e s  tra n sm iss io n  a b o v e  5 0  m icro n s , ta k in g  in to  a cco u n t th at th e  

tra n sm iss io n  o f  th e  p o ly p r o p y le n e  is  in crea sed  in  th is  range.
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Fig. 3 PCF transmission spectrum with a sparse spiral convolution.

It sh o u ld  b e  n o te d  th at th e  o b se r v e d  p e r io d ic  ch a n g es  o f  th e  T H z rad ia tion  tra n sm iss io n  th at are 

m ore th an  2  t im e s  on  th e  in terva l 1 5 -1 0 0  m icro n s  w ith  a  p er io d  o f  th e  w a v e  n u m b er  o f  110  c m -1 

in d ic a te s  th at th e  re fle c tio n  a n g le  o f  T h z  rad iation  is  ch a n g ed  d u e to  th e  p e r io d ic  var ia tion  o f  th e  

w a v e g u id e  w a ll  m ateria l re fraction  in d e x  and  r e sp e c t iv e ly  th e  tran sm ittion  fa c to r  o f  th e  p h o to n ic  

cry sta l f ib er  is  a lso  c h a n g ed .

T h is  ty p e  o f  p h o to n ic  cry sta l w a v e g u id e  ca n  b e  u se d  as a  co m b  filte r  o f  T H z rad iation .
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[2] B.V. Poller, V.M. Klementyev, Y.D. Kolomnikov, S.I. Konyaev, S.I. Trashkeev, A.B. Poller, O.A. Wanda, The 
characteristics of the polymer terahertz photonic crystal fiber models of and nanocomposite liquid crystal transducers of 
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T h e  p resen t w o rk  reports th e  resu lts  o f  s tu d ie s  o f  a  n e w  e ffe c t , w h ic h  m a n ife s ts  i t s e l f  a s a  tem p ora l  
d e la y  o f  e le c tr o m a g n e tic a lly  in d u ced  tran sp aren cy  o n  th e  a to m ic  D 1 lin e  o f  rub id ium  u n d er  d y n a m ic  

e x c ita t io n  o f  its  Л -sy s te m  o f  le v e ls  b y  b i-ch ro m a tic  p u m p  f ie ld . It w a s  fo u n d  ou t th at as th e  sy ste m  
e x c ita tio n  freq u en cy  r ise s , th e  m a x im u m  o f  th e  co h eren t p o p u la tio n  trap p in g  (C P T ) re so n a n ce  is  
rea ch ed  at p r o g r e s s iv e ly  la ter p h a se  o f  th e  p er io d ic  s ig n a l co n tro llin g  th e  sy s te m  e x c ita tio n .

C P T  reso n a n ce  in  th is  th r e e - le v e l sy s te m  w a s  crea ted  b y  sca n n in g  th e  fr eq u en cy  d iffe r e n c e  o f  the  
b i-ch ro m a tic  pu m p  f ie ld  around th e  g rou n d -sta te  h y p e r fin e -sp litt in g  freq u en cy  (6 .8 3 4  G H z) o f  87R b. 
A t r e la t iv e ly  s lo w  scan  rates ( ~ 1  H z )  o f  th e  fr eq u en cy  d iffe r e n c e , th e  m a x im u m  o f  th e  C P T  reso n a n ce  
w a s  m e t at th e  m o m e n t w h e n  th e  freq u en cy  d iffe r e n c e  o f  th e  b i-ch ro m a tic  p u m p in g  f ie ld  b eca m e  
eq u a l to  th e  v a lu e  o f  th e  g rou n d -sta te  h y p er fin e -sp litt in g  freq u en cy . A t  h ig h er  scan  rates (> 1 0 0  H z ),  
th e  C P T  re so n a n ce  m a x im u m  occu rred  at a  later m o m en t.

W e  s tu d ied  th is  e f fe c t  o f  C P T  re so n a n ce  form ation  in  ru b id iu m  c e l ls  o f  tw o  d ifferen t ty p e s :  o n e  
w ith  b u ffer  g a s  and  th e  o th er  w ith  an ti-re la x a tio n  w a ll co a tin g . T o  q u a n tify  th e  e f fe c t , w e  m ea su red  
th e  p h a se  d e la y , or  p h a se  in cu rsio n  o f  th e  p er io d ica l s ig n a l c o n tro llin g  th e  freq u en cy  d iffe r e n c e  o f  th e  
b i-ch ro m a tic  p u m p in g  f ie ld , at w h ic h  th e  C P T  re so n a n ce  m a x im u m  occu rred . F ig . 1  d em o n stra tes  
b o th  ex p er im en ta l and  th eo re tica l d e p e n d e n c ie s  o f  th e  p h a se  d e la y  u p o n  th e  scan  freq u en cy  o f  th e  
fr eq u en cy  d iffe r e n c e  o f  th e  b i-ch ro m a tic  pu m p  fie ld . T h ere  is  a  c lea r  corre la tion  b e tw e e n  th e  
th eo re tica l and  ex p er im en ta l cu rv es , w h ic h  b o th  reach  saturation  at c o m p a ra tiv e ly  h ig h  sca n  
fr eq u en c ie s .

Fig. 1 Dependence of the phase delay upon the scan frequency of the frequency difference of the bi
chromatic pumping field: a) optical cell with buffer gas, b) optical cell with anti-relaxation coating of the 
inside wall surface.

T h e p resen t w o rk  p ro v id es  d e ta ils  o f  th e  co n d u c ted  ex p er im en ts  and  m o d e llin g  m e th o d s , d isc u sse s  
th e  in flu e n c e  o f  th e  d isc o v e r e d  e f fe c t  on  sta b ility  o f  a to m ic  c lo c k s  r e ly in g  on  d y n a m ic a lly  e x c ite d  
C P T  reso n a n ces .

T h e  p resen t w o rk  w a s  carried  o u t w ith  sup p ort from  R u ss ia n  S c ie n c e  F ou n d ation  G rant № 1 6 -1 2 
1 0 1 4 7 .
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T erahertz v ib ra tio n  p rop erties in  b io lo g ic a l m ateria l are still n o t  en tire clear . S trong c o u p lin g  b e tw e e n  

e le c tr o m a g n e tic  and  a c o u stic  v ib ra tio n s le d  to  en h a n ced  n o n lin ea r ity . T h e p rop erties  s tu d ies  are a  

v a lu a b le  ty p e  o f  b a s ic  s c ie n c e  research  b e c a u se  th e y  serv e  to  en h a n ce  ou r fu n d am en ta l u n d erstan d in g  

o f  th e  b io lo g ic a l a c tiv ity  nature.

T h e  k e y  q u e stio n  c o n s is ts  o f  th e  en e r g y  d istr ib u tion  in  b io lo g ic a l m ed ia . M o st o f  authors im p lic it ly  

p resu m e eq u ilib r iu m  d istr ib u tion  in  h o m o g e n o u s  m e d ia  fo r  b io lo g ic a l co n d itio n . T h is  m o d e l is  n o t  

fe a s ib le  fo r  in trace llu lar  m e d ia  d u e to  tw o  fa c to rs: ( 1 )  p r o c e s se s  in  liv e  m ateria l o c c u r  far from  

th erm o d y n a m ic  eq u ilib r iu m , and  (2 )  l iv in g  c e l ls  in n er  m e d ia  is  ord ered  b y  a  n e tw o rk  o f  tu b u les  

fo rm in g  the c y to sk e le to n  that d ram atica lly  d iffe r  from  h o m o g e n e ity .

E x c e p t  th erm o d y n a m ic  eq u ilib r iu m  there are tw o  p o s s ib il it ie s  fo r  en e r g y  d istr ib u tion . F irst o f  it 

c o n n e c t  w ith  in h o m o g e n e o u s  d istr ib u tion  o f  th erm al en erg y  in  sa m p le . In th is  c a se  th ere  is  lo c a l  

therm al eq u ilib r iu m  w ith o u t rem arkab le fea tu res in  en e r g y  le v e ls  d istr ib u tion . M ore  so p h is t ica ted  and  

in terestin g  c a se  is  n o n -eq u ilib r iu m  en e r g y  le v e l  d istr ib u tion  lik e  in  la ser  a c tiv e  m ed ia  p o p u la tio n  

in v ers io n .

S ev era l research ers h a v e  p ro p o sed  that n ea r ly  a ll o f  en erg y  ca n  co n cen tra ted  in  ju st o n e  o f  

v ib ra tio n a l m o d e . T h e se  th eo r ie s  w ere  in it ia lly  h y p o th e s iz e d  b y  F ro h lich  in  ser ie s  sem in a l papers  

p u b lish ed  b e tw e e n  1 9 6 0  and  1 9 8 0  y ea rs  [e .g . 1, 2 ] . O n  th e  b a s is  o f  th e  gen era l p r in c ip le s  F roh lich  

d er iv ed  a  rate eq u a tio n  u s in g  a  sp e c ia l ty p e  o f  in tera ctio n  o f  a  v ib ra tio n  sy s te m  w ith  its  surround ings. 

R em ark ab le  im p lic a tio n  o f  the rate eq u a tio n  is  the p o s s ib il ity  o f  p r o c e ss  lik e  B o se -c o n d e n sa t io n  in  

b io lo g ic a l m e d ia  u n d er room  tem p eratu re . T h e co h eren t e n d o g e n o u s  e le c tr ic  f ie ld  o f  o sc illa t in g  nature  

is  a ssu m ed  to  be th e  k e y  fa c to r  o f  b io lo g ic a l order.

L iv in g  c e l ls  in n er  m ed ia  is  ord ered  b y  a c y to sk e le to n  that ca n  a ffe c t  n o n -eq u ilib r iu m  d istr ib u tion  

o f  en erg y  in  in term o lecu la r  v ib ra tio n s . T h e  la n d sca p e  o f  a lm o st  a ll b io lo g ic a l m a c r o m o le c u le s  and  

k in e tic s  o f  b io c h e m ic a l p r o c e ss  are in f lu e n c e s  b y  sp atia l ch aracter istics . T h e  c y to sk e le to n  o rg a n ize s  

th e  c e ll ,  m e d ia te s  transport o f  m o le c u le s , structures, o r g a n e lle s , and  o th er  c e l l  c o m p o n en ts . 

M icro tu b u le s  structuring c y to sk e le to n  p o s s e s s  in terestin g  p rop erties  [3 , 4 ]. It is  u n iq u e  orderin g  d iffer  

from  b o th  the h o m o g e n o u s  m e d ia  and  the cry sta llin e  structures w ith  tran sla tion  sym m etry .

K n o w le d g e  o f  the terahertz v ib ra tio n  p rop erties  is  cr itica l fo r  g en era l u n d erstan d in g  the l ife  nature  

and  requ ires e x p lic it  treatm ent.
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T h e  p ap er  is  d ed ica ted  to  in v e s tig a tio n s  o f  tra n sm iss io n  re g im e s  o f  an in terfero m eter  o f  F ab ry-P erot  

ty p e  w ith  saturated  a m p lify in g  and  ab sorb in g  m e d ia  in s id e . W e  ca ll su ch  in terfero m eter  a s an  a c tiv e  

o n e . T h e  in f lu e n c e  o f  saturation  ty p e  o f  th e  ab sorb in g  m e d iu m  o n  fo rm in g  n o n lin ea r  tra n sm iss io n  

re g im e s  o f  th e  a c tiv e  in terfero m eter  is  co n s id e r e d  in  d eta ils .

B is ta b le  r e g im e s  o f  tra n sm iss io n  o f  an  a c tiv e  in terferom eter  are o f  g rea t in terest for  an  

a m p lif ic a tio n  o f  w e a k  o p tic a l s ig n a ls , fo r  u se  in  o p tica l lo g ic  sc h e m e s  and  fo r  in v e s tig a tio n s  o f  su ch  

p r o c e s se s  as flu c tu a tio n s , o p tica l tu rb u len ce  e tc  [1 ] .

It is  k n o w n  th a t an in terfero m eter  w ith  a  saturated  ab sorb er in s id e  ca n  d em on strate  b ista b le  

re g im e s  o f  tra n sm iss io n  in  th e  o n e  ca se  o n ly  w h e n  saturation  o f  ab sorp tion  h a s  a  h o m o g e n e o u s  ty p e  

[2 ] . F or th e  first t im e  it  is  sh o w n  th at th e  p resen ce  o f  a  saturated  a m p lify in g  m e d iu m  in s id e  the  

in terferom eter  a l lo w s  o n e  to  ob ta in  o p tica l b is ta b ility  at a n y  saturation  ty p e  o f  b o th  ab sorb in g  and  

a m p lify in g  m ed ia .

T h e  p r in c ip le s  o f  an a m p lif ica tio n  o f  w e a k  o p tica l s ig n a ls  and  th e  u se  o f  an a c tiv e  in terferom eter  

fo r  th is  p u rp ose  are d escr ib ed . It is  sh o w n  th at th e  con trast o f  b ista b le  tra n sitio n  and  th e  e f f ic ie n c y  o f  

w e a k  s ig n a l a m p lif ic a tio n  co rresp o n d en tly  d ep en d  o n  th e  ratio o f  saturation  p aram eters in  

a m p lif ic a tio n  and  ab so rp tio n  m ed ia . R e su lts  o f  so m e  ex p er im en ts  w ith  an a c tiv e  in terferom eter  both  

o n  th e  b a s is  H e -N e /C H 4 and  o n  th e  b a s is  o f  C O 2/S F 6 (n o n lin ea r  a m p lifier /a b so rb er) are p ro v id ed . A t  

th e  la s t ca se  an en h a n ced  con trast o f  b ista b le  tran sition  at a  le v e l  o f  104 w a s  o b serv ed  [3].
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C o llis io n le s s  in teraction  o f  in terp en etratin g  p la sm a  f lo w s  w a s  s tu d ied  in  th is  w ork . C lo u d  o f  e x p lo s iv e  

L a ser-p ro d u ced  P la sm a  (L P ) e x p a n d in g  in  m a g n e tiz e d  B a ck g ro u n d  P la sm a  (B P ) g en era tes  p la sm a  

p erturbations p rop agatin g  a lo n g  th e  ex tern a l m a g n e tic  f ie ld . H ere  w e  c o n s id e r  p erturbations w ith  

s ig n s  o f  A lfv e n  W a v e  (A W ), and  h ig h -fr e q u e n c y  w h is t le r  precursor.

E x p er im en ts  w ere  carried  ou t at K I-1  fa c il ity  [1 ]. L arge sca le  h ig h -v a cu u m  ch a m b er  5 m  lo n g  and  

1.2 m  d ia m eter  k ep t a  v a cu u m  o f  ~  10 -6 T orr ca n  b e  f i l le d  b y  m ea n s  o f  0 -p in ch  w ith  th e  b ack grou n d  

p la sm a  (H+ or  H e+). L P -c lo u d s  can  b e  gen era ted  b y  tw o  in d ep en d en t m ic r o se c o n d -p u lse  C O 2 -la ser  

sy s te m s  w ith  s im ila r  param eters o f  rad iation  fo c u s e d  o n  a fla t  (or  c o n v e x )  p o ly e th y le n e  target (fo c a l  

s iz e  o f  la ser  sp o t 0 2 . 5  cm ). E x tern a l m a g n e tic  f ie ld  up  to  5 0 0  G s a lo n g  th e  ch a m b er  a x is  is  created  b y  

q u a si-sta tio n a ry  current in  a so le n o id  c o v e r in g  th e  en tire  ou ter  su rface  o f  th e  v a cu u m  ch am ber. 

D ia g n o s t ic  o f  p la sm a  is  p erform ed  u s in g  d o u b le  L an gm u ir  p ro b es , m a g n e tic  p ro b es  and  R o g o w s k i  

c o il  fo r  d irect d e te c tio n  o f  current JZ re la ted  to  A W  [2 -4 ] .

In th is  ex p er im en t L P  is  in jec ted  a lo n g  th e  ch a m b er  a x is  and  a lo n g  th e  ex tern a l m a g n e tic  f ie ld  

l in e s . B P  and  L P  are s u ff ic ie n t ly  c o l l is io n le s s  and  in teraction  ta k es  p la ce  du e to  a  so -c a lle d  m a g n e tic  

lam in ar  m e c h a n ism  (M L M ) or  L arm or co u p lin g  [ 5 - 7 ] .  L P , p ro p a g a tin g  w ith  v e lo c ity  V 0, fo rm s a  so -  

c a lle d  m a g n e tic  c a v ity  (area  o f  d isp la c e d  ex tern a l m a g n e tic  f ie ld ) , th e  curl e le c tr ic  f ie ld  Е ф is  

g en era ted  at its  b ou n d ary . B P -io n s  a cce lera te  a lo n g  to  th is  f ie ld , w h ile  io n s  o f  L P  are d ece lera ted  in  

th e ir  L arm or ro ta tion  (o p p o s ite  to  Е ф). E ffe c t iv e n e s s  o f  th is  m e c h a n ism  d e p en d s m a in ly  o n  a  M L M -

param eter  5  =  R*2 / R l R l * >  1 , w h ere  R* = ( 3 N e / 4 л п « )13 -  th e  rad ius o f  d ia m a g n e tic  c a v ity  (N e -

to ta l n u m b er  o f  e le c tro n s , n* -  co n cen tra tio n  o f  B P - io n s ) , R L, R L* -  L arm or rad ii o f  L P -io n s  and  B P -  

io n s  re sp e c tiv e ly . A x ia l  current JZ and  co rresp o n d in g  c ircu lar  m a g n e tic  f ie ld s  are gen era ted  a s a  resu lt  

o f  th is  in tera ctio n , w h ic h  c o u ld  gen era te  A W  p rop agatin g  a lo n g  ex tern a l m a g n e tic  f ie ld  lin e s .

R e g is te r e d  s ig n s  o f  A W  are lo n g itu d in a l current JZ and  co rresp o n d in g  tran sverse  c o m p o n e n t o f  

m a g n e tic  f ie ld , w h ic h  p ro p a g a tes a lo n g  th e  ch am b er  a x is  w ith  th e  sp eed  c lo se  to  A lfv e n  sp eed  

(ca lcu la ted  v a lu e  o f  A lfV en  sp eed  ~  6 .9 6 * 1 0 6 c m /s , w ith  p la sm a  p aram eters B 0 =  100  G s, B P  d en s ity  

n* =  1 0 13 c m -3, B P  io n s  -  H+). F ig . 1 illu stra tes, th at p erturbations o f  current and  m a g n e tic  f ie ld  are 

t im e  correla ted . E x p er im en ta l sp eed  o f  A W , c a lcu la ted  a s ratio  o f  d ista n ce  from  target to  p rob e and  

t im e  o f  arriv in g  o f  fron t o f  JZ perturbation , is  106 cm  /  15 ^s =  7 .0 7 * 1 0 6 c m /s  w ith  c o n s id e r in g  th e  

o w n  sp e e d  o f  B P .

