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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 μm 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 μm) 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 μm) and 3rd (1.23 μm) 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-μm radiation generated in phosphosilicate RFL is 
demonstrated to longer wavelengths (>1.4 μm) using active Bi fiber as a nonlinear medium [5], as 
well as to shorter wavelengths (0.65 μm) 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 μJ 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 μm 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 

, 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  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). 
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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. 

 
 

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. 

  
Fig. 3 Yb:CaF2-LaF3 ceramics. Table 1 Thermal lens effect of optical materials. 

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

 
Fig. 5  Phase diagram of CaF2-LaF3. 

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: , 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 λ2 scaling of phase-space mode volume with 
radiation wavelength λ translates into the λ2 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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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. 
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Space Agency (ESA) and the Swiss Space Office (Swiss Confederation). 
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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 2S1/2 (F=1) → 2P1/2 (F=0) electric dipole transition with natural linewidth of 23 
MHz at 370 nm is used for Doppler cooling and detection of the ion. 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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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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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 ωL is modulated by a 
microwave generator at a frequency f; as a result, lateral frequencies ωL−f and ωL+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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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 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/ºC 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 1.3×10-15 at 104 s (Fig.2).  

 
Fig. 2 Allan deviation. 
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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 )CL%90(cme100.3d 26

n
−×≤ 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 Tμ 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 ωi and the magnetic field, ωi = γi∙B. 

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 λ = 1.14 µm 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 
λ=1.14 µm 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 1.5×10-15 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 λ=1.5 µm. 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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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-Pérot 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]. 
 

 
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 µm [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-Pérot 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 µm 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 σy ≈ 7×10-17. A femtosecond frequency comb is used to bridge the wavelength gap between the 
1.5 µm 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 σy = 4×10-17 for 
averaging times between 1s and 100s. 

The direct beat signal between the two 1.5 µm 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 
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E-mail: alexander.nevsky@uni-duesseldorf.de 
 

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 γ- 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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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 vib

gE  and excited vib
eE  states will coincide with one another [3]. To this end, the 

difference latt vib vib
clock e gE Eν∆ = − , 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] 

 1/2 3/2 2
1 21/2 3/2( , , , ) ( , ) ( , , ) ( , ) ( )latt

clock n I n n nc I c I c I c Iν δ ξ δ δ ξ ξ ξ∆ = + + + . (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 1op E

latt magδ ω ω= −  of the lattice-laser 

operational frequency op
lattω  from the exact magic frequency 1E

magω  (determined from the equality 
1 1 1 1( ) ( )E E E E

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

 ( )2( , ) ( , ) ( , ) ( ) ( ) ( )l c l
e gβ ξ ω β ξ ω β ξ ω β ω ξ β ω β ω∆ = − = ∆ + ∆ − ∆ , (2) 

where ( ) ( )l cβ ω∆  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 2 /(2 )rec k=   (  is the mass of 
the atom, /k cω=  is the lattice-photon momentum equal to the wave number related with the 
wavelength 2 / kλ π= , determining the principal geometric characteristics of the lattice, e.g. the 
distance / 2λ  between the lattice potential wells and the separation / 4λ  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 

1 1 1 1 1( ) ( )E E E E E
e mag g mag ma ω a ω a= ≡ , modifies for a traveling wave to ( ) ( )t t

e mag g maga ω a ωΣ Σ= , where the 

E2-M1 interactions are synchronous to the E1 interaction, therefore 1
( ) ( )E

e ga ω  is replaced by the sum 
1

( ) ( ) ( )( ) ( ) ( )E qm
g e g e g ea ω a ω a ωΣ = +  of 1

( ) ( )E
e ga ω  and the sum of E2-M1  polarizabilities 

2 1
( ) ( ) ( )( ) ( ) ( )qm E M

e g e g e ga ω a ω a ω= + .  

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 

1
( ) ( ) ( )( ) ( ) ( )dqm E qm

e g e g e ga ω a ω a ω= − , the difference of the E1 and, giving the standing-wave magic-

frequency condition ( ) ( )dqm s dqm s
e mag g maga ω a ω= . The absolute value of 1 1

( ) ( )E E
g e maga ω  is 6 to 7 orders 

greater than ( )( )qm s t
maga ω , so the difference between 1E

magω  and ( )s t
magω  appears only in the 6th or 7th 

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 1s s E
mag magδ ω ω= −  and 1t t E

mag magδ ω ω= −  are approximately opposite to one 

another, s tδ δ≈ − . Assuming the operational frequency of the lattice laser 1op E
latt magω ω δ= + , the 

coefficients of the resolution (1) may be presented, as follows 
1 1

1 1 21 1
1/ 2 1 1 11 1

1 11
3/ 2 1 2 11

31 1( ) , ( , ) ( ) ,
2 2 2

1 ( , ) 2 ( ) , ( ) ( ). (3)
2

E Erec rec
E qm Em mE E

E EE E
m m

rec
E EE

E EE
m

c n n c n n n

c n n c

a aδ a ξ δ β ξ
ν a ν a

ξ β ξ ξ β ξ
a

 ∂∆ ∂∆   = − ∆ + = − − ∆ + +     ∂ ∂    

 = ∆ + = −∆ 
 

 



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 δ may be 
used to reduce ( , , , )latt

clock n Iν δ ξ∆  to a minimal value, which depends on the degree of circular 
polarization ξ  and the intensity of the lattice laser I . For example, at the intensity 75I =  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 ( , , , ) 0latt

clock n Iν δ ξ∆ ≈  for the frequency deviation 19.65δ = −  MHz, 
while  the imaginary part, which determines the clock-frequency broadening and comes from the 
imaginary part of the clock-transition hyperpolarizability 1Eβ∆ , is { }Im ( , , , ) 28.3latt

clock n Iν δ ξ∆ ≈  
mHz; this value also determines the rate of the two-photon ionization of the excited clock state. 
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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. 



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

25 

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 I1/2, I3/2 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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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 μK . 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 9 310 cm sβ −

− . 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 μK  and record low-field spectra of the 
Feshbach resonances.  
 

              
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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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 z1 
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. 
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Atom interferometers’ phases at the presence of heavy 
masses; their use to measure Newtonian gravitational 

constant; optimization, error model, perspectives 
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Among the fundamental physical constants c, , 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 of 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 of 2 parts moving horizontally to and from atom clouds (see Fig. 1).  We calculated the 
phase double difference 

𝛥𝛥2𝜑𝜑 = 𝛥𝛥𝜑𝜑𝑎𝑎 − 𝛥𝛥𝜑𝜑𝑏𝑏 ,𝛥𝛥𝜑𝜑 = 𝜑𝜑(𝑧𝑧1, 𝑣𝑣1𝑧𝑧) − 𝜑𝜑(𝑧𝑧2, 𝑣𝑣2𝑧𝑧), 
where ϕ(z,v) is a phase of 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 

equally to the phases and that contribution is excluded in the 
1st order phase difference ϕ. When test mass halves are 
joined or separated (see Fig. 1a and b), phase differences are 
equal to ϕa,b. 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, 2ϕ 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 of 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 of Pb [6], and 
the phase noise ϕerr=10-4 rad. The chosen value of 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 δϕ 
was studied in detail in review [8]. We obtained a response 
linear in the test mass gravity δg assuming that [9] the 
magnitude is δg<<g, where g is Earth’s gravitational field 
magnitude. The ratio δg/g is a small parameter of our 
theory. Evidently, only this part contributes to the double 
difference, 2ϕ=2δϕ. Using the Wigner representation of 
the atomic density matrix (first applied for atom 
interferometry in [10]), we showed that δϕ consists of 3 
parts, the classical part, the recoil term and the Q-term. The 

recoil term was obtained without expanding over recoil velocity k/Ma, Ma 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: 
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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.  

 
 

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, Δ2δφ 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 ρ, 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 
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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]. 

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 
(a) 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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Table 2. Atom interferometers’ parameters one has to hold to achieve measurements of 200 ppb error. 
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Continuous cold-atom inertial sensor 
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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/√Hz 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. 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 1 Schematic and operation principle of the continuous cold-atom gyroscope.  Continuous measurement 
is performed with a joint interrogation sequence where the bottom π/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 ∆ν/ν<10–16. 

  



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

31 

Ultracold atoms for simulation of  
many body quantum systems 

 
D.A.W. Hutchinson 

Dodd-Walls Centre, Department of Physics, University of Otago, Dunedin, New Zealand 
E-mail: David.Hutchinson@otago.ac.nz 

 
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 p≠0. 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 1, 0 , 0 0, 0J Jns J m np m J m= = → = = = , 

1, 0 ( 1) , 0 0, 0J Jns J m n p m J m= = → − = = = . 
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We consider possibility of deep sub-Doppler cooling of Mg atoms on 1S0→1P1 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.  

                                                (1) 

with effective Hamiltonian effĤ . 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 12/2 <<= MkR γε   even the consideration is done with taken into account quantum 

recoil effects and the atoms with optical transitions characterized 01.0>Rε  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 1S0→1P1 optical transition the recoil parameter is not extremely low 
002.0≈Rε . The results of our analysis based on general quantum equation for atomic density matrix 

demonstrate limitation of laser cooling temperature in −+ −σσ  light filed configuration slightly 
bellow Doppler temperature [4]. The experimental realization of laser cooling operating on 3P2→3D3 
in −+ −σσ  MOT [5] also demonstrate temperature about 1mK, that above the Doppler limit for this 
optical transition TD = 425 µK. 

In the following work we consider the MOT for 24Mg atoms operating on the closed triplet 3P2→3D3 
transition, formed by the light waves with elliptical polarization ( εθε −−  configuration). In the 
frame of 1D model we study magneto-optical potential, temperature and the fraction of extremely 
cooled atoms with momentum bellow kp 3=  (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 ε θ ε− −  configuration. 
 
We find the εθε −−  light field configuration formed by the waves with elliptical polarization and 
orientation angle 4/πθ −=  with parameters ellipticity are close to linear polarization can offer the 
lowest cooling temperatures  KT µ100≈  together with enough depth magneto-optical potential. 

Compare to conventional MOT, formed by waves with −+ −σσ  polarizations, the suggested 
εθε −−  MOT should operate with lower gradient of magnetic field. Really, compare to 

conventional −+ −σσ  MOT, the εθε −−  MOT is more exacting to field parameters, because of 
strong magnetic field may reverse magneto-optical trap force for slow atoms in εθε −−  
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 θ 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)). 
 

(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 



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

40 

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 µm. 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 µm. 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 φj, the evolution would show the Talbot effect: 
The initial periodic density distribution would reappear at the integer multiples of the Talbot time 
Td = Md2/πћ = 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 φj 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 K× 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 K× 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 |s1〉 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 
scheme in a proof of principle experiment by reducing 
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 µK [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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Fig. 2 Operation principle of optoelectrical 
Sisyphus cooling, as explained in the text. 
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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 × 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. 
 
 

 
 

 

 

 

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 Förster resonances between Rydberg 
atoms controlled by an electric field. Observation of the Stark-tuned Förster 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 Förster 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 Förster 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 Förster 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 
Förster resonances ))1((Rb)(Rb)(Rb)(Rb 2/12/12/32/3 SnnSnPnP ++→+  for a few cold Rb Rydberg 
atoms in a time-varying electric field [2]. In particular, we studied the rf-assisted Förster resonances 
between N=2-5 cold Rb Rydberg atoms [3] (Fig.1). We have shown that they can be induced both for 
the ”accessible” Förster 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 Förster 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.  
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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 µm to 0.2 µm 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 Dürr-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 µm 
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.  
 

    
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). 

 
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 5×10-4, 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/(2×108). 
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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 λ0 = 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 f1 =–50 cm, and for the 
focusing mirror it was f2 = +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. 
 

0 20 40 60 80 100
0

5

10

15

20

 

 

Nu
m

be
r o

f f
ila

m
en

ts,
 N

Distance, m

d0=2.5cm
collimated

 Е0=82mJ
 Е0=35mJ

              
0 30 60 90 120 150

0

2

4

6

8

10

Nu
m

be
r o

f f
ila

m
en

ts
, N

Distance, m

d0=5cm, Е0=40mJ
 F=12.5m
 collimated
 F=-33m

 
                                 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. 
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                                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. 



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

53 

New trends in ultrahigh intensity coherent  
beam combining 

 
V.I. Trunov1, S.A. Frolov1, E.V. Pestryakov1,2,S.N. Bagayev1,2 

1Institute of Laser Physics SB RAS, Novosibirsk, Russia 
2Novosibirsk State National Research University, Novosibirsk, Russia 

E-mail: trunov@laser.nsc.ru 
 

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 μm generated on the 5D5/2→6P3/2 
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. 
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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 of 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 µm 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 5µm.  The 6µm 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, µW-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 µm range with µW to mW power range from 
convenient ~1µm lasers is to use difference frequency generation (DFG) with a ~ 1.3 µm 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 χ(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 (λp=1064 nm, Mephisto 
MOPA, Coherent Inc, short-term linewidth ∆ν ≈10 kHz) and an extended-cavity tunable diode laser 
(λs= =1301.1 nm, DL100, Toptica Photonics AG, ∆ν ≈100 kHz).        

Up to 65 µW of single-frequency idler at λi=5.85 µm 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/π)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 
the f=150 mm focal length corresponds to pump and signal waists wp = 67.5 µm and ws = 82.5 µm. 
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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 𝑧𝑧𝑑𝑑 = (1/2)𝑘𝑘𝑖𝑖𝑤𝑤𝑑𝑑

2, ki = 2πni/λi and 𝑤𝑤𝑑𝑑 = 𝑤𝑤𝑝𝑝𝑤𝑤𝑠𝑠/[𝑤𝑤𝑝𝑝2 +
𝑤𝑤𝑠𝑠2]1/2; (b) Conversion efficiency Γ versus focusing parameter. The solid lines are theoretical Gaussian beam 
DFG conversion efficiencies. 

 
The strongest focusing (f=50 mm) corresponds to wp = 19 µm and ws = 23 µm. Because of the non-
negligible absorption at 1064 nm (ap ≈ 0.17 cm-1) and 1301 nm (as ≈ 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 Γ = Pi/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 

 
L. Isaenko, D. Kolker, V. Vedenyapin, A. Elisseev, S. Lobanov, A. Boyko, N. Kostyukova, V. Petrov 

Novosibirsk State University, Novosibirsk, Russia 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 

E-mail: dkolker@mail.ru 
 

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 OPOµto 9.9 m was demonstrated byµspectral tuning range from 4.8 up to 9.90 f-
rotation of LGSe element at the OPO cavity. 
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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. 1. 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 Ni , τi  (i=1- 8) denote the population distribution and lifetime in different levels respectively. Wi 
(i=1-3) is the upconversion rate. β 4j (j=3,2,1)are the branching radios from 4F3/2 level to 4I15/2, 4I13/2, 
4I11/2 levels respectively. τc is the photon lifetime. Nd is the total of Nd3+ ions. Φ 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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where the ∆Ei is energy gaps that have to be bridged among different energy levels, ϑi (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) The 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 nonlinearly, 
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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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/λ)4, where r is the radius of the hole, and λ 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-λ 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 λ=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 η ~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 5S1/2→5P3/2 and 
5P3/2→5D5/2. The decay of the 5D5/2 state via the channel 5D5/2→6P3/2→5S1/2 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 μm. 
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 
5D5/2→5P3/2→5S1/2 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: λ=1.06 μm, 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. 
 

 
Fig. 2 Jump-conductivity dependences for different surface density of NPs on the PbTe films. All 
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 ω; dotted arrows show vibronic-
interaction-induced transitions at the frequencies ω0i; downward dashed arrows refer to nonradiative 
relaxation; dash-dotted arrows show the radiative relaxation of rate γ. 

 
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 
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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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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 μm. A target was 
scanned by the laser beam with the speed of 10-30 μm/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 μm. 

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 μm, with short pulse. The colloidal system 
irradiation was carried out by the scanning of the cuvette volume by focused beam (spot diameter - 50 
μm, 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. 
 

 
Fig. 2 Raman spectra: initial due (a) and test by deposited metal-carbon films (b). 

 
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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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 σI. 

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 
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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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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 (λ1~1 μm) and frequency-doubled long-wavelength (λ2~2 
μm) teeth were locked to the fundamental laser wavelength (λos~1 μm) 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 of OPPLs with bandwidths of ~200 kHz and ~100 
kHz for the short-wavelength and long-wavelength sides of the optical frequency comb, respectively. 
In order to extend the effective dynamic range of the OPPLs and provide continuous long-term 
stabilization of 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 of our knowledge, such combination of 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 of 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 (δf1=20 MHz) obtained with the 
short-wavelength comb tooth at λ1~1 μm. The right graph represents measurements of the beat frequency 
(δf2=10 MHz) obtained with the frequency-doubled long-wavelength comb tooth at λ2~2μm. 

 
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 frf defined as:  

YAGNdcombrf fff :2 −∆= , 

where Δfcomb = fλ1 - fλ2 ≈ 1,4·1014 Hz is the octave width of the optical frequency comb, and  fNd:YAG ≈ 
2,8·1014 Hz is the fundamental frequency of the optical standard. Thus instability of the measured 
frequency frf was attributed to the residual random deviations of the doubled comb width (2Δfcomb) 
against the optical standard frequency (fNd:YAG). 

 
Fig. 3 Allan deviation calculated for residual random deviations of the doubled comb width (2Δfcomb) 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 μm) 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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Recent developments in femtosecond fibre lasers 
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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. 
 
References 
[1] W. Shiner, Nature Photonics 4, 29 (2010). 
[2] M.E. Fermann and I. Hartl ,Nature Photonics 7, 868 (2013). 
[3] C. Aguergaray, R. Hawker, A. Runge, and M. Erkintalo, and N.G.R. Broderick, Applied Phys. Lett. 103, 121111 (2013). 

  



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

76 

21st century mid-infrared biomedical spectroscopy:  
conventional FTIR vs Field Resolved 

 
A. Apolonski and BIRD Project1,2  

1Ludwig Maximilian University of Munich, Germany 
2Max Planck Institute of Quantum Optics, Garching, Germany 

E-mail: apolonskiy@lmu.de 
 

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 µm 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 µm 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 µm [5] 
and a difference generation conversion scheme that transfers infrared to mid-infrared supercontinuum 
centered at 10 µm [6]. 20-fs infrared pulses after the broadening-compression stage become 
transferred into 70-fs pulses (coherent supercontinuum 7 to  18 µm) 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 of 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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Pérot 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. 
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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 τ1 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 ε(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 ε(f) can be accurately approximated in the case of 

several varying parameters. However, we perform fitting simultaneously for both parts of ε(f), which 
complicates obtaining an exact agreement between the model and experimental results in a wide 

(a) (b) 
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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 Δε1 of the slow Debye relaxation process (Fig. 2). It can be seen that the dependence of Δε1 
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 ε(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 Δε1, 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 mg·mL–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 Δε1 was 88% relative to the value for pure water. After 96 hours of 
incubation BSA with sugar the amplitude of the first Debye term Δε1 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 Δε1 (or increase τ1) 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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The deployment of magnetic nanoparticles (MNPs) for biomedical applications has steadily increased 
in the past decade [1]. The use of MNPs as MRI contrast agents and for hyperthermia is well 
investigated. More importantly, functionalized MNPs injected into the blood stream have a high 
potential for targeted drug delivery to biological entities, such as tumors or organs. In view of clinical 
applications, most MNP-based methods require quantitative methods for monitoring the spatial MNP 
distribution in the biological tissue. Magnetorelaxation (MRX, [7]) imaging and Magnetic Particle 
Imaging (MPI, [8]) are two imaging modalities that are actively being developed towards this goal. 
There is also an evident need for measuring and optimizing the MNP properties, in particular their 
size distribution, in view of obtaining the highest possible MNP detection sensitivity with the lowest 
possible quantity of injected MNPs. 

Imaging and characterization both rely on the MNPs’ superparamagnetic character which relates to 
the fact that MNPs of sufficiently small size are single ferromagnetic domains. As such, the M(H) 
dependence of an ensemble of MNPs can be represented by a Langevin function 

𝐿𝐿 �𝑥𝑥 = 𝐻𝐻
𝐻𝐻𝑘𝑘
� = 𝑀𝑀(𝑥𝑥)/𝑀𝑀𝑠𝑠 = coth 𝑥𝑥 − 1

𝑥𝑥
       with the saturation field   𝐻𝐻𝑘𝑘 = 𝑘𝑘𝐵𝐵𝑇𝑇

𝜇𝜇0𝑀𝑀𝑠𝑠𝑉𝑉
 ,  (1) 

where 𝑀𝑀𝑠𝑠 is the saturation magnetization, and 𝑉𝑉 the MNP’s core volume. The characteristic features 
of this magnetization behavior are (a) the absence of hysteresis and (b) the relatively modest value 
(few mT) of the saturation field 𝐵𝐵𝑘𝑘 = 𝜇𝜇0𝐻𝐻𝑘𝑘. 