D e r iv a t iv e s  o f  va r ia tio n  o f  m a g n e tic  f ie ld s  tran sverse  c o m p o n e n ts  are p resen ted  at f ig  2 (a ) . T h ey  

m ore c le a r ly  illu stra te  th at th ere  is  h ig h -fr e q u e n c y  p recu rsor  in  fron t o f  a m a x im u m  o f  m a g n e tic  f ie ld  

perturbation . T h is  s o -c a lle d  w h is t le r  precu rsor  [8] p ro p a g a tes at a  sp e e d  ~ 3 0 0  k m /s , h as r igh t-hand  

c ircu lar  p o la r iza tio n . T h e d irec tio n  o f  p o la r iza tio n  c h a n g e s  from  righ t-h an d ed  to  le ft-h a n d ed  w h e n  

A W  arrives at th e  probe. T h is  m o m e n t ca n  b e  c lea r ly  s e e n  at th e  f ig . 2 (b ) , w h ic h  illu stra tes  th e  

h o d o g ra p h  o f  tran sverse  co m p o n e n t o f  m a g n e tic  f ie ld .
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Fig. 2 a) Derivatives o f Вф and Br variations have high frequency oscillations on the front o f perturbations; 
b) hodograph o f transverse component o f magnetic field, polarization changes its direction at the moment 
11.5 ps.

T h is  w o rk  w a s  carried  o u t in  th e  fram ew ork  o f  th e  research  IL P S B  R A S  I I .1 0 .1 .4  (0 1 2 0 1 3 7 4 3 0 3 ) ;  

R A S  P resid iu m  P rogram  “F u n d am en ta l p r in c ip le s  o f  d u a l-u se  t e c h n o lo g ie s . . .” ; R A S  P resid iu m  

P rogram  # 2 1  “E xtrem e la ser  radiation: P h y s ic s  and  fu n d am en ta l a p p lic a tio n s” .
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R esu lts  o f  d e v e lo p m e n t o f  th eo ry  o f  th e  n o n lin ea r  o p tica l p h e n o m e n a  ca u se d  b y  se lf-sa tu ra tio n  o f  

tra n sitio n s u n d er a c tio n  o f  th e  sp o n ta n eo u s rad ia tion  o f  e x ten d ed  sy s te m  in  a  m eth o d  o f  th e  probe  

f ie ld  [1 -4 ] o n  a  c a se  o f  strong and  p rob e  w a v e s  o f  o n e  d irec tio n  o f  p ro p a g a tio n  are su b m itted . W ith in  

d e v e lo p e d  m o d e l o f  th e  se lf-sa tu ra tio n  tran sition  e f fe c t  [1 ], u s in g  a n a ly tica l and  n u m er ica l m eth o d s, 

sp e c tr o sc o p ic  m a n ife s ta tio n s  o f  th is  e f fe c t  in  sy ste m  o f  tw o -  and  th ree - n o n d eg en era te  a tom  le v e ls  (Л -  

and  V -ty p e  o f  tra n sitio n s) are in v estig a ted .

It is  sh o w n  th at in  c a se  o f  th e  u n id irec tio n a l w a v e s  in  a c tio n  o f  e f fe c t  o f  se lf-sa tu ra tio n  are 

d isp la y e d  b o th  th e  reg u la r itie s , o b serv ed  at o p p o s ite  d irec ted  w a v e s  [2 -4 ] , and  s p e c if ic  p rop erties are 

fou n d . T h e  g en era l property  is  fo rm a tio n  o f  th e  u n ifo rm  strip o f  saturation  in  th e  p rob e  f ie ld  w o rk  

lea d in g  to  red u ction  o f  a m p litu d e  o f  th e  ab so rp tio n  lin e  cou n ter  o f  th e  prob e f ie ld , and  a lso  to  

red u ction  o f  a m p litu d e  and  saturated  w id th  o f  p o p u la tio n a l part o f  th e  n o n lin ea r  reso n a n ce .

S p e c if ic s  o f  m a n ife s ta tio n  o f  se lf-sa tu ra tio n  e f fe c t  in  th e  u n id irec tio n a l w a v e s  are c a u se d  b y  

e x is te n c e  in  sp ectra  o f  th e  saturated  ab sorp tion  r e so n a n ces  o f  tw o  and  th ree  le v e l  sy s te m s  th e  narrow  

structures in  th e  form  o f  e n lig h te n m e n t p ea k , or ab sorp tion  p ea k , an e sse n tia l con tr ib u tion  to  w h ic h  

m ak e n o n lin ea r  in terferen tia l e ffe c ts .

In flu e n c e  o f  th e  se lf-sa tu ra tio n  e f fe c t  o n  p aram eters o f  th e  n o n lin ea r  reso n a n ce  narrow  structures  

carries o th er  character th an  in  c a se  o f  o p p o s ite  d irected  w a v e s :  e f fe c t  red u ces  a m p litu d es  o f  narrow  

structures o n  th e  c o n s id e r e d  tra n sitio n s, b u t d ifferen tly  in f lu e n c e s  o n  w id th s  o f  th e se  structures. In  

tw o - le v e l  sy s te m  se lf-sa tu ra tio n  le a d s  to  b ro a d en in g  o f  structure in  th e  form  o f  a  d ip  and  to  n arrow in g  

o f  th e  p ea k  form  structures. In th r e e - le v e l sy s te m  se lf-sa tu ra tio n  isn 't sh o w n  in  w id th s  o f  narrow  

structures o f  n o n lin ea r  reso n a n ces .
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A n a ly t ic a l and  n u m er ica l resea rch es o f  th e  saturated  ab sorp tion  reso n a n ce  lin e  sh ap e o f  tw o - le v e l  g a s  

en v iro n m en t in  th e  f ie ld  o f  tw o  u n id irec tio n a l w a v e s  are co n d u c ted . It is  sh o w n  that, b o th  at 

m o tio n le s s , and  at m o v in g  a to m s, th e  n o n lin ea r  reso n a n ce  lin e  sh ap e ca n  co n s id e r a b ly  ch a n g e  at 

m o d if ic a t io n  o f  a  ratio  b e tw e e n  v a lu e s  o f  th e  le v e l  re la x a tio n  co n sta n ts  r m , r n and  th e  first E in ste in  

c o e f f ic ie n t  o f  Amn , d e term in in g  a  share o f  sp o n ta n eo u s d is in teg ra tio n  o f  th e  u p p er le v e l  b y  w o rk in g  

tran sition  (b ra n ch in g  p aram eter o f  rad ia tion ). A t  th e  sam e tim e  th e  narrow  n o n lin ea r  reso n a n ce  arisin g  

in  w o rk  o f  th e  prob e f ie ld  o n  tra n sitio n s  w ith  th e  lo n g - liv in g  lo w e r  le v e l  ( r m> >  r n ) d ep en d in g  o n  a  

s ig n  o f  th e  v a lu e  r m-  A mn-  r n ca n  b e  sh o w n  as in  th e  form  o f  a  trad ition a l d ip  (a t r m-  A mn >  r n ) , and  

in  th e  form  o f  p ea k  (a t r m-  A mn <  r n). T h e  p o ss ib il ity  o f  p eak  structure o f  a  n o n lin ea r  reso n a n ce  is  

fo u n d  fo r  th e  first t im e . In c a se  o f  tra n sitio n s  w ith  th e  lo n g - liv in g  u p p er  le v e l  (Г п > >  r m) th e  narrow  

re so n a n ce  sh ap e is  sh o w n  o n ly  in  th e  form  o f  a  d ip . T ran sform ation  o f  th e  reso n a n ce  sh ap e from  a  d ip  

in  p eak  is  c a u se d  b y  sp e c if ic s  o f  a  r e la x a tio n  o f  th e  lo w e r  le v e l  p o p u la tio n  b ea ts  o n  th e  c lo s e d  or  

a lm o st  c lo s e d  tra n sitio n  w h e n  d is in teg ra tio n  o f  th e  upp er le v e l  c o m p le te ly  or  a lm o st  c o m p le te ly  

h ap p en s o n  w o rk in g  tran sition . F ea tu res o f  th e  saturated  ab sorp tion  lin e  sp ectru m  at tra n sitio n  1S 0 -1P 1 
in  th e  co u n ter  and  u n id irec tio n a l w a v e s  are d iscu ssed .
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R esu lts  o f  th e  th eo re tica l a n a ly s is  o f  th e  p h y s ic a l p r o c e s se s  le a d in g  in  ex p er im en ts  [1 -4 ] to  e sse n tia l  
d is t in c tio n  o f  th e  m a g n e tic  sca n n in g  sp ectra  at ch a n g e  o f  m u tu a l or ien ta tio n  o f  th e  p o la r iza tio n  p la n es  
o f  la ser  w a v e s  are su b m itted .

In m o d e l o f  a to m ic  tran sition  w ith  fu ll le v e l  m o m e n ts  J=1 sta tion ary  and  n o n -sta tio n a ry  n u m er ica l 
so lu tio n s  o f  eq u a tio n s  fo r  d e n s ity  m a tr ix  in  th e  g a s  en v iro n m en t reso n a n tly  in teractin g  w ith  tw o  
co u n ter  and  u n id irec tio n a l lig h t  w a v e s  are r e c e iv ed . B e h a v io r  o f  th e  saturated  ab sorp tion  reso n a n ce  
sh a p es and  sp ectra  o f  m a g n e tic  sca n n in g  d ep en d in g  o n  re la x a tio n  ch aracter istics  o f  tra n sitio n s  (w id th s  
o f  le v e ls  and  tra n sitio n s , b ran ch in g  param eter  o f  ra d ia tio n ), d irec tio n s  o f  p ro p a g a tio n  and  m utual 
orien ta tio n  o f  p o la r iza tio n , and  a lso  in te n s it ie s  prob e and  stron g  w a v e  are in v estig a ted .

It is  sh o w n  th at fo r  a  lo n g - liv in g  lo w e r  state b o th  at o p p o s ite  d irec ted  [5 ], and  at th e  u n id irec tio n a l 
w a v e s  th e  m a in  p r o c e ss  d e fin in g  fea tu res o f  th e  m a g n e tic  sca n n in g  sp ectra  from  m u tu a l or ien ta tio n  o f  
th e  p o la r iza tio n  p la n es  o f  lig h t w a v e s  (re so n a n ces  o f  E IT  and  E IA  [1 -4 ])  is  th e  m a g n e tic  co h eren ce  
in d u ced  b y  th e  lin ea r  p o la r ized  stron g  f ie ld  b e tw e e n  le v e ls  at th e  lo w e r  state o f  a to m ic  tran sition . T he  
m a x im u m  co n tr ib u tio n  d u e to  th e  tran sfer  p r o c e ss  o f  m a g n e tic  co h e r e n c e  from  th e  u p p er le v e ls  on  
lo w e r  state d o esn 't e x c e e d  10%  o f  am p litu d e  o f  a  n o n lin ea r  reso n a n ce , and  th e  co n tr ib u tio n  o f  
n o n lin ea r  p o la r iza tio n  at a  c o m b in a tio n a l fr eq u en cy  m a k es  still sm a ller  v a lu e . F eatu res o f  the  
m a g n e tic  sca n n in g  sp ectra  o n  c lo s e d  and  a lm o st  c lo s e d  tra n sitio n s in  th e  u n id irec tio n a l w a v e s  are 
fou n d .

It is  e s ta b lish e d  th at th e  sh ap e o f  a  n o n lin ea r  reso n a n ce  in  c a se  o f  co u n ter  w a v e s  at o r th o g o n a lly  
p o la r ized  f ie ld s  d ep en d s e s se n t ia lly  o n  o p e n n e ss  d eg ree  o f  a to m ic  tran sition , and  at p ara lle l 
p o la r iza tio n  th is  d e p en d en ce  is  e x p r e sse d  p o o r ly . In c a se  o f  th e  u n id irec tio n a l w a v e s  q u a lita tive  
d e p en d en ce  o f  th e  n o n lin ea r  reso n a n ce  sh ap e o n  or ien ta tio n  o f  th e  p o la r iza tio n  p la n e s  o f  w a v e s  is  
fou n d , at th e  sam e tim e  in f lu e n c e  o f  th e  tran sition  o p e n n e ss  d eg ree  is  sh o w n  o n ly  q u a n tita tiv e ly  in  
a m p litu d es  o f  reso n a n ce  structures.

R esea rch es  o f  th e  m o re  c o m p le x  m o d e ls  o f  a to m ic  tran sition  (J = 2 -J = 1 , J = 2 -J = 2 ) in  a  stationary  
c a se  g iv e  q u a lita tiv e  c o n se n t  w ith  resu lts  o f  ca lc u la tio n s  fo r  tran sition  w ith  J=1 b o th  o n  sp ectra  o f  
n o n lin ea r  re so n a n ces , and  o n  sp ectra  o f  m a g n e tic  scan n in g .
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S in g le  io n s  and  th e ir  e n se m b le s  trapped  in  io n  trap are w id e ly  u se d  fo r  m a n y  sc ie n t if ic  a p p lica tio n s  

ran g in g  from  fre q u e n c y  standards [1] to  quantum  c o m p u tin g  and  s im u la tio n s  [2 ]. S o m e  k e y  b en e fits  

o f  su ch  sy ste m s in c lu d e  v ery  lo w  a c h ie v a b le  tem p eratu res o f  th e  io n s  in  a  trap, lo n g  c o h eren t t im e  and  

l ife t im e  up  to  sev era l m o n th s . O n e o f  th e  in terestin g  o b je c ts  fo r  quantum  co m p u tin g  ap pears to  b e  the  

io n  C o u lo m b  cry sta ls  th at ca n  b e  o b serv ed  w h e n  trapped  io n s  are c o o le d  b e lo w  a certa in  cr itica l 

tem perature. T o  create  an  io n  cry sta l sev era l te n s  o f  io n s  sh o u ld  b e  trapped , stored  and  c o o le d . L o sse s  

m e c h a n ism s o f  d ifferen t nature m a y  lim it  th e  n u m b er  o f  stored  io n s .

In ou r se tu p  in  L P I io n s  are crea ted  b y  m ea n s o f  e le c tro n  irrad iation  o f  th e  neutra l m a g n e s iu m  

a to m s in  th e  cen ter  o f  th e  lin ea r  P au l trap. T h u s th e  tem perature  o f  th e  trapped  M g+ io n s  b e fo re  la ser  

c o o lin g  is  h ig h  and  th e  life t im e  is  m ea su red  to  be  1 .7  s . T o  stu d y  th e  lo s s  p r o c e ss  at h ig h  

tem p era tu res th e  n u m er ica l s im u la tio n  o f  th e  io n  d y n a m ic  in  th e  trap w a s  p erform ed . It w a s  sh o w n  

th at fo r  n u m b er  o f  io n s  from  10 to  15 th e  m a in  lo s s  m e c h a n ism  is  s im ila r  to  ev a p o ra tio n  and  sh o u ld  

n o t p la y  s ig n if ic a n t  ro le  at lo w e r  tem p eratu res. In d eed , a fter  a p p ly in g  la ser  c o o lin g  th e  life t im e  w a s  

m ea su red  to  b e  120  s w h ic h  is  in  g o o d  a g reem en t w ith  ou r ca lcu la tio n s . S im u la tio n s  a lso  

d em o n stra ted  th at c o l l is io n  e v e n ts  w ith  th e  resid u a l b ack grou n d  g a s  m o le c u le s  are rare and  can n ot  

in f lu e n c e  th e  life t im e  at h ig h  tem p eratu res.
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C h m o p h o re -d o p ed  p o ly m e r s  ord ered  b y  an ex tern a l e le c tr ic  f ie ld  p o s s e s s e s  u n iq u e  e le c tr o -o p tica l  

(E O ) r e sp o n se , w h ic h  is  m ore an order o f  m ag n itu d e  h ig h er  th an  a n a lo g o u s  so lid  state c ry sta llin e  

structures (fo r  e x a m p le  lith iu m  n io b a te ). S u ch  h ig h  n o n lin ea r ity  a llo w s  to  red u ce  th e  op era tin g  

v o lta g e  o f  th e  m o d u la to rs  b a se d  o n  th e se  m ater ia ls  b y  an order o f  m a g n itu d e . M o reo v er , th e  freq u en cy  

d isp ers io n  o f  re fractive  in d e x  o f  th e  p o ly m e r  structures is  m u ch  le s s  th an  cry sta llin e  counterparts and  

a llo w s  o p tica l and  rad io  w a v e s  p rop agate  in -p h a se  o v e r  lo n g  d is ta n ces , en su r in g  a  h ig h  c o n v e r s io n  

e f f ic ie n c y  a t m ic r o w a v e  freq u en c ie s  m o d u la tin g . B e s id e s  h ig h  n o n lin ea r ity , m ater ia l w o rk in g  a t h ig h  

m o d u la tin g  fre q u e n c ie s , and  th ere fo re  in  c o n d it io n s  o f  h ig h  h ea t fo r  a  lo n g  t im e , m u st p o s s e s s  the  

th erm al sta b ility  o f  th e se  n o n lin ea r  o p tica l p rop erties. T h e u se  o f  p o ly im id e  a s a  p o ly m e r ic  b a ck b o n e  

fo r  th e  m erg in g  o f  o p t ic a lly  a c tiv e  ch ro m o p h o res  o p e n s  up  n e w  p o ss ib il it ie s  fo r  e le c tr o -o p tic  

m ater ia ls  w ith  h ig h  tem perature  and  tem p o ra l sta b ility  o f  th e  n o n lin ea r  r e sp o n se [1 ,2 ] .

H ere  w e  p resen t th e  resu lts  o f  ex p er im en ta l in v e s tig a tio n  th e  d isp ers io n  o f  n o n lin ea r  op tica l  

re sp o n se  and  E O  p rop erties  o f  th e  o r ig in a l ch ro m o p h o re -co n ta in in g  p o ly im id e s  w ith  c o v a le n t ly  

a ttach ed  c o m m erc ia l ch ro m o p h o res  D R 1  and  D R 1 3 . T h ese  in v e s t ig a t io n s  w ere  p erfo rm ed  b y  th e  

m eth o d  o f  s e c o n d  h a rm o n ic  g en era tio n  and  T e n g -M a n  tech n iq u e .

T h e  m a x im u m  v a lu e s  o f  th e  d33 w ere  fo u n d ed  to  b e  from  25  to  120  p m /V , d ep en d s o n  th e  sa m p les . 

It is  sh o w n  th at th e  n o n lin ea r  re sp o n se  rem ain s stab le  at tem p eratu res up  to  120  °C.

W e  h a v e  ex p e r im e n ta lly  d em on stra ted  th e  e le c tr o -o p tic  m o d u la tio n  p rop erties  o f  th e  p h ase  

m o d u la to r  b a se d  o n  th e  s tu d ied  m ateria ls.

T h is  w o rk  w a s  su p p orted  b y  R F B R  1 4 -2 9 -0 8 1 3 4  grant.
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M o st m o d e m  la ser  sy s te m s  fo r  co n ta c tle s s  m ea su rem en t o f  v ib ra tio n  are b a sed  o n  th e  D o p p le r  e f fe c t  

and  d iffe r  b y  c o m p le x ity  and  v e r y  h ig h  co st. It is  m a in ly  c a u se d  b y  th e  fa c t th at fo r  ex tra c tio n  the  

D o p p le r  s ig n a l’s freq u en cy  p rop ortion a l to  th e  v ib ra tio n  v e lo c ity  th e y  u se  in terferen ce  o f  la ser  

rad ia tion  sca ttered  b y  th e  v ib ra tin g  o b je c t  and  th e  referen ce  rad iation . T h e report su g g e s ts  w a y s  to  

s im p lify  and  red u ce  th e  c o s t  o f  th e se  sy ste m s th rou gh  th e  u se  o f  p o w e r  or  a m p litu d e  m o d u la tio n  o f  th e  

p rob e la ser  f ie ld . A t  th e  sam e tim e  su ch  c o m p le x  and  ca p r ic io u s  n o d e  as an in terfero m eter  is  e x c lu d e d  

from  th e  D o p p le r  sy ste m , and  o n  th e  ou tput, in  con trast to  e x is t in g  sy s te m s , a  s ig n a l p rop ortion a l to  

v ib r o d isp la c e m e n t is  g en era ted .

W e  sh a ll c o n s id e r  a  ca se  o f  la ser  p o w e r  m o d u la tio n . L et m o d u la tin g  fu n c tio n  h a s  th e  form  

P(t) =  [1  +  m • c o s  ( Q  t) ] ,  w h ere  m  is  th e  m o d u la tio n  in d e x , and  Q  - th e  m o d u la tio n  fu n c tio n  angu lar

freq u en cy . A n a ly s is  sh o w e d  th at th e  sp ectru m  o f  th e  m o d u la ted  f ie ld  co rresp o n d s to  F ig . 1a. D u rin g  

th e  m o tio n  o f  th e  o b jec t  sp ectru m  o f  th e  sca ttered  f ie ld  h as th e  form  sh o w n  in  F ig  1b. It is  s e e n  that 

e a c h  h a rm o n ic  is  D o p p ler  sh ifted  o n  th e  freq u en cy  and  th e  d ista n ce  b e tw e e n  th em  rem a in ed  eq u a l, bu t  

in crea sed  b y  a certa in  am ount.

Fig. 1 Signals spectra: a) probing radiation b) reflected field, <b0 -carrier frequency.

T h e s ig n a l a t th e  ou tp u t o f  th e  p h o to d e tec to r  a s  authors sh o w n  b e c o m e s  

I d (t) =  { l  +  c o s [ 0 ( 1  +  K ) t] }  .W e se e  th at it is  s im ila r  to  th e  m o d u la tin g  fu n c tio n  P (t), b u t sh ifted  to  a

n e w  D o p p le r  freq u en cy  p rop ortion a l to  th e  v e lo c ity  and  eq u a l Q K . C o e ff ic ie n t  K  =  2 V /C , w h ere  C is  

th e  lig h t  v e lo c ity .
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T o  s e le c t  th e  n e w  D o p p le r  sh ifted  s ig n a l fr eq u en cy  th e  sp ectru m  o f  th e  s ig n a l Id(t) is  transferred  to  

area  zero  freq u e n c ie s  and  m u ltip ly in g  b y  th e  quadrature s ig n a ls  o f  m o d u la tin g  fu n c tio n  w e  r e c e iv e  

tw o  c o m p le x  s ig n a l c o m p o n en ts  w ith  n e w  D o p p ler  freq u en cy  Q D eq u a l to  K Q :

Z C (t) =  c o s  ( K  Q  t);  Z S (t) =  s in  ( K  Q  t)

T h e  p h ase  o f  th is  c o m p le x  s ig n a l is  p rop ortion a l to  th e  in sta n ta n eo u s v a lu e  o f  the  

v ib r o d isp la c e m e n t, and  th e  fo l lo w in g  a lg o r ith m  is  u se d  to  ev a lu a te  it: ф п =  arg ( Z n*Zn+1) ,  w h ere  Z n 

and  Z n+1 are th e  c o m p le x  s ig n a l d iscre te  co u n ts  at th e  m o m e n ts  tn, tn +1.

It f o l lo w s  from  th e  fo r e g o in g  th at th e  p ro p o sed  m eth o d  and  th e  co rresp o n d in g  m ea su rem en t  

sy s te m  d e s ig n  d o e s  n o t  n e e d  th e  in terfero m eter  o f  o p tica l f ie ld s . T h is  is  a  v e r y  im p ortan t a d van tage  o f  

th e  p ro p o sed  p r in c ip le , as it  a llo w s  th e  u se  n o t o n ly  co h eren t, bu t a n y  lig h t sou rce  to  form  a  probe  

b eam . F or  th e  ex p er im en ta l v e r if ic a tio n  o f  th e  p ro p o sed  p r in c ip le  th e  setu p  h a s  b e e n  d e s ig n e d  w h ic h  

fu n c tio n a l d iagram  is  p resen ted  in  F ig . 2 . O utput s ig n a l o sc illo g r a m  at v ib ra tio n  a m p litu d e  o f  6  m m  

and  freq u en cy  2  H z  is  p resen ted  in  F ig . 3.

---------►

Fig. 2 Functional diagram of the setup for vibration measurements.

Fig. 3 Output signal waveform at vibration amplitude of 6 mm and frequency 2 Hz.
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Passive synchronization of erbium and ytterbium doped 
fiber Q-switching lasers induced by 1530 nm laser pulses 
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W e  h a v e  fab r ica ted  a  p a s s iv e ly  sy n c h r o n iz e d  Q -sw itc h e d  f ib er  la ser  w o rk in g  at 1 0 6 0 /1 5 3 0  n m  b y  a  
c o m m o n  G S A  F ig .1 . T h e  p r o c e ss  o f  sy n ch ro n ized  p u lse s  fo rm a tio n  and  th e  im p a c t o f  1 5 3 0  n m  la ser  
p u lse s  o n  1 0 6 0  n m  co n tin u e  w a v e  la ser  in  G S A  are in v e stig a te d . T h e  ex p er im en ta l resu lts  sh o w  that  
th e  1 5 3 0  n m  la ser  p u lse s  in d u ce  th e  1 0 6 0  n m  Q -sw itc h e d  la ser  p u lse s , and  c a u se  th e  fo rm a tio n  o f  the  
p u lse d  la ser  sy n ch ro n iza tio n  th rou gh  th e  X A M  e ffe c t  in  G S A [1 ] . W ith  th e  in crea s in g  p u m p in g  p o w er , 
th e  rep etitio n  rate o f  sy n ch ro n ized  p u le s  c o u ld  b e  tu n ed  from  2 4 .5 1  k H z  to  3 9 .8 5  k H z. T h is  la ser  m a y  
h a v e  p o ten tia l a p p lica tio n s  in  th e  f ie ld  o f  n o n lin ea r  freq u en cy  co n v e r s io n , m u lti-c o lo r  pu m p  probe  
sp e c tr o sc o p y , R am an  sca tter in g  sp e c tr o sc o p y  and  so  on  [2 -7 ].

W h e n  p u m p  p o w e r  is  in crea sed  to  4 6 m W , co n tin u o u s  w a v e  la ser  lig h t  o f  1 5 3 0  n m  is  o b serv ed  
fir stly . W ith  th e  P C  ap p rop ria te ly  ad ju sted , stab le  p a ss iv e  Q -sw itc h e d  p lu se s  o f  15 3 0  n m  is  o b serv ed  
at pu m p  p o w e r  o f  181 m W . T h e p u lse  w id th  is  6 .0 2  ^s and  th e  rep etitio n  rate is  1 9 .9 9  k H z , w ith  th e  
ou tp u t p o w e r  o f  0 .7 9  m W . K e e p  th e  P C  state f ix e d  and  in crea se  th e  p u m p  p o w e r  gra d u a lly , th e  
rep etitio n  rate and  ou tput p o w e r  o f  th e  p u lse s  are in crea sed , and  th e  p u lse  w id th  is  d ecrea sed  as is  
sh o w n  in  F ig .2 . W h e n  p u m p  p o w e r  is  tu n ed  to  2 6 7  m W , la ser  lig h t  o f  10 6 0  n m  e m erg ed  as Q -  
sw itc h e d  o p era tion  state w h o se  p u lse  w id th  is  1 8 .7 9  ^s. T h e  rep etitio n  rate o f  th e  1 0 6 0  n m  p u lse s  is  
2 3 .9 6  k H z  w h ic h  is  eq u a l to  th e  rep etitio n  rate o f  th e  1 5 3 0  n m  p u lse s .

Fig. 1 The experimental setup of the passive Q-switched laser.

C on tin u e  in crea se  th e  pu m p  p o w er , b o th  o f  th e  tw o  p u lse s  w id th  d ecrea se  g ra d u a lly  and  the  
rep etitio n  rate in crea se  c o n s is te n t ly  as is  sh o w n  in  F ig .2 (c )  and  F ig .2 (d ) . It is  c le a r  th a t th e  Q -sw itc h e d  
p u lse s  o f  tw o  w a v e le n g th s  are a lw a y s  sy n ch ro n ized  w ith  th e  pu m p  p o w e r  in crea sed  g ra d u a lly  from  
2 6 7  m W  to  4 3 0  m W . W ith  th e  in crea s in g  p u m p  p o w er , th e  1 0 6 0  n m  p u lse  w id th  d ecrea se s  
co n tin u o u s ly , b e c a u se  th e  p ea k  p o w e r  o f  1 5 3 0  n m  la ser  in c r e a se s  w ith  th e  p u m p  p o w e r  and  in d u ces  
stren g th en in g  X A M  e ffe c t . B u t th e  v a r ia tio n  o f  1 0 6 0  n m  p u lse s  w id th  e x p e r ie n c e s  tw o  p r o c e sse s ,  
w h ile  th e  p ea k  p o w e r  o f  1 5 3 0  n m  la ser  in crea se s  a lm o st lin ea r ly . T h e tw o  p r o c e s se s  ty p e  d ecrea se  o f  
1 0 6 0  n m  la ser  p u lse  w id th  is  c o n s is te n t w ith  th e  saturable ab sorp tion  property  and  X A M  e ffe c t  o f  
g rap h en e . W h e n  pu m p  p o w e r  rea ch es  4 3 0  m W , b o th  o f  th e  tw o  p u lse s  w id th s  are th e  n arro w est and  
th e  d ifferen ce  v a lu e  b e tw e e n  th e  tw o  p u lse  w id th s  are th e  sm a lle st . O w in g  to  th e  n arrow est p u lse  
w id th  and  th e  h ig h e s t  p ea k  p o w er , 1 5 3 0  n m  la ser  p u lse s  in d u ce  th e  h ig h e s t  X A M  e f fe c t  in  grap h en e , 
and  resu lt in  th e  n arrow est p u lse  w id th  o f  1 0 6 0  n m  la ser  lig h t. T h e co rresp o n d in g  p u lse s  tra in  is
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sh o w n  in  F ig .3 (a )  and  th e  ou tp u t sp ectru m  o f  th e  la ser  is  sh o w n  in  F ig .3 (b )  and  F ig .3 (c ) . D u rin g  the  
p u m p  p o w e r  in crea sed  from  2 6 7  m W  to  4 3 0  m W , th e  1 0 6 0  n m  p u lse  w id th  is  a lw a y s  greater  th an  the  
1 5 3 0  n m  p u lse  w id th .

T o  further p ro v e  th e  1 5 3 0  n m  Q -sw itc h e d  p u lse s  in d u ced  X A M  e f fe c t  in  g rap h en e  is  th e  d o m in an t  
fa c to r  to  form at sy n ch ro n ized  Q -sw itc h e d  p u lse s , th e  1 5 3 0  n m  path  at th e  p o s it io n  A  b e tw e e n  th e  ISO  
and  O C  is  cu t o f f  a s  is  sh o w n  in  th e  F ig . 3 . T h o u g h  th e  P C  state  and  p u m p  p o w e r  are ca re fu lly  
ad ju sted , 1 0 6 0  n m  Q -sw itc h e d  p u lse s  ca n n o t be  o b ta in ed . B u t w h e n  th e  p o s it io n  B  in  th e  1 0 6 0  n m  
path  is  cu t o ff , stab le  Q -sw itc h e d  p u lse  o f  1 5 3 0  n m  can  b e  e a s ily  o b ta in ed  at prop er pu m p  p o w e r  and  
P C  state . T h is  p h e n o m e n o n  illu stra te  th at th e  1 0 6 0  n m  Q -sw itc h e d  la ser  p u lse s  are in d u ced  b y  
1 5 3 0  n m  Q -sw itc h e d  p u lse s , and  co n firm  th at th e  15 3 0  n m  Q -sw itc h e d  p u lse s  c a u se d  X A M  e f fe c t  in  
g rap h en e  is  th e  d o m in a n t fa cto r  to  rea lize  th e  p a ss iv e  sy n ch ro n iza tio n  o f  Q -sw itc h e d  la ser  p u lse s .
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Fig. 2 (a) Output power, (b) peak power, (c) repetition rate and (d) pulse width o f Er-laser and Yb-laser as a 
function o f pump power.

Fig. 3 (a) The pules train when pump power is 430 mW, the corresponding output spectra o f (b) Yb-laser and (c) Er-laser.
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Measurement of eigenmode excitation spectrum in 
synthetic photonic lattices
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L ig h t p ro p a g a tio n  in  p er io d ic  structures is  th e  o b je c t  o f  e v ery o n e 's  a tten tion  o v e r  th e  y e a r s1 .T h is  area  
o f  research  is  ex p lo r in g  th e  d y n a m ic s  o f  lig h t, w h ic h  c a n n o t b e  o b serv ed  in  a  co n tin u o u s  m ed iu m . A n  
e x a m p le  o f  su ch  sy ste m s are B ra g g  g ra tin g  structures or  structures co n s is t in g  o f  o p tica l w a v e g u id e s .  
T h e  la tter are a  sp e c ia l c la ss  o f  p e r io d ic  sy s te m s , o p e n in g  are range o f  p o s s ib il it ie s  fo r  c o n tro llin g  
lig h t. R e c e n tly  m ore and  m ore  a tten tion  is  g iv e n  to  p h o to n ic  la ttic e s  im p le m e n te d  b y  m ea n s  o f  o p tica l 
fib ers. T h e m a in  rep resen ta tiv es o f  th is  c la ss  are m e sh  and  sy n th e tic  p h o to n ic  la ttic e s  (S P L ). T h e  first  
o n e  is  a  n e tw o rk  o f  a  n u m b er  o f  op tica l co u p ler s , and  h as so m e  p ractica l lim ita tio n s . T h e  first o n e  is  a  
n e tw o rk  o f  a  n u m b er  o f  o p tica l co u p ler s , and  h as so m e  p ractica l lim ita tio n s . T h e s e c o n d  o n e  c o n s is ts  
o f  tw o  f ib er  r in gs o f  d ifferen t le n g th s , c o n n e c te d  th rou gh  th e  5 0 /5 0  fib er  cou p ler . O p tica l lo s s e s  are 
v a n ish e d  du e to  o p tica l a m p lifie r s  in serted  in to  th e  sy stem . A  se q u e n c e  o f  lig h t p u lse s  c ircu la tes  
th rou gh  th e  sy ste m , w ith  th e  n u m b er  o f  p u lse , p h a se  and  am p litu d e  o f  ea ch  p u lse  va ry in g . P h a se  o f  
th e  p u lse s  ca n  b e  a ltered  b y  m ea n s  o f  p h a se  m od u la to r , in ser ted  in to  o n e  o f  th e  lo o p s . It ca n  b e  sh o w n  
th at p u lse  e v o lu t io n  in  b o th  sy s te m s  is  g o v e r n e d  b y  th e  sam e eq u a tio n  set. T h o u g h , u se  o f  S P L  o p en s  
n e w  fie ld s  fo r  research  b e ca u se  o f  h u g e  ex p er im en ta l p o s s ib il it ie s . F or  e x a m p le , in  th e  w o rk  an  
e v o lu t io n  o f  p u lse s  in  a  sy s te m  w ith  th e  in trod u ction  o f  v a r io u s  k in d s  o f  lo c a l in h o m o g e n e it ie s  w a s  
stu d ied . It w a s  sh o w n  th at th e  c o n tro lled  p h a se  sh ift  o f  e a c h  p u lse  p la y s  a  ro le  o f  q u an tu m  p o ten tia l, 
w h ile  th e  e n v e lo p e  o f  th e  p u lse  ch a in  p la y s  a  ro le  o f  a  w a v e  fu n c tio n  o f  th e  q uantum  p artic le . F or  
e x a m p le , in  th e  a b sen ce  o f  p h a se  sh ifts  tra in  o f  th e  p u lse s  c ircu la tes  in  th e  tw o  r in gs, w ith  th e  n u m b er  
o f  p u lse s  g ra d u a lly  in crea sin g . T h is  ca n  b e  co n s id ered  a s sp read in g  o f  th e  w a v e  fu n ctio n .

Fig. 1 ttice and basics o f an operation

K n o w le d g e  o f  b o th  p h a se  and  in te n s ity  o f  th e  p u lse  train  m ea n s  th e  S P L  b e c o m e s  c o m p le te ly  
d escr ib ed . W e  h a v e  fo u n d  an  e a s y  w a y  to  q u a lita tiv e ly  recon stru ct th e  e ig e n m o d e  ex c ita tio n  sp ectru m  
u s in g  th is  k n o w le d g e . W e  p ro p o se  a  tech n iq u e  o f  m ea su r in g  re la tiv e  o p tica l p h a se s  o f  p u lse s  
c ircu la tin g  in  sy n th e tic  p h o to n ic  la ttic e s . T h e  tech n iq u e  is  b a sed  o n  o p tica l h e tero d y n in g  and  m a k es  it 
p o ss ib le  to  ob ta in  c o m p le te  k n o w le d g e  ab ou t lig h t e v o lu t io n  in  th e  sy n th e tic  p h o to n ic  la ttic e s . O n e o f  
th e  se q u e n c e s  is  th e  p o s s ib il ity  o f  reco n stru ctin g  th e  e ig e n m o d e  ex c ita tio n  sp ectru m , u s in g
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m ea su rem en ts  o f  ou tp u t p u lse  train  p h a ses  and  in te n s it ie s  o n ly . W e  d em on strate  th at th e  F ou rier  
tran sform  in te n s ity  o f  th e  c o m p le x  am p litu d e  o v e r  roundtrip  n u m b er  m  h a s  a  sh ap e  s im ila r  to  th at o f  
e ig e n m o d e  ex c ita tio n  sp ectrum .

Fig. 2. Comparing mode excitation spectrum (left) and result o f Fourier transform o f complex pulse 
amplitude over m (right) with random distribution o f potential with value o f pi/2.