All applications mentioned above rely on magnetizing the MNP located, say at 𝑟𝑟 = 0, by a 
magnetic excitation field 𝐻𝐻��⃗ (0), and detecting the magnetic flux density 𝐵𝐵�⃗ (𝑟𝑟) ∝ 𝑀𝑀��⃗ (0) produced by 
the sample magnetization 𝑀𝑀��⃗ (0) with a magnetometer located at 𝑟𝑟. In most conventional magnetic 
MNP experiments one deploys excitation fields 𝐻𝐻��⃗ (𝑟𝑟 = 0, 𝑡𝑡) that harmonically oscillate at 𝜔𝜔𝑒𝑒𝑥𝑥𝑒𝑒, in 
combination with detection of 𝐵𝐵�⃗ (𝑟𝑟, 𝑡𝑡), or rather 𝑑𝑑𝐵𝐵�⃗ (𝑟𝑟, 𝑡𝑡)/𝑑𝑑𝑡𝑡  by a pick-up loop based on Faraday’s 
induction law. Because of the time-derivative, the efficiency of pick-up detection decreases at low 
frequencies like 𝜔𝜔𝑒𝑒𝑥𝑥𝑒𝑒−1 . We strongly believe that atomic magnetometers (AM) present an interesting 
alternative to the pick-up loop detection of MNP signals, since their performance does not degrade 
with decreasing frequency, thus allowing efficient low-frequency, and even DC detection. Here we 
review several proof-of-principle experiments that we have performed along these lines. 

Magneto-relaxation (MRX): Magnetized MNPs, when immobilized (e.g., attached to a cell 
surface, or embedded in a matrix/tissue) have Néel relaxation times in the seconds to minutes range, 
depending on the particles’ size. This property is used to discriminate signals from blocked MNPs 
against signals produced by MNPs in body fluids. MRX consists in magnetizing the particles by a 
field 𝐻𝐻��⃗  of several mT for a given amount of time, and then monitoring the decaying magnetic flux 
density’s magnitude 𝐵𝐵(𝑡𝑡), after 𝐻𝐻��⃗  has been switched off. In [2] we have shown that two AMs 
(operated as a gradiometer) can be used to monitor 𝐵𝐵(𝑡𝑡) decaying from a few nT down to a few pT 
over two minutes. In that paper we have also revised the functional dependence of the MRX-decay, 
which in a simplified form is given by 𝐵𝐵(𝑡𝑡) ∝ ln(1 + 𝜏𝜏/𝑡𝑡), to compare relaxation curves from 
various samples having average MNP particle radii ranging from 14 to 21 nm. Fits of the results have 
further allowed us extracting the saturation magnetization 𝑀𝑀𝑠𝑠 and the so-called magnetic anisotropy 
constant K, and to study the dependence of 𝑀𝑀𝑠𝑠 and K on particle size. 

Magnetic source imaging camera (MSIC): Conventional MRX does not yield direct information 
about the MNP’s spatial distribution. The latter can be assessed by simultaneously recording MRX 
signals with an AM array. Based on the methods described by Fescenko and Weis [3], we are in the 
process of developing a magnetic source imaging camera (MSIC), i.e., a device yielding a direct 
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visualization of the two-dimensional spatial distribution of a specific component of the magnetic field 
vector. The MSIC principle is sketched in Fig. 1.a. A sheet of circularly-polarized resonant laser light 
pumps a layer of Cs atoms (contained with a buffer gas in a cubic vapor cell) into a dark state that is 
stabilized by a magnetic field 𝐵𝐵�⃗ 0. A CCD camera records fluorescence from that layer. Any field 
𝛿𝛿𝐵𝐵�⃗ 𝑀𝑀𝑀𝑀𝑀𝑀(𝑟𝑟) produced by the object of interest (here a magnetized MNP sample) adds to 𝐵𝐵�⃗ 0, thereby 
changing the total field – and hence the spin polarization by virtue of the ground state Hanle effect – 
at each position (𝑟𝑟) in the sheet. Since the fluorescence yield depends on the local degree and 
orientation of the spin polarization, the fluorescence from each point changes in a specific manner as 
discussed in [3]. Figure 1.b shows CCD frames that represents the fluorescence changes (proportional 
do δBH) induced by magnetized MNPs [4] and the sample magnetization’s decay (MRX signal). 
 
 

 
 

 

 
  

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 contrast to blocked MNPs, 

the magnetization of MNPs suspended in a fluid undergoes a very fast (microsecond or less) Brown 
relaxation through rotational diffusion. This fact prevents their detection by MRX, but allows the 
particles to react quasi-instantaneously to oscillating drive fields 𝐻𝐻��⃗ 𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑒𝑒(𝑡𝑡) producing a related 
response 𝐵𝐵�⃗ 𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡). Because of the nonlinear 𝐵𝐵𝑀𝑀𝑀𝑀𝑀𝑀(𝐻𝐻𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑒𝑒) ∝ 𝑀𝑀𝑀𝑀𝑀𝑀𝑀𝑀(𝐻𝐻𝑑𝑑𝑑𝑑𝑖𝑖𝑑𝑑𝑒𝑒) relation given by 
Eq. (1), a monochromatic drive produces odd overtones in the Fourier spectrum of the 𝐵𝐵𝑀𝑀𝑀𝑀𝑀𝑀(𝑡𝑡) 
response. We have developed AM-based methods [5] allowing the direct recording (Fig. 1.c) of the 
BMNP(Hdrive) dependence and its derivative dBMNP/dHdrive(Hdrive). The method can be applied to MNP 
samples containing down to 1 𝜇𝜇g of iron and can be used to extract MNP size distributions [6]. The 
fact that the dBMNP/dHdrive signal peaks at Hdrive=0 can be used for measuring spatial MNP 
distributions. Suppose that a bulk sample containing an inhomogeneous MNP distribution is exposed 
to an inhomogeneous drive field, such that Hdrive=0 (Fig.  1.c) at one specific point (zero field point, 
ZFP) in the sample. Suppose further that the Hdrive field in other parts of the sample is sufficiently 
strong to saturate the MNP magnetization at those points. The magnetometer will then detect 
dBMNP/dHdrive signals only from MNPs located at or near the ZFP. A record of the magnetometer 
signal while scanning the ZFP position through the bulk will thus yield information of the spatial 
MNP distribution. The method, deployed so far only with pick-up coil detection is known as X-space 
variant [7] of MPI. MPI was invented a decade ago by researchers at Philips [8]. Currently, both X-
space and frequency-space implementations of MPI deploy drive fields oscillating at 25 kHz, together 
with pick-up coil detection. The high frequency at which the high power drive field oscillates leads to 
concerns regarding heating and peripheral nerve stimulation of the patients. We believe that AM-
detection offers a promising perspective for developing a low-frequency MPI-scanner that may 
circumvent those issues. 

Work funded by grants 200021/160128 and 200021/149542 of Swiss National Science 
Foundation. 

References 
[1] S.-H. Huang and R.-S. Juang, J. Nanopart. Res. 13, 4411-4430 (2011). 
[2] V. Dolgovskiy, V. Lebedev, S. Colombo et al., J. Mag. Mag. Mat. 379, 137-150 (2015). 
[3] I. Fescenko and A. Weis, J. Phys. D: Appl. Phys. 47, 235001 (2014). 
[4] V. Dolgovskiy, I. Fescenko, N. Sekiguchi et al., submitted to Appl. Phys. Lett. (2016). 
[5] S. Colombo, V. Lebedev, Z. D. Grujic et al., IJMPI 2, 1606002 (2016). 
[6] S. Colombo, V. Lebedev, Z. D. Grujic et al., IJMPI 2, 1604001 (2016). 
[7] P.W. Goodwill, E. U. Saritas, L. R. Croft et al., Adv.Mater. 24, 3870 (2012). 
[8] B. Gleich and J. Weizenecker, Nature 435, 1214 (2005). 



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

84 

Detection of physiological signals  
using FBG sensing techniques 

 
D. Jia, 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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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℃ 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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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 µm. 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 µm to 240 µm 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 λ = 
130 µm. 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 / 1dλ − , where λ  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 ( 4) ( 3)J J= ← =  lines of H79Br and H81Br (66.70 µm and 66.72 µm) 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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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 22×18×14 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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Pulsed UV laser technologies for ophthalmic surgery 
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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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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 Qµ=2⋅106,  acoustical ωµ=104 s, time of the signal t=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 =104÷105, photo efficiency η=0.7, λe =1 μm. 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. Тhe 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  hmin pot ~10^{-21} Нz^{-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.  

Fig. 2 Contrast temperature variation  
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 Ɵ-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. Ɵ-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 Ɵ-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. 

 
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 μm 
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. 

 
Fig. 2 The layout of the experimental facility. 

Numerical analysis of electron acceleration shows the following: 
• It is necessary to focus the laser beam down to diameter of about 10 μm. 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]: 

.]),()[4(2),( a
3

a TYXTThYXI −+= σ  
Here Ta is the ambient temperature, h – the convective heat transfer coefficient depending on the 
experimental conditions, and σ – 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 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 σ and γ 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 internuclear 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 
internuclear distance equal to 1.5 a.u. and probe laser pulse with wavelength λ = 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 θ. 

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 θ 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(θ). 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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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 µJ 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. 
 

 
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 2µm 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 2µm 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 (f1 = 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 (f1 → f2), either to the same increase it (f2 → f1). 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. 
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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. 
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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. 
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Self-focusing and filamentation of laser pulses in atmospheric optics tasks can be used for the sensing 
of the atmosphere, creating extended ionized channels forming in a given coordinate route high 
intensity laser radiation field [1-3]. At the same time after the "disintegration" filamentation region as 
after the termination of plasma formation and disappearance of visible glowing filaments (filaments), 
each of them is formed by a narrow, weakly divergent light channel. Properties data channels - wide 
spectral composition (Figure 3d), high intensity, continuing at great distances, are of interest for the 
above-mentioned problems of atmospheric optics. Earlier properties postfilamentation channels (PFC) 
have been studied by us and by other authors for the focused beams [4,5]. This PFC research work 
carried out for collimated beams of different diameters on the road about 150 m. The experimental 
procedure is described in detail in [2,3,5]. Examples of imaging energy density distribution in the 
cross section of the beam at different distances from the end of the field of multiple filamentation 
(FMF) for one of the primary beam diameter (d0 = 2,5 cm) are shown in Fig. 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). 

 
The images show that the central part of the beam provides bright, so-called "hot" point - 

postfilamentation channels surround system less bright rings that may interfere with the divergence of 
PFC. Dependence of the radius of the beam and the spread distance from the PFC are shown in Fig. 2. 

Depending obtained indicate that the PFC is tens divergence micro radians, while the divergence 
of the beam after passing through all the global focus (not including the area of the conical feed 
filamentation - rings color system) is ~ micro radians, that is. two orders of magnitude greater. It was 
found that when exposed postfilamentation channels to sample optical glass away from FMF in tens 
times exceeding its length, resulting in the formation of multiple filamentation in it, having the 
structure of a hollow cone, observed earlier in [6]. 

Thus, the results of experimental studies and filamentation postfilamentation channels controlled 
by the path length of 150 meters for collimated beams of various diameters showed that: the 
divergence of the laser beam after the filamentation area is much greater than the divergence 
postfilamentation channels; at distances from the end of the field much larger than the length of the 
filamentation area filamentation of postfilamentation channels contain sufficient intensity to generate 
multiple filamentation in the optical elements and enables us to provide a functional effect on the 
optical elements of the matrix; wide range and high intensity slightly divergent postflamentation 
channels allows their use for the remote sensing of the atmosphere. 
 

c b a 
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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. 
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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 ω3 in the four-level scheme N-type (Fig. 1), where the 
coupling field with frequency ω2 is the standingwave, and field with frequency ω1 is the weak probe 
field. 

 
Fig. 1 Schematic diagram of a four-level N-type atomic system interacting with a weak probe field ω1 and a 
strong-pump standing field ω2 and a strong drive field ω3. Ω1,2,3 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 frequencyω1,and the wave vector 
k1) and strong drive (ω3, k3) fields with a Rabi frequency G1 and G3propagate in z direction. A 
coupling field(ω2, k2) is the standing-wave with spatial dependent Rabi frequency G2(z)=G2+eik

2
z + G2-

e-ik
2

z 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] 
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γij 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 1 0 1 2( , ) cos(2 ).z k zχ ω χ χ+.

For simplicity, we took into account only two spatial harmonicswhich approximate χ(ω1,z) enough 
well. 
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Due to spatial periodic modulation of the susceptibility (1) induced by coupling standing-wavethe 
probe field propagate as in a multilayer periodic structure with periodicity a=π/k2=λ2/2. So it can 
propagate not only in the forward direction (a transmitted wave), but also in backward one (a reflected 
wave). 

By using the method of coupled waves [11], we find the transmission t and the reflection 
ramplitude coefficients for probe wave propagating in periodic structure with length L, 

 2
1 1

0 0

cos( ) exp(ik L)( ) ( 0) sin( )( ) , ( )
cos( ) ( )sin( ) cos( ) ( )sin( )

s sLA L B L sLt r
A s sL i k sL A s sL i k sL

σω ω
a a

=
= = = =

+ ∆ − + ∆ −
 (2) 

2 2
2 1 0 1 1 1( k ) , k , 2 , .s k k k ka σ a πχ σ πχ= ± ∆ − − ∆ = − = =  

Here L is the length of sample, A0is the amplitude of incident probe wave, A(L) is the amplitude of 
probe field on the output of sample (forward wave), andB(L=0) is the amplitude of the reflected probe 
field (backward wave).

 

By utilizing Eq. (2) and the Fourier transform method, one can study the propagation dynamics of 
an incident probe pulse. We assume that the input probe pulse is the Gaussian pulse 
E1i(t)=E0exp(−t2/τ2) exp(iω1t), whereE0 is the amplitude, 2τ=Tpis the pulse length at the e−1 level, and 
ω1 is the central (carrier) frequency. The pump and the drive fields are the continuous monochromatic 
waves. The spectrum of the input probe pulse is the Fourier transform of the given pulse:E1i(ω) = 2−1/2 
τE0exp[−τ2(ω−ω1)2/4. The reflected and the transmitted Fourier components of the probe pulse can be 
derived as E1r=r(ω) E1i(ω) and E1t=t(ω) E1i(ω). The reflected and the transmitted pulse in the time 
domain are derived via inverse Fourier transform.  

For numerical simulation, we used Rb atomic parameters asEIT medium. The probe transition 
wavelenght is λ10 =780.792 nm while for the coupling field is λ12 =780.778 nm. Fig.2a shows the 
transmission and reflection spectra of a probe fieldfor different the Rabi frequencies of a drive 
fieldG3.In the absence of the control field (G3=0), the Rabi frequenciesG2+and G2- are selected such 
that a bandgapand a passband arose.When a drive field is swiched on bandgap and passband are 
destroyed with increasing G3.Fig.2b illustrates transmittedandreflected Gaussian probe pulse for 
different Rabi frequencies of a drive field. It is seen that using the drive field can control the 
transmission and reflection of EIG.  

 
a 

 
b 

Fig. 2a) Transmission (left) and reflection (right) spectra as a function of the probe detuning Ω1(in units γ10) 
for different different the Rabi frequencies G3(in units γ10).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+=5γ10 , 
G2-=(5/6) G2+, γ10= γ12= γ32= 2π 6 MHz, γ20 =2π 1kHz, N=1012 cm-3, L=2 cm. 

In conclusion, we are shown howthetransmissionand reflection of probe pulse in EIG can 
becontrolledusing additional drive field. All-optical switching of the reflected and transmitted pulse 
aredemonstrated.  
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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. 
 

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 

)/()( ⊥⊥ +−= IIIIP IIII  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 

 
a) 

 
b) 

 
c) 
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boundaries. Thus, knowing the scanning step, it is possible to determine the size of a single grain with 
a certain probability. 

Given that the proposed method is new, we have approbation it at centers with known properties to 
assess its adequacy. We carried out experiments with F2 color centers in lithium fluoride ceramics. It 
is known that these centers are oriented along the diagonals of the cube faces (С2). The experiments 
were carried out on a laser confocal scanning microscope MicroTime 200 with implemented two-
channel scheme of registration of the luminescence intensity III  and ⊥I . 

The mathematical tool developed on the analysis of the polarization component of luminescence 
allows us to consider arbitrary multipolarity transitions oriented on arbitrary axes of symmetry. 
Calculation of the degree of polarization of the luminescence P, excited and observed for a given type 
centers shows that the degree of polarization of luminescence varies from 0.33 to 0.66, and depends 
on the crystal orientation. The obtained dependence has been confirmed experimentally. 

Map of the spatial distribution of the polarization degree was built as a result of the measurements. 
On this map different values of P correspond to specific colors: the places where this velue converges 
to maximum – the map has red color, where it converges to a minimum - white color, the place where 
the glow is absent (zero) - black color. The brightness indicates the total intensity for both channels. 
As an example, in Figure 1 we present the comparative images of the optical ceramics surface 
according to data from scanning electron microscope (SEM), and laser luminescent polarizing 
microscope. As one can see our map of the spatial distribution of polarization degree adequately 
reflects the results of SEM. Further analysis consists of determining of the boundaries and size of 
grains displayed on the map with taking into account the step of scan. 

The work was performed as part of the SB RAS project II.10.1.6., and with the financial support of 
RFBR project № 16-52-44056. 
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The 21S-23S transition between the triplet and singlet parts of the helium spectrum is of interest for 
spectroscopy because of its small radiative width (8 Hz), which is determined by the 21S level decay 
to the 11S ground state. The possibility of a precise measurement of the 21S-23S transition frequency 
was studied in [3,4,5].We study two-photon absorption at the 21S–23S transition of helium, when the 
pumping field (1083 nm) is in resonance with the 23S–23P1 transition and the stimulated field (3561 
nm) is in resonance with the 21S–23P1 transition.  
 

 
 
We consider the problem of the interaction of two waves propagating in the same direction in a gas of 
three-level atoms. Our estimates show that the gain for the scattered wave is rather highThe density of 
particles detected at the 21Slevel in one second for  pumping wave 1 𝑚𝑚𝑚𝑚/𝑐𝑐𝑚𝑚2 can be 

𝑅𝑅(21𝑆𝑆) =  108𝑐𝑐𝑚𝑚−2𝑠𝑠−1. 

To detect atoms in the excited 21Sstate, we will consider a technique based on the detection of 
spontaneous vacuum-ultraviolet 58-nm photons.We are interested in the signal-to-noise ratio in the 
detection of VUV photons with a wavelength of 58 nm. The number of photons absorbed within the 
detection time t is equal to 𝑁𝑁 = 𝑅𝑅𝑡𝑡, where R is the number of atoms excited to the 21Sstate per unit 
time. In the absence of a background, the fluctuation of the photon number is equal to √𝑁𝑁. To detect a 
line shape with an accuracy of 10-3, we should ensure that 

𝑆𝑆𝑖𝑖𝑆𝑆𝑆𝑆𝑎𝑎𝑆𝑆
𝑀𝑀𝑁𝑁𝑠𝑠𝑒𝑒

= 𝑀𝑀
√𝑀𝑀

= 103. 

The results obtained show the way to observe of two-photon absorption at the 21S–23S transition of 
helium. 
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It is known that, because of quantum interference, interaction of a three-level system with a two-
frequency laser field in the Λ configuration gives rise to a superposition state that does not interact 
with the laser radiation. This phenomenon is referred to as the coherent population trapping (CPT) 
effect [1,2]. In the presence of the closed excitation contour density matrix of an atom depends on the 
relative phase of radiation [3]. In this manner the CPT effect can be either fully destroyed or restored. 
The possibility to control the superposition state parameters was investigated for both the atomic [4] 
and solid-state systems [5]. 

New interesting feature of three-level atoms that form an optically dense medium and are excited 
by a three-frequency laser radiation (∆-scheme, Fig.1(a)) is the presence of spatial quasiperiodic 
refractive index oscillations [6]. This nontrivial phenomenon can be used as a basis for development 
of materials with a controlled photon band that can be changed by manipulating the laser fields 
affecting the atomic ensemble.  

In this work we have developed the theory of propagation of the laser radiation with finite width of 
spectrum in optically dense gas, consists of ∆-atoms, in the presence of closed excitation contour 
(Fig.1(a)). This theory takes into account fluctuations of optical fields with Rabi frequencies Ω1 and 
Ω2 and correlations between them. It is based on the set of quantum kinetic equations for the atomic 
density matrix ( , )mn z tρ  and transport equations for the field correlation functions: 

3
[ ]mn mj jn mj jn mn mn

j

i H H R S
t z

υ ρ ρ ρ∂ ∂ + = − − + + ∂ ∂ 
∑  



,                                      (1) 
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z
ρ ρ∂

Ω Ω = Ω − Ω
∂

,           (2) 

where H is the Hamiltonian, R is the relaxation matrix, S is the collision integral, z is the axis along 
wave vector of radiation, υ  is the projection of atom velocity on the z axis, ( , )mn z tρ  is the slow 
amplitude of density matrix, qm is the dimensional coefficients,  m, n = 1,2,3. Equation (2) is obtained 
from the wave equations for the complex amplitudes of the field after averaging over the field 
fluctuations. 