T h is  w o rk  w a s  su p p orted  b y  R u ss ia n  S c ie n c e  F o u n d a tio n  (p ro ject n o . 1 6 -1 2 -1 0 4 0 2 ) .  
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Mechanism merging of waves produced by 
laser plasma pulses in magnetic tube
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It w a s  sh o w n  th at m ech a n ism  o f  m erg in g  o f  w a v e s  acts n o t  o n ly  in  m a g n e tiz e d  g a s e s  and  p la sm a s [1] 
b u t in  v a cu u m  m a g n e tic  f ie ld  a s  w e ll .  A t  th e  K I-1 F a c ility  th e  p la sm a  w a s  p ro d u ced  b y  s u c c e s s iv e  
irrad iation  o f  th e  target b y  a  train  o f  la ser  p u lse s  in  a  v a cu u m  in  m a g n e tic  f ie ld  o f  ab ou t 3 5 0  G au ss. 
W h e n  d e la y  b e tw e e n  p u lse s  w a s  le s s  th an  ~  10 m s th e  la ser  p la sm a  fo rm ed  u n b rok en  stream  
c o n ta in in g  to r s io n a l A lfv e n  and  s lo w  m a g n e to so n ic  w a v e s . T h e w a v e s  are co m b in e d  in  sp a ce  and  
co n ta in ed  in  a  narrow  m a g n e tic  tu b e.

T h e  ex p er im en t w a s  p erfo rm ed  w ith  th e  a im  to  ju s t ify  th e  a p p lic a b ility  o f  th e  m e c h a n ism  o f  
m erg in g  o f  w a v e s  (M M W ) in  va r io u s m ed ia . T h e  e s se n c e  o f  th e  M M W  is  th at th e  sh o c k  w a v e s  
crea ted  b y  a  train  o f  p la sm a  e x p lo s iv e  p u lse s  p artia lly  m erg e  in  sp a ce  and  form  a  lo w -fr e q u e n c y  w a v e  
w h o s e  len g th  is  m u ch  greater  th an  th e  rad ius. T h e  len g th  is  lin ea r ly  d ep en d en t o n  en e r g y  input. In 
m a g n e tiz e d  c o l l is io n le s s  p la sm a  M M W  g en era te s  a  q u a si-sta tio n a ry  w a v e  (Q W ) c o n s is t in g  o f  
to r s io n a l A lfv e n  (A Q W ) and  th e  s lo w  m a g n e tic  (M Q W ) w a v e s . Q W  is  lo c a te d  in  a  narrow  m a g n e tic  
tu b e . M Q W  is  a  co m p r e ss io n  w a v e  w h ic h  carries en e r g y  and  m o m en tu m  w h ile  A Q W  carries angu lar  
m o m en tu m  (th e  ro ta tion  o f  p la sm a ), th e  lo n g itu d in a l current, az im u th a l m a g n e tic  and  radial e lec tr ic  
f ie ld .

T h e  ex p er im en t rev ea led  a  n e w  e ffe c t , co n firm in g  th e  a p p lica b ility  o f  th e  M M W  in  th e  v a cu u m  
m a g n e tic  f ie ld . N a m e ly , in  v a cu u m  m a g n e tic  f ie ld  th e  so u rce  g en era te s  p la sm a  stream  in  w h ic h  th e  
lo c a liz e d  f ie ld  currents and  c o m p r e ss io n s  ju m p s  o f  p la sm a  are th e  sam e as in  m a g n e tiz e d  b ack grou n d . 
C o n d itio n s  and  m a n ife s ta tio n s  o f  M M W  fo rm in g  Q W  in  v a cu u m  m a g n e tic  f ie ld  is  th e  sam e as in  th e  
p re se n c e  o f  b ack g ro u n d  p la sm a  [2 ]. W ith  a  tw o -c o m p o n e n t  la ser  p la sm a  (2 H  + +  C  ++) a  to rs io n a l 
A lfv e n  w a v e  w a s  g en era ted  e v e n  b y  a  s in g le  p la sm a  p u lse . T h e  rad ius o f  Q W  ~  2 0  cm  and  its  len g th  ~  
2 .5  m  are lim ite d  b y  th e  s iz e  o f  th e  fa c ility .
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F ig . 1 sh o w s  th e  co n cen tra tio n  o f  p la sm a  n , lo n g itu d in a l B Z and  a z im u th a l В ф  m a g n e tic  f ie ld , the  
lo n g itu d in a l current J Z and  rad ial e le c tr ic  f ie ld  Er. A t  a  d e la y  o f  th e  s e c o n d  la ser  p u lse  re la tiv e  to  th e  
first T  < 1 5  m s th e  p la sm a  p u lse  crea tes a  jo in t  stream  th at co n ta in s  az im u th a l m a g n e tic  f ie ld  Вф, 
e le c tr ic  f ie ld  E r  and  J Z current a lo n g  th e  ex tern a l m a g n e tic  f ie ld . T h ese  v a lu e s  are th e  m a in  feature o f  
th e  to rs io n a l A lfv e n  w a v e . F ea tu res o f  M Q W  are a  ju m p  o f  th e  p la sm a  d e n s ity  and  th e  d isp la c e m e n t  
o f  th e  lo n g itu d in a l m a g n e tic  f ie ld  B Z. M a x im u m s o n  th e  s ig n a ls  o f  Bz and  n  corresp o n d  to  th e  p a ssa g e  
o f  p la sm a  f lo w s  from  th e  first and  se c o n d  p u lse s .
T h e  fo l lo w in g  fea tu res are ad d itio n a l co n firm a tio n  o f  th e  a p p lica b ility  o f  th e  M M W  in  th e  v a cu u m  
m a g n e tic  f ie ld . P u lse s  h a v e  crea ted  jo in t  p la sm a  f lo w , a s w e ll  as th e  A Q W  and M Q W , o n ly  w h e n  th e  
cr iter ia  p ro p o sed  fo r  th e  M M W  in  th e  m a g n e tiz e d  b ack grou n d  p la sm a  h a v e  b e e n  fu lf ille d . T he  
d im e n s io n le s s  rep etitio n  freq u en cy  o f  p u lse s  b a se d  o n  d im e n s io n  fr eq u en cy  f  ~  1 / т g iv e n  b y

® *  f  • R d  / C j

sh o u ld  b e  eq u a l to  ю = юг ~  0.3 - 0.5. W h e n  ю < <  юг a  separate p la sm a  stream s form  c o n ta in in g  Вф, 
Er, J Z and  BZ. A t  ю > >  юр th e  len g th  o f  Q W  w e a k ly  d e p en d s o n  th e  n u m b er  o f  p u lse s . C J  is  th e  
A lfv e n  sp e e d  in  th e  m a g n e tic  tu b e , Rd  - d y n a m ic  rad ius o f  a  s in g le  p u lse .

A p p lic a b ility  o f  M M W  in  a  tu b e  at a n y  n u m b er  o f  p u lse s  illu stra tes  F ig .2 , w h ic h  sh o w s  ю (t), a (t) 
and  в  (t) in  th e  tu b e  a fter  th e  tw o  p u lse s . H ere  a (t) is  th e  ratio o f  th e  L arm or rad ius to  th e  len g th  o f  
th e  io n -in er tia  len g th , в  (t) - th e  ratio o f  p la sm a  p ressu re  to  m a g n e tic  p ressu re  in  th e  tu b e . W h e n  th e  
th ird  p u lse  d e la y  re la tiv e  to  th e  se c o n d  is  le s s  th an  th e  lo w e r  lim it  (т < 10  ms) th e  c o n d it io n s  fo r  th e  
fo rm a tio n  o f  a  jo in t  p la sm a  stream  c o n ta in in g  th e  c o m b in e d  current, e le c tr ic  and  m a g n e tic  f ie ld s  are 
fu lf ille d . D istu rb a n ces  from  th e  th ird  p u lse , as w e ll  as th e  s e c o n d  sh o u ld  p rop agate  in  th e  tu b e  as th e  
A Q W  and M Q W .

T h u s, p er io d ic  p la sm a  p u lse s  to g e th e r  w ith  M M W  create in  v a cu u m  m a g n e tic  f ie ld  th e  rotating  
p la sm a  stream  co n ta in in g  th e  to rs io n a l A lfv e n  and  s lo w  m a g n e tic  w a v e s  lo c a liz e d  in  th e  m a g n e tic  
tu b e.

T h is  w o rk  w a s  supported  b y  th e  P rogram  o f  th e  P resid iu m  o f  R A S  "F undam ental p r in c ip le s  o f  
d u a l-u se  te c h n o lo g ie s  in  th e  in terests  o f  n a tio n a l security"
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F u n d am en ta l p h e n o m e n a  o f  n o n -lin e a r  sp e c tr o sc o p y  w e r e  o b serv ed  in  th e  f ie ld s  o f  c la s s ic a l nature  
[1 ], la sers  b e in g  th e  so u rces  o f  th e se  f ie ld s  (th u s o n e  m a y  c a ll it  n o n -lin ea r  la ser  sp e c tr o sc o p y  w ith  
eq u a l r ig h t). A s  it  is  w e ll  k n o w n , th e  state o f  la ser  rad iation  in  a reg im e  o f  w e ll-e s ta b lish e d  g en era tio n  
is  c lo s e  to  th e  G lau b er  c o h eren t state \a )G (G -sta te s ) [2 ]. T h e la tter is  th e  m o s t  accurate quantum  
a n a lo g u e  to  a c la s s ic a l m o n o ch ro m a tic  w a v e  w ith  d e fin ite  a m p litu d e  and  p h a se . H o w e v e r , it  is  still a 
quan tu m  o b jec t, and  h e n c e  th e  rad iation  m o d e  is  a llo w e d  to  b e  in  su p erp o sitio n  o f  d ifferen t G -sta tes . 
O f  certa in  in terest is  to  stu d y  h o w  th e  fa m ilia r  sp e c tr o sc o p ic  e f fe c ts  ch a n g e  w h e n  th e  f ie ld  is  prepared  
in  su ch  an  e x o t ic  quantum  state.

In  th is  w o r k  w e  in v e s tig a te  th e o r e tic a lly  th e  reso n a n ce  f lu o r e sc e n c e  o f  a  tw o - le v e l  a to m  p la c e d  in  
n o n -c la s s ic a l (ca t-sta te ) f ie ld  w h ic h  is  a  su p erp o sitio n  o f  G lau b er  c o h eren t sta tes (G -sta te s ) , and  the  
b ich ro m a tic  sp e c tr o sc o p ic  sc h e m e  fo r  a  Л-ty p e  sy s te m  w ith  o n e  tra n sitio n  e x p o s e d  to  th e  sam e ty p e  o f  
f ie ld , and  th e  o n e  in teractin g  w ith  th e  f ie ld  in  G -sta te . W e  c h o o se  th e  im p ortan t su b -c la ss  o f  th e  cat-  
sta tes , k n o w n  as th e  Y u rk e -S to le r  (Y S )  sta tes [3 ]. Y S -s ta te  w ith  param eter  a  is  ca n  b e  ex p r e sse d

th rou gh  G -sta tes  a s  fo llo w s:  \ a ) r5  =  = ( \ t a ) G +  i\ — ^ ) g ) .

T h is  ty p e  o f  state is  ex tr e m e ly  v u ln era b le  to  d e c o h eren ce . T o  co u n tera ct it, w e  in c lu d e  th e  sou rce  
o f  th e  f ie ld  e x p lic it ly  in to  th e  th eo re tica l m o d e l. E x a c t d e ta ils  o f  th e  preparation  o f  Y S -s ta te  are n o t  
re lev a n t fo r  th is  stu d y  a s so o n  a s th e  d es ired  state is  a c h ie v e d . D u e  to  that, w e  c h o o s e  th e  s im p le st  
p o ss ib le  m o d e l th a t a llo w s  th e  e x is te n c e  o f  sta tion ary  Y S -s ta te . T h e  s im ila r ity  b e tw e e n  G -sta tes  and  
Y S -s ta te s  a llo w s  u s  to  c h o o se  th e  sou rce  o f  th e  f ie ld  as h a rm o n ica lly  o sc illa t in g  d ip o le  and  the  
ran d om  p h o to n  lo s s  p r o c e ss  a c tin g  togeth er .

In sertin g  th e  tw o - le v e l  a tom  in  th e  f ie ld  in itia te s  f lu o r e sc e n c e . R e su lt in g  quantum  m a ster  eq u ation  
fo r  th e  a to m -fie ld  state in c lu d e s  th e  a to m ic  H a m ilto n ia n , th e  in tera ctio n  w ith  th e  f ie ld  and  
sp o n ta n eo u s d e c a y  o f  th e  e x c ite d  a tom  state as w e ll  as th e  sou rce  and  th e  d a m p in g  term s fo r  th e  fie ld .

W e  h a v e  s tu d ied  th e  c a se  w h e n  th e  n o n -c la ss ic a l nature o f  th e  f ie ld  is  m o s t  p ro n o u n ced , and  th is  is  
at | a |  >> 1 . W ith  ad d ition a l c o n d it io n  o f  th e  f ie ld  su b sy ste m  e v o lv in g  m u ch  fa ster  th an  th e  a tom , th e  
fo l lo w in g  a n sa tz  fo r  a to m -fie ld  state ca n  b e  used:

q =  p (+ ) ® |a ) r 5 ( a |  +  p ( - ) ® \  — a )Ys(—a\ +  R ® \a ) Ys(—a\ +  # * ® | — a )Ys(a \ (1 )

A p p ly in g  th is  an sa tz  to  (3 )  g iv e s  th e  s tea d y -sta te  d e n s ity  m atrix . A lo n g  w ith  th e  H e isen b erg  
v e r s io n  o f  th e  a to m ic  ra isin g  op erator  (there are a c tu a lly  tw o  o f  th o se , d is t in g u ish e d  b y  th e  c la ss ic a l  
in d e x  ( ± )  referrin g  to  a  certa in  s ig n  o f  th e  f ie ld  a m p litu d e  [4 ]) , it a llo w e d  u s  to  ev a lu a te  th e  spectrum  
o f  sta tion ary  reso n a n ce  flu o r e sc e n c e  (F ig . 1).

Fig. 1 Spectrum o f resonance fluorescence from a two-level atom in a classical (dotted) and non-classical 
(solid) fields at zero (left) and non-zero detuning (right).
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It w a s  fo u n d  th at in stea d  o f  th e  u su a l tr ip le t, in  th e  ca se  o f  ca t-sta te  f ie ld  th e  sp ectru m  c o n s is ts  o f  a  
s in g le  p ea k  cen tered  at th e  a to m ic  reso n a n ce  freq u en cy . T h e p ea k  h as th e  w id th  ~  y , i .e . th e  sa m e on e  
as in  c la s s ic a l f ie ld . B e c a u se  th e  p e a k ’s h e ig h t  is  e v e n  sm a ller  th an  th at fo r  a  c la s s ic a l f ie ld  o f  the  
sam e a m p litu d e , th e  fu ll f lu o r e sc e n c e  in ten s ity  in  th e  n o n -c la s s ic a l f ie ld  is  s ig n if ic a n tly  w e a k e r  th an  in  
th e  c la s s ic a l o n e . A ls o , at n o n -zero  d e tu n in g  a  s lig h t a sy m m etry  o f  th e  p ea k  w a s  o b serv ed . T he  
a b se n c e  o f  s id e  p ea k s is  stip u la ted  b y  stron g  a to m -fie ld  co rre la tio n s w h ic h  c a u se  rapid d ec o h e r e n c e  o f  
e v e r y  su b sy stem .

Fig. 2 Upper plots: field works (in a.u.) for both transitions in the case o f YS-source versus field detunings.
Lower plots: the same works in the case o f G-source. Д; is the detuning o f the field at |0) ^  | i) transition, yx 
is the spontaneous emission rate from |0) to 11).

A fte r  ev a lu a tin g  th e  flu o r e sc e n c e  sp ectru m , it  is  natural to  ex ten d  th e  sy ste m  to  three le v e ls ,  
n a m e ly , to  th e  Л -typ e  3 - le v e l  sy s te m  w ith  th e  u p p er  state |0 )  and  th e  lo w e r  sta tes |1 )  and  |2 ) .  T he  
f ie ld  o n  tran sition  |0 )  ^  |1 )  is  prepared  in  Y S -s ta te  b y  th e  sa m e m e c h a n ism  as d isc u sse d  a b o v e . T he  
f ie ld  o n  |0 )  ^  |2 )  is  trea ted  c la s s ic a lly . A p p ly in g  th e  sa m e a n sa tz  a s in  th e  tw o - le v e l  c a se , w e  w ere  
ab le  to  ob ta in  th e  stea d y -sta te  so lu tio n  o f  th e  m a ster  eq u ation . W e  h a v e  u se d  it  to  ev a lu a te  th e  w ork  
p er  u n it  t im e  d o n e  b y  ea ch  f ie ld  in  th e  sta tion ary  reg im e  (F ig . 2 ) . T h e  str ik in g  d ifferen ce  from  th e  ca se  
o f  tw o  c la s s ic a l f ie ld s  in teractin g  w ith  th e  sy s te m  w a s  th e  a b sen ce  o f  th e  so -c a lle d  “dark r e so n a n c e s” 
[5 ]. A s  is  w e ll-k n o w n , i f  th e  d e tu n in g  o f  th e  f ie ld s  are eq u a l, th e  sy s te m  appears in  th e  s o -c a lle d  dark  
state -  a  certa in  su p erp o sitio n  o f  th e  lo w e r  sta tes , and  d o e s  n o t  in teract w ith  th e  fie ld . H o w e v e r , in  a  
ca t-sta te  f ie ld  o n e  can  sp eak  o f  tw o  ty p e s  o f  dark re so n a n c e s , ea ch  o n e  co rresp o n d in g  to  a  certa in  f ie ld  
am p litu d e . In c a se  o f  Y S -s ta te , it  h a p p en s th at th e se  re so n a n ces  in terfere  d estru c tiv e ly , th u s c a n c e llin g  
th e  n e t dark reso n a n ce .

T h is  w o rk  w a s  su p p orted  b y  R F B R  (grant 1 6 -0 2 -0 0 3 2 9 )  and  th e  C o u n c il o f  th e  P res id en t o f  th e  
R u ssia n  F ed era tion  fo r  Sup p ort o f  Y o u n g  S c ie n tis ts  and  L ea d in g  S c ie n t if ic  S c h o o ls  (grant N S h -  
6 8 9 8 .2 0 1 6 .2 ) .
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T h e  m a in  g o a l o f  quantum  cryp tograp h y  is  to  p ro v id e  an  a b so lu te ly  secu re  tra n sm iss io n  o f  a  secre t  

m e ssa g e  b e tw e e n  a  sen d er  and  a  rec ip ien t u s in g  s in g le  p h o to n s . T h e fu n d am en ta l la w s  o f  quantum  

m e c h a n ic s  ca n  gu aran tee  th e  in a b ility  o f  u n d e tec ta b le  in tercep tio n  o f  tran sm itted  data  b y  u n au th orized  

p erso n s .

A lth o u g h  quantum  cryp tograp h ic  p ro to co l en su res an ab so lu te  secu r ity  in  th e o r y , th e  p ractica l 

im p lem en ta tio n  o f  it  m a y  h a v e  v u ln era b ilit ie s . In 2 0 0 8  it  h as b e e n  p ro p o sed  and  ex p er im en ta lly  

d em o n stra ted  a  « t im e -sh if t  a tta ck » , w h ic h  en a b le  to  in tercep t th e  tran sm itted  m e ssa g e  u n d e tec ta b ly  

[1 ] . T h is  a ttack  e x p lo its  th e  d e te c t io n -e f f ic ie n c y  m ism a tch  in  th e  tim e  d o m a in  b e tw e e n  tw o  s in g le 

p h o to n  d etecto rs o f  a  quantum  k e y  d istr ib u tion  sy ste m  du e to  th e  in d iv id u a l ch aracter istics  o f  th e  

d etec to rs  th e m s e lv e s  and  th e  im p e r fe c tio n s  o f  th e  con tro l e le c tro n ic s .

W e  h a v e  p ro p o sed  and  d em on stra ted  a  co u n term easu re  to  th e  t im e -sh if t  a ttack  b a se d  o n  th e  

rec ip ien t in d ep en d en t d e c is io n  w h ic h  o f  th e  tw o  s in g le  p h o to n s  d etecto rs w il l  b e  a  lo g ic  zero  or o n e  

r e c e iv er  for  e a c h  c lo c k  p u lse  th at n eu tra lizes  th e  e f fe c t  o f  th e  t im e -sh if t  attack . T h e m eth o d  h as b een  

d em o n stra ted  o n  th e  quantum  fib er -o p tic  co m m u n ic a tio n  sy s te m  (a n  a u to co m p en sa ted  tw o -w a y  

sc h e m e )  [2 ], crea ted  b y  th e  R zh a n o v  Institu te  o f  S em ic o n d u c to r  P h y s ic s  S B  R A S .
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F req u en cy  standards p la y  an  im p ortan t ro le  in  v a r io u s  f ie ld s  o f  s c ie n c e  and  te c h n o lo g y : in  
fu n d am en ta l p h y s ic a l in v e s tig a tio n s , m etr o lo g y , and  n a v ig a tio n . T h e re la tiv e  accu ra cy  o f  a  prim ary  
fr eq u en cy  standard b a sed  o n  a  c a e s iu m  fo u n ta in  h as p ro b a b ly  reach ed  its  lim it  Av/v = 2 *10-16 [1]. 

Further in crea se  in  th e  a ccu ra cy  o f  fr eq u en cy  standards is  a sso c ia te d  w ith  tra n sitio n  from  th e  
m ic r o w a v e  range o f  th e  sp ectru m  to  th e  o p tica l range and , h e n c e , w ith  th e  crea tio n  o f  o p tica l  
fr eq u en cy  standards b a sed  o n  s in g le  io n s  or  n eutra l a tom s. A lk a lin e -ea r th  and  a lk a lin e -ea r th -lik e  
a to m s, su c h  as Y b , C a , Sr, H g , and  M g , are a m o n g  th e  m a in  ca n d id a tes fo r  crea tin g  th e  o p tica l  
fr eq u en cy  standards. H o w e v e r , 24M g  h as so m e  a d v a n ta g es  o v e r  th e  o th er  ca n d id a tes  su ch  as th e  
n a rro w est in terco m b in a tio n  tra n sitio n , th e  s im p le s t  structure o f  th e  e lec tro n  sh e lls , and  th e  sm a lle s t  
fr eq u en cy  sh ift  o f  th e  “c lo c k ” tran sition  du e to  b la ck  b o d y  rad iation . T h e  p resen ce  o f  stron g  c lo se d  
^ ^ P i  tra n sitio n  a llo w s  e f fe c t iv e  c o o lin g  and  trap p in g  o f  m a g n e s iu m  a to m s in  a  m a g n e to -o p tic a l 
trap. C reation  o f  a  freq u en cy  standard b a sed  o n  M g  a tom s is  p o s s ib le  u s in g  1S 0- 3P 1 tran sition  w ith  th e  
natural lin e w id th  o f  3 6  H z . S u b -D o p p le r  c o o lin g  o f  m a g n e s iu m  a to m s and  th e ir  lo c a liz a t io n  in  an  
o p tica l la ttice  w i l l  la ter a llo w  o n e  to  e m p lo y  s tro n g ly  fo rb id d en  1S 0- 3P 0 tra n sitio n  and  rea lize  th e  
fr eq u en cy  standard w ith  th e  re la tiv e  in a ccu ra cy  o f  10"16-1 0 " 17 [2 ]. In th is  paper, th e  p o s s ib il ity  o f  
o b ta in in g  th e  narrow  referen ce  lin e s  u s in g  1S 0- 3P 1 tra n sitio n  in  crea tin g  th e  o p tica l fr eq u en cy  standard  
is  sh o w n  and  th e  p rogress a c h ie v e d  in  th e  freq u en cy  s ta b iliza tio n  b y  o b se r v e d  re so n a n ces  s tu d ies  is 
p resen ted .

T h e  so u rce  o f  rad ia tion  fo r  c lo c k  1S 0- 3P 1 tra n sitio n  sp e c tr o sc o p y  is  a  sy s te m  b a se d  o n  T i:sap p h ire  
la ser  p u m p ed  b y  15 -w a t so lid -s ta te  V  erdi V 1 8  la ser  w ith  a  tw o -s ta g e  sy s te m  o f  fr eq u en cy  sta b iliza tio n  
and  a  fr eq u en cy  d o u b lin g  in  a  K N b O 3 crysta l in  an  ex tern a l ca v ity .

Fig-1- Schematic o f  the experimental setup used for spectroscopy o f the clock transition. 1 -  Lyot filter, 2 -  
etalon with FSR=100 GHz, 3 -  Faraday rotator, 4 -  etalon with Fs R=20 GHz, AFT -  automatic fine tuning, 
5 -  nonlinear crystal in an external cavity, AFC -  automatic frequency control, 6 -  Mg cell, 7 -  magneto
optical trap, 8 -  first stabilization system by the invar interferometer, 9 -  second stabilization system by the 
glass-ceramic interferometer.
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T h e  fr eq u en cy  o f  th e  la ser  sy s te m  rad ia tion  is  s ta b iliz ed  b y  th e  tw o  referen ce  F abry-P erot  
in terferom eters: w ith  in var  b a se  and  o p tica l g la ss -c e r a m ic  b a se . T h e first in terferom eter  p ro v id es  th e  
p re lim in a ry  n a rrow in g  o f  th e  g en era tio n  lin e  o f  th e  T i:sap p h ire  la ser , th e  s e c o n d  in terfero m eter  is  u sed  
fo r  co rrectin g  lo w -fr e q u e n c y  perturb ation s o f  th e  first in terfero m eter  th rou gh  a u to m a tic  ad ju stm en t o f  
its  len g th  b y  th e  p ie z o e le c tr ic  actuator w ith  an  in terferom eter  m irror in sta lled  o n  it.

T h e  s ta b iliz e d  T i:sap p h ire  la ser , w h ic h  ou tp u ts ab ou t 1 W  o f  p o w e r  at 9 1 4  n m , is  fo l lo w e d  b y  
c a v ity  en h a n ced  se c o n d  h arm on ic  g en era tio n  in s id e  a  n o n lin ea r  K N b O 3 crysta l th at y ie ld s  a b ou t 80  
m W  at 4 5 7  n m . L a ser  c o o lin g  and  lo c a liz a t io n  o f  m a g n e s iu m  a to m s in  a  m a g n e to -o p tic a l trap is  
carried  o u t o n  th e  ^ ^ P i  c lo s e d  tra n sitio n  at 2 8 5  n m . In v estig a tio n  o f  th e  :S 0- 3P i tra n sitio n  o f  c o ld  
m a g n e s iu m  a to m s lo c a liz e d  in  th e  M O T  is  p erfo rm ed  b y  th e  m eth o d  o f  f ie ld s  sep arated  in  t im e  (t im e -  
d o m a in  R a m s e y -B o r d e  a tom  in terferom eter) [3 ]. T w o  pa irs o f  th e  lig h t p u lse s  fo rm ed  from  c w  
rad ia tion  o f  a  h ig h ly  stab le  la ser  sy s te m  at 4 5 7  n m  b y  a c o u sto -o p tic  m o d u la to rs in teract w ith  a  c lo u d  
o f  m a g n e s iu m  a to m s. P airs o f  p u lse s  are transported  in to  th e  m a g n e to -o p tic a l trap th rou gh  o p p o s ite  
w in d o w s  v ia  tw o  s in g le -m o d e  fib ers.

In reco rd in g  narrow  re so n a n c e s , th e  rad iation  fr eq u en cy  o f  th e  la ser  sy ste m  is  tu n ed  b y  a  
fr eq u en cy  sy n th es izer , th e  s ig n a l from  w h ic h  co n tro ls  A O M  in  th e  freq u en cy  s ta b iliz in g  sy s te m  o f  th e  
se c o n d  in terferom eter . T h e  f lu o r e sc e n c e  s ig n a l from  a  c lo u d  o f  c o ld  m a g n e s iu m  a to m s o n  the  
re so n a n ce  tran sition  at 2 8 5  n m  is  d e tec ted  b y  th e  p h o to m u ltip lier . T h e  R a m s e y -B o r d e  r e so n a n ces  in  
t im e-sep a ra ted  f ie ld s  are sh o w n  in  F ig . 2 (a )  fo r  th e  d e la y s  b e tw e e n  p u lse s  T  =  7 .5 , 58  qs.

Fig. 2. (a) Resonances in time-separated fields for the delays between pulses T=7.5, 58 qs. (b) Detuning of  
the laser frequency from the central fringe o f the resonances and stabilized third derivative (inset).

F req u en cy  sta b iliza tio n  b y  th e  cen tra l fr in g e  o f  o b serv ed  re so n a n ces  is  p erform ed . It is  carried  ou t  
b y  c a lcu la tin g  th e  th ird  d er iv a tiv e  o f  th e  f lu o r e sc e n c e  s ig n a l at th e  cen tra l p o in t o f  th e  p e r io d ic  pattern  
o f  th e  re so n a n ces  and  au to m a tic  fr eq u en cy  co n tro l o f  th e  la ser  sy s te m  so  th at th e  th ird  d er iv a tiv e  is  
eq u a l to  zero  (se e  th e  in se t  in  F ig . 2 (b )) . P re lim in ary  stu d y  o f  d y n a m ic  ch aracter istics  o f  fr eq u en cy  
sta b iliza tio n  b y  re feren ce  r e so n a n ces  is  carried  ou t. L aser  sy s te m  freq u en cy  d e tu n in g  and  th e  s ig n a l o f  
th e  th ird  d er iv a tiv e  are sh o w n  in  F ig . 2 . T h e  resu lts  ob ta in ed  are p re lim in ary  and  it  is  p la n n ed  to  
ob ta in  re so n a n ces  w ith  a  h ig h er  reso lu tio n , p erform  la ser  freq u en cy  sta b iliza tio n  b y  th em  and  im p ro v e  
sta b iliza tio n  ch aracter istics .
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L asers em ittin g  at 2 -p m  sp ectra l range are o f  p articu lar in terest fo r  m a n y  sc ie n t if ic  and  tech n ica l  
a p p lica tio n s  in c lu d in g  rem ote  sen s in g , m e d ic in e  and  o p tic a lly  p u m p ed  m id in frared  o p tica l p aram etric  
o sc illa to r s . M o n o c lin ic  d o u b le  tu n gsta te  cry sta ls , du e to  th e ir  m a x im u m  ab sorp tion  and  e m is s io n  cro ss  
se c t io n s  and  m in im u m  co n cen tra tio n  q u en ch in g , se e m  id ea l as h o sts  fo r  th in -d isk  la sers  w ith  
s im p lif ie d  p u m p  g e o m e tr y  (n u m b er  o f  p u m p  p a sse s ) . T h e  cry sta ls  o f  d o u b le  p o ta ss iu m  rare-earth  
tu n g sta te s  d o p ed  w ith  tr iv a len t th u liu m  io n s  are p ro m is in g  la ser  m a ter ia ls  fo r  c o m p a c t h ig h ly  e ff ic ie n t  
so u rces  o f  co h eren t tw o -m ic r o n  (1 .8 -2 .0 m m )  rad iation . T h e  m a in  a d v a n ta g es  o f  th e se  cry sta ls  are th e  

la rge  c ro ss  se c t io n s  ( ct > 1 0 -20c m 2) o f  stim u la ted  tra n sitio n s in  th e  sp ectra l reg io n s  o f  p u m p in g  (~ 0 .8  
m m ) and  la s in g  (~ 1 .9 4 m m ) and  a  h ig h  s lo p e  e f f ic ie n c y  ( -5 0 % )  [1 ]. In th is  w o rk , w e  p resen t th e  
resu lts  o f  in v e s tig a tio n  o f  th e  o sc il la t io n  p erform an ce  o f  th in -d isk  la ser  b a sed  o n  th e  5% T m :K L u W  
d isk s , ep ita x ia l la y ers  and  c o m p o s ite  structures 5 % T m :K L u W /K L u W . W e  report o n  th e  o sc illa t io n  
p erfo rm a n ce  o f  v a r io u s  ty p e s  th in -d isk  la ser  p u m p ed  b y  a  la ser  d io d e  bar w ith  a  m a x im u m  average  

C W  o p tica l p o w e r  up  to  5 0 W  at a  w a v e le n g th  o f  8 0 8  n m  at ro o m  tem p eratu re  (T  =  2 5 °C ). T o  d e s ig n  
th e  la ser  h ead , h ig h  q u a lity  5% T m :K L u W  crysta l b o u le  w a s  g r o w n  b y  th e  m o d if ie d  C zo ch ra lsk i  
m eth o d  at th e  Institu te  o f  In o rg a n ic  C h em istry , R u ssia . E p ita x ia l sa m p le s  o f  5 % T m -d op ed  
K L u W /K L u W  w a s  ob ta in ed  b y  th e  L iq u id  P h a se  E p ita x y  (L P E ) m eth o d  at th e  F is ic a  i C r ista llo g ra fia  
de M ater ia ls  i N a n o m a ter ia ls  (F iC M A -F iC N A ), S p a in  [2 ]. T h e  c o m p o s ite , a n a lo g y  o f  ep ita x ia l  
structure, c o n s is t in g  o f  5 % T m -d o p ed  K L u W  crysta l la y er  and  substrate o f  u n d o p ed  K L u W  w a s  
p ro d u ced  b y  th e  h igh -tem p era tu re  d iffu s io n  b o n d in g  m eth o d  at th e  Institu te  o f  L a ser  P h y s ic s , R u ss ia  
[3 ]. F la t su r fa ces a ll o f  th e  sa m p le s  w ere  p o lish e d  to  h ig h  o p tica l q u a lity  requ ired  fo r  co a tin g . T he  
p o lish e d  su rfa ces o f  a c tiv e  T m -d o p ed  la y ers  and  d isk  w ere  c o v e r e d  w ith  a  d ie lec tr ic  co a tin g  w ith  a  
h ig h  r e fle c tiv ity  (R  >  9 9 .8 % ) at la s in g  (Xg =  1 9 5 0  n m ) and  p u m p in g  ( ^  =  8 0 8  n m ) w a v e le n g th s . T h en  
a  m e ta llic  co a tin g  w a s  ad d ed  fo r  m o u n tin g  a c tiv e  e le m e n ts  to  th e  c o p p er  h ea t s in k  w ith  an  in d iu m  
so ld er . T h e fron t su rface  w a s  A R -c o a te d  fo r  th e se  w a v e le n g th s , and  th e  resid u a l r e f le c tio n  w a s  le s s  
~ 0 .2 % . T h e  la ser  ex p er im en ts  w ere  p erfo rm ed  u s in g  o n ly  2  p a s se s  o f  th e  p u m p  th rou gh  th e  T m -d o p ed  
la y er  (i .e . there w a s  n o  re tro reflec tio n  o f  th e  p u m p  b ea m ) w ith  n ear ly  c ircu lar  pum p sp o t o f  0 .9 5  m m  
d ia m eter  o n  th e  sa m p le . T h e sh ap ed  p u m p  b ea m  from  th e  la ser  d io d e  w a s  p o la r ized  a lo n g  th e  N m 
p rin c ip a l o p tica l a x is  fo r  m a x im u m  a b sorp tion . T h e la ser  c a v ity  w ith  a  len g th  o f  L c =  2 0 m m  w a s  
fo rm ed  b y  a  sp h er ica l ou tp u t c o u p ler  (curvature rad ius r =  -4 0  m m , tran sm ittan ce  T  =  7 .0%  at Xg =  
1 9 5 0  n m ) and  a  rear m irror d e p o s ite d  o n  th e  e n d -fa c e  o f  crysta l. W e  co m p a red  th e  s lo p e  e f f ic ie n c ie s  
o f  5% T m :K L u W  d isk , ep ita x ia l la y er  and  c o m p o s ite  structure 5% T m :K L u W /K L u W  (T m -d o p ed  la y er  
th ic k n e ss  2 5 0  pm ) in  true C W  pu m p  m o d e , a s  s e e n  in  T a b le . 1.

Table 1 CW Output power, Slope and Optical efficiencies, Laser wavelength for 5%Tm:KLuW thin disk 
lasers with the active layer thickness 250pm, T=7.0%.

Type active elem ent Output power, W Slope efficiency, % Optical efficiency, % W avelength, nm
Epitaxy [1] 5.9 47 42 —1855

C om posite [2] 4.6 40 43 ~ 1846

D isk  [2] 2.1 46 44 —1846

A c c o r d in g  to  th e  m ea su red  data , th e  s lo p e  e f f ic ie n c y  a s m u ch  as 40 %  w ith  re sp ec t to  ab sorb ed  
p u m p  p o w e r  w a s  ob ta in ed  fo r  a ll th in -d isk  la sers. T h e  co rresp o n d in g  fracture p u m p  in te n s ity  w a s  ~ 6 .3  
k W /cm 2 fo r  c o m p o s ite  structure and  ~ 2 .4  k W h m 2 fo r  d isk  a c tiv e  e lem en ts .
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M u ltip le  n o n -c o llin e a r  s e c o n d  h a rm o n ic  g en era tio n  (S H G ) u n d er  R am an -N ath  n o n lin ea r  d iffra ctio n  
(R N N D ) are o f  in terest s in c e  th e  first ex p er im en ta l d em o n stra tio n  in  2 0 0 8  [1]. R N N D  rep resen ts an  
n o n lin ea r  a n a lo g u e  o f  th e  m o s t  k n o w n  p h e n o m e n o n  o f  R a m a n -N a th  d iffra c tio n  o f  lig h t o n  stan d in g  
u ltra so n ic  w a v e  in  h o m o g e n e o u s  o p tica l m ed ia . E x p er im en ta lly  R N N D  ap pears as ser ie s  o f  sp a tia lly  
ord ered  b ea m s gen era ted  in  th e  p r o c e ss  o f  n o n lin ea r  o p tica l sca tter in g  in  th e  m e d ia  w ith  p er io d ica l  
m o d u la tio n  o f  quadratic  n o n lin ea r  su sc e p tib ility  a s sh o w n  in  F ig . 1. H o w e v e r , th e  p h a se  m ism a tch  o f  
lo n g itu d in a l w a v e v e c to r  c o m p o n e n ts  resu lts  in  qu ite  p o o r  R N N D  e f f ic ie n c y , th at p rev en ts  p o ten tia l 
a p p lica tio n s , su ch  a s m u lti-ch a n n e l n o n lin ea r  o p tica l con v erters and  n o n lin ea r  m u ltip lex o rs . T h is  
p ro b lem  ca n  b e  s o lv e d  b y  u s in g  tw o -d im e n s io n a l (2 D )  n o n lin ea r  p h o to n ic  cry sta ls  (N P C 's) [2 ], 
e m p lo y in g  q u a s i-p h a se -m a tch in g  (Q P M ).