On the Fig.1 (b) one can see the intensity I1 of the field with Rabi frequency Ω1 depending on 
coordinate z for different shapes and width lasΓ  of the input laser spectrum. There are the spatial 
quasiperiodic intensity oscillations, the period of which depends on overlapping integral of the laser 
spectrum and the absorption line of the gas. In the case of 1las γΓ =  overlapping integral takes a 
maximum value, therefore the period of oscillations is minimal. And vice versa, in the case of 

40las γΓ =  and Gaussian profile of spectrum overlapping integral takes a minimum value and 
oscillations become extended. 

Also, in this work we have calculated the propagation of field correlations in the optically dense 
gas. It was found that the correlation in the field can be increased under certain conditions. This fact 
can be used to create the filter of coherent part of radiation. 
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Fig. 1 (a) - Scheme of atomic levels in closed excitation contour (�  - scheme). 1Ω  and 2Ω  are the Rabi 
frequencies of optical fields, U is the Rabi frequency of microwave field, 1∆  

and 2∆  are one-photon 
detuning, nϕ  are the relative phases of  the fields. (b) - Normalized intensity I1 of the frequency component 

1Ω  depending on the coordinate z along propagation of radiation for different spectrum widths lasΓ  for 
Lorentzian and Gaussian shapes of the laser spectrum. γ is decay rate of excited level. 
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For the last several decades rapid scientific and technological progress has been substantially 
connected with an expansion of the lasers and laser technologies at different areas of the science, 
engineering, and industry. Many impressive successes in these directions are due to the theoretical 
support, motivation, and interpretation of experimental researches. In this context, of paramount 
importance is the formulation of mathematical models (equations) and finding of their solutions, 
which adequately describe the physical picture of investigated problems. During long time, steady 
states (which arises under the interaction of a quantum system with stationary external fields) play a 
key role in the theoretical description of the basic problems in laser physics and spectroscopy (for 
example, see [1–3]). However, in the last few years the devices in which different parameters of 
electromagnetic fields are periodically modulated have gained a greater importance. First of all, the 
so-called frequency comb generators use the periodic pulse modulation of a laser field. Such sources 
of pulse radiation are actively used now in modern atomic clocks for frequency measurements, and 
they have promising perspectives for direct frequency comb spectroscopy. Also, the phase 
(frequency) and/or amplitude periodic modulation of the laser field is now widely used for different 
tasks and applications (including atomic clocks and magnetometers). In all these examples the 
standard concept of steady state based on the time-independent equation is inapplicable. 

We generalize the steady-state concept for an arbitrary quantum system under arbitrary periodic 
external influence. In this way we prove the following existence theorem: if the coefficients of density 
matrix dynamic equation 

)}(ˆ{ˆ)](ˆ,ˆ[)(ˆ ttHit
t

ρρρ Γ+−=
∂
∂



,     1)}(ˆTr{ =tρ                                                 (1) 

have the period T , then the periodic solution with the same period T exists always. A completely 
unexpected result is that so universal and fundamental a statement is based only on the normalization 
condition for the density matrix. Due to the relaxation processes this solution is realized as an 
asymptotics (t → +∞) and, therefore, can be characterized as a periodic steady state. The developed 
simple algorithm allows us to directly construct this solution independently of initial conditions and 
without the use of either Floquet or Fourier formalisms. Our approach considerably simplifies the 
analysis regardless of the periodic modulation character: from smoothly harmonic type to ultrashort 
pulses. 

Some authors supposed (without proof) the existence of the periodic steady-state solution for some 
certain problems. In this case they usually used the Fourier analysis for numerical calculations). 
However, an intuitive assumption about the periodic steady state is now rigorously substantiated [4]. 
At the same time, of special interest is the direct and simple method, which allows us to construct the 
periodic solution without Fourier expansion. 

Let us describe one possible numerical algorithm allowing to construct the periodic solution of 
equation (1). First, rewrite the differential equation (1) for the density matrix in the vector form: 

)()(ˆ)( ttLt
t

ρρ


=
∂
∂ ,     1)}(ˆTr{ =tρ ,                                                       (2) 

where the column vector )(tρ
  is formed by the matrix elements )(tabρ  using some definite rule, the 

linear operator )(ˆ tL  corresponds to the right-hand member of Eq. (1). In accordance with Eq. (2), for 
other instant of time t2 we can write 

)(),(ˆ)( 1122 tttAt ρρ


= ,                                                                    (3) 
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where the two-time evolution operator ),(ˆ
12 ttA  is determined by the matrix )(ˆ tL . Consider )(tρ

  at 
arbitrary instant of time t. In conformity with Eq. (3), the vector )( Tt +ρ

  is determined as 

)(),()( ttTtATt ρρ


+=+ ,                                                                 (4) 

where T is time period in the operator )(ˆ tL , i.e. )(ˆ)(ˆ tLTtL =+ . Supposing the existence of the 
periodic solution )()( tTt ρρ



=+ , it follows from Eq. (4) that this solution satisfies the equation 

)(),()( ttTtAt ρρ


+= ,     1)}(ˆTr{ =tρ ,                                                       (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 )(ˆ tL . 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 )(ˆ tL  we will approximate by 
step function where the matrix )(ˆ tL  has the constant value )(ˆ

1−mtL  inside of subinterval (tm−1,tm]. In 
this case the vector )( 0tρ

  in initial point t0 is determined by Eq. (5), where the evolution operator 

),(ˆ
00 tTtA +  has the form of a chronologically ordered product of the matrix exponents: 
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The vectors )( mtρ
  in other points of the interval [t0, t0 + T] are determined by the recurrence relation 
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−
− −−= m

tLtt
m tet mmm ρρ

 .                                                            (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 → +∞) 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. 

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. 16-32-60050, 16-32-00127, 15-32-20330, 15-02-08377, 14-02-00712, 14-02-00939), and 
by Russian Presidential Grant (NSh-6689.2016.2) 
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Silicon nanopillars (Si NPs) have a unique capability of manipulating and controlling light on a 
nanoscale. The new mechanism to generate structural color through the tall Si NPs has been 
demonstrated in [1-2]. Structural color generation has aroused considerable interest with its promising 
applications in various fields including imaging sensors, optical filters, and displays. Si NPs exhibit 
intense Mie resonances in the visible spectral region [3]. An important advantage of the structures is 
that the properties of the entire system can be controlled by changing geometrical dimensions of the 
Si NPs [4-5]. A decrease in the coefficient of the reflection of light from structures with Si NPs is 
related to a considerable increase in the area of the surface with Si NP arrays in comparison with a flat 
surface. It is important that the profile of the refractive index is modulated by an ordered array of NPs 
(medium–pillar–medium) while scattering occurs at an individual Si NP. 

The present study focuses on the optical properties of Si NPs with diameter 60 nm÷250 nm and 
height 100 nm÷800 nm (pitch 400 nm÷1700 nm). We measure the reflectance spectra of square arrays 
of Si NPs. Si NPs arrays viewed under the bright-field illumination can demonstrate the vivid color 
generation. We investigate how the resonances in the Si NPs can be tuned by tuning geometrical 
dimensions of the nanopillars. The passivation of Si NPs was performed. Si NWs were treated in 
boiling nitric acid. Then, Si NWs were chemically and electrically passivated through the deposition 
of TiONx nanolayer at 8 nm thickness. Scanning Electron Microscope (SEM) and Atomic Force 
Microscopy (AFM) were used to characterize the Si NPs. Reflectance spectra from arrays of Si NPs 
were measured at wavelengths ranging from 500 nm to 1150 nm. Spectra were normalized with the 
spectrum taken from a gold wafer. The light was normally incident toward the sample and focused 
through an objective. We found some peaks and dips in the measured spectra. The position of the dips 
varied with Si NPs diameter. The wavelength of minimum reflectance shifts to longer wavelength 
region with an increase in Si NP diameter. Tunable color generation from vertical silicon Si NPs is 
demonstrated. Si NP arrays (after nitric acid) exhibit similar color but lower intensity. It is worth 
noting that Si NP annealing lead to a decrease in the intensity of the reflected signal at the resonance 
wavelengths, with almost unchanged wavelength of reflection minimum. The spectrum can be 
modified by varying the geometrical parameters of Si NPs (diameters, pitch, and height). 

The work was supported by RFBR via grant 16-32-00269 mol_a. 
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Over the last decade, nanophotonics is undergoing rapid development. One of the interesting devices 
that has been theoretically predicted [1] and realized [2] is spaser. Spaser is an acronym for surface 
plasmon amplification by stimulated emission of radiation. Surface plasmon lasers have many 
potential practical applications such as ultrasensitive detection, spectroscopy of chemical. They are 
potentially able to provide ultra-fast (fs-scale or faster) optical processes [3] and useful as a novel 
versatile biomedical tool [4], etc. 

The spaser is analogous to the conventional laser. A spaser consists of a metal nanoparticle as the 
resonator surrounded by a nanoshell of the gain medium. In contrast, the spaser as a nanoscopic 
quantum generator of localized surface plasmons is a promising candidate for a wide range of 
applications because it allows beating the diffraction limit and focusing electromagnetic energy on 
spots much smaller than a wavelength. 

We have fabricated spherical and cylindrical spasers with gold core and silica dye-embedded shell 
and characterized them with the use of transmission electron microscopy, confocal microscopy 
(Fig.1). We have studied the stimulated emission of spherical and cylindrical spasers with the 
different aspect ratio, which allowed to significantly expand the spectral range of the spasing. We 
have shown that the stimulated emission threshold was about 250 kW/cm2 for spherical spasers and 
some less for cylindrical ones. The spasing signature can be also seen from the concurrent onset of the 
line width narrowing plateau and the nonlinear kink of the "S"-shape L-L plot shows the output power 
of the spasing mode as a function of pump power. In addition, emission dynamics obtained for 
spherical spasers at a wavelength of 526 nm showed that the pulse is shortened at excess pumped 
critical threshold. 
 

       
(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. 
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Deep laser cooling of strontium atoms allows to decrease Doppler effect, to localize atoms and to 
increase interaction time between clock laser and atoms, which is important for precision 
spectroscopy. We present our work on cooling and trapping strontium atoms to the optical lattice 
within high performance optical atomic clocks creation. 
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Two-qubit quantum gates are the key element of a quantum computer. In general, any quantum 
algorithm can be implemented using a two-qubit controlled-NOT (CNOT) or controlled-Z (CZ) gate 
and single-qubit rotations. Arrays of optical dipole traps with ultracold neutral atoms can be used as 
quantum registers of arbitrary dimensions, and the interaction of the atom qubits to perform two-qubit 
gates can be controlled by their temporary excitation to Rydberg states, which experience strong long-
range interactions [1].  

At the same time, high-fidelity two-qubit gates with Rydberg atoms have not been demonstrated 
yet. Our approach to building a two-qubit gate is based on controlled phase shifts of collective states 
of two qubits during double adiabatic passage across the Stark-tuned Förster resonance. The 
interaction strength should be adjusted to provide a certain phase shift (for example, π), during the 
interaction time. This can be easily done with Stark-tuned Förster resonances that provide fast and 
flexible control by manipulating the energies of Rydberg levels with an electric field. The Rydberg 
levels are adjusted in such a way that one Rydberg level lies midway between two other Rydberg 
states of the opposite parity. Then a resonant energy transfer between Rydberg atoms initially excited 
to the middle state becomes possible via resonant dipole-dipole interaction. 

If two Rydberg atoms are frozen in space, dipole-dipole interaction at a Förster resonance induces 
the Rabi-like coherent population oscillations between collective states of these atoms. The frequency 
of these collective oscillations is sensitive to variations of the interaction energy due to fluctuations of 
the spatial position of the atoms within the optical dipole traps. This can substantially increase the 
phase gate error. We propose to overcome this difficulty by using a double adiabatic rapid passage 
across Stark-tuned Förster resonances with a deterministic phase accumulation [2]. 

The scheme of the CZ gate is shown in Fig.1(a). Two optical dipole traps with one atom in each 
trap are located at a distance R between them. Scheme of the CZ gate is shown in the left-hand panel 
of Fig.1. The two atoms are simultaneously excited to Rydberg state r  by a π laser pulse labeled as 
1. The distance between the traps must be sufficiently large to avoid the effect of Rydberg blockade. 
A time-dependent external electric field shifts the collective energy levels so that the Förster 
resonance  rrrr ′′′→  is passed adiabatically two times. This results in a deterministic phase shift of 
state rr  in the case when both atoms are initially prepared in state  11 . 

We have calculated the time dependence of population and phase of the collective 
 96S ,90S 1/21/2  state of two Cs atoms at  95P ,90P 96S ,90S 1/21/21/21/2 →  Förster resonance for 

slightly different interatomic distances R=24, 25 and 26 µm [see Fig.1(b)-(h)]. Our calculations have 
shown that this variation of the interatomic distance leads to small phase changes at the end of the 
adiabatic passage, thus evidencing that our method to perform two-qubit quantum gates is insensitive 
to the atom position uncertainty. 

In the scalable quantum register with neutral atoms one of the possible error sources is absorption 
of the photons which are emitted by the atoms when the qubit state is measured using resonance 
fluorescence. The absorption of these photons by the qubits in the neighboring sites of the array of 
optical dipole traps may lead to the decoherence of the quantum state of the qubits. This effect can be 
suppressed by using the resonance fluorescence of the auxiliary qubits for quantum state 
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measurement. The atoms of different chemical elements with different emission wavelength can be 
used as auxiliary qubits, as shown in Fig.1(h). This is also valuable for quantum simulators with 
Rydberg atoms. We have studied theoretically the interaction of Rb and Cs Rydberg atoms [3]. We 
have found numerous Förster resonances which can be used to increase the strength of the interspecies 
interaction [Fig.1 (i)]. We have calculated the constants of the van der Waals interaction taking into 
account the degeneracy of the Rydberg energy levels.  

This work was supported by the Russian Science Foundation Grant No. 16-12-00028 in the part of 
numeric simulation of the two-qubit gates and Bell states, by RFBR Grants No. 14-02-00680 and 16-
02-00383, by Novosibirsk State University and Russian Academy of Sciences. MS was supported by 
NSF award 1521374, the AFOSR MURI on Quantum Memories and Light-Matter Interfaces, and the 
ARL-CDQI through cooperative agreement W911NF-15-2-0061. S.B. was supported by EPSRC grant 
no EP/K022938/1. 
 

 
Fig. 1 (a) Scheme of a CZ gate using double  adiabatic rapid passage across Stark-tuned Förster resonance; 
(b)-(g) Double adiabatic passage of the Stark-tuned Förster resonance for different interatomic distances  R. 
(b),(c),(d) Time dependences of population of the collective state  96S ,90S 1/21/2  of two Cs atoms 
calculated for R=24, 25 and 26 µm, respectively; (e),(f),(g) Time dependences of phase of the collective state

 96S ,90S 1/21/2  of two Cs atoms calculated for R=24, 25 and 26 µm, 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 Förster energy defect for ( ) ( ) ( )PnCsnPRbSnCsnSRb ′′+→′+)(  Förster resonance with 3+=′ nn and 

1−′=′′ nn  on the principal quantum number n.  
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The spectra and characteristics of superimposed photonic crystal fiber (PCF) grating are researched in 
theory and experiment. Theoretically, the analysis model of superimposed PCF grating is proposed 
based on the V-I transfer matrix method, the reflection spectrum and time-delay characteristic of 
superimposed Bragg grating and superimposed chirped grating are simulated and studied. 
Experimentally, a quadruple superimposed Bragg grating with equidifferent wavelength spacing and a 
superimposed chirped grating with wavelength spacing of 0.82nm are fabricated through 193nm 
ultraviolet laser in a single mode photosensitive PCF. The results show that the spectrum of 
superimposed Bragg grating can be flexibly customized by the parameters of each sub grating. 
Superimposed chirped grating has the characteristics of periodic wide band resonance whose period 
can be adjusted by the grating period offset, and flat resonant amplitudes and good linear group delays 
are observed. The grating spectra obtained from experiments are in good agreement with the 
theoretical analysis. The research results in this paper can be helpful to the design, fabrication and 
application of superimposed PCF grating. 
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Using the coupled-mode theory, this paper analyses the sensitive features of refractive index of long 
period fiber grating, and gets the relationship between long period fiber grating’s resonant wavelength 
or transmitted intensity and the environmental refractive index.  Also this paper uses this relationship 
to detect the content of diesel oil in the mixed solution of kerosene and diesel, gets the relationship 
between the content of diesel oil of the mixed solution and the long period fiber grating’s resonant 
wavelength or transmitted intensity. The result shows that when the kerosene of the mixed solution 
increases, the long period fiber grating resonance wavelength shifts. When the concentration of diesel 
oil reaches a certain concentration that the refractive index of the solution is equal to the cladding 
index, the resonance wavelength shifts to the maximum. Beyond this concentration, the transmission 
peak back to the original location of the resonant wavelength, but the shape changes greatly, the peak 
loss diminishes, bandwidth increases, and with the concentration of diesel oil continues to increase, 
the peak loss increase and bandwidth diminishes. This paper proves that the feasibility of detecting 
the concentration of diesel oil in mixed solution of kerosene and diesel oil with the long period fiber 
grating and that long period fiber grating has a good application prospect in the detection of mixed 
fuel concentration. 
 
References 
[1]Costa R C, Sodré J R, Fuel, 89,287(2010). 
[2]Hsieh W D, Chen R H, Wu T L, et al. , Atmospheric Environment,36,403(2002). 
[3]Opekar F, Čabala R, Kadlecova T., Analytica Chimica Acta, 694,57(2011). 
[4]Falate R, Kamikawachi R C, Müller M, et al., Sensors and Actuators B: Chemical, 105,430(2005). 
[5]Puckett S D, Pacey G E.,Talanta, 78, 300(2009).  
[6]Erdogan,T.,J. Lightwave Technol., 15,1277(1997). 
[7]Kaler R S, Tiwari U, Mishra V, et al.,Optik, 123,1071(2012). 
[8]Lee B H,Liu Y,Lee S B,et al.,Optics Letters,22,1769(1997). 
[9]Stegall D B,Erdogan T.,IEEE Photonics Tech Lett,11,343(1999). 



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

129 

Ultrahigh-quality enhanced absorption resonance based 
on the coherent population trapping in a vapour cell with 

antirelaxation coating of walls 
 

D.V. Brazhnikov1,2, A.S. Novokreshchenov 1, A.V. Taichenachev1,2, V.I. Yudin1–3, 
Ch. Andreeva4, V.M. Entin2,5, I.I. Ryabtsev2,5, 

S.M. Ignatovich1, N.L. Kvashnin1, V.I. Vishniakov1 and M.N. Skvortsov1 
1 Institute of Laser Physics SB RAS, pr. Lavrentieva 13/3, Novosibirsk 630090, Russia 

2 Novosibirsk State University, ul. Pirogova 2, Novosibirsk 630090, Russia 
3 Novosibirsk State Technical University, pr. K. Marksa 20, Novosibirsk 630073, Russia 

4 Institute of Electronics, Tzarigradsko chaussee blvd 72, Sofia 1784, Bulgaria 
5 Rzhanov Institute of Semiconductor Physics SB RAS, pr. Lavrentieva 13, Novosibirsk 630090, Russia 

Email: brazhnikov@laser.nsc.ru 
 

Electromagnetically induced transparency (EIT) resonances caused by coherent population trapping 
(CPT) have been found to be useful in many directions of laser physics, nonlinear optics, optical 
communications, quantum informatics, laser cooling of atoms and, especially, quantum metrology. 
Resonances of opposite sign (electromagnetically induced absorption – EIA) have far less 
applications due to some problems. Indeed, buffer-gas-filled or antirelaxation-coated cells are 
exploited everywhere for improving the properties of EIT. Unfortunately, these methods are useless in 
the case of EIA in standard observation schemes [1,2] due to collisional depolarization of excited 
state. There are several “non-standard” methods for observing EIA signals, but it is still very hard to 
get simultaneously narrow (~kHz) and high-contrast (> 50%) EIA resonances. 
 

  

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

We study EIA in the Hanle configuration with the help of a new scheme proposed previously [3]. 
This resonance usually appears as a subnatural-width dip in the laser-wave transmission signal from a 
vapour cell, when the magnetic field is being scanned. The new scheme allows us using a buffer gas 
for improving properties of the nonlinear resonance. The method implies using pump and probe 
counterpropagating waves with the same frequency and orthogonal linear polarizations. We 
considered optical transition Fg=1→Fe=1 in the D1 line of 87Rb (λ=795 nm, γ=2π×5.57 MHz). This 
transition is open, i.e. its branching ratio differs from unity. It should be emphasize that usually the 
openness of an atomic transition suppresses amplitudes of the EIT as well as EIA resonances in 
standard schemes of observation. In our scheme the openness played crucial and quite positive role 
and led to the great increase of the contrast of the nonlinear resonance. In particular, the theory 
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showed that the contrast can reach values up to 100% at kHz or even sub-kHz width (see Fig.1 as an 
example). 