A lth o u g h  so m e  a p p roach es h a v e  b e e n  d e v e lo p e d  to  ca lcu la te  S H G  in  2 D  N P C s , su ch  as th e  
m eth o d  b a se d  o n  G r e e n ’s fu n c tio n  fo rm a lism  [3 ], th e  tran sfer-m atrix  m eth o d  and  th e  e f fe c t iv e  
n o n lin ea r  c o e f f ic ie n t  m o d e l [4 ], it  is  d esira b le  to  h a v e  a  s im p le  ap p roach  ad op ted  to  tra n sv erse ly  
p er io d ica l rec ta n g le  2 D  N P C 's w ith  arbitrary structured  lo n g itu d in a l m o d u la tio n  o f  n on lin ear ity . 
D e v e lo p in g  th is  ap p roach  is  e s se n tia l fo r  d e s ig n in g  2 D  N P C 's  w ith  required  n o n lin ea r  o p tica l 
ch a ra cter istics . T h ere fo re , th e  su b jec t o f  current w o rk  is  to  p ro v id e  our th eo re tica l and  ex p er im en ta l  
stu d y  o n  R a m a n -N a th  n o n lin ea r  d iffra c tio n  in  2 D  N P C 's.

Fig. 1 Raman-Nath (central spots) and Cerenkov (side spots) nonlinear diffraction in NPC.

In th is  report, R a m a n -N a th  n o n lin ea r  d iffra c tio n  in  th e  p r o c e ss  o f  th e  s e c o n d  h arm on ic  g en era tio n  
in  d ifferen t k in d s o f  2 D  N P C 's  is  r e v ie w e d . H ere in a fter , a ll m e n tio n s  o n  structures are d e v o te d  w ith  
m o d u la tio n  o f  n o n lin ea r ity  in  lo n g itu d in a l d irec tio n  a ssu m in g  p er io d ica l m o d u la tio n  in  tran sverse  
d irectio n . T h e fo l lo w in g  d e s ig n s  o f  2 D  N P C 's w ere  con sid ered : p er io d ica l, ch irp ed  and  o p tim iz e d  on e .

T h e  m o s t  s im p le  e x a m p le  o f  N P C  is  th e  p er io d ica l structure, w h ic h  ca n  b e  u se d  fo r  th e  m o st  
e f f ic ie n t  q u a s i-p h a se -m a tch ed  SH G . W e  e x p er im en ta lly  s tu d ied  S H G  o f  fe m to se c o n d  la ser  p u lse s  in  a  
rectan gu lar  2 D  N P C  in  lith iu m  n io b a te  crysta l. M u ltip le  S H  b ea m s w ere  o b se r v e d  in  th e  v ic in ity  o f  
th e  p ro p a g a tio n  d irec tio n  o f  th e  fu n d am en ta l b ea m  as sh o w n  in  F ig . 1. It h a s  b e e n  v e r if ie d  th at th e  
an gu lar  p o s it io n s  o f  th e se  b ea m s o b e y  th e  c o n d it io n s  o f  R N N D . A d d it io n a lly , s id e  b eam s  
co rresp o n d in g  C eren k o v  n o n lin ea r  d iffra c tio n  w ere  o b serv ed . T h e m ea su red  S H  sp ectra  o f  s p e c if ic  
R N N D  orders c o n s is t  o f  n arrow  p ea k s  th a t e x p er ien ce  a  h ig h -fr e q u e n c y  sp ectra l sh ift  a s th e  order  
g ro w s . T h is  b eh a v io r  is  ex p la in e d  b y  d e p en d en ce  o f  p h a se  m ism a tch  o n  R N N D  order. W e  d er ive  an
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a n a ly tica l e x p r e ss io n  fo r  th e  p r o c e ss  s tu d ied  and  fin d  th e  th eo re tica l resu lts  to  b e  in  g o o d  a g reem en t  
w ith  th e  ex p er im en ta l data. F or th e  ca lc u la tio n s , m ea su red  p aram eters o f  th e  fu n d am en ta l p u lse s  and  
th e  structure w ere  u sed . W e  estim a te  th e  en h a n cem en t fa c to r  o f  R a m a n -N a th  n o n lin ea r  d iffra c tio n  in  
2 D  structure to  b e  7 0 . In ou r ex p er im en ts , w e  u se d  th e  structure w ith  r e la tiv e ly  large  p er io d , w h ic h  
co rresp o n d s 4 5 th Q P M  order. T h ere fo re , th e  S H G  e f f ic ie n c y  ca n  b e  s ig n if ic a n tly  in crea sed  b y  u s in g  
lo w e r  Q P M  orders.

In con trast, c o n v e r s io n  o f  q u a s i-m o n o ch ro m a tic  rad ia tion  runs in to  d if f ic u lt ie s  b e c a u se  order- 
d ep en d en t p h ase  m ism a tch . It is  p o s s ib le  to  sa tis fy  th e  Q P M  c o n d it io n  fo r  s p e c if ic  order, but 
in teractin g  w a v e s  fo r  o th er  orders b e c o m e  n o n -p h a se -m a tch ed . T h erefo re , r ea liza tio n  o f  m u lti-o rd er  
R N N D  req u ires m o re  co m p lic a te d  sp atia l m o d u la tio n s  o f  n o n lin ea r ity . T h e m o s t  su ita b le  structure o f  
N P C  ca n  b e  sy n th e s iz e d  b y  th e  m eth o d  o f  su p erp o sitio n  o f  a  n o n lin ea r ity  m o d u la tio n  [5 ]. T h is  m eth o d  
m a k es  it  p o s s ib le  to  d e s ig n  a N P C  th at p ro v id es  a se t  o f  d e s ired  rec ip roca l la ttice  v e c to r s  fo r  m u ltip le  
S H G  v ia  R N N D . In th is  c a se , s p e c if ic  p h a se  m ism a tc h e s  co rresp o n d in g  to  d ifferen t R N N D  orders are 
co m p e n sa te d  fo r  b y  th e  appropriate rec ip roca l la ttice  v e c to r s  w ith  th e  F ou rier  a m p litu d es  as h ig h  as 
p o ss ib le . F or th eo re tica l d e scr ip tio n  o f  R N N D  in  2 D  N P C 's , th e  m o d e l o f  n o n lin ea r  d iffra c tio n  und er  
L a u e  sc h e m e  w a s  u se d  [6]. G en era liza tio n  o f  th e  m o d e l to  th e  c a se  o f  2 D  structures is  a c c o m p lish e d  
b y  u s in g  ap p roach  [7 ]. A s  th e  resu lt, an  a n a ly tica l so lu tio n  fo r  an gu lar  d istr ib u tion  o f  sp ectra l in ten sity  
w a s  d er ived . It is  sh o w n  th at S H  in ten s ity  fo r  orders c o n s id e r e d  in crea se s  a lo n g  th e  structure. T he  
S H G  e f f ic ie n c y  ca n  b e  a f e w  orders o f  m a g n itu d e  h ig h er  th an  in  th e  c a se  o f  n o n -p h a se -m a tch ed  
g en era tio n  v ia  R N N D  in  1D  structure. T h e d es ired  in ten s ity  d istr ib u tion  b e tw e e n  separate orders can  
b e  a c h ie v e d  b y  v a ry in g  param eters o f  th e  structure. M o reo v er , a n a ly tica l e x p r e ss io n  o b ta in ed  ca n  be  
u se d  fo r  ca lc u la tio n s  o th er  ty p e s  o f  n o n -c o llin e a r  in tera ctio n s  in  2 D  N P C 's w ith  arbitrary structures.

C o n v e r s io n  o f  broad b an d  and  w id e ly  tu n a b le  rad iation  rep resen ts a  sp e c ia l in terest fo r  n u m b er  
a p p lica tio n s . In th is  c o n n e c tio n , w e  c o n s id e r  R N N D  in  ch irp ed  2 D  N P C 's . T h e lin ea r  d e p en d en ce  o f  
rec ip ro ca l la ttice  v e c to r  a lo n g  th e  structure is  e x p e c te d  to  b e  u se fu l fo r  m u ltip le  S H G  in  w id e  spectra l 
and  an gu lar  ran ges. W e  ob ta in ed  e x a c t  a n a ly tica l e x p r e ss io n s  fo r  S H  a m p litu d e  and  fo r  its  spectra l 
b a n d w id th  a s fu n c tio n s  o f  th e  ch irp  param eter. A s  th e  sp ectra l r e sp o n se  o f  th e  structure is  lin ear ly  
d istr ib u ted  o v e r  th e  structure, d ifferen t spectra l c o m p o n e n ts  are c o n s e c u t iv e ly  in v o lv e d  in  th e  p ro cess . 
W h e n  th e  S H  in ten s ity  rea ch es  its  m a x im u m  at certa in  freq u en cy , w e a k  in ten s ity  o sc il la t io n s  appear. 
T h e  sca le  o f  o s c illa t io n s  d ecrea se s  in  th e  p ro p a g a tio n  d irec tio n , w h ic h  ca n  b e  e x p la in e d  b y  sp atia l 
d ep e n d e n c e  o f  th e  p h a se  m ism a tc h  in  th is  d irectio n . In crease  o f  ch irp  param eter  resu lt in  b road en in g  
o f  spectra l ran ge, w h ere  q u a s i-p h a se -m a tch ed  S H G  tak es p la ce . It is  a lso  a cc o m p a n ie d  b y  rem arkable  
red u ctio n s  o f  S H G  e f f ic ie n c y . T h erefo re , th e  c h o ic e  o f  th e  ch irp  param eter  is  a  tr a d e -o f f  b e tw e e n  a 
w id e  sp ectra l (an gu lar) b a n d w id th  and  h ig h  S H G  e f f ic ie n c y . T h e resu lts  o f  a n a ly tica l c a lc u la tio n s  are 
in  e x c e lle n t  a g reem en t w ith  th e  n u m er ica l o n e s . W e  sh o w  th at th e  p r o c e ss  is  rob u st to  angu lar  
d ev ia tio n s  o f  N P C 's  and  it  ca n  b e  a p p lied  to  en a b le  tu n a b le  and  b roadband  fr eq u en cy  c o n v e r s io n .

In su m m ary , w e  h a v e  e lab ora ted  th e  th eo ry  o f  S H G  u n d er  R am an -N ath  n o n lin ea r  d iffra c tio n  in  2 D  
N P C 's . C o rresp o n d in g  a n a ly tica l so lu tio n s  w ere  ob ta in ed . T h e e f f ic ie n c y  o f  th e se  p r o c e s se s  ca n  be  
in crea sed  b y  sev era l orders o f  m a g n itu d e  co m p a red  to  th e  ca se  o f  n o n -p h a se -m a tch ed  S H G  in  1D  
N P C 's . It is  sh o w n  th a t 2 D  N P C 's  und er stu d y  ca n  b e  u se d  fo r  e n h a n cem en t o f  th e  e f fe c t  o f  R am an -  
N a th  n o n lin ea r  d iffra c tio n  in  w id e  an gu lar  and  sp ectra l ran ges. T h eo retica l resu lts  are in  g o o d  
a g reem en t w ith  n u m er ica l ca lc u la tio n s  and  ex p er im en ta l data. T h ese  resu lts  m a y  in sp ire  a n e w  fa m ily  
o f  m u lti-ch a n n e l n o n lin ea r  o p tica l con v erters fo r  a  w id e  range o f  a p p lica tio n s .
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A t  th e  p resen t t im e , h u g e  p ro g ress  o ccu rs  fo r  h ig h -p r e c is io n  o p tica l a to m ic  c lo c k s  b a se d  on  both  
neu tra l a to m s in  o p tica l la ttic e s  and  trapped  io n s . E x c e p tio n a l a ccu ra cy  and  sta b ility  at th e  10-17- 1 0 -18 
le v e l  are a c h ie v e d . P o ten tia l p o s s ib il it ie s  to  a c h ie v e  th e  le v e l  o f  10-19 b e c o m e  c learer  fo r  n u clea r  
c lo c k s  and  fo r  h ig h ly  ch arged  io n s  O n th e  w a y  to  th e se  rem arkab le a c h ie v e m e n ts , d ifferen t barriers 
arise , w h ic h  require th e  d e v e lo p m e n t o f  n e w  u n c o n v e n tio n a l ap p roach es. A s  an  e x a m p le , fo r  so m e  o f  
th e  p ro m is in g  c lo c k  sy s te m s , o n e  o f  th e  k e y  p ro b lem s is  th e  freq u en cy  sh ift  o f  th e  c lo c k  tran sition  due  
to  th e  e x c ita t io n  p u lse s  th e m se lv e s . F or  th e  ca se  o f  m a g n e t ic a lly  in d u ced  sp e c tr o sc o p y  th e se  sh ifts  
(quad ratic  Z e e m a n  and  ac-S tark  sh ifts )  c o u ld  u lt im a te ly  lim it  th e  a c h iev a b le  p erform an ce . M o reo v er , 
fo r  u ltranarrow  tra n sitio n s (e .g ., e le c tr ic  o c tu p o le  and  tw o p h o to n  tra n sitio n s) th e  ac-S tark  sh if t  can  be  
so  large  in  so m e  c a s e s  to  ru le ou t h ig h  a ccu ra cy  c lo c k  p er fo rm a n ce  at a ll.

U n c o n v e n tio n a l so lu tio n  to  th is  im portant p ro b lem  w a s  p ro p o sed  in  th e  p ap er  [1 ], in  w h ic h  so -  
c a lle d  h y p e r -R a m se y  m eth o d  h as b e e n  d e v e lo p e d . S o o n  th is  ap p roach  w a s  su c c e s s fu lly  rea liz ed  in  [2 ], 
w h ere  th e  h u g e  su p p ress io n  (b y  fo u r  orders o f  m a g n itu d e ) o f  p ro b e -in d u ced  sh ifts  w a s  ex p er im en ta lly  
d em on stra ted . W e  d e v e lo p  n e w  u n iv ersa l m eth o d  to  d ra m a tica lly  su p p ress  p ro b e -in d u ced  sh ifts  and  
th e ir  f lu c tu a tio n s  in  a n y  ty p e  o f  a to m ic  c lo c k s . O ur ap p roach  is  b a se d  o n  ad ap tation  o f  so -c a lle d  
sy n th e tic  freq u en cy  c o n c e p t [3] to  th e  R a m se y  sp e c tr o sc o p y  w ith  th e  u se  o f  in terroga tion s for  
d ifferen t d urations o f  free  ev a lu a tio n  in terv a ls . W e  sh o w  th at th is  p ro to co l in  co m b in a tio n  w ith  th e  
o r ig in a l h y p e r -R a m se y  sp e c tr o sc o p y  [1] m a k es  m o s t  ex trem a l resu lts  and  is  qu ite  stab le  w ith  re sp ec t  
to  th e  d eco h eren tiza tio n .

T h e  e s s e n c e  o f  ou r app roach  c o n s is ts  in  th e  fo llo w in g . P r e v io u s ly  in  th e  p ap er  [3] th e  s o -c a lle d  
sy n th e tic  freq u en cy  m eth o d , a llo w in g  to  ra d ica lly  su p p ress th erm al (B B R ) sh ift  in  a to m ic  c lo c k , w a s  
p ro p o sed . H o w e v e r , an  id e o lo g y  o f  th is  m eth o d  ca n  b e  e a s y  ex te n d e d  o n  c a n c e llin g  o f  an arbitrary  

sy ste m a tic  sh ift. In d eed , le t  u s  c o n s id e r  tw o  c lo c k  freq u en c ie s  a>(0) and  S 0) (d ifferen t in  th e  gen era l 

c a se ) . A ssu m e  th at due to  a  certa in  p h y s ic a l ca u se  w e  h a v e  th e  s ta b iliz e d  freq u e n c ie s  co1 and  co2 , 

w h ic h  are sh ifted  re la tiv e  to  th e  unperturbed  freq u en c ie s  at th e  v a lu e s  A1 and  A 2 :

ю1 — ю (0) + A 1; а 2—а (°  + A  2 . (1 )

A ls o  a ssu m e th a t th e  ratio s12 = A j /A 2 = const d o e s  n o t f lu ctu a te , w h ile  th e  sh ifts  A1 2 ca n  b e  v ar ied  

d u rin g  ex p er im en t ( i .e .,  A12 ф con st). In th is  c a se , w e  ca n  co n stru ct th e  fo l lo w in g  su p erp osition :

S syn
s 12m 2 =  s 1 e 12S 2 

1 - e 12 1 - e 12

(2 )

w h ic h  is  in se n s it iv e  to  th e  p erturbations A12 and  th e ir  flu c tu a tio n s . T h is  fr eq u en cy  w e  w il l  ca ll as

“sy n th e tic  fr e q u e n c y ” . A  k e y  ad v a n ta g e  o f  th is  c o n c e p t  c o n s is ts  in  th e  fo llo w in g : to  co n stru ct the  

sh ift-free  freq u en cy  a syn w e  d o  n o t n e e d  to  k n o w  th e  real v a lu e s  o f  sh ifts  A1 2 , b e c a u se  w e  n e e d  to

k n o w  o n ly  th e ir  ratio  s12, w h ic h  ca n  b e  e x a c t ly  c a lcu la ted  (o r  m ea su red ) fo r  m a n y  c a se s .

C o n sid er  an in flu e n c e  o f  p ro b e -in d u ced  sh ift  Ash, w h ic h  ar ises  o n ly  during  th e  R a m se y  p u lse s ,  

w h ile  th is  sh ift  is  a b sen t during  th e  dark tim e  T. A s  a  resu lt, th e  s ta b iliz e d  freq u en cy  rnT a lso  

b e c o m e s  d iffer in g  from  unperturbed  freq u en cy  a 0 :

S t — s 0 + St , (3 )
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w h ere  th e  in d e x  T  d en o te s  th e  f ix e d  tim e  o f  th e  free  e v o lu t io n  in terva l u n d er freq u en cy  sta b iliza tio n , 

and  th e  resu ltin g  sh ift  8T e x is ts  du e to  th e  Ash ф 0 . O n  th e  b a s is  o f  g en era l p r in c ip le s , it ca n  b e  sh o w n  

th at th e  d e p en d en ce  ST o n  th e  v a lu e  T  ca n  b e  e x p r e sse d  as th e  fo l lo w in g  d ecrea s in g  ser ie s  in  term s o f  

p o w e r s  o f  1 /T:

7T A1 A2 AnST = —  +  —2  +  . . .  + - n- + . . . ,  
1 T T 2 Tn (4 )

w h ere  th e  c o e f f ic ie n ts  An d ep en d  o n  th e  p u lse  p aram eters (d u ra tion s, a m p litu d es , p h a se s , and  the

v a lu e  A sh ) .