We have also carried out some preliminary experiments. A buffer-gas-filled cell with the natural 
mixture of rubidium isotopes was used (Ar pressure ≈ 5 Tor). The cell was placed in a two-layer 
magnetic shield (without the end caps) that suppressed the inhomogenity of the stray magnetic field 
down to approximately 8 mG. The cell dimensions were 60 × 30 mm. The diameter of the laser beams 
was 0.9 mm. We observed the contrast of about 30-40%, depending on the atomic transition, pump 
beam power and temperature of the cell. The EIA resonance had the width of about 20 mG (≈15 kHz), 
which was determined mainly by the power broadening and inhomogeneous stray magnetic field. We 
expect that further improvements of the setup (adding the third magnetic layer with the end caps, 
increasing the diameter of the pump beam) will bring better results. We are also going to test the 
proposed method using an antirelaxation-coated vapour cell. 

The work was supported by the RFBR (15-02-08377, 15-32-20330, 14-02-00712, 14-02-00939), 
the RF Ministry of Education and Science (order no. 2014/139, project no. 825), the Presidium of SB 
RAS, and the EU project FP7-PEOPLE-2011-IRSES №295264 “COSMA". 
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The results of experimental studies of dependence on the spectral characteristics of the radiation XeF* 
molecules on the composition and level of energy input into the active medium in a pulsed inductive 
discharge are presented. 

Pulsed inductive discharge is a promising method for pulsed gas lasers excitation [1–5], including 
UV excimer lasers. The aim of this study was to search for the conditions of gas mixtures excitation 
and lasing on transitions B → X of excimer XeF* achievement in a pulsed inductive discharge. To 
generate a pulsed inductive discharge in gases used high-voltage excitation system similar to [4]. 
Inductive laser oscillator consists of a ceramic tube 800 mm long and 40 mm diameter with wounded 
26 inductor sections made of the core wire PV6-Z, and connected in parallel. The optical cavity was 
formed by dense rear mirror (R = ∞) and the front output window of MgF2. The active medium used 
in the composition of the gas mixture Xe-F2 and He-Xe-F2.  

In experiments carried out the registration and comparison of emission intensity corresponding to 
transitions B→X molecule XeF* (in the area of 351 – 355 nm) for different ratios of Xe–F2 and at 
different charging voltages are performed. Analysis of the results showed that the maximum intensity 
of the radiation in the 351 – 355 nm is achieved at a ratio of Xe:F2 – 7:1. Dilution of this mixture by 
He buffer gas can significantly increase the emission intensity of XeF* molecules. The optimum 
composition of a three component mixture of He: Xe: F2 was 248:7:1. 

General view of the emission spectrum of a Xe-F2 and He-Xe-F2 mixtures in the 180 – 1100 nm is 
shown in Figures 1 and 2.  
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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. 

 
We see that when pumping a two-component mixture of a large proportion of the energy is used to 

excite the different states of atoms and ions Xe, H, Cl (radiation in the visible spectrum). Adding a 
buffer gas resulted in a reduction of radiation in the visible range and a simultaneous increase in the 
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intensity of luminescence molecules XeF*. We believe that such a redistribution of the intensities 
indicates the changes in the kinetics of processes occurring in the plasma of pulsed inductive 
discharge. 
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Fig. 3 The dependence of the intensity of the XeF* molecules radiation on charging voltage. 

 

When closing the rear mirror the intensity of the radiation XeF* molecules reduced by 2–2.5 
times, indicating the presence of the gain in the active medium. The gain is dependent on the 
composition and total pressure of the gaseous medium, and the charging voltage. In experiments, an 
increase in the charging voltage leads to a continuous increase of the radiation intensity molecules 
XeF* (Fig. 3). Since the possibility of pumping system were limited to the value of 30 kV to 
determine the optimal level of energy input was not possible.  

In our experiments, the laser oscillation mode in the transition B→X molecule XeF* was not 
achieved. However, this does not mean that lasing in the inductive discharge to Xe*F excimer 
molecules not possible. In order to achieve the ultimate goal, namely, the lasing transitions excimer 
XeF*, necessary to develop a new generation circuit pulsed inductive discharge and laser occillator 
structures, providing a higher level of energy input into the active medium. One of the directions of 
further research is to develop a system of formation of the inductive discharge of transformer type, 
similar to that used in [6, 7]. 

This work was supported by RFBR grant №16-02-00316. 
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Open-angle glaucoma is one of the most common eye diseases. Today there are several different 
methods [1-6] of laser treatments for this disease. However, they all have certain disadvantages 
associated, including the necessity of opening the eye, or the necessity of the operation of the optical 
near field of the eye. Consequently, the actual problem is the development of new, more effective 
treatments for open-angle glaucoma. The aim of this work was to develop such a method, and a laser 
medical device for its implementation. 

The development of the new method was based on the results of experimental investigations on the 
effects of a powerful short-pulse UV laser radiation on human scleral tissue. Details of these 
investigations are described in [7, 8]. It was shown that in terms of the maximum rate of ablation and 
minimal trauma, the XeCl (308 nm) laser radiation is the most acceptable for practical use. As a 
result, the basis for the establishment of a medical device for the treatment of open-angle glaucoma 
was chosen XeCl excimer 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). 

 
To carry out further tests laboratory model on the basis of an ophthalmic system MedilexTM has 

been developed. To deliver 308 nm to the surgical field, flexible fiber light guide with easy-to-use 
handle was used (Fig 1 (a)). At the other end of the fiber was mounted crane consisting of a handle 
and a limit switch, enclosed in a stainless steel tube. The light guide has a spherical tip of about 900 
microns in diameter, operated as a microlens. Figure 2 shows the mold cavities resulting from the 
effects of radiation on the end flap of the sclera of the human eye (a), (b) and on its surface (c). In the 
latter case, the experiment was stopped immediately after the time the tissue perforation.  

As can be seen from Fig. 2(a) and (b), the UV laser light into the tissue initially forms a conical 
recess, further, as the evaporation material characteristic constriction is formed, after which the beam 
begins to diverge. Thus, the shape of the cavities analysis it can be concluded that the spherical tip 
acts as a lens, and the measurement of the value allows to evaluate the recess focal length which was 
about 1 mm. As a result, the beam profile and the general appearance of the rays at the output of the 
fiber obtained are close to that shown in Fig. 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. 

 
By analyzing the diameters of the holes resulting from perforation of the tissue (Fig. 2(c)) can 

conclude that the waist diameter of about 80 microns. Because of diffraction effects and other features 
of the propagation of radiation (including laser) beam through an optical fiber cannot be focused to a 
spot size of the infinitely small, the size of the waist is in this case to determine the minimum spot size 
which allows you to create a spherical tip of the optical fiber. In this case, the energy density at the 
tissue surface may theoretically reach 40 J/cm2. In real conditions of operations on living eyes, this 
value will be less because of the absorption of UV radiation intraocular fluid. At the same time, the 
operation required to significantly lower (a few J/cm2), the amount of energy density, so the surgeon 
during the operation is to vary the distance from the fiber tip to the working surface, and hence the 
energy density. 

16 eyes of 16 patients with open angle glaucoma were operated. Follow up term is 3-12 months. 
Intraocular fluid does not block ablation of sclera under exposure of 308 nm. The exposures of studied 
excimer laser wavelengths to morphological structure of sclera have no any coagulate damage and 
other pathological changes. After surgery all patients reached stable decrease of intraocular pressure. 
Outflow tract is completely functioning, which results in stable visual functions in all treated eyes. 

A new method for ab-externo excimer laser surgical treatment of open angle glaucoma is 
developed. For the first time, the technology allows for the operation incisions and scleral ablation 
trabeculae and Descemet's membrane UV laser radiation with a small footprint and traumatic surgery. 
As a consequence, informed choice of laser wavelength is noted that the procedure for thinning of 
trabeculae does not stop even when a filtering aqueous humor. The result is a higher clinical effect – a 
significant reduction in postoperative complications related to inflammation and scarring.  
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Carbon nitrides have been discussed as a potential material for many tribological applications because 
of their particular mechanical properties. Although the synthesis of single-phase crystal coatings 
remains an open challenge, the films (CNx) with low nitrogen concentration have been used in 
industry. To-day, a lot technologies for hard carbon nitride coatings obtaining exist (RF and DC 
sputtering, ion beam deposition, laser ablation).  

The aim of this work is the development of a new laser-plasma process of obtaining carbon nitride 
coatings from acetonitrile (CH3-CN), the study of their chemical composition, structure and 
properties. 

A new process of laser-plasma chemical vapor deposition had been developed for the synthesis of 
the coatings by the joint work of the Institute of Laser Physics SB RAS and the Institute of Inorganic 
Chemistry SB RAS [1-2]. The advantage of the process consists in using a powerful laser plasma of 
optical discharge which characterized by unique combination of properties unavailable for other 
modes (gas thermal, microwave, glow and arc discharge, a continuous laser plasma, pyrolysis, 
burning, etc.). 

Carbon nitride films deposition was carried out at atmospheric pressure in absence of camera for 
substrate. A zone of substrate was protected from air by gas stream between nozzle and substrate 
surface [2]. 

 

 
 

 

 

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

 
The films characterization was carried out by IR-spectroscopy, Raman spectroscopy, AFM, X-ray 

phase analysis. It was found that properties of the films depend on input energy laser irradiation, 
substrate temperature, precursor concentration. As showed X-ray phase analysis the CNx films were 
nanocrystalline with x ≤25 at%. It was shown from IR and Raman spectroscopy that carbon nitride 
films comprise Csp3-N bonds and nanocrystalline carbon including diamond-like carbon nanoclusters. 
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Diffraction pattern of the film is shown in the Fig.3. The observed reflections in diffraction pattern 

evidence on the crystalline phase formation. Analysis of diffraction pattern showed that the set of 
reflections are not consistent with the data for the known structural forms of carbon nitride. The 
crystalline nature of this film was confirmed by AFM data (Fig.4). The results of the diffraction 
pattern analysis with PANanalytical X'Pert HighScore Plus program showed that the resulting 
crystalline phase has a spinel structure, and can be attributed to a cubic system (sp. Gr.-Fd-3m), a = 
8.3342. The possibility of formation of a new modification of the cubic carbon nitride with a spinel 
structure was predicted in the theoretical work published in 1999 year. According to theoretical 
calculation, this structural type may be formed at high pressure and temperature. Availability of this 
structural modification of high-pressure carbon nitride in our system is provided by a high laser 
plasma power density of the energy in the volume of the gas phase and formation of shock waves on 
the surface of the substrate. 

A scanning nano-hardness tester (NanoScan) was used to determine the films micro-hardness. To 
define the real hardness of the coating (excluding a softer substrate influence), the results of nano-
identification were treated taking into account a substrate hardness according to the techniques 
suggested in [4].The measured so produced carbon nitride films on stain steel substrate was 46±7 GPa 
for nanocristalline films and 22±2 GPa for amorphous films produced.  

In conclusion. A new process of chemical vapor deposition of the carbon nitride coatings by using 
powerful laser plasma of optical discharge was developed. A new modification of the cubic carbon 
nitride with a spinel structure was synthesized. 
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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 
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The main objective of this work is present a simple and effective method to achieve a distributed 
strain and temperature discrimination using two types of fiber by Rayleigh backscattering spectra 
(RBS) shift in optical frequency domain reflectometry (OFDR).  We use two types single mode fiber 
(SMF) of a reduced-cladding (RC) SMF and a standard SMF placed side by side as the sensing fiber. 
Since the RC SMF and the standard SMF have different sensitivity responses to strain and 
temperature variation, which can measure strain and temperature variation simultaneously by simply 
monitoring the optical frequency shifts of RBS.  

In the previous method, M. Froggatt et al. [1,2] use a polarization maintaining fiber (PMF) to sense 
strain and temperature variation simultaneously by measuring autocorrelation and cross-correlation 
RBS shifts. However, this method requires an external polarization controller to adjust the state of 
polarization of input light coupled to PMF, which will make the sensor system complicated. Even 
worse, the strain sensitivity response of using the autocorrelation RBS shift is 111 times less than that 
of using the cross-correlation. The temperature sensitivity response of using the autocorrelation RBS 
shift is 40 times less than that of using the cross-correlation[3], which will seriously deteriorate the 
performance  of this method comparing with only using cross-correlation RBS shift. In addition, Da-
Peng Zhou et al. [4] combine Brillouin optical time-domain analysis (B-OTDA) and OFDR to 
distinguish between strain and temperature. However, this method is so expressive and complex that 
two complicated systems need to be implemented. 

In our presented method, the sensitivity responses to strain and temperature of using the RC SMF 
are higher than using the standard SMF, so the performance of our proposed method will not be 
deteriorated obviously comparing with the single parameter measurement (strain or temperature) only 
using a standard SMF as the sensing fiber. A 50 m measurable range and the spatial resolution of 18 
cm are demonstrated experimentally with error of 0.31 °C in temperature and 7.97 με in strain. 
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At present many frequency standards make use of femtosecond lasers that generate a periodic train of 
short pulses in the mode-locking regime. Since the pulse repetition rate is mastered by an etalon 
microwave oscillator, the optical frequencies of the laser appear to be precisely calibrated in the units 
of its frequency. One of the main problems in the implementation of an optical scale is to remove the 
offset common for all frequencies, which is often referred to as the CEO (carrier-envelope offset). 
Commonly this problem is solved by means of an optical frequency synthesiser using a f–2f inter-
ferometer [1]. Another method of controlling the frequency comb is based on using an external high-
Q resonator [2, 3]. In the case [ 3], the repetition rate and the CEO are stabilised simultaneously.  In 
the present, the control of the frequency comb offset is implemented using a Michelson interferometer 
that detects the phase difference between the pulses and, therefore, determines the CEO. 

Elimination of the CEO. The origin of the CEO is related to the difference between the phase 
velocity and the group velocity of the pulse during the laser cavity roundtrip. Then the shape of each 
pulse will be conserved, but the carrier frequency will acquire the phase shift with respect to the pulse 
peak, proportional to the CEO. When we measure the interference signal produced by two pulses by 
means of the Michelson interferometer. For recording the signal, one can make use of the scheme, 
analogous to the scheme of the Hänsch – Couillaud detector [7], which is widely used in highly 
sensitive polarisation methods of laser frequency stabilisation [8]. 

Scheme of the standard. Consider the frequency standard in which the COE is eliminated using 
the above method. The scheme includes two control loops. The first loop is fast and keeps the 
repetition rate of the femtosecond laser pulses constant. The second control loop is slow as compared 
to the first one and intended to eliminate the CEO.  

Conclusions. At present the high-precision measurement of frequency is implemented using the 
femtosecond laser with the f–2f interferometer [1]. However, for the operation of this interferometer it 
is necessary to have a spectral width greater than an octave. However, there are many commercial 
nanosecond and picosecond self-mode-locked lasers, in which the f–2f interferometer cannot be used 
because of a small spectral width. The simple scheme of a frequency standard proposed here is 
applicable for different, which allows the extension of the considered method over the nano- and 
picosecond-range self-mode-locked lasers.  
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At the present time the wavelength of optical optical frequency standards is accepted as a reference 
length [2]. To link the wavelength of the standard to the geometric length a Michelson interferometer 
is most widely used. Measurement error when using such a "ruler" is influenced by a number of 
factors, which can be divided into four groups [4, 5]: adjustment of the interferometer (inaccuracy 10-
8 - 10-9), environmental conditions (10-6 - 10-8), frequency (wavelength) stability of a laser, the error 
of detecting apparatus, geometry of the laser beam (divergence, wavefront curvature). 

Previously one attempts to theoretically investigate the influence of the wavefront distortion and 
beam divergence on the interference pattern in the Michelson interferometer [6-8]. In these works, 
usually the effect of only one of these parameters was taken into account. Besides, studies were 
carried out for beams with relatively large waist diameters to minimize the influence of the diffraction 
divergence of the beam on the error of linear measurements. However, for some tasks it may be that 
the order of accuracy of measurement 10-2λ is quite sufficient. This would eliminate the large 
dimensions of the beam and use small-size optics. In the present study we investigated the error of 
measurement meters, caused by the diffraction divergence and wavefront curvature of the Gaussian 
light beam for the small radii of the beam waist (ω0= 0.5 … 3  mm) and its position in the reference 
arm of the interferometer (ω0= 0.5 … 1.5  mm) relative to photodetector. 

The calculations of the diffraction pattern and fringe maximum displacement regarding the case of 
a plane light wave were carried for the various cross sections of the light beam and various positions 
of the beam waist in the reference arm relative to the photodetector.  

When Gaussian beam pass through the Michelson interferometer fringes at the interferometer 
output will not be equidistant in contrast to the case of the plane wave. Fig. 1 illustrates for 
comparison general shifts of fringes for different values of ω0 (ω0/λ=5×102 (a) ω0/ λ = 103 (b)) and z1 
(z1=0 (solid curves), z1 = 3 m (dashed curves) and z1 = 5m. (dotted curves)). 

As we can see, the shifts are zero when z2 = z1. In this case, beams passing through the reference 
and measuring arms of interferometer have the same diffraction divergence and their phase fronts 
coincide. 
 

  a)                                                                 b) 

 
Fig. 1 General shifts of fringes: a) ω0/λ=5×102, b) ω0/λ=103. 

 
Also it is seen that with increasing ω0 phase shift rate is reduced, and therefore the error of length 

measurement will decrease. Since the interval length is determined by the number of bands when 
moving the measuring mirror between two selected points z2

/ and z2
// then Δl=( z2

//+ z2
/)/2. The 

systematic error when using a Gaussian beam Δ is equal to the difference of shifts of transition bands: 
Δ=δ(z2

//)-δ(z2
/).  In other words, the error Δ is qualitatively proportional to the derivative of the total 

shift. 
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Fig. 2 shows the errors in units of wavelengths Δ / λ, constructed depending on Z= (z2
//+ z2

/)/2, with 
Δl = 1m. Errors are given for different values of of ω0 (ω0/λ=5×102 (a), ω0/ λ =103 (b)) and z1 (z1=0 
(solid curves), z1 = 3 m (dashed curves) and z1 = 5m. (dotted curves)). 
 
        a)                                                                   b) 

 
Fig. 2 General shifts of fringes: a) ω0/λ=5×102, b) ω0/λ=103. 

 
The errors in all cases have the maximum at z2 = z1, since at this point there is maximal rate of 

change of the fringes shift (see Fig. 1). It is seen that the maximum error decreases with increasing 
radius of the beam waist. With increasing beams path difference error decrease, but contrast of the 
interference fringes which is maximum at z2 = z1 is reduced too. 

As noted above, the maximal error decreases with increasing radius of the beam waist. Below the 
dependence of maximal error of the meter definition from the waist size, expressed in wavelength 
units is shown. 

 

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

 
It is seen that the maximum of error is inversely proportional to ω0. Already at ω0 = 3 mm its value 

(5×10-9) is already comparable with the error associated with the alignment of the interferometer (10-8 
– 10-9), and below error related to environmental conditions (10-6 – 10-8) [4]. 

The work was supported by grants from the Ministry of Education and Science of the Russian 
Federation in the framework of the project of the state task (project 1316) and RFBR № 15-02-02557. 
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A new method for measuring the carrier envelope offset frequency of the self-mode-locked laser  is 
suggested. These  measurements allow to eliminate the influence of the dispersion of a Fabry-Perot 
interferometer and noncoincidence of its mirrors surface with phase front of the laser radiation. 
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Laser sources of mid-IR radiation open up new perspectives for the creation of compact sources of 
coherent X-ray radiation with photon energies of the order of several keV through the high harmonic 
generation (HHG) in gases. However, there are several factors that lead to a significant decrease in the 
efficiency of HHG with increasing laser wavelength. Thus, increasing the efficiency of the HHG with 
the mid-IR sources is an actual problem. The use of a driving field consisting of the laser field and its 
second harmonic is one of the reliable methods for enhancing the harmonic yield [1–3]. 

In this contribution, the high-order harmonic generation in silver, gold and zinc plasma plumes 
irradiated by orthogonally polarized two-color field is studied theoretically and experimentally [4]. 

A significant enhancement of the harmonic yield in the case of two-color pump (TCP) was 
observed experimentally in all the metal plasmas used, see Fig. 1. The enhancement factor in the case 
of TCP compared with single-color pump (SCP) significantly varied in different ranges of harmonic 
spectra and also depended on the plasma species. In the case of Ag plasma, the enhancement factor 
for H21−H23 was in the range of 3 to 5. For higher orders, introduction of BBO in the path of the 
driving beam led to at least approximately 50-times growth of harmonic emission of orders of the 
thirties to forties. We observed similar behavior of the enhancement factor in the case of gold and zinc 
plasmas, though the value of this parameter was smaller. 
 

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

 
Our theoretical study based on the approach proposed in [5] show that the widely-used theoretical 

approach assuming the 1s ground state of the generating particle fails to reproduce the experimental 
results. We have derived a general expression for the dipole matrix element d(p) corresponding to the 
transition from an arbitrary nonmagnetic bound state of the hydrogen-like atom to the continuum 
plane wave. Figure 2(a) shows spectra of silver ion response obtained with the same ionization 
potential Ip = 21.48 eV and various quantum numbers of the outer electron used. Note that the HHG 
spectrum obtained with the widely used expression for d(p) with n = 1 and l = 0 differs essentially 
from the experimental one, see Fig. 1(a), thin line. In contrast to that, the shape of the spectrum 
obtained with the actual quantum numbers of the outer electron in Ag+ (n = 4 and l = 2) is quite close 
to the shape of the experimental one. Thus, the proper choice of the expression for d(p) is crucial for 
the correct reproduction of the HHG spectrum in theoretical calculations. 

Figures 2(b) and 2(c) show the spectra of the silver ion response for several intensity ratios (α) and 
phase shifts between field components (φ). Figure 2(b) shows the worst case (φ = 0) and Fig. 2(c) 
shows the best one (φ = π/2). The harmonic spectra obtained with other values of φ are in between of 
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these two cases. It is clear that the effect of the second field depends strongly on α and φ, and under 
the optimal conditions the gain can achieve almost 3 orders of magnitude in terms of harmonic 
intensity. Results for gold and zinc ions are qualitatively similar, but the gain is lower. 
 

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

 
Our theoretical studies allow clarifying an important aspect of the HHG enhancement in the two-

color field which was not discussed earlier. Namely, according to the simple-man HHG model, in the 
SCP case the majority of the ionized electrons do not come back to the parent ion or come back with 
low energy. We show that in the two-color field with comparable intensities of the components the 
majority of the electrons can come back with high energy corresponding to the close-to-the-cutoff 
harmonics. Though deflected in the orthogonal direction by the second field, the returning electron 
wave packets are large enough to recombine nearly as efficiently as in the single-color case. 
 

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

 
As it follows from Fig. 2, the microscopic response is very sensitive to the relative phase φ. This 

phase changes during the fields' propagation in the medium. Therefore, we have performed a 
complete study of the HHG phase matching in a two-color field. The gain due to the two-color field 
obtained in our theoretical calculations is presented in Fig. 3. One can see that for given α the highest 
gain is achieved for silver, in agreement with the experiment. For α = 1/3 (close to our experimental 
conditions) the typical gain obtained in the calculations for silver is 10-30, which is in reasonable 
agreement with the experimental value (about 50). Moreover, Fig. 3 shows that the gain grows with 
harmonic order as it was observed in experiment, see Fig. 1(a). For gold and zinc the enhancement 
more weakly depends on the harmonic order, also in agreement with experimental results. 
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The use of mid-IR driving laser pulses has been demonstrated experimentally to produce high-
harmonic x-ray emission spanning keV bandwidth [1] that, in the Fourier limit, is capable of 
supporting few-attosecond pulses. However, with increasing laser wavelength, the role of nondipole 
effects grows. The magnetic component of the Lorentz force is known to lead to the deflection of the 
electron trajectory from the straight path. As a result, it reduces the probability of electron 
recombination with the parent ion, thereby reducing the efficiency of optical frequency conversion 
into the X-ray range. With increasing laser wavelength, the above-mentioned effect increases due to 
the increase of both the electron velocity and the time interval of its free motion. That is why the 
nondipole effects are typically crucial for high harmonic generation driven by mid-IR laser sources. 

In this contribution it is shown that the magnetic field of mid-IR laser pulse affects not only the 
amplitude, but also the shape of the spectrum of generated radiation. It is also demonstrated that the 
electron magnetic drift does not play a negative role only; in some cases it has a positive effect. 

We use the single-active-electron approximation to describe the interaction of an atom with a 
strong electromagnetic field. Our theoretical study is based on an analytical approach. We use the 
quantum-mechanical treatment of high harmonic generation (HHG) within the strong-field 
approximation [2] modified properly to take into account the atomic bound-state depletion and the 
effect of the magnetic field of a laser pulse on the dynamics of the released electron [3, 4]. 

A very peculiar feature of magnetic-drift limited HHG [3, 4] is the shape of the photon emission 
spectrum, which now loses a familiar plateau-like (or multi-plateau) structure. This can be seen from a 
comparison of the spectra obtained in the dipole approximation and beyond it (cf. corresponding lines 
in figure 1). In the nondipole case, even at moderate laser intensities, along with an overall reduction 
of the harmonic output compared to the dipole approximation, distinct minima are observed in both 
the low-energy and near-cutoff parts of the plateau (figure 1(a)). With increasing intensity of the laser, 
this effect becomes more and more pronounced and eventually, the cutoff disappears and the spectrum 
becomes arcuate rather than plateau-like (figure 1(b)). This kind of modification of the plateau 
structure of the photon emission spectra can be quite easily explained by analyzing the weights of 
classical electron trajectories that returns exactly to the nucleus at the time of recombination. The 
maximum in the harmonic emission spectrum corresponds to the kinetic energy at the time of 
recombination of the electron that follows the optimal trajectory. 
 

       
Fig. 1 HHG spectra for the He+ ion driven by a 6-cycle laser pulse with I = 2×1015 W cm-2 at a wavelength of 
3.9 μm and peak intensity of (a) 2.2×1015 W/cm2 and (b) 6.7×1015 W/cm2. Different lines represent the 
spectra obtained in the dipole approximation and beyond it (see legends). 
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From Fig. 1 one can see also that even in the magnetic-drift limited case, the width of the 
generated harmonic spectrum can be wide enough for few-attosecond and even subattosecond pulse 
production. However, it is extremely challenging to achieve this limit because of the need to 
compensate across this enormous bandwidth for the attosecond chirp inherent to the HHG process. An 
alternative and relatively simple route for breaking the attosecond barrier has been proposed recently 
[5], which relies on the interference of high-harmonic emission from multiple reencounters of the 
electron wave packet with the ion. We examine the impact of the electron magnetic drift caused by a 
strong mid-infrared laser field on the feasibility and ultimate limitations of this method. 

Figure 2 shows the spectral content of the x-ray burst generated in helium on the trailing part of a 
1.5-cycle laser pulse. Black line represents the spectrum calculated in the dipole approximation. This 
spectrum exhibits two pronounced peaks at photon energies near 0.6 keV and 3.05 keV originating 
from two different reencounters. Such two-peak structure of the spectrum leads to the modulation of 
the fs x-ray harmonic burst into a waveform of ultrashort beats. Obviously, the beating contrast of the 
resulting waveform is highest when the two spectral peaks are of comparable weights. In Fig. 2, the 
relative weight between the lower- and higher-energy peaks in the spectrum calculated for the dipole 
case is substantially different. However, by attenuating the first peak using the spectral filter (the 
transmission through the Al filter can be used [5]) the two peaks can be equalized. As a result, a 
perfectly contrasted waveform can be obtained with the width of each beat of about 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 λ0=9 µm; the results obtained in the dipole approximation and beyond it are shown. 

 
The spectrum of the same x-ray burst calculated beyond the dipole approximation is represented 

by gray line in Fig. 2. Importantly, it turns out that the effect of the magnetic field, which is typically 
detrimental to HHG, does not lead to fatal consequences in the case under consideration. Indeed, the 
emission spectrum in this case still exhibits two distinct peaks. Moreover, the magnetic field of the 
laser pulse serves here as a spectral filter, which in certain cases may favorably alter the relative 
weights of the peaks in the HHG spectrum. Just such a case can be seen in Fig. 2. In the nondipole 
spectrum, the low-energy peak is significantly reduced, whereas its high-energy counterpart is only 
slightly attenuated. As a result, only a small additional spectral filtering is required to equalize the two 
peaks. 

We also examine what happens to the HHG spectra at laser wavelengths longer than 9 µm [6]. It 
has been shown that, up to driving wavelengths of 16 µm, the electron magnetic drift does not destroy 
completely the mechanism of the formation of subattosecond keV beats but rather alters the relative 
weights between different reencounter contributions to the HHG spectrum. Eventually, intense high-
contrast keV beats of durations shorter than 0.8 as are shown to be attainable using few-cycle mid-IR 
laser pulses with the central wavelength of about 12 µm. 
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Terahertz radiation induces conformation transitions in biomolecules and effects on membrane state 
and gene activity in cells. For details, see reviews [1–6]. This influences genetic, biochemical, 
morphological and physiological characteristics in organism and induces the alterations in the state of 
control physiological systems [7]. This can be used for ilness diagnostics and treatment. 

The study at organismic level and treatment of diseases 

The investigation of terahertz effects on organism level lets to use the terahertz radiation as 
treatment factor. It was demonstrated the dose-dependent influence of terahertz radiation on rat spleen 
cell production of antibodies to sheep red blood cells and on migration ability of B-lymphocytes in 
antigen presence. In addition it was demonstrated the dose-dependent influence of THz radiation on 
stage of bone regeneration in rats with experimental defect of femur. These results allowed to use the 
gas-discharge HCN laser (0,89 THz) for treatment traumatic and degenerative disorders in bone and 
cartilage tissues. Treatment of rats with experimental mechanical damage to the skin demonstrates the 
decrease in wound area from 170 to 17 mm2 during 8 days after exposition 400 µW/cm2 x 15 min. 

Terahertz irradiation of patients with post-operative and post-traumatic mechanical skin lesions (7 
exposures on 400 µW/cm2 x 15 min per day demonstrates the next results of treatment: the 
acceleration of wound healing, the prevention of post-operative and post-traumatic suppuration of 
wounds, the increase in contraction of wound surface, the stimulation of regenerative ability and  
optimization of cellular composition of wound exudate. Terahertz irradiation of 2 acupuncture points 
G1.4 (on hand) and E36 (on foot) in volunteers with spinal osteochondrosis (3 exposures  on 1 
mW/cm2 x 15 min on day) induces positive dynamics of metabolism indices in the cartilage 
(normalization of chondroitin sulfate and glycosaminoglycans serum levels). Experimental treatment 
of grafted Guerin carcinoma by terahertz radiation (2 sessions on 1,44 J/cm2) demonstrates the 
reduction of tumor growth during 20 days after two sessions of irradiation. Degree of tumor growth 
reduction after terahertz treatment and x-rays treatment are identical [8]. 

The study at cellular level and diagnostics 

Modern medicine requires new methodological principles, which will allow to create a preventive 
approach to health , based on preclinical detection of risk factors. The study of terahertz biologic 
effects on cellular level provides a background to the creation of principally new methods of 
diagnostics. The results of a preliminary study of biological effects has allowed to develop the 
principle of detection by terahertz radiation of apparently healthy individuals who are carriers of risk 
factors for immune deficiency. It was demonstrated that terahertz radiation causes more pronounced 
increase of mitogen-induced proliferation of lymphocytes. It was found that among healthy persons 
there are the individuals with initially low proliferative activity of lymphocytes. Responses of 
lymphocytes to terahertz irradiation were different. There is the absence of proliferous potential 
ability or pronounced proliferous potential ability. In the first case there is an insufficiency of immune 
system, in the second case – the lesion of regulation of immune system. It may be used at 
asymptomatic and early stages of different diseases, which induced by immune insufficiency: all 
diseases of internal organs, oncologic diseases, autoimmune diseases etc. It can be a base for creating 
the diagnostic test to evaluate the ability of lymphocytes to proliferation and apply it to identify 
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individuals at the early stages of different diseases, which induced by immune insufficiency: all 
diseases of internal organs, different hematological diseases, oncologic diseases, autoimmune diseases 
etc. This may facilitate the identification of trends to failure of the immune system in healthy 
individuals.  

It was demonstrated that terahertz radiation results in a viability reduction in part of irradiated 
lymphocytes. This is tested by the appearance in cytoplasm the colorant penetrating only nonviable 
cells. Based on this result it is possible to create the diagnostic test for identifying of potentially 
nonviable lymphocytes and used it to identify healthy individuals which have the early stages of 
various hematological disorders, different variations of immune system disturbance and other diseases 
that lead to such violations. Terahertz radiation induces a specific state, which in combination with 
provoking factor reveals to morphological or functional abnormalities which are undiagnosable by 
traditional methods. The study of terahertz radiation influence on membrane stability of red blood 
cells demonstrates that terahertz radiation does not influence spontaneous hemoglobin output, but 
increases the hemoglobin output induced by water adding to isotonic buffer solution (hypoosmotic 
hemolysis). This effect is increased if the concentration of sodium chloride solution is decreased. 
Terahertz radiation causes pronounced shorting of duration of full hypoosmotic hemolysis. Results of 
these experiments can be a premise for creating the diagnostic test for identifying a tendency to 
disturbance of red blood cell membrane resistance in healthy individuals for recognition of early stage 
of various hematological, nephrological, endocrinological and other diseases which are associated 
with impaired membrane status of these cells. 

Molecular level. Treatment and diagnostics 
The results of terahertz effects on moleclar level study demonstrates that terahertz radiation 

induces conformation transitions in biopolymer molecules [9-11]. These results open up the prospect 
of obtaining substances with the desired properties: inhibitors of enzyme activity, selective blockers 
of receptors, components for hybrid nanotechnology, targeted cancer drugs for blocking the growth 
and spread of cancer. It is possible the creation of components for principal new diagnostic kits. 
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It was demonstrated that terahertz radiation influences genetic system of plants and animals. A 
maturation of organism  is the process of sequential switching of more and increasingly complex gene 
systems. In present study we investigated terahertz radiation influence on development dynamics of 
offspring obtained from irradiated or non-irradiated females mating with irradiated or non-irradiated 
males. 

Methods. Fruit flies of both sexes subjected to 30-minute exposure of broadband terahertz 
radiation (0.1 - 2.2 THz) with a pulse power of 8.5 mW, a pulse duration of 1 ps and a repetition rate 
of 76 MHz. After the irradiation was carried out mating of exposed (E) and intact (I) individuals in 
various combinations. As a control (K) used flies that were near terahertz source during irradiation, 
but do not fall into the irradiation zone. We used clutch of eggs in the first two days after irradiation, 
which corresponds to mature eggs at the time of irradiation. the adult stage of offspring individuals. , 
It was recorded the number of reaching the adult stage of offspring individuals and their gender (daily 
from the first case of reaching). To determine the significance of differences between the curves of the 
maturation dynamics the χ2 test was used. 

Results. The progenies derived from mating of unexposed females with non-irradiated (♀♀К x 
♂♂К) or intact (♀♀К x ♂♂I) males. The first case of reaching of adult state in individuals of both 
sexes is registered on the 11th day from the beginning of mating. The number of individuals is small. 
The following day, the maturing of males and females is increased significantly and reaches a 
maximum value on the 13th day from the beginning of mating. Then, the number of ripe specimens of 
both sexes is decreased consistently (Fig.1,2).  

The progeny derived from mating of intact females and unexposed males (♀♀I x ♂♂К). The first 
case of reaching of adult state in individuals of both sexes is registered on the 12th day from the start 
of mating. The following day, the maximum number of ripe individuals of both sexes is recorded. 
After that, it is indicated a consistent decrease in the number of ripe individuals. The total duration of 
the ripening period varies from 8 to 10 days at different variants of mating (Fig.1,2). The curves of 
development dynamics of males and females do not differ significantly. Sex ratio was 1:1. 

The progenies derived from mating of irradiated females with irradiated (♀♀E x ♂♂E) or intact 
(♀♀E x ♂♂ I) males. The first case of reaching of adult state in individuals of both sexes is registered 
on the 11th day from the beginning of mating. The number of individuals is small. The following day, 
the maximum number of ripe individuals of both sexes is recorded compared to other days. Third day 
of maturing is characterized by a decrease in the number of individuals, reaching the adult stage. 
Then, the relative number of ripe individuals sharply decreased. The total duration of the ripening 
period was within 5 - 6 days (Fig.1,2). The curves of development dynamics of males and females do 
not differ significantly. Sex ratio was 1:1. 

The progenies derived from mating of intact females and irradiated males (♀♀I x ♂♂E). The first 
case of reaching of adult state in individuals of both sexes is registered on the 11th day from the start 
of mating, but the maximum number of ripe individuals of both sexes is registered on the 13th day 
from the beginning of the mating. The total duration of the ripening period was 7 days in males and 
females. Total number of ripe males was higher than females. Sex ratio was 1:0.83. The curves of 
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development dynamics of males and females are different significantly (χ2=4,86). Another difference 
was the dynamics of subsequent reduction in the relative abundance of mature flies. In males, it was 
almost as good as in the control group. Females have been a sharp decrease in the relative number of 
ripe individuals (Fig.1,2). This curve of development dynamics significantly different from the control 
(χ2=8.41). 

 
Fig. 1. Dynamics of maturation of male individuals.     Fig. 2. Dynamics of maturation of female individuals. 
Oblique cross – ♀♀Е x ♂♂Е, circle – ♀♀E x ♂♂I, rectangular cross – ♀♀I x ♂♂ E, rhombus – ♀♀К x 
♂♂К, square – ♀♀К x ♂♂I, triangle – ♀♀I x ♂♂К. 

 
Thus, terahertz radiation causes a shortening of development period to adulthood in offspring 

obtained by mating irradiated females with both irradiated and non-irradiated males. In the case of 
progeny derived from mating of irradiated males and intact females, the effect of THz radiation 
depends on the sex of offspring. 
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We present the results of numerical studies on the development of methods for the generation of 
powerful IR radiation of ultrashort duration using the dual channel femtosecond laser system based on 
parametric amplification, working at 10 Hz repetition rate, created in Institute of Laser Physics (ILP) 
SB RAS. 

In order to achieve longer wavelengths we use the femtosecond signal and idler radiation of our 
laser system. To move further to IR at each step we parametrically amplify the idler from previous 
step with the signal wave. Having the signal at the central wavelength of 0.86 μm and idler at 1.4 μm 
we successively obtain new wavelengths of 2.24, 3.7, 5.7, and 10.4 μm. Compared to difference 
frequency generation, such approach enables to retain high energy in IR pulses at cost of higher 
complexity. The scheme presented by us enables generation of IR pulses with higher efficiency at 
wider wavelength range compared to previous one of ours [1]. 

Although large number of nonlinear optical crystals are suitable for the mid-IR range, their 
practical use is limited either by low damage threshold, low available aperture or degradation due to 
two-photon absorption. We decrease the influence of the latter effect by subsequent idler wavelength 
increase, which allows using more optimal crystals. We chose AgGaSe2 (AGSe) crystal due to its high 
nonlinearity, high damage threshold, high available aperture up to several cm and transparency range 
up to 18 μm [2]. In our scheme of nonlinear conversion we use LBO crystals for near- to mid-IR (up 
to 2.24 μm) and AGSe for mid- to far-IR as shown in Fig. 1a. The generated spectra is shown in Fig. 
1b. With optimizations of various parameters the optimum energy and pulse duration of generated 
pulses were computed to be 130 mJ and 35 fs for 2.24 μm, 40 mJ and 60 fs for 3.7 μm, 15 mJ and 90 
fs for 5.7 μm, and 7 mJ and 150 fs for 10.4 μm central wavelength. 
 

 
Fig. 1 a) scheme of nonlinear frequency conversion and b) generated IR-spectra of all conversion steps 

 
A method of generation of terawatt femtosecond pulses in IR range with use of high-power laser 

system developed at ILP SB RAS has been proposed. Its advantages are possibility to use crystals 
suitable for relatively narrow wavelength range and ability to provide high pulse energy. The peak 
power of femtosecond IR-pulses that can be generated with our scheme is high enough for enhancing 
the experimental research on the development of new approaches to the atmosphere diagnostics, 
generation of powerful femtosecond, attosecond pulses in X-ray and so on. 
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In recent years, fiber optic sensor has received extensive attention and research due to its unique 
advantages, and it has been successfully used in many areas, such as aerospace, construction 
engineering, biomedicine, etc. However, the balance between the simple structure and the superiority 
performance of these sensor is becoming a “bottleneck” which has already restricted the development 
of this field. Utilizing the structure characteristics of multi-cladding fiber, the cladding mode 
resonance fiber sensor makes the light transmitted from core and cladding couple with each other, so 
as to realize the detection of the measurement physical quantity. This sensor has the advantages of 
simple structure, controllable mode excitation, high sensitivity, no-cross sensitivities and so on, which 
opens up a new way for the research and application of the special fiber optic sensor. Thus, it is of 
great significance to carry out the relevant theoretical and experimental research around its 
characteristics. In this paper, the cladding mode resonance phenomenon of the triple cladding quartz 
specialty fiber (TCQSF) and the characteristics of this sensor have been analyzed specifically based 
on coupled mode theory. Utilizing the coupled mode theory, the effective model of the TCQSF is 
established. The relationship between the length and transmission spectrum of the sensor is 
established. A straight forward experiment is performed to study the temperature sensing properties of 
this cladding mode resonance sensor. The relationship between different temperature and wavelength 
drift is studied experimentally. Moreover, the curvature sensing characteristics of this sensor is 
studied. The relationship between different curvature and wavelength drift is studied experimentally. 
Finally, the characteristics of the sensor based on TCQSF which is dislocation welding with the single 
mode fibers is studied. The relationship between the size of the dislocation and refractive index 
sensitivity is analyzed. The refractive index and temperature characteristics of the sensor are tested 
and discussed. 
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In 1968 academician LV Keldysh predicted the existence of the electron-hole liquid (EHL) in 
semiconductors [1]. EHL is a condensed state of the electron-hole plasma, which occurs at low 
temperatures and high concentrations of electron-hole pairs (EHP). At low temperatures, the EHP 
form a hydrogen-quasiparticles - free excitons (FE). At low concentrations free excitons in the 
semiconductor can be regarded as an ideal gas, consisting of virtually interacting particles. At high 
concentration of excitons they form the exciton complexes (EC) - trions and biexcitons which act as 
condensation nuclei of EHL drops. This EHL is not molecular fluid, as carriers are free to migrate 
through the drop, which is typical for liquid metal (analogy, liquid alkali metals). 