B e c a u se  th e  tim e  T  is  p r e c is e ly  c o n tro lled  in  ex p er im en ts , th en  w e  ca n  se t  a  g o a l to  e lim in a te  th e  
m a in  con tr ib u tion  ж A1/T  in  E q. (4 )  u s in g  th e  sy n th e tic  fr eq u en cy  p ro to co l. T o  so lv e  th is  ta sk  w e  w il l  

a p p ly  tw o  d ifferen t dark in terv a ls  T1 and  T2 (b u t w ith  th e  sa m e R a m se y  p u lse s ) , w h ic h  w il l  g iv e  u s  th e  

co rresp o n d in g  sta b iliz e d  fr eq u en c ie s  a Ti and  a T . U s in g  E q s. (2 ) - (4 )  w e  e a sy  fin d  th e  sy n th e tic

fr eq u en cy  ю ®  and  its resid u a l sh ift  8 ®  :

a (1) = syn
(T2 /T1) a T2

1 -  (T ilT1)
8 ( 1  ( i )  - a°syn ~ wsyn ш0

STi -  (T2/ Ti)ST2 

1 -  (T il Ti)
(5 )

w h ere  th e  e x p r e ss io n  fo r  8 ^  d o e s  n o t co n ta in  th e  term  ж A1 . In th e  particu lar  c a se  o f  T1 =  T  and

T2 =  T/2:

a (1) =syn = 2aT -  at/2, 8syn = 28T 8T/2 . (6 )

T h e  v a lu e  8 8n ca n  b e  le s s  th an  8T [see  E q. (4 )] b y  sev era l orders o f  m a g n itu d e . M o reo v er , w e  ca n  g o

further to  d e fin e  o th er  sy n th e tic  fr eq u en cy  ю^), fo r  w h ic h  b o th  co n tr ib u tio n s A 1/T  and  A 2/ T  w il l  be

s im u lta n e o u s ly  ca n c e le d . H ere  w e  n e e d  to  u se  three d ifferen t t im e  in terv a ls  (T 1, T2, T3) w ith  th e  
co rresp o n d in g  s ta b iliz e d  freq u e n c ie s  (w T1, rnT2, rnT3). In particu lar, w e  c o n s id e r  th e  c a se  o f  T 1 =  T, 
T2 =  T/2  and  T3 =  T /3 , fo r  w h ic h  th e  requ ired  su p erp o sitio n  ta k es  th e  form :

a 'syn = 3aT -  3aT/2 +  a T 3 , 8syn = 38T -  38T/2 +  8T/3 , (7 )

w h ere  th e  v a lu e  8 s(2!) ca n  b e  le s s  th an  8 8n b y  sev era l orders o f  m a g n itu d e .

T o  c o n c lu d e , th e  sy n th e tic  fr eq u en cy  p r o to c o l in  th e  R a m se y  sp e c tr o sc o p y  is  a  n o v e l te ch n iq u e  
th at o ffe r s  a  sp e c tr o sc o p ic  s ig n a l th at is  v ir tu a lly  free  from  p ro b e -in d u ced  freq u en cy  sh ifts  and  th eir  
flu c tu a tio n s . M o s t  ex trem al resu lts  are ob ta in ed  in  co m b in a tio n  w ith  s o -c a lle d  h y p er -R a m sey  
sp e c tr o sc o p y  [1 ]. In th e  la tter c a se , th e  p ro b e -in d u ced  freq u en cy  sh ifts  ca n  b e  su p p ressed  co n s id era b ly  
b e lo w  a  fraction a l le v e l  o f  10 -18 p ra c tica lly  fo r  a n y  o p tic a l a to m ic  c lo c k s , w h ere  th is  sh ift  p r e v io u s ly  
w a s  m e tr o lo g ic a lly  s ig n ifica n t.

T h e  w o rk  w a s  su p p orted  b y  th e  M in istry  o f  E d u ca tio n  and  S c ie n c e  o f  th e  R u ssia n  F ed era tion  
(S ta te  A ss ig n m e n t N o . 2 0 1 4 /1 3 9 , P ro ject N o . 8 2 5 ) , b y  th e  R u ss ia n  F o u n d a tio n  fo r  B a s ic  R esea rch  
(G rants N o . 1 6 -3 2 -6 0 0 5 0 , 1 6 -3 2 -0 0 1 2 7 , 1 5 -3 2 -2 0 3 3 0 , 1 5 -0 2 -0 8 3 7 7 , 1 4 -0 2 -0 0 7 1 2 , 1 4 -0 2 -0 0 9 3 9 ) .
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Simulation by laser plasma blobs of the coronal mass ejection 
impact onto Earth’s magnetosphere at presence of 

interplanetary quasi-perpendicular shock
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D u e  to  ou r c o m p le x  approach , b y  b o th  lab oratory  (in  IL P ) and  n u m er ica l (A R R IE P ) s im u la tio n s , w e  
c o u ld  stu d y  fo r  th e  first t im e  [1 ,2 ] a  m a in  g en era tio n  p r o c e s se s  o f  th e  C o llis io n le s s  S h o ck  W a v e s  
(C S W ) b y  e x p lo d in g  p la sm a  c lo u d s  (or  b lo b s )  in  m a g n e tiz e d  B a ck g ro u n d  P la sm a  (B P ). It w a s  d on e  
fo r  th e  m o s t  appropriate ca se  o f  L a ser  P la sm a  (L P ) e x p a n s io n  tran sverse  to  u n iform  m a g n e tic  f ie ld  B 0, 
b u t in  a  m o re  g en era l ca se  o f  C S W  g en era tio n  in  sp a ce  b y  p la sm a  b lo b s  ( lik e  a  C oron a l M a ss  E jec tio n  

-  C M E  at S u n ), a  Q u a si-P erp en d icu la r  (Q P ) C S W  c o u ld  b e  fo rm ed  w ith  a n g le  0 < 4 5 0 b e tw e e n  a  sh o c k  

n orm al and  B 0. T h erefore  fo r  th e  d an geru s im p a c t o f  g ia n t C M E  o n to  Earth m a g n e to sp h ere  and  

re lev a n t stron g  c o m p r e ss io n  o f  its  M a g n e to  P a u se  (M P ) s iz e  from  th e  u su a l v a lu e  Rm «  10 Re to  n e w  

o n e  Rm ~  5 ^ 6  Re (Re is  rad ius o f  th e  E arth), w e  n e e d  take in to  a cc o u n t a  p resen ce  o f  C S W  in  front o f  
C M E . R e c e n tly  w e  h ad  c o n d u c ted  a  first H E R M E X  ex p er im en t [3] o n  th e  s im u la tio n  o f  su ch  tw o -fo ld  

c o m p r e ss io n  o f  th e  E arth ’s M P  in  B P  f lo w , b u t w ith o u t C S W , s in c e  a  co rresp o n d in g  0  w a s  ~  0 und er  
c o n d it io n s  o f  L P  b lo b  e je c tio n  a lo n g  to  f ie ld  B 0 (w ith o u t a n y  in tera ctio n s b e tw e e n  th e m  and  B P ).

H ere  w e  are d isc u s s in g  th e  se ttin g  o f  n e w  L P -ex p er im en t fo r  th e  Q P -S h o c k  g en era tio n  (o n  th e  b ase  
o f  M a g n e tic  L am in ar M e c h a n ism -M L M  [2 ,4 ,5 ] )  and  p resen t its  first resu lts  to g e th er  w ith  th e  m a in  
fea tu res o f  g en era l ex p er im en ta l sch em e  to  s im u la te  a  su p er-ex trem e M P -c o m p r e ss io n  up  to  6 t im es . 
R e c e n t  n u m er ica l s im u la tio n s  o f  N A S A  [6] sh o w  th at in  su ch  ex trem e  c a se  (p rob ab le  at th e  ear ly  
sta g e  o f  so la r  a c tiv ity ) , S o la r  W in d  and  C M E  p la sm a s c o u ld  p enetrate up  to  u p p er  io n o sp h ere , 
resu ltin g  in  a  lo t  o f  v a r io u s  c h e m ic a l r ea c tio n s  and  e v e n  p o s s ib le  o r ig in  o f  p reb io tic  l ife  ch em istry  [7].

G en era l sc h e m e  o f  ex p er im en t M P S  (M P  and  S h o ck ) is  th e  sam e as H E R M E X  [3] o n e , bu t in stea d  

o f  p la c in g  b o th  a  d ip o le  and la ser  target at th e  cen tra l Z -a x is  o f  K I-1  ch a m b er  o f  ILP ( 0 1 2 0  c m  x 5 
m ), th e y  w ere  sh ifted  h o r iz o n ta lly  in to  o p p o s ite  d irec tio n s  -  to  th e  le f t  (Y  =  15 cm ) and  to  th e  right 
(4 5  cm ), r e sp e c tiv e ly . S in c e  a  sh ift  a lo n g  to  Z  b e tw e e n  th em  is  83 cm  and  D irec t D is ta n c e  (D D )  

b e tw e e n  th em  is  Ro «  103 cm , a  n orm al to  f la t target w a s  a lm o st  m a tch ed  w ith  D D -v e c to r  and  w a s  

d irec ted  at th e  d es ired  a n g le  0  «  4 5 0 to  th e  f ie ld  B 0=  8 0  G . T h e  v e c to r  p  o f  m a g n e tic  d ip o le  (up  to  the  

106 G * c m 3) l ie s  near in  h o r izo n ta l p la n e  and  w a s  o r ien ted  a lso  at a n g le  0  =  4 5 0 (to  th e  B 0-f ie ld  and  
B P -f lo w ) , i.e . near  p erp en d icu la r  to  D D -v e c to r . A  h y d r o g e n  B P  w ith  a  d e n s ity  n* up  to  3 ,5 * 1 0 13 1 /cc , 

tem perature  T e «  10 e V  and  v e lo c ity  V* <  3 0  k m /s  f ille d  a  h ig h -v a c u u m  ch a m b er  (an d  h as a  rad ius o f  

1 m -c o lu m n  up  to  ~  4 5  cm ). H ere  w e  p resen t a  data  w ith  B P  a fter m a x im a , w ith  n* =  ( 1 ^ 2 )* 1 0 13 1/cc. 

P o ly e th y le n e  target w a s  irrad iated  (in  a  sp o t 0 2  cm ) b y  2  C O 2-la ser  b ea m s w ith  to ta l en e r g y  up  to  4 0 0  

J o f  p u lse  w ith  100  n s  p eak  (an d  p s -“ta i l”). G en era ted  L P -b lo b  (H+ ,C +3,C+4 io n s )  h a s  a  fron t v e lo c ity  

V 0 «  2 0 0  k m /s , e f fe c t iv e  en erg y  E 0 up  to  1 kJ (in to  4 n  sr) and  e x p a n s io n  in to  a n g le  A Q  ~  n  [1 ,2 ,5 ] .
F or  th e  g iv e n  p aram eters o f  M P S -ex p er im en t, its  im p ortan t part o n  th e  Q P -S h o c k  g en era tio n  w a s  

p re lim in a ry  s im u la ted  here in  IL P  (se e  F ig . 1a,b) fo r  en e r g y  E 0 «  1 0 0 0  J b y  h y b rid  c o d e  “C lo u d ” (u sed  
ear lier  [8] fo r  K I-1  re sea rch es) and  te s te d  recen tly  [2] o n  th e  resu lts  o f  A R R IE P  n u m er ica l h yb rid  

s im u la tio n s  fo r  M L M  [4] and  IL P data  [1 ,2 ] o n  lab oratory  C S W . “C lo u d ” resu lts  sh o w  th at a lo n g  to  0  
=  4 5 0, a  stron g  d istu rb an ces c o u ld  be  g en era ted , p rop agatin g  w ith  its  o w n  A lfv e n -M a c h  n u m b er  M A =  

V d/C A «  2 ^ 3  a fter  th e  p o in t o f  “eq u a l m a ss  rad iu s” Rm «  80  c m  fo r  n* =  2 * 1 0 13 1 /cc  (here th e  V d «  100  

k m /s  is  d istu rb an ce fron t v e lo c ity  and  CA «  4 0  k m /s  is  A lfv e n  v e lo c ity  in  B P ). F or  th e  v a lu e  o f  io n -  

a c o u stic  v e lo c ity  C S «  3 2  k m /s  w e  c o u ld  d e term in ed  m a g n e to so n ic  M a ch  n u m b er  M f =  V d/C f, w h ere  

C f( 0 )  is  p h a se  v e lo c ity  o f  fa st m a g n e to so n ic  w a v e  [9 ], th a t is  Cfi=  1 ,1 5 C A «  4 5  k m /s  fo r  ou r a n g le . 

T h erefo re , a cco rd in g  to  b o th  c a lcu la ted  and  o b serv ed  (F ig  2 a ) n u m b ers M f «  2 ,2  o f  d istu rb an ces, th e y  
are a  su p er -m a g n e to so n ic  sh o c k -lik e  structures w ith  th e  c o m p r e ss io n  o f  B P  d en s ity  n* and  th e  p ara lle l 
(to  sh o c k  front) c o m p o n e n t o f  m a g n e tic  f ie ld , n ear ly  co rresp o n d in g  to  S h o ck  A d ia b a tic  E q u ation  [9].
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Fig. 1a Distributions o f total (LP+BP) plasma density nT for the moments t = 6 ps and 7 ps. Data for 0 = 450 
on quasi-perpendicular (QP) Collisionless Shocks Wave (CSW) formation by hybrid simulation “Cloud”). 
Fig. 1b Corresponding strong disturbances o f magnetic field (Hp), parallel to CSW-plane, calculted as a total 
(Hr2 + Hz2)1/2. All n and B-fronts have a relevant scale ~  C/ropi (ion inertial length).

N o w  o n ly  ex p er im en ta l fea tu res o f  K I-1  fa c il ity  IL P c o u ld  su p p ly  th e  op p ortu n ity  to  gen era te  b o th  
tran sverse  [1 ,2 ] and  Q P  S h o c k s  (F ig . 2 a ) in  lab oratory , fir st  o f  a ll, due to  u n iq u e  m eth o d  [2] o f  
p ro d u c in g  L a ser  P la sm a  B lo b  (L P B )  w ith  e f fe c t iv e  k in e tic  en e r g y  up  to  E 0 ~  1 0 0 0  J . N a m e ly  su ch  

la rge  v a lu e s  o f  E 0 and  e f fe c t iv e  n u m b er  e lec tro n s  N e0 >  1 0 19 in  L P B  are n e e d  to  su p p ly  e f fe c t iv e  

M L M -in tera ctio n  o f  L P B  w ith  B P  and  gen era te  q u a si-p erp en d icu la r  C S W  in  it  at th e  a n g le  up  to  0  «  

4 5 0 du e to  th e  en o u g h  large  v a lu e  o f  M L M -p aram eter  50 «  1,5 [4 ], d eterm in ed  as 50 =  R*2/R LR L .

90 =080 fe = 45°
70

50
40
30
20 N99
10 P1f R=90 cm)

00 ' 2'  4 ' 6  8'10 12' 14 1'6' 18 20t, mks
Fig. 2a. Dynamics o f QP-disturbances in Background Plasma (BP) at two distances R (68 and 90 cm) from 
laser target by data o f two Langmuir probes: P1 (close to dipole) and IK2. The fronts o f signals are marked 
by arrows to determine disturbance velocity Vd. BP- Hydrogen (1E2*1013 1/cc), B0=80 G, initial LP’ Ma0 =5. 
Fig. 2b. A  model o f magnetosphere around Dipole (p = 0,75*106 G*cm3) in a flow (from Bottom to Top) of 
Laser Plasma under conditions o f HERMEX [3] experiment. Diameter o f Dipole 5,5 cm, with a moment p 
directed vertically (out o f paper), while at the right magnetopause boundary a flutes are seen.

H ere  R* =  (3 N e0/4 n n * )1/3 is  m a x im a l s iz e  o f  d ia m a g n e tic  c a v ity  o f  L P B  in  B P  [4] and  R L, R L* are 
L arm or radii o f  b o th  L P B ’ and  B P ’ io n s  d e term in ed  b y  V 0 and  B 0. S o , th e  e f fe c t iv e  M L M -in tera ctio n  

fo r  C S W  g en era tio n  c o u ld  b e  [4] a t a n g le s  0  >  9 0 0 -  a r c s in (2 /3 5 0), th at m ea n s  e sse n tia l e f fe c t  o n ly  

n ear  “eq u ator” (w h ere  0 = 9 0 0) o f  e x p a n d in g  sp h ere  w ith  m a g n e tic  f ie ld  d irected  from  its  p o le  to  p o le . 
F or th e  m a in  g o a l o f  w h o le  ex p er im en t -  m a x im a l c o m p r e ss io n  [3] o f  M a g n e to sp h ere  M o d e l (M M ), 

w e  c o u ld  e x p e c t  th at k J-L P B  from  its  d ista n ce  Ro «  1 0 0  c m  (to  d ip o le )  w ith  th e  e n erg e tic  cr iter ion  K  =  

3 E 0Ro3/p 3 * 1 0 5 sh o u ld  c o m p r e ss  M M  up to  s iz e  R m*« 0 ,7 5 R 0/K 1/6«  11 c m  (fro m  th e  in itia l R m« 3 0  cm ).
T h is  w o rk  w a s  supported  b y  IL P S B  R A S  R esea rch  P rogram  I I .1 0 .1 .4  (0 1 2 0 1 3 7 4 3 0 3 ) ,  th e  R A S  

P resid iu m  P rogram s: “E xtrem e la ser  radiation: P h y s ic s  and  fu n d am en ta l a p p lic a tio n s” and  
“F u n d am en ta l p r in c ip le s  o f  in n o v a tiv e  te c h n o lo g ie s . . . ” .
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W e  p resen t ex p er im en ta l resu lts  o f  th e  d ifferen t p r o c e sse s  th at ca n  g iv e  from  fo c u s in g  an u ltrafast  

la ser  lig h t in  th e  p ic o se c o n d  reg im e  o n  a  h o s t  o f  transparent m a ter ia ls , e .g .,  a  s ilic a , a  s i l ic a  g la s s  and  

d ie lec tr ic  f i lm s .
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T b 3+, Y b3+ and  A g  c o -d o p e d  g la s s  w ere  sy n th e s iz e d  b y  a  m e lt-q u e n c h  tech n iq u e . A g  n a n o p a rtic le s  
(N P s)  w ere  fo rm ed  in  th e  g la s s  m a tr ix  and  co n firm ed  b y  tr a n sm iss io n  e lec tro n  m ic r o sc o p y  (T E M ). 
T h e e f fe c t  o f  A g  N P s  o n  v is ib le  and  near-in frared  lu m in e sc e n c e  w ere  in v e stig a te d . T h e e le c tr ic  f ie ld  
d istr ib u tion s o f  A g  N P s  are em u la ted  b y  F D T D  so lu tio n s  so ftw a re . L o ca l f ie ld  en h a n cem en t (L F E )  
in d u ced  b y  lo c a liz e d  su rface  p la sm o n  reso n a n ce  (L S P R ) w a s  fo u n d  to  b e  r e sp o n s ib le  fo r  the  
f lu o r e sc e n c e  en h a n cem en t [1 , 2 ].