If the EHL is formed in the semiconductor sample, it increases the sample's conductivity. Our idea 
was to try to use the EHL effect in diamond photo-electronic switches. EHL was experimentally 
found in many semiconductors in the form of droplets surrounded by exciton gas. EHL was observed 
in semiconductors that have indirect-like structure (Ge, Si, SiC and C) and the direct-gap structure 
(GaAs, CdS, CdTe, etc.).  

The phase transition EHP - EHL occurs at concentrations above the EAF and the temperature 
below the critical point of the sample. For germanium concentration and temperature of the phase 
transition is 8.9 ∙ 1016 cm-3 and 6.7 K, respectively. For silicon - 1.2 ∙ 1018 cm-3 and 28 K, respectively. 
The typical size of the EHL drops in Ge and Si is 10-100 microns.  

The third simple semiconductor with indirect-many-valley structure and nature of the conduction 
band is diamond. It's band gap is 5.49 eV, the dielectric constant is 5.7. Calculations showed that the 
EHL should be formed in diamond at the EHP concentration of 1020 cm-3 and a temperature below 
138 K. 

Natural diamond is heavily contaminated with nitrogen impurity that forms the variety of defects, 
including polyols containing vacancies, interstitial sites, and other impurity atoms. Such defects can 
act as centers of exciton recombination. That's why the first results in the field of EHL formation in 
diamonds were obtained only in 2000. 

In our work we investigated the formation of EHL in diamond samples and their conductivity in 
such conditions. There were 5 samples: one natural diamond and 4 artificial samples. The scheme of 
experimental setup is shown on the Fig. 1. The samples were irradiated by KrCl*-laser (λ=222 nm) 
and cooled by liquid nitrogen. EHL was detected by the appearing of the wide band near 240 nm in 
the spectrum of the sample photoluminescence and the temperature dynamic of this band. Two 
samples out of five showed this band, both were made by CVD (chemical vapor deposition) method. 
The threshold values of laser radiation intensity for EHL formation were 3 and 10 MW/cm2 for these 
samples. The difference can be explained by different level on impurities contained. 

The sample with lowest EHL formation threshold was used in the research of impulse 
conductivity. It had the electrode system on it's surfaces and was switched in the electric circuit like it 
is shown on the Fig. 1c.  When the laser pulse intensity was about 3 MW/cm2 the amplitude of voltage 
pulse through the sample was 2-3 times higher at 90 K than at 300 K. On the other hand, at 90 K the 
photoconductivity was 10 times higher at 3.4 MW/cm2 intensity than at 0.55 MW/cm2 intensity (Fig. 
2).  

Preliminary we can conclude that the presence of EHL in diamond sample can drastically increase 
it's conductivity. It can be used in photo-electronic switches based on diamonds.  
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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, hν – laser radiation, RD – resistance of «low-resistant» layer, СD – 
capacity of high-resistant layer, С0 – 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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Blackbody-radiation(BBR)-induced shifts and rates of induced transitions from Rydberg s-,p-, d-
states in  ZnII, CdII and HgII ions of the group IIb elements were calculated on the basis of the 
quantum defect method (QDM), similar to the case of the group IIa ions [1,2], which ensures correct 
asymptotic behavior for wavefunctions with large principal quantum number n. 

For concise presentation of the obtained results approximation formulae were used for relative 
BBR-induced decays and excitations: 
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 where the fraction x  is the cubic root of the fraction of the transition energy 31/ n  to the nearby 
states and the thermal energy of environment / aT T  (both in atomic units, where 315776aT =  K is 
the atomic unit of temperature), n  is the Rydberg-state principal quantum number and T  is the 
temperature of environment. The rates of the BBR-induced decays and excitations are 
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The rate of spontaneous decays sp
nljΓ  of the Rydberg state nlj  into the lower-energy states is 

inverse of the natural lifetime sp
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nlj nljtΓ = ). The factor 3n  is characteristic of the asymptotic (at 

n → ∞ ) dependence of sp
nljt  on the principal quantum number. The rest of the n -dependence may be 

well approximated by a polynomial, as follows 
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Coefficients ( ) ( )dec exc
ia T  and ( )ia Tε  may be fitted by simple polynomials in powers of 

temperature with a good accuracy in a range of T=200 to 1000 K, as follows  

 
/32

0

100( )
k

i ik
k

a T b
T=

 =  
 

∑  (4) 

The standard curve fitting polynomial procedures were used for determining all polynomial 
coefficients of equations (1)-(4). 
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Shifting the minimum reflectance of p-polarized light Rp in the angular and spectral measurements by 
FTIR scheme is typically used to determine the refractive index of the medium (the analyte). In 
conventional schemes with a metal film on the hypotenuse plane of the prism surface plasmon 
resonance (SPR) is observed, with the addition of the dielectric layer is called plasmon resonance 
waveguide (PWR).  

A two-layer structure (the scheme is shown in the inset of Fig. 1) can be considered as two-mirror 
multibeam reflection interferometer upon oblique incidence. The first mirror is a metal film, the 
second mirror of the interferometer is a TIR interface and has a high reflection. The calculated 
maximum reflection coefficient of this interferometer is close to unity. The interferometer resonant 
effects occur with additional capabilities for scheme tuning. Furthermore, it is possible to use 
orthogonal s-polarization. Thin layer dielectric-metal structure composed of aluminum (thickness << 
wavelength) and a dielectric layer on the quartz prism is considered. We study the angular and 
spectral characteristics of the reflected light at angles of incidence exceed the critical angle. 
 

           
Fig. 1 Calculated spectral dependences Rs and Rp for a two-layer structure Al+ZnS and a one-
layer Al for comparison. Angle is 44°. 
Fig. 2 Calculated angular dependences Rs and RpforAl+Na3AlF6, λ=0.63 mkm. 

 
As shown in Figure 1, the asymmetric dependence observed in the interference spectrum of the 

structure Al + ZnS (wavelength 0.63 mkm). The operating range is narrowed in order compared to the 
pure Al. The curve shift Rp, when changing the refractive index of air (1.00-1.01), is 37 nm. 

Note,that in the two-layer structure can be observed angular dependence of the interference for 
both polarizations. This is shown in Fig. 2, where the computation of the two-layer structure Al + 
cryolite (wavelength 0.63 mkm) is presented. The angular shift is the same for two- and one-layer and 
equal to 0.5°.  

The difficulty in creating the sensor structure (calculation and experimental making) is the need to 
take into consideration a number of independent parameters characterizing the properties of the metal 
and dielectric. 
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The field of laser cooling of rare-earth elements is being rapidly developed in the last decade. 
Nowadays lanthanides find their application from world leading optical clocks [1] to novel 
experiments on dipole-dipole interaction in ultracold fermionic and bosonic gases [2,3].  

Thulium atom has a large magnetic moment 4µB, that makes it a promising object for study dipole-
dipole interaction and for quantum simulations. Besides that Tm has narrow magnetic dipole 
transition 4f13(2Fo)6s2(J=7/2)→4f13(2Fo)6s2(J=5/2) between the fine components of Tm ground state at 
wavelength λ = 1.14 µm, which we consider as a candidate for a 2D optical lattice clock.  

In our group we’ve demonstrated deep laser cooling of Tm atoms down to 9 µK in two stage 
magneto-optical trap [4]. Such a low temperature leads up to 50% reload efficiency to optical dipole 
trap produced by 4 W 532 nm Verdi laser, and about 5% efficiency to 1D optical lattice at 807 nm 
with 1W Ti:sapphire laser. To confirm theoretically calculated γ=1.2 Hz natural linewidth of 
considered clock transition we have measured upper clock level lifetime in dipole trap. The 
measurement procedure is shown on Fig.1. After cooling and reloading, some fraction of Tm atoms 
was excited by 1.14 µm resonant pulse of 30 ms duration; then atoms remained in the ground state 
were removed by 1ms 410 nm resonant pulse. Number of atoms decayed back to the ground state vs. 
waiting time was measured and from exponential fit to the experimental data upper clock level 
lifetime was estimated to be τ = 112±4 ms, that gives upper bound on natural transition linewidth 1.4 
Hz, what is in the excellent agreement with the theoretical value. 

 
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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An optical pulsating discharge (OPD) generated by powerful high frequency (~100 kHz) pulsed laser 
radiation is a unique acoustic source of wide range (from infrasound to ultrasonic) sound [1]. 
Infrasound is generated due to shock wave merging mechanism [2]. The method is probably only 
possible way for remote (from hundreds meters to kilometers) generation of intense infra and 
ultrasound due to wide directional pattern of infrasound source and high attenuation of ultrasonic in 
atmosphere. As shown by previous studies, the proposed method is relatively efficient – about 20% of 
the laser energy is converted into sound [3]. 

We have considered the spectrum and localization radius of acoustic field generated by optical 
pulsating discharge. 
 

 
Fig. 1 The dependence of bound frequencies from average laser power. Inserts corresponds schematic 
spectrum structure for each field of laser parameters. 

 
The spectrum was studied experimentally and by calculations. In the experiments we used pulse 

periodic CO2-laser LOK-3MF, the average power of ~1 kW, pulse repetition rate f varied from about 
3 kHz to about 180 kHz. OPD was generated in an argon stream or on the surface of the thin metal 
disk. We were obtained laser pulse frequencies (bound frequencies: fs, f+, f0) corresponding to various 
spectrum. The spectrum may contain many lines in a wide frequency range or a few lines (may be 
only one) in ultrasonic region. Under the influence of pulse trains with repetition rate F<<f it is 
possible to generate low frequency sound due to mechanism of shock wave merging. Fig. 1 shows the 
dependence of the bound frequencies from the average laser power W. Chart is divided by 4 fields. 
Each field corresponding laser parameters for every spectrum structure as it shown on the figure 
inserts. 
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Fig. 2 The dependence of localization radius R of OPD sound from laser pulse frequency f for different 
average powers. 

Localization radius R of OPD sound is distance from OPD corresponding to130 dB acoustic 
intensity level (pain threshold). The dependence of R from laser pulse frequency f has been calculated.  
It takes into account atmospheric absorption of sound. We varied the pulse repetition rate, and the 
average power of the laser radiation. Fig. 2 shows the dependence of R from f for two different 
average powers. By increasing the average laser power, localization radius, of course, is increasing, as 
it increases the total power of sound. With frequency increasing, localization radius decreases due to 
the fact that more and more of the sound power is concentrated in the ultrasonic frequency range. 
Starting with a certain frequency localization radius begin to grow back to the original due to the 
shock wave merging mechanism – the power of ultrasonic frequency "pumped" into the low 
frequency range, for which the absorption is insignificant. 

Thus, optical pulsating discharge generated by repetitively pulsed laser radiation is an intense 
sound source with tunable spectrum and localization radius. The tuning is performed by changing the 
laser pulse repetition frequency. 
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The complex environments (dust, fog, haze, underwater, uneven illumination, low light illumination, 
etc.) significantly influence the detection effect, the identification ability and the application scope of 
the optical imaging detection technique. Polarimetric imaging, which based on the measurement of 
the polarization information, can effectively decrease the influence of the environment on the 
detection effect. Therefore, polarimetric imaging has unique advantage for the detection in complex 
environments. This work focuses on two types of complex environments including scattering medium 
(underwater imaging scenarios) and uneven illumination. 

In underwater imaging scenarios, the scattering media could cause severe image degradation due 
to the backscatter veiling as well as signal attenuation. We consider the polarization effect of the 
object, and propose a method of retrieving the objects radiance based on estimating the polarized-
difference image of the target signal. We show with a real-world experiment that by taking into 
account the polarized-difference image of the target signal additionally, the quality of the underwater 
image can be effectively enhanced [1], which is particularly effective in the cases where both the 
object radiance and the backscatter contribute to the polarization, such as underwater detection of the 
artifact objects. 

         
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 polarimetric imaging, the uneven illumination could cause the significant spatial intensity 
fluctuations in the scene, and thus hampers the target detection. We propose a method of illumination 
compensation and contrast optimization for Stokes polarimetric imaging, which allows significantly 
increasing the performance of target detection under uneven illumination. We show with numerical 
simulation and real-world experiment that, based on the intensity information contained in the 
polarization information, the contrast can be effectively enhanced by proper approach [2], which is of 
particular importance in practical applications with spatial illumination fluctuations, such as remote 
sensing. 
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The invention of the laser allowed scientists to control both internal and external degrees of freedom 
of atoms and molecules with high accuracy. Now you can speed up, slow down, capture a single 
atoms and collimated atomic beams. Currently, laser cooling has become an area of science at the 
crossroads of laser physics and atom optics [1-3]. Initially, the theory of translational motion of atoms 
in laser fields developed in the framework of a simple model of the atom, the internal degrees of 
which are described by two states corresponding to non-degenerate energy levels [4-6]. It was 
believed that the use of this model is quite adequate to describe the main experimental results. It 
seemed that taking into account the actual structure of the atomic levels degenerated in the projection 
of the total angular momentum, will only lead to a small number corrections. Applied to laser cooling 
the main result of the following two-level model [1,2], is the existence of a theoretical limit on the 
minimum temperature cooling, the so-called Doppler limit, which is a typical value for the alkali 
metal atoms is about one microkelvin. 

The main difficulty of the theoretical description of the interaction of atoms with the field consists 
in that the kinetics of neutral atoms in coherent light fields is described by quantum kinetic equations 
for the two-point atomic density matrix that includes all atomic levels and coherence between them, 
as well as take into account the recoil effects that occur in the processes of absorption and emission of 
photons. For a qualitative description of kinetic effects was originally developed semiclassical 
approach [1,2], where the equation for the quantum density matrix reduces to the Fokker-Planck 
equation for the distribution function in the phase space. The main condition for the applicability of 
the semiclassical approach is the smallness of the recoil parameter / 1rw γ << . This approach was 
used to obtain expressions for the force and diffusion coefficients which allow a qualitative 
description of the dynamics of atoms in optical fields and the effects of Doppler and sub-Doppler 
cooling of atoms. Later quantum methods were development to describe the kinetics of atoms that 
goes beyond the semiclassical approximation [7-9]. It should be noted that the quantum approaches 
also have limitations. For example, to describe the cooling atoms and localization in the optical 
potential approach is used based on the quantum secular approximation [7,10-13]. This approach 
assumes that the distance between the energy bands in the optical potential greater than their width, 
due to optical pumping and tunneling, and the depth of the optical potential is determined by the light 
shifts. Then, at a fixed depth of the optical potential, this approximation is valid in the limit of large 
detuning. Conversely, it fails a given detuning in an optical deep potential. Moreover, even if these 
conditions are good secular approximation is valid only for the lower vibrational levels of the optical 
potential and breaks for higher where the distance between the vibrational levels becomes smaller due 
to the effects of anharmonicity. In addition, a completely secular approach is not applicable for atomic 
commit above-barrier motion. Previously, we have developed a fast and efficient method of 
calculation [14] steady momentum and spatial distributions of atoms in the field of a standing light 
wave with a full account of the effects of recoil and localization.  

However, for practical applications, it is important to know how much time atoms will be cooled 
to the desired temperature and located in the optical potential. Direct dynamic solution of the problem 
of cooling of atoms in a resonant monochromatic radiation, including full account of recoil 
effects and localization of atoms, such as the Monte-Carlo method, has a number of drawbacks. 
Firstly, the addition time grid leads to a significant increase of the required computational resources 
and CPU time spent. Secondly, any numerical calculation error inevitably accumulates, moreover, it 
increases more and more with increasing time required to reach a steady mode. Consequently, the 
accuracy of the solution will be limited by this error. 
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The presence of statistical methods in the field of laser cooling has been shown in [15]. However, 
in [15] considered a limiting case of strong localization, when the recoil effect is suppressed by the 
Lamb-Dicke effect. Therefore, it is important to develop a more general approach, applicable to a 
wide range of problems of laser cooling, which is the main objective of this work.  

Was developed by the statistical method which allows to quickly and with high efficiency to 
obtain information for the time of laser cooling [16]. It was implemented for the quantum problem, 
taking into full account recoil effects, and for the quasi-classical Fokker-Planck equation. We 
investigated the dependence of the cooling rate of the two-level atom in a standing wave field on the 
intensity of the light field, the detuning from the atomic resonance, the frequency of single photon 
recoil and width of the initial distribution of the atoms. The initial distribution of thermal atoms and 
has a width ∆qstart in q-space.  

Dependence of the average time required to establish the average kinetic energy of the recoil 
frequency is shown in Fig. 1a. In classical regime, all methods give the same result, but with an 
increase recoil frequency appears more striking differences. It can be seen that a simple estimation for 
slow atoms gives clearly incorrect results.  The cooling time for the quantum problem, taking into full 
account recoil effects, is less then the cooling time for the quasi-classical Fokker-Planck equation. 

In addition, there is an optimum in terms of minimizing the cooling time of the light field 
frequency detuning from the atomic resonance (Fig 1b). The position of the optimal detuning depends 
on the recoil frequency and intensity of the light field. 

 
Fig. 1 Dependence of the average time required to establish the average kinetic energy of a) recoil frequency,  
b) detuning field from atom transition.  
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Invention such precise and powerful tool as a laser has opened before scientists a wide range of 
capabilities for atom manipulation: acceleration, deceleration, localization, deflection, and focusing. 
So laser cooling has become an integral part of both fundamental science and many practical 
applications (high-precision frequency and time standards, nanolithography, quantum information 
etc.)  

The theoretical description of the kinetics of neutral atoms in the polarized light fields with all the 
atomic levels, the coherence, the recoil effect is both important and challenging problem. The first 
step toward understanding mechanisms of interaction between atoms and light was called quasi-
classical approach. [1,2] It lies in the fact that the equations for the density matrix can be reduced to 
the Fokker-Planck equation for the Wigner function in the phase space. Simplicity of this approach 
has allowed to understand many of cooling mechanisms in the usual and ordinary terms of force and 
diffusion. However, this approach can only be applied in certain cases. First, the small recoil 
frequency parameter compared to the rate of spontaneous decay, and secondly, the momentum of a 
light field photon should be much smaller than the width of the momentum distribution of the atoms. 
Later quantum methods were developed [3,4], for example, the secular approach which describes 
cooling and localization of atoms in the optical potential. In this approximation distance between the 
energy bands in the optical potential is greater than their broadening caused by optical pumping. At a 
fixed depth of the optical potential this approximation is valid in the limit of large detuning, and thus, 
for a given configuration is disrupted in a deep optical potential. Moreover, even when this condition, 
the secular approximation is valid only for the lower vibrational levels, and fails for the higher, where 
the distance between the levels becomes smaller due to the effects of anharmonicity. The more secular 
approximation is not applicable to atoms undergo above-barrier motion. 

We have developed an own quantum method [5] to obtaining the stationary distribution of two-
level atoms in a standing wave of arbitrary intensity, allowing full account the recoil effect. The 
method used is to decompose the density matrix elements in the Fourier series for the spatial 
harmonics, which is possible due to periodicity of the light wave. Thus we obtain a system recursively 
coupled equations, where each harmonic is expressed through the previous one, and starting from free 
selected one (in our calculations, usually twenty or more) all the harmonics are equal to zero. Using 
this method kinetics of atoms in light fields of varying intensity was investigated. The new and most 
important result was mode which we called the anomalous localization. In strong standing wave (Rabi 
frequency greater than the constant spontaneous relaxation) was detected a anomalous behavior of 
atoms, namely, the concentration at the peaks of the optical potential. 

The next important step was to study the quantum modes for different parameters of the problem. 
It is known that the quasi-classical approach gives Gaussian shape momentum distributions of and is 
completely inapplicable to the quantum regimes. The results of quantum calculation are shown in 
Fig.1. There is a bimodal distribution - the narrow central peak and a broad substrate. If we put atoms 
with bimodal distributions into the small depth optical trap it will lead to cutting off the hot atoms and 
we get the final momentum distribution of atoms below the Doppler limit, maintaining a significant 
number of atoms. Such a clearly expressed bimodal structure with high accuracy can be approximated 
by two Gaussian functions corresponding to the two-speed groups of atoms. Atoms are essentially 
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non-equilibrium momentum distribution, which is a good approximation can be described by two 
Gaussian functions. The possibility of obtaining the temperature of cold fraction below ℏγ. The 
proportion of the fraction of cold atoms is sufficiently high and may 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.  
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Currently, a special place is the problem is improve the accuracy of frequency standards. For some of 
the tasks necessary to create a relatively cheap and small compact standards. In 1993, it was proposed 
to use the effect of coherent population trapping (CPT) to create a microwave frequency standard 
which would be lack  the microwave resonator [1]. In recent years, widely used creation of standards 
based on this effect. 