Fig. 1 TEM image o f the 2% o f Ag2O in the glass.

P h o sp h a te  g la s s e s  w ith  c o m p o s it io n s  7 5 P 2O 5-5 L i2O -2 0 C a F 2-1 T b 2O 3-1 Y b 2O 3 w e r e  prepared  u s in g  
m e lt  q u en ch in g  tech n iq u e . S ilv e r  w a s  ad d ed  in  th e  form  o f  o x id e s  su ch  an A g 2O in  co n cen tra tio n s  
ran g in g  from  0 to  4  a d d itive  m o l.% . F ig . 1 sh o w s  th e  T E M  im a g e  o f  2%  w h ic h  c le a r ly  d isp la y s  
h o m o g e n e o u s  d istr ib u tion  and  th e  avera g e  p artic le  s iz e  is  fo u n d  to  b e  a p p ro x im a te ly  4n m .

Fig. 2 Visible emission spectra (a) and Near-infrared emission spectra (b) o f Tb3+ , Yb3+ co-doped phosphate 
glass for different concentration o f Ag NPs under an excitation o f  483nm.

F ig .2 (a ) . and  (b ). sh o w  th e  v is ib le  e m is s io n  sp ectra  and  n ear-in frared  e m is s io n  sp ectra  fo r  T b 3+, 
Y b 3+ c o -d o p e d  p h o sp h a te  g la s s  w ith o u t s ilv e r  N P s  and  w ith  s ilv e r  N P s  o f  v a ry in g  co n cen tra tio n  o f  0 .5  

m o l% , 1 m o l% , 2  m o l%  and  4  m o l% , re sp e c tiv e ly . T h e resu lts  sh o w  th at v is ib le  lu m in e sc e n c e  

in ten s ity  first in crea se , th en  d ec r e a se s  w ith  th e  in crea se  o f  th e  A g  N P s  co n cen tra tio n . T h e  m a x im u m  
en h a n cem en t fa c to r  is  a b ou t 8 .7  w h e n  th e  co n cen tra tio n  o f  A g  N P s  is  2% . A t  th e  sam e t im e , n ear
in frared  lu m in e sc e n c e  w a s  a lso  en h a n ced , w h ic h  p u t forw ard  th e  c o n v e n ie n c e  o f  th e  p resen t g la s s  as a  
p o ss ib le  lu m in e sc e n t la y er  to  en h a n ce  th e  su f f ic ie n c y  o f  s i l ic o n  so la r  c e l ls  [3 ].
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x(nm) x(rwn) x(nm)

Fig. 3 Electric fields near silver: (a) D=4nm, (b) D=4nm, d=2nm, and (c) D=4nm, d=1.5nm.

T h e  e lec tr ic  f ie ld  d istr ib u tion s o f  A g  N P s  are em u la ted  b y  F D T D  so lu tio n s  so ftw a re . L o c a l f ie ld  
en h a n cem en t (L F E ) in d u ced  b y  lo c a liz e d  su rface  p la sm o n  reso n a n ce  (L S P R ) [4] w a s  fo u n d  to  be  
r e sp o n s ib le  fo r  th e  f lu o r e sc e n c e  en h a n cem en t.

Fig. 4 Energy levels diagram o f Tb3+, Yb3+ ions in the QC energy transfers.

D u e  to  th e  a b o v e  m e n tio n e d  rea so n s , th e  m e c h a n ism  o f  f lu o r e sc e n c e  en h a n c e m e n e t is  th e  in crease  
o f  lo c a l e le c tr ic  f ie ld  p r im arily  g en era ted  b y  L S P R  (F ig .4 ) . M e c h a n ism  o f  lu m in e sc e n c e  e n h a n cem en t  
b y  A g  N P s  is  e x tr e m e ly  c o m p lica ted . In  sp ite  o f  s iz e  o f  N P s , d ista n ce  b e tw e e n  N P s  and  lu m in o p h o re , 
th e  sh ap e and  q u an tity  o f  N P  and  d ie le c tr ic  co n sta n t o f  g la s s  are a ll im portant factors w h ic h  c a n n o t be  
n e g le c te d . S o , it  is  v e r y  d if f ic u lt  to  a ccu ra te ly  d e term in e  th e  co n tr ib u tion  o f  e a c h  o f  th e se  param eters  
to  th e  e m is s io n  p r o c e s se s  w ith in  d isord ered  m a tr ices. T h is  part stu d y  w il l  b e  g ra d u a lly  im p ro v ed  in  
th e  future w ork .
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T h e  Nauchnoe Oborudovanie g r o u p  o f  

c o m p a n ie s  w a s  f o u n d e d  in  1 9 9 9 .  It i s  o n e  

o f  th e  b ig g e s t  s u p p l ie r s  o f  s c i e n t i f i c  a n d  

in d u s tr ia l  e q u ip m e n t  in  S ib e r ia  a n d  in  th e  

F a r  E a s t  w i t h  c o r e  a c t iv i t i e s  c o v e r in g  

p r o v is io n  o f  r e s e a r c h  in s t i t u t e s  a n d

W e  a n a ly z e  th e  c u s t o m e r ’s p r o b le m  a n d  s e l e c t  a p p r o p r ia te  e q u ip m e n t  t o  d e a l w i t h  a  s p e c i f i c  

c h a l le n g e .  W e  s u p p ly  in s tr u m e n ts ,  p r o v id e  t e c h n o lo g ic a l  a n d  m e t h o d o lo g ic a l  su p p o r t  a s  w e l l  

a s  w a r r a n ty  a n d  p o s t -w a r r a n ty  s e r v ic e .  F r o m  d e l iv e r in g  a  s in g le  p r o d u c t  t o  f u l f i l l in g  c o m p le t e  

e n te r p r is e  s u p p ly  p r o g r a m s , Nauchnoe Oborudovanie  a lw a y s  m e e t s  i t s  c o m m it m e n t s  a n d  h a s  

g a in e d  th e  r e p u ta t io n  o f  s o  r e l ia b le  p a r tn e r  th a t  s o m e  c u s t o m e r s  e n tr u s t  u s  w i t h  c o m p le t e  

e q u ip p in g  o f  th e ir  la b o r a to r ie s  in c lu d in g  b o th  in s t r u m e n ts  a n d  c o n s u m a b le s .

H ig h ly  s k i l l e d  t e c h n ic a l  s p e c ia l i s t s  w i t h  th e ir  o w n  r e s e a r c h  e x p e r ie n c e  w h o  c o n s t a n t ly  

im p r o v e  th e ir  p r o f e s s io n a l  l e v e l  m a k e  o u r  t e a m . W e  r e g u la r ly  g e t  a c q u a in te d  w i t h  th e  n e w  

e q u ip m e n t  a n d  a p p r o a c h e s  in  in s t r u m e n t  e n g in e e r in g ,  a n d  a t te n d  in te r n a t io n a l  e x h ib i t io n s  a n d  

tr a in in g  s e m in a r s  o r g a n iz e d  b y  th e  m a n u fa c tu r e r s . W e  c a n  o f f e r  th e  m o s t  a d v a n c e d  s o lu t io n s  

f o r  a n y  c u s t o m e r s ’ ta s k . T h e  e x i s t in g  w o r k in g  r e la t io n s h ip  w i t h  m a n y  la b o r a to r ie s  o f  S B  R A S  

a l lo w s  in v i t in g  f i e ld  e x p e r t s  t o  s a t i s f y  th e  c u s t o m e r ’s u n iq u e  n e e d s .  M o r e o v e r ,  w e  c o n d u c t  

w o r k s h o p s  p r o v id in g  o u r  c u s t o m e r s  w i t h  a n  o p p o r tu n ity  t o  tr y  th e  la t e s t  e q u ip m e n t .

W e  h a v e  e s t a b l i s h e d  p a r tn e r s h ip  r e la t io n s  w i t h  m a n y  th e  w o r ld 's  l e a d in g  m a n u fa c tu r e r s  o f  

s c i e n t i f i c  a n d  t e c h n o lo g ic a l  e q u ip m e n t ,  b o th  in  R u s s ia  a n d  a b r o a d . B e s i d e s ,  w e  h a v e  o u r  o w n  

e n g in e e r in g  d e p a r tm e n t;  i f  n e c e s s a r y ,  w e  c a n  d e v e lo p  a n d  p r o d u c e  a n  in s tr u m e n t  t o  s o l v e  th e  

c u s t o m e r ’ s p r o b le m .

T h e  in s t i t u t e s  o f  th e  S ib e r ia n  B r a n c h  o f  th e  R u s s ia n  A c a d e m y  o f  S c i e n c e s  f o c u s e d  o n  th e  

fu n d a m e n ta l  r e s e a r c h , m a n y  in d u s tr ia l  e n te r p r is e s ,  e n g in e e r in g  c o m p a n ie s ,  h ig h e r  e d u c a t io n  

in s t i t u t io n s  o f  th e  S ib e r ia n  a n d  F a r  E a s te r n  r e g io n s  are  a m o n g  o u r  c u s to m e r s .

In  a d d it io n  t o  s u p p ly  a n d  p r o d u c t io n  o f  e q u ip m e n t ,  w e  a re  e n g a g e d  in  th e  p r o m o t io n  o f  

th e  s c i e n t i f i c  d e v e lo p m e n t s  w it h  c o m m e r c ia l  p o te n t ia l  o f  in s t i t u t e s  o f  th e  R u s s ia n  A c a d e m y  

o f  S c i e n c e s  in  th e  f o r e ig n  m a r k e ts , a n d  o r g a n iz e  j o i n t  p r o je c t s  o f  th e  S B  R A S  in s t i t u t e s  w it h  

d if f e r e n t  o r g a n iz a t io n s  t o  d e v e lo p  s p e c i f i c  t e c h n o lo g ic a l  a n d  k n o w le d g e - b a s e d  s o lu t io n s .

W e  s e e  o u r  g o a l  t o  c r e a te  a n d  m a in ta in  lo n g - s t a n d in g  m u t u a l ly  b e n e f i c ia l  r e la t io n s h ip s  w it h  

e a c h  c u s to m e r .

C o n ta c t  u s:

R u s s ia ,  N o v o s ib i r s k ,  I n z h e n e r n a y a  str ., 4 a , o f f i c e  2 1 2  

T e l . / f a x :  + 7  ( 3 8 3 )  3 3 0 - 8 2 - 9 5  

E -m a il:  s a le s @ s p e g r o u p .r u

in d u s tr ia l  e n te r p r is e s  w i t h  h ig h - t e c h  e q u ip m e n t .

w w w .s p e g r o u p .r u
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F O U N D A T I O N  
F O R  T H E  S U P P O R T
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T h e  N o v o s ib i r s k  R e g io n a l  F u n d  f o r  th e  

S u p p o r t  o f  S c i e n c e  a n d  I n n o v a t io n  

h t tp : / / fo n d n id .r u  (h e r e in a f te r  th e  F u n d )  w a s  

e s t a b l i s h e d  b y  th e  G o v e r n m e n t  o f  th e  N o v o s ib i r s k  

R e g io n  t o  im p le m e n t  th e  s c ie n c e ,  t e c h n o lo g y  a n d  

in n o v a t io n  p o l i c y  o f  th e  N o v o s ib i r s k  R e g io n  a n d  a c h ie v e  h ig h  p e r fo r m a n c e  fr o m  s c ie n t i f i c ,  t e c h n ic a l  

a n d  h u m a n  r e s o u r c e s  t o  e n s u r e  s o c io - e c o n o m i c  d e v e lo p m e n t  o f  th e  r e g io n .  F o u n d e d  in  1 9 9 6 .

T h e  F u n d  c a r r ie s  o u t  th e  f o l l o w i n g  a c t iv i t i e s  a c c o r d in g  t o  th e  l e g i s la t io n  o f  th e  R u s s ia n  F e d e r a t io n :

- S c ie n t i f i c  a n d  t e c h n ic a l  a c t iv i t i e s  r e g a r d in g  t h e  g e n e r a t io n  a n d  a p p l ic a t io n  o f  n e w  

k n o w le d g e  t o  s o l v e  t e c h n o lo g ic a l ,  e n g in e e r in g ,  e c o n o m ic ,  s o c ia l ,  h u m a n ita r ia n  a n d  o th e r  

i s s u e s ,  a s  w e l l  a s  th e  f u n c t io n in g  o f  s c ie n c e ,  t e c h n o lo g y  a n d  p r o d u c t io n  a s  a n  in te g r a te d  

s y s t e m ;

- P a r t ic ip a t io n  in  th e  c r e a t io n  a n d  d e v e lo p m e n t  o f  in n o v a t io n  in fr a s tr u c tu r e  in  th e  

N o v o s ib ir s k  R e g io n ;

- O r g a n is e s  a n d  c o n d u c t s  e x p e r t  e x a m in a t io n  a n d  a u d it  o f  in n o v a t iv e  p r o je c t s  a n d  

p r o g r a m m e s  w i t h  th e  a s s is t a n c e  o f  e x p e r ts ;  p r o v id e s  a d v ic e  a n d  a s s i s t a n c e  in  th e  

im p le m e n t a t io n  o f  in n o v a t iv e  p r o je c t s  a n d  p r o g r a m m e s ;

- S u p p o r ts  t e c h n o lo g y  t r a n s fe r  in t o  th e  p r o d u c t io n  a n d  s e r v ic e  s e c to r s ;  p a r t ic ip a te s  in  

in te r n a t io n a l  p r o g r a m m e s  a n d  p r o je c t s  f o r  th e  b e n e f i t  o f  th e  N o v o s ib i r s k  r e g io n ;

- D e v e l o p s  a n d  im p le m e n t s  a  s e t  o f  m e c h a n is m s  th a t  p r o m o t e  th e  d e v e lo p m e n t  o f  s m a ll  a n d  

m e d iu m  e n te r p r is e s  in  th e  f i e ld s  o f  s c ie n c e ,  t e c h n o lo g y  a n d  in n o v a t io n ;

- P a r t ic ip a te s  in  th e  d e v e lo p m e n t  o f  v e n tu r e  c a p i t a l i s m  a n d  a ttr a c ts  in v e s t m e n t  a n d  o th e r  

r e s o u r c e s  f o r  th e  im p le m e n t a t io n  o f  p r o m is in g  p r o je c t s .

A s  p a r t o f  it s  a c t iv i t i e s ,  th e  F u n d  o p e r a te s  in  th e  f o l l o w i n g  a rea s:

- H a s  b e e n  a n n u a l ly  o r g a n is in g  a n d  c o n d u c t in g  t h e  S ib e r ia n  V e n tu r e  F a ir  (h e r e in a f t e r  th e  

F a ir )  w w w .s v f a ir .r u  s in c e  2 0 0 7  -  o n e  o f  th e  k e y  in n o v a t iv e  e v e n t s  o f  t h e  N o v o s ib i r s k  

R e g io n a l  G o v e r n m e n t ,  a im e d  a t f o r m in g  p a r tn e r s h ip s  b e t w e e n  e n tr e p r e n e u r s  in  th e  

s c i e n t i f i c  a n d  t e c h n ic a l  s p h e r e  a n d  th e  in v e s t m e n t  a n d  e x p e r t  c o m m u n it y  w i t h  th e  p u r p o s e  

o f  f o r m in g  a n d  d e v e lo p in g  in n o v a t iv e  b u s in e s s  in  th e  N o v o s ib i r s k  R e g io n ;

- P r e p a r e s  in n o v a t iv e  p r o je c t s  fo r  c o m p e t i t io n s  h e ld  b y  fe d e r a l  a u th o r it ie s ,  p u b l ic  

c o r p o r a t io n s , f o u n d a t io n s ,  a n d  o th e r s , in c lu d in g  in te r n a t io n a l  o r g a n is a t io n s ,  a s  w e l l  a s  

p a r t ic ip a t in g  in  fa ir s  a n d  e x h ib i t io n s ,  in c lu d in g  v e n tu r e  c a p ita l  e v e n t s  ( e x p e r t  a n a ly s is ,  

a s s i s t a n c e  in  d e v e lo p in g  a  b a s ic  b u s in e s s  p la n );

- O r g a n is e s  a n d  c o n d u c t s  t r a in in g  s e m in a r s , in c lu d in g  p r o v id in g  c o n s u l t in g  a n d  tr a in in g  to  

p r o je c t s  th a t  h e lp  t o  fo r m  in n o v a t iv e  in fr a s tr u c tu r e , in  a d d it io n  t o  in n o v a t iv e  s c i e n t i f i c  a n d  

t e c h n ic a l  p r o je c t s  th a t  a re  im p le m e n t e d  w i t h  th e  p a r t ic ip a t io n  o f  th e  N o v o s ib i r s k  R e g io n ;

- C o n d u c t s  a n a ly s is ,  in c lu d in g  m a r k e t  r e s e a r c h  a n d  m o n it o r in g  in  th e  f i e ld s  o f  s c ie n c e ,  

t e c h n o lo g y  a n d  in n o v a t io n ;

- O r g a n is e s  a n d  c o n d u c t s  t h e  e x a m in a t io n  o f  in n o v a t iv e  in v e s t m e n t  p r o je c ts ;

- O r g a n is e s  a n d  c o n d u c t s  a c t iv i t i e s  t o  p r o m o t e  s c ie n t i f i c ,  t e c h n ic a l  a n d  in n o v a t io n  a c t iv i t y  in  

th e  N o v o s ib i r s k  R e g io n .

P le a s e  c o n s id e r  p o s s ib l e  a r e a s  o f  c o o p e r a t io n  fo r  th e  im p le m e n t a t io n  o f  m u tu a l ly  b e n e f ic ia l

j o i n t  activ i t ies.

+ 7 - 3 8 3 - 2 2 3 - 6 3 - 6 0 ,  + 7 - 3 8 3 - 2 2 3 - 2 0 - 0 4 ,  

f o n d .n id @ m a i l .r u ; v i f .n s k @ m a i l .r u .

O f f i c e  3 0 1  a n d  6 0 5 ,  2  S ib r e v k o m a  S tr e e t , 

N o v o s ib ir s k  6 3 0 0 0 7 .
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