CPT resonance phenomenon manifests itself in the cell by pumping two interacting light waves 
with difference of frequency equal to the frequency of the hyperfine transition. 

To create a combined frequency standard in the optical and microwave ranges is preferable to use 
the classic laser diode. Necessary to realize laser radiation at a wavelength of 795 nm with a 
modulations at a frequency equal to half the value of the frequency of the clock transition. As has 
been demonstrated previously [2], efficient modulation occurs at a frequency equal  intermode 
interval of laser. 

In this work, a detailed study of the dependence of the transformation coefficients of the 
microwave pumps current modulation in the lateral components of the frequency amplitude. 

The studies were conducted on the semiconductor laser (wavelength 795 nm), which is 
manufactured by VitaWave. To be able to configure laser the desired frequency and line narrowing of 
the laser has to work with an external resonator. The resonator length was chosen specifically to 
implement Rb frequency standard value when intermode frequency is in the F0/2. 

In our experiments, the dependence of the amplitudes of the lateral components of the frequency of 
the microwave generator was also a resonance character. The spectrum of the laser radiation was 
observed using a Fabry-Perot interferometer with a free spectral range of 18 GHz. The maximum 
value of the amplitudes of the lateral components has occurred at a frequency of f = 3.54 GHz (Fig. 
1), which corresponds to a cavity length l = 42 mm. Difference lateral components amplitudes may be 
related to the fact that when the pump current modulation takes place simultaneously both amplitude 
and frequency modulation. 
 

  
Fig. 1 The spectrum of the laser radiation at a frequency of 3.54 GHz swap 

 
When the microwave modulation current pumping diode laser  at a frequency near 3.54 GHz, 

resonance dependence of the conversion factor in the side of the microwave modulation amplitude of 
the frequency components was observed (Fig. 2). Declines depending side components of the 
amplitude can be explained by inaccuracies in the measurement of the length of the laser cavity. 
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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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Laser performance with high-voltage excitation system in order to obtain a powerful laser radiation of 
electronic transitions of excimer molecules in two-component gas active media without any 
conventional buffer gas was designed. 

Investigation of spectral, energy and temporal characteristics of the laser discharge excimer ArF 
(193 nm), KrCl (222 nm), KrF (248 nm) and XeCl (308 nm) lasers in the inert-gas halides are 
presented.  

The maximum laser energy realized by excitation of gas mixtures (working inert gas and a halogen 
molecule) such as:  Ar:F2, Kr:BCl3, Kr:F2 and Xe:BCl3.  

ArF laser output energy varied from 40 to 160 mJ depending on laser excitation condition such as 
discharge voltage (15-26 kV) and total working pressure (0.7-1.2 atm). 

The pulse power of the ArF-laser was ~ 19 MW with the pulse duration 8±1 ns (FWHM).  
KrCl laser output energy varied from 70 to 110 mJ depending on laser excitation condition such as 

discharge voltage (20-26 kV) and total working pressure (1.1-1.3 atm). 
The pulse power of the KrCl-laser was ~ 14 MW with the pulse duration 8±1 ns (FWHM).  
KrF laser output energy varied from 60 to 170 mJ depending on laser excitation condition such as 

discharge voltage (10-26 kV) and total working pressure (0.4-1.1 atm). 
The pulse power of the KrF-laser was ~ 24 MW with the pulse duration 7±1 ns (FWHM).  
XeCl laser output energy varied from 50 to 130 mJ depending on laser excitation condition such as 

discharge voltage (10-26 kV) and total working pressure (0.45-0.65 atm). 
The pulse power of the XeCl-laser was ~ 9 MW with the pulse duration 14±1 ns (FWHM).  
For the ArF, KrCl, KrF and XeCl lasers the maximum laser efficiency (from stored energy) equal 

to 0.4%, 0.25%, 0.8% and 0.7% respectively. 
Also, KrF laser output energy 115 mJ was obtained on laser excitation condition such as discharge 

voltage (15-26 kV) and total working pressure (0.6-0.8 atm) at the gas mixture Kr:NF3. 
The results are promising in terms of experimental laser physics, and from the standpoint of 

theoretical calculations. They will make more advanced kinetic model excimer laser compared to 
traditional. 
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The results of an experimental study of spectral, energy and temporal characteristics of  the pulsed 
discharge multi-wavelength Ar I-, Kr I- and Xe I-  high-pressure lasers are presented. 

Twelve new near-infrared atom transition laser lines at Ar I, Xe I and Kr I ranging from 1,48 to 
4,06 µm are reported for the first time. 

The previously known experimental Ar I-laser spectral lines contains: 0.91, 0.96, 1.41, 1.69, 1.79 
µm, and five new: 1.55, 1.75, 1.84, 2.02, 3.59 µm. The most intense of the presented spectral line is 
1.79 µm, while the minimum intensity has a line of 1.41 µm, which is 0.6 relative units of the 
maximum. 

The previously known experimental Kr I-laser spectral lines contains: 2.19, 2.48, 2.52, 2.57, 3.07  
µm, and new one: 2.29 µm. The most intense of the presented spectral line is 2.52 µm, while the 
minimum intensity has a line of 2.29 µm, which is 0.1 relative units of the maximum. 

The previously known experimental Xe I-laser spectral lines contains: 0.979, 1.06, 1.6, 1.73, 
2.026, 2.48, 2.63, 2.65, 3.47 µm, and six new: 1.48, 1.63, 1.91, 1.98, 2.69, 4.06 µm. The most intense 
of the presented spectral line is 2.026 µm, while the minimum intensity has a line of 0.979 µm, which 
is 0.2 relative units of the maximum. 

The maximum laser energy was realized by transverse high-voltage excitation of high-pressure gas 
mixtures (buffer gas and working gas):  He:Ar=96.3:3.7 %, He:Kr=97.5:2.5 % and Ar:Xe=96.7:3.3 
%.  

Ar I-laser maximum output energy 10 mJ was obtained at the discharge voltage 14.5 kV and total 
working pressure 4.8 atm. 

Kr I-laser maximum output energy was 1 mJ discharge voltage 14 kV and total working pressure 
4.1 atm. 

Xe I-laser maximum output energy 30 mJ was obtained at the discharge voltage 23 kV and total 
working pressure 4 atm. 

The pulse power of the Ar I-laser was ~ 0.2 MW with the pulse duration 50±1 ns (FWHM). 
The pulse power of the Kr I-laser was ~ 0.03 MW with the pulse duration 40±1 ns (FWHM). 
The pulse power of the Xe I-laser was ~ 0.8 MW with the pulse duration 40±1 ns (FWHM) 
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Introduction 

Micro and nano structuring of metal surfaces allows to expand the properties of initial materials 
and as a result, the range of their use [1]. Structuring of the sample surface can be carried out by 
different ways:chemical etching, lithography, mechanical impact, laser technology, etc. A 
combination of several techniques may lead to new results. The aim of this work was to obtain 
developed microstructures on the titanium surface by laser ablation in ethanolwith followed chemical 
etching. 
Experimental technique 

Creating of the initial relief on the titanium surface by laser ablation method in ethanol (95%) was 
performed [2]. Radiation parameters of Nd: YAG laser: λ = 1064 nm, τ = 250 ps, ν = 20 Hz, Q = 0.3 
mJ, QS = 0.1 ÷ 0.6 J/cm2. Target surface treatment was carried out in two modes: dynamic and 
stationary. In the case of a dynamic mode cell with the sample moved by motorized tables 
Standarelatively to the focal spot. Move options: speed of 500 μm/s, step offset by the other 
coordinate - 16 microns. In case of a stationary mode cell with the target remain fixed relatively to the 
focal spot. The thickness of liquid above the sample surface was 5 mm. 

The following treatment of the laser-induced structures surface carried out by chemical etching. As 
the reagent was used the blend of acids withpercentage ratio: HNO3 -98%, HF - 2%. 

Analysis of the titanium surface at various stages of processing was carried out by a scanning 
electron microscope Carl Zeiss Evo 50 with nitrogen-freeenergy dispersivedetectorX-Max 80(EDX, 
error of measurements is about 1%). Visualization of the obtained structures also was carried out by 
3D-modelingsoftware ImageJ. 
Resultsanddiscussion 

As a result of one hundred pulses subnanosecond IR laser radiation in the range of fluences from 
0.1 to 0.6 J/cm2 impact on the titanium surface in ethanol media in the dynamic and stationary modes, 
the cracking of the sample surface layer on a lot ofirregular polygons with an average size of 2 mm 
was observed (Figure 1a). That roughly 2 times smaller than grains sizeof the used titanium sample. 
Energy-dispersive analysis shows an inhomogeneous oxygen distribution on the sample surface 
(Figure 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; 

 
These data allows to reveal the dependence of the oxygen percentage ratio in the surface layer on 

the laser fluence (Figure 2). 

b) a) 
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Fig. 2 Oxygen percentage ratio in the Ti target surface layer dependence on the laser fluence. 

 
The discovered dependence can be explain by the fact that during the laser ablation of titanium in 

ethanol, containing water, oxidative reactions can take place. Furthermore, a change in fluence at the 
surface of the titanium target, as in [1,3,4], lead to a color change of the sample surface, which can be 
directly associated with different thickness of the oxide layer [4]. 

With the increase of the number of laser pulses acting on the titanium surface up to 20000 
structure depicted in Figure 3awas observed, with characteristic dimensions: the average diameter of 
the foundation – 2 microns, average height – 3 μm. The dynamics of changes in the sample surface 
morphology in the pulses range from 100 to 20000 showed that the initial cracking of the oxide layer 
(Fig. 1a) effecting on the further growth of the microstructures as the physicochemical properties of 
titanium and titanium oxide are different. 

Removal of the oxide layer by chemical etching from the structures surface obtained by laser 
ablation in ethanol lead to the identification of titanium structures with characteristic dimensions: the 
average diameter of the foundation – 1.5 μm, the average height – 0.7 μm, presented in Figure 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. 

 
These structures have a "negative radius of curvature", which may be associated with the 

formation of the oxide layer with an inhomogeneous morphology on the sample surface after laser 
processing. 

Chemical etching of the not subjected to laser treatment titanium surface, does not lead to the 
formation of structures, its result is shown in Figure 3c. 
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Generation of highly-chirped dissipative solitons (HCDS) is one of the most advanced ways to obtain 
high-energy femtosecond pulses in mode-locked lasers. Implementation of the combined cavity 
consisting of short single-mode fiber (SMF) for NPE mode-locking and long polarization maintaining 
(PM) fiber for pulse energy scaling [1] results in the sufficient increase of the cavity length and pulse 
energy as a consequence. However, this way is limited by the stimulated Raman scattering (SRS) 
threshold. There are two opportunities for further developments. First one is the scaling by increasing 
the fiber mode field diameter (MFD) at a maximum cavity length below the SRS threshold [2]. 
Second one is using the SRS effect for a coherent highly-chirped Raman dissipative solitons (RDS) 
[3] generation. 

 
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. 

The scheme presented in Fig. 1 can be used as a base for both ways. For the first case (MFD 
scaling) we try LMA fibers with 10 μm core for building the all-fiber laser cavity in the hybrid SM–
PM fiber configuration. We add a spectral filter into the cavity that strongly influences the parameters 
of the output pulses. In the second case the formation of RDS is possible with intracavity feedback 
loop provided by re-injection of the Raman pulse into the laser cavity with proper timing (cloudy inset 
in Fig. 1). The influence of the feedback loop on the first-order Raman pulse is shown in Fig. 1 (right 
part). Further investigations have shown that the second-order RDS can be generated, see Fig.2, in a 
similar way as the first-order RDS – by adding a second loop of intracavity feedback [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 turned out that all the pulses (DS, 1st- and 2nd-order RDS) have a chirp parameter of >100 and 
can be externally compressed to 200-300 fs duration. Together, DS, RDS and second-order RDS form 
a three-color complex. The experimental spectra of such complex agree well with the calculation 
results presented in Fig. 2 (a). The important feature is a mutually coherence that has been confirmed 
by efficient coherent combining exhibiting <40 fs interference fringes within the combined pulse 
envelope Fig. 2 (b). 

To demonstrate a possibility of simultaneous cavity length and MFD increase, the HCDS regime 
was obtained at five different lengths of PM-part of cavity. As a result, the repetition rate was reduced 
from ~20 MHz to ~5 MHz [5]. The spectral shapes are shown in Fig. 3 (a) for the 10 μm core and the 
PF period of 15 nm. The spectra of the generated DS pulses are centered near 1050 nm. A small 
portion of the signal goes out of the PF bandwidth, which slightly reduces the DS pulse quality. The 
comparison of the DS energy in fiber cavities with different core diameters and with different PF 
periods in 10-µm fiber cavity is presented in Fig. 3 (b). The maximum energy of the Raman-free DS 
in 10-µm fiber cavity with the 17-nm PF is 32 nJ at L~20 m (rhombs in Fig. 3 (b)). The critical length 
can be increased to ~40 m by decreasing the PF bandwidth down to 15 nm that results in the pulse 
energy increase up to 53 nJ (squares in Fig. 3 (b)). This value is in agreement with the theoretical 
estimation [1] of the SRS threshold, which is proportional to the mode field area. The output pulse 
was compressed down to 250 fs. The duration of the chirped pulse was estimated as 14 ps. 
Consequently, the compression factor was quite large, amounting to about 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 conclusion, we studied the possibility of a complex approach to the optimization of output pulse 

energy for an highly-chirped all-fiber oscillator, that involves the enlargement of the cavity length (by 
PM fiber) and its mode area simultaneously. By suppressing Raman effect via the intra-cavity 
filtering, highly-chirped pulses with energy as high as 53 nJ at 250 fs compressed duration are 
generated in 40-m long 10-μm core fiber cavity. An alternative approach of Raman dissipative 
solitons opens the door towards cascaded generation of coherent dissipative solitons in a broad 
spectral range (so-called dissipative soliton comb) that can improve areas such as frequency comb 
generation, pulse synthesis, biomedical imaging and also emerge new applications.  
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The concepts and ideas of coherent, nonlinear, and quantum optics have begun to penetrate into the 
range of 10-100 kiloelectronvolt (keV) photon energies, corresponding to soft γ-ray or, equivalently, 
hard X-ray radiation. Some of the recent experimental achievements in this frequency range include 
the demonstration of parametric down-conversion in the Langevin regime [1], cavity 
electromagnetically induced transparency [2], collective Lamb shift [3], vacuum-assisted generation 
of atomic coherences [4], and single-photon revival in nuclear absorbing sandwiches [5]. Also, 
realization of a single photon coherent storage [6] and stimulated Raman adiabatic passage [7] were 
recently proposed in this regime. More related works can be found in the review [8]. 

Recently, transformation of 14.4 keV photons spontaneously emitted by a radioactive 57Co source, 
into a periodic sequence of pulses of duration shorter than the lifetime of the emitting state of the 
nuclei was realized [9]. The ability to control the shape, duration, and repetition period of the 
produced pulses was shown. The spectral-temporal conversion of radiation occurred as a result of 
radiation passage through a foil with resonantly absorbing nuclei of 57Fe which harmonically oscillate 
along the propagation direction. Uniquely large ratio of resonance energy of the nuclei to the 
resonance bandwidth (3×1012 for 14.4 keV transition of 57Fe) makes effective the use of the Doppler 
effect in the photon-nuclei interaction for generating the well-separated phase-locked γ-radiation 
sidebands and producing the pulse train. The same technique in a combination with time-delayed 
coincidence measurement [10] allowed one to demonstrate the possibility to control the waveform 
(time-dependence of the detection probability) of a single γ-ray photon, which is an important 
contribution into the fast developing quantum γ-ray optics and its applications for quantum 
information processing [8]. In that experiment, the nuclear absorber with moderate optical depth, ТМ ~ 
5, and natural abundance, ~2%, of the resonant isotope 57Fe was used. 

In the present contribution, we consider the possibilities to extend the potential of this technique 
using the Mössbauer absorber, 100% enriched by 57Fe nuclei with optical depth up to 100. In such a 
deep resonant medium, the influence of the resonant dispersion [11] and dynamical beats [10] on the 
waveform of the γ-ray photon become important. In the reference frame of the oscillating absorber the 
electric field of the incoming photon is frequency modulated, corresponding to a comb of "in-phase" 
and "anti-phase" spectral components. If the amplitude of the absorber vibration, R, satisfies condition 
kR=1.84, where k=2π/λ, and λ is the wavelength of the photon, the incident spectrum contains only 
the one "anti-phase" component of appreciable amplitude. As shown in [9], suppression of this 
component via tuning it to the absorber resonance allows transforming the exponentially decaying 
waveform of the incident γ-ray photon into decaying pulse train. In an optically deep absorber, instead 
of suppression of the "anti-phase" spectral component, its initial phase can be inverted (changed by π) 
via the resonant dispersion. In other words, the "anti-phase" spectral component can be transformed 
into "in-phase" one resulting in its constructive interference with the other spectral components and 
formation of pulses with higher amplitude. We analyzed both these possibilities in detail. 

Based on the accurate numerical solution [9] for the waveform of the γ-ray photon propagating 
through the vibrating absorber, we numerically found the optimal parameters of the system which 
allow producing pulses with the highest amplitude, and achieve the highest peak detection probability 
of the output photon (per unit time). The result of such an optimization for the case of suppression of 
the "anti-phase" spectral component and the same frequency of vibration as in [9], Ω/2π=10.2MHz, is 
shown in Fig. 1(a). The waveform of the outgoing photon corresponding to the optimal set of 
parameters in Fig.1(a), that is the resonant optical depth of absorber TM=17.5, and the initial phase of 
absorber vibration θ0=1.35π, is shown in Fig. 1(b) along with the waveform, plotted for the 
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parameters of experiment [9], i.e. TM=5.2 and θ0=0, but for 100% enriched by 57Fe resonant absorber. 
As seen from the figure, the optimization has allowed increasing the peak detection probability of the 
photon by approximately 60% and enhancing the contrast of the pulses. Since in experiment [9] the 
resonant absorber with natural abundance, ~2%, of 57Fe nuclei was used, the detected waveform was 
approximately 4 times weaker, as compared to that shown in Fig. 1(b), because of the large 
photoabsorption. 

Besides, we have shown the possibility to produce the pulses via π phase shift of the "anti-phase" 
spectral component due to the resonant dispersion of the medium. It was shown that use of the 
resonant dispersion allows achieving higher average amplitude of the pulses in the pulse train as 
compared to suppression of the "anti-phase" component via its resonant absorption. At the same time, 
the peak detection probability of the photon does not reach the limit, corresponding to constructive 
interference of all the spectral components of the output field. The reasons for this discrepancy are: 
partial absorption of the (quasi)resonant spectral component and nonuniformity of the resonant phase 
incursion of the different frequencies within the bandwidth of this component. 

In a summary, in this contribution we have analyzed the opportunities to extend the capabilities of 
the method for γ-ray photon shaping in a vibrating recoilless resonant absorber [9] using the optically 
deep absorber, enriched by the resonant nuclei. The produced single-photon pulse trains can be 
applied for the time-resolved resonant nuclear spectroscopy [11], as well as for the quantum 
information transfer and processing [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, θ0. The frequency of vibration is Ω/2π=10.2MHz. The central frequency of the source, ωr, exceeds 
the resonance frequency of the absorber, ωa, by the frequency of absorber vibration, Ω, that is ωr- ωa= Ω. 
(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, Ω/2π=10.2MHz, ωr- ωa= Ω. The absorber is 100% enriched by the resonant 57Fe nuclei. The bold 
blue curve corresponds to the optimal parameters in (a): TM=17.5, θ0=1.35π. The dashed red curve 
corresponds to the parameters from [9]: TM=5.2 and θ0=0. The thin light grey curve is the exponential 
waveform without absorber. 
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The design and creation of femtosecond laser systems with high intensities are one of the most 
important trends in laser physics. Laser facilities with the intensity reaching the level of 1025 W/cm2 or 
higher open a way to the experimental research of the wide range problems in fundamental physics, 
chemistry, biology and their applications [1]. 

Obtaining one or more of attosecond light pulses opens the possibility of coherent control of 
electronic processes in the attosecond time scale [2]. Although attosecond pulses train is obtained 
relatively easy through high harmonic generation process, the generation of a single attosecond pulse 
requires more complex laser systems with either polarization gating, dual-frequency mixing or spatial 
filtering. Common to all these methods is the stabilization of the carrier-envelope offset phase, which 
allows optimizing the electric field shape of the radiation to generate one or two pulses [3]. 

Our all solid-state femtosecond laser system consists of a master oscillator and a multi-pass 
amplifier. A mirror-dispersion controlled oscillator generates broadband (~100 nm), ultrashort (~10 
fs) pulses at ~75 MHz repetition rate. The pulses are stretched by traversing a suitable amount of 
optical glass to decrease intensity for amplification. Third-order dispersion pre-compensation is 
achieved by a certain number of reflections from TOD-dispersion compensating mirrors. Then the 
pulses are amplified by 9- passes through a -pumped amplifier up to ~ 0.6 mJ. After the first four 
passes pulses with 1 kHz repetition rate are selected from the MHz-pulse train to be further amplified 
in another five passes. After amplification the pulses are recompressed to less than 30 fs with central 
wavelength – 800 nm by a double-prism compressor. 

The spectral components of radiation emitted from the femtosecond laser cavity have non-zero 
offset. To measure the offset, spectrum is generated broader than an octave in a nonlinear fiber, and 
then red spectral components are frequency doubled and are beaten with blue components. The beat 
signal is rectified by a photodetector. An electronic unit selects the beat frequency and provides 
feedback to stabilize the frequency shift, which is calculated by the beat frequency. The control 
element of feedback loop is the acousto-optic modulator, which reduces the pump power of the master 
femtosecond oscillator. 

Phase perturbations during the amplification are registered in a nonlinear f-2f interferometer. The 
emission spectrum is broadened in the sapphire plate. The red part of the spectrum is frequency 
doubled in a nonlinear crystal and is beaten with a blue part of the spectrum at the input of the 
spectrometer. Perturbation phase is calculated by computer using the spectral beats. A signal 
proportional to phase deviations in the amplifier is mixed with the carrier phase drift signal of the 
master oscillator and used to control acousto-optic modulator’s power. The stabilization system 
implemented has allowed one to achieve phase residual instability ~0.17 radian (rms) for 30 fs-pulse, 
which is sufficient to forthcoming high harmonic generation experiments efficiently. 

This work is supported in part by RAS Program “Extreme laser radiation: physics and fundamental 
applications”, registration number АААА-А15-115113010002-9 and Government program, 
registration number 01201374306. 
 
References 
[1] V.V. Petrov, E.V. Pestryakov, A.V. Laptev, V.A. Petrov, G.V. Kuptsov, V.I. Trunov, S.A. Frolov, QUANTUM 
ELECTRONICS 44, 452–457 (2014). 
[2] M. Schultze, A. Wirth, I. Grguras, M. Uiberacker, T. Uphues, A.J. Verhoef, J. Gagnon, M. Hofstetter, U. Kleineberg, E. 
Goulielmakis, F. Krausz, Journal of Electron Spectroscopy and Related Phenomena 184, 68–77 (2011). 
[3] Pengfei Lan, Eiji J. Takahashi, and Katsumi Midorikawa, PHYSICAL REVIEW A 82, 053413 (2010). 



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

176 

A new nonlinear optical crystal 
NdkYlLamScn(BO3)4 (k+l+m+n=4) 
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A new noncentrosymmetric NdkYlLamScn(BO3)4 (NYLSB) crystal with huntite-like structure was 
grown by the high-temperature top-seeded solution (TSSG) method using LiBO2–LiF solvent. Linear 
and nonlinear optical parameters of crystal material and spectroscopic properties of Nd-ion in the 
NYLSB were investigated and compared with that of Nd:YAl3(BO3)4 crystal. 

The composition of the mixture in molar parts for NdkYlLamScn(BO3)4 crystal growth was as 
follows: 0.08Nd2O3-0.3Sc2O3-0.06Y2O3-2B2O3-2.1LiF-1.5Li2O and the chemical composition of 
Nd1.03Y0.19Sc2.78(BO3)4 is similar to LYSB (La0.72Y0.57Sc2.71(BO3)4)-crystal [1]. Fig. 1 shows the X-ray 
powder diffraction patterns of NYSB (a) and LYSB (b) crystals. It may be concluded that the 
structures of both crystals is the same with noncentro-symmetric R32 space group. 
 

 а)  b) 
Fig. 1 a) NYSB-crystal, b) X-ray powder diffraction patterns of NYSB (а) and LYSB (б) crystals. 

 
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] 

Nd1.03Y0.19Sc2.78(BO3)4  
NYSB [this work] 

a, Å 9.774(1) 9.761(3) 

c, Å 7.946(2) 7.905(5) 

The transmittance spectrum of 400 µm thick NYSB-optical element was recorded at room 
temperature using Shimadzu 3010 spectrophotometer in the range 300 - 3000 nm. A typical Nd3+ 

spectrum with a lot of absorption peaks in spectra range 300-900 nm with transmission coefficient 
about 0.06 at 532 nm was observed. Calculation of refraction index of NYSB in transmission range 
has shown that ordinary and extraordinary indexes of NYSB and LYSB-crystals are quite close in 
values. 

Second harmonic generation (SHG) of Nd:YAG laser (λ=1064 nm) experiments were performed 
on the 2.5 mm thick plate with orientation θPM =31 deg to the optical axis. The assumption was done 
that the type I phase matching angle must be close to those of LYSB (for which the phase matching 
angle-θPM is equal to 33.48 deg) [3]. As the expression of the effective nonlinear coefficient for this 
symmetry and for this phase matching type is deff(I) = d11cosθcos3φ (φ being the angle between the 
projection of wave vector in the xy plan and the x ), the crystal is cut so that the incident wave 
propagated in the xz plane (φ =0°) in order to obtain a maximum efficiency. The plate has transparent 
windows big enough for analyzing the optical quality and efficiency of SHG. 

A maximum SHG efficiency is obtained by turning the sample around the normal incidence, which 
corresponds to a variation of θ for type I phase matching at θPM = 34.8 deg. This result is in good 
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agreement with a similar value of phase matching θPM angle and consequently of refractive indexes of 
LYSB and NYSB. 

In continuous mode with a focused Gaussian beam we obtained P(ω)/P(2ω) = 2.75W/3.42 µW for 
43 μm beam waist size. That corresponds to calculated deff (I) = 0.91 pm/V without taking into 
account its absorption [3]. This value increases up to 2.3 pm/V if one takes into account the optical 
losses in NYSB samples: 21 cm-1 at 532 nm and 0.2 cm-1 at 1064 nm. And as a result, the value of 
ratio deff(NYSB)/ deff(NYAB)  is equal to 0.5 for calculation without and 1.28 with optical losses. 

Measurements also have been performed in a pulsed mode. For the maximum incident power 
0.82W corresponding to the density of 156 MW/cm2 we have obtained about 0.5% efficiency.  

In order to decrease the concentration of Nd and in turn to lower the absorption at around 532 nm, 
we have grown another crystals with partial substitution of Nd by La. In selected crystal we managed 
to decrease the concentration of Nd from 3.5⋅1021 to 1.5⋅1021 cm-3 in new mixed crystal - 
NdkYlLamScn(BO3)4 with (k+l+m+n=4) or NYLSB [4].  

Since the magnitude of NLO-coefficient deff(NYLSB) has been obtained by the microscopic 
component of hyperpolarizability tensor of BO3-group of crystal with β111 susceptibility [5], the 
isomorphous replacement of rare earth cation should not change NLO-properties of the mixed crystal. 
On the other hand the spectroscopic properties were changed. 

The UV-VIS-NIR absorption spectra of NYLSB-crystals were measured and investigated at room 
temperature. The features corresponding to the main absorption transitions of Nd-ion from 
fundamental level -4I9/2 to excited levels: 4F3/2, 4F5/2 +4S3/2, 4F9/2 and other have been identified and 
analyzed within the framework of Judd-Ofelt theory. 

Typical NIR fluorescence spectra of NYLSB-crystal were obtained with excitation at 532 nm 
within the absorption band -2K13/2 +4G9/2+4G7/2. The fluorescence spectra consists of four band 
emissions peaking at 898 nm (4F3/2→4I9/2), 1061.5 nm ( 4F3/2→4I11/2), 1330- nm (4F3/2→4I13/2) and 
1800nm (4F3/2→4I15/2, not measured), the first two bands are presented in fig. 2. 
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Fig. 2 NIR fluorescence spectrum of NYLSB-crystal at room temperature. 

 
The fluorescence lifetime of excited level 4F3/2 was measured at room temperature in NYLSB 

sample with concentration of Nd ions - 4⋅1021 cm-3, it is equal to 53⋅10-6 s. The decays were found to 
be single exponential. 

The major conclusion drawn from these studies is that the new NYLSB-crystal could be suitable 
for microchip SFD laser applications. 

The work was partly supported by the Program RAS “Extreme laser fields and fundamental 
applications” and Program of Basic Researches NANB-SB RAS, project 115-29.  
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Wide aperture PPLN structures for cascade  
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We are reporting about investigation of 3 mm aperture periodically polled lithium niobate (PPLN) 
structures for intracavity MID-IR pumping. Exclusive PPNL structures at multigrating, fan-out and 
multi fan-out configuration were prepared at “Labfer LTD”. The cascade MID-IR OPO was 
demonstrated recently by our group with MBI collaboration. 
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At the present time, the development of lasers of high-energy pulses is one of the most important 
problems [1-4]. These lasers are widely used in various areas of science, technology, and engineering. 
We put forward a way to realize such pulse sources based on fiber lasers with hybridization of passive 
mode locking and the regime of undamped regular spikes. We present results of a numerical 
simulation of a formation of reproducible stable high-energy pulses in these lasers. 

 
Fig. 1 Schematic representation of laser setup. 

 
The investigated laser is schematically represented in Fig. 1. It contains a continuous pumping 

source 1, a gain fiber 2 (~ 10 m), a device of nonlinear losses 3, a long passive fiber 5 (~ 1.7 km). 
Without the long passive fiber 5, owing to the device of nonlinear losses 3, the laser operates in the 
regime of regular undamped spikes [2]. Each spike is formed from intracavity spontaneous emission. 
As result, pulses coming out from the laser cavity through the coupler 4 have random irreproducible 
space-time structure. In the well-known scheme of a fiber laser operating in the regime of regular 
undamped spikes, we add the long passive fiber 5. As a result, a part of the radiation goes out from the 
laser cavity through the fiber 5, and then it enters again in the laser cavity. We are investigating the 
case when the time of a pulse passage through the fiber 5 is approximately equal to the temporal 
interval between the adjacent spikes. This determines the length of the fiber 5. In this case, each spike 
is formed from radiation of previous spike. As result, all pulses in output radiation are reproducible. In 
this case, the laser operates in a hybrid regime of passive mode locking and regular undamped spikes.  

We have investigated this lasing regime using a numerical simulation. Figures 2-4 present results 
of our investigation. Figure 2 shows the dependence of the radiation energy ( )ζJ  in the active ring 
cavity on a number of passes through the cavity. 
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Fig. 2 Dependence of the radiation energy J  in the active ring cavity on a number of passes ζ of radiation 
through the cavity.  
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Figure 3 shows a propagation of a pulse in the long passive fiber 5. Decrease of the pulse is due to 
linear losses in the fiber. Figure 4 demonstrates the distribution of radiation pI  in the fiber 5 for 

630=ζ . The small pulse induces a generation of the large pulse. 
 

 
Fig. 3 Distribution of radiation in the long passive 
fiber ( )tpI  for various numbers of passes ζ . 

 
Fig. 4 Distribution of radiation in the long passive 
fiber ( )tpI  for 630=ζ . 

 
A duration of pulses in output radiation is ~ 1 µs. Energy of pulses is several µJ. In the case of 

regime of regular undamped giant pulses, energy of the generated pulses can be considerably 
increased. 

The suggested scheme of a laser mode-locking opens up fresh opportunities to design high-energy 
pulse lasers. 

The work was supported by a grant of Ministry of Education and Science of the Russian 
Federation in the framework of the project of the state task (project 1316). 
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The ionization-induced generation of broadband intense terahertz (THz) radiation by ultrashort 
(femtosecond) laser pulses attracts considerable interest due to various applications. The most of the 
experimental and theoretical studies of such laser-plasma generation are now concentrated on the so-
called two-color method providing strong THz pulses with very broad spectrum when an ultrashort 
two-color pulse with frequency ratio of two ionizes a gas [1-3]. In this method, the main contribution 
to the low-frequency THz radiation is defined by the free-electron current in the formed laser plasma 
[2, 3]. Detuning the frequencies of two-color laser pulses away from frequency ratio of two results in 
a very wide tunability of the THz radiation emitted by the laser-produced plasma and in the possibility 
for generation of short mid-infrared pulses [4].  

In this work, we show that the generation of low-frequency THz and mid-infrared radiation can be 
understood as the ionization-induced multiwave mixing (or, in other words, generation of 
combination frequencies) [5]. We show that the main features of this wavemixing are defined by the 
intrinsic nonlinear properties of the ionized particles. Particularly, the number of mixed waves, which 
is typically large, is determined by the effective exponent of the ionization rate as a function of 
ionizing field strength. The dependences of maximum (over the phase shift between one-color 
components of the two-color pulse) amplitude of low-frequency current density on frequency ratio 
consist of resonant-like peaks at frequency ratios located near rational fractions with not so big odd 
sum of numerator and denominator (fractions such as 1 : 2, 2 : 3, 3 : 4, 2 : 5, etc.). The magnitudes of 
different peaks can be comparable when the two laser components have close intensities, and the 
laser-plasma generation of low-frequency radiation with the two-color pulses of uncommon frequency 
ratios may be effective enough. 

Our closed-form analytical formula supports the above conclusions and reveals similarities and 
differences between the ionization-induced wavemixing under consideration and the common 
wavemixing associated with Kerr-like nonlinear response of bound charges. These differences 
originate mainly from the essentially high-order character of nonlinear ionization and the associated 
strong nonlinear dispersion: (i) the number of mixed waves drastically depends on the laser intensity; 
(ii) the effect is strongly modified at high enough intensities due to the neutral depletion; (iii) there is 
an asymmetry with the respect to the sign of the detuning from the exact synchronism. The 
identification of these similarities and differences should promote the sensible and targeted design of 
methods for radiation generation in the THz, mid-infrared, and other frequency ranges. 

This work was supported by the Government of the Russian Federation (Agreement No. 
14.B25.31.0008) and Russian Foundation for Basic Research (Grants No. 14-02-00847, 16-32-60166, 
and 16-32-60200). 
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The important issue by development of frequency standards is increase of their stability. Stabilization 
of the oscillator frequencyνLneara reference frequency ν0can be performed by means of a modulation 
of the frequency difference δ = νL − ν0. Harmonic type of themodulationoflaser frequency near a 
resonance frequency of an atomic transition is widely used in optical frequency standards. By 
stabilization it is necessary to gain the maximal slope of linear part of theasymmetric discriminant 
curve of the error signal near ν0, because this slope is one of the parameters determining frequency 
standards stability [1]. 

In this work weinvestigate the case when modulationlawof the laser frequencyωhas following 
form: ω(t) = ω + Δωsin(ωmt), where Δω is depth of modulation, ωm is modulation frequency. The 
first-harmonic signal of transmitted powerwas chosen as the error signal. On the basis of theoretical 
method developed in our work [2] thedependence of the slope of the first-harmonicsignalon 
modulation parameters (Δω, ωm), Rabi frequency Ω and the reference signal phaseφ for two-level 
atomic system in spontaneous relaxation model was optimized by use of the density matrix formalism. 
Optimal modulation parameters were found where the maximal slope is reachedat fixed values of Ω 
and φ (see fig.1(a,b)). 
 

 
Fig. 1 (a) Counter plot of the dependence of the slope ofthe first-harmonic signal (in relative units) on 
modulation parameters (Δω, ωm) forφ = 0 and Ω = 0.1γsp. (b) Counter plot of the dependence of the slope 
ofthe first-harmonic signal(in relative units) on modulation parameters (A, ωm), where A = Δω/ωm is 
modulation index, forφ = π/2 and Ω = 0.1γsp. γsp is the decay rate of excited level. 

 
Two special cases in relation to modulation lawω(t)of the laser frequencyωwere also considered 

separately: 1) the in-phase component of the first-harmonic signal (φ = 0) and 2) the quadrature 
component of the first-harmonic signal (φ = π/2). It was shownthat the maximal slope of the 
quadraturecomponent is significantly more than the maximal slope of the in-phase component at Rabi 
frequencies Ω ≥ γsp(see fig.2 (a)). Also the quadraturecomponentis reached at higher modulation 
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frequencies (see fig. 2(b)) (at higher frequencies technical noises are lower). It makes the 
quadraturecomponent more usable in stabilization systems. 
 

 
Fig. 2 (a) The dependence of the maximal slope Smax on Rabi frequency Ω for the in-phase component 
(φ == 0) and the quadrature component (φ = π/2). (b) The dependence of the optimal 
modulationfrequency ωm opt on Rabi frequency Ω for the in-phase component (φ = 0)and the 
quadraturecomponent (φ = π/2).  

 
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. 16-32-00127, 16-32-60050). 
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We have implemented a highly sensitive and fast response (100 ms) ammonia sensor based on Fabry-
Perot interferometer and total internal reflection of a light in opal like silica film. 
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At the Institute of Laser Physics of SB RAS a multiterawatt femtosecond diode-pumped system with 
pulse repetition rate up to 1 kHz based on all diode-pumped Yb3+-doped media is developed. It 
consists of two optically synchronized channels: parametric amplification channel and laser 
amplification channel. Pulses from the laser amplification channel are used as pump for the 
parametric amplification channel. 

In the parametric amplification channel supercontinuum pulse (~150 nm FWHM) is produced [1] 
and temporally stretched to ~400 ps to prevent optical breakdown during the amplification process 
and to match it with pump duration (~1 ns). Also, we have simulated the pulse propagation through 
10 m long highly nonlinear photonic crystal fibre [2]. The experimental results and modeling data are 
in good agreement. Our simulations show that the supercontinuum can be used as a seed signal for 
amplification in the parametric amplification channel. Then the radiation is to be amplified to 10 mJ 
which corresponds to 1 TW power at the output of the system. The system can be scaled 
straightforwardly using additional laser amplification channels to obtain multi-TW level. 

We were to estimate ultrabroadband parametric amplifier parameters to obtain the desired 10 mJ. 
So, we chose the BBO crystal, and the acceptance bandwidth, peak gain dependencies over phase-
matching angle, noncollinear angle, temperature and crystal length were investigated. Two crystals 
scheme was proposed, pump divided unevenly between two crystals. For each stage optimal 
parameters were established: crystal lengths 1,1 and 1,5 cm, phase-matching angles 23,32° and 
23,30°, noncollinear angles 0.4° and 0.8°, resulting in a gain profile with a ~30% dip near the center. 
Such approach tailors the amplified signal spectral shape suppressing the central peak. 

However, the laser amplification channel is expected to produce 1 ns, 150 mJ pulses centered at 
515 nm with 1 kHz repetition rate to achieve the possibility of described amplification of 
supercontinuum up to 10 mJ. The laser amplification channel consists of two consequent all-diode-
pumped Yb:YAG multipass amplifiers and a second harmonic generation unit. Inside the second 
multipass cryogenic (120 K) amplifier the beam travels about 30 m. This leads to extreme sensitivity 
to angular displacements and drifts. There were ~mrad in long term and ~tens urad short term beam 
pointing fluctuations at the output of the amplifier. This leads to the necessity of cooling system 
optimization to allow using the output beam as pump for parametric amplifier. 

The experiments were carried out to determine the sources of instabilities. Using the experimental 
data, the cooling system has been optimized, drastically reducing the short-term and long-term 
angular stability. Also, the cooling cycle-to-cycle repeatability of the system parameters increased 
significantly. Our calculation shows that achieved beam stability is acceptable to be used as the pump 
for the parametric amplifier. 

All the data, both simulated and experimental, are used in the development of the channels of the 
all-diode-pumped high intensity cryogenic laser system working with 1 kHz repetition rate. 

This work is supported in part by RAS Program “Extreme laser radiation: physics and fundamental 
applications”, registration number АААА-А15-115113010002-9 and Government program, 
registration number 01201374306. 
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In this work we present first in Russia demonstration of city based quantum key distribution in 
telecom optical fiber. The quantum key distribution setup was built on the base of autocompensation 
plug&play optical scheme [1]. Autocompensation optical scheme stabilizes single photon properties 
propagating in the optical fiber in the city environment. Id Quantique ID230 single photon detector 
was used to detect single photon signal. This detector works in the free-running mode with quantum 
efficiency 10% and 10-20 dark counts per second [2].  

Quantum key distribution was implemented on the base of phase coding of the quantum states of 
single photons, emitted from a pulsed semiconductor laser, in the two alternative non-orthogonal 
bases. All the optical elements including laser, phase modulators and high speed attenuators are 
integrated to the single mode fiber. Before each experiment start the procedure of setup adjustment 
have been conducted in the multi photon mode. Bob emitted multi photon laser pulses and measured 
the time of signal forth and back propagation through the quantum channel. Using the measurement 
result Bob set all corresponding time delays for the optoelectronic elements guidance, single photon 
detectors synchronization and quantum key distribution BB84 protocol execution. On the next stage 
Alice attenuated laser pulse to the 0.2 photon/pulse on its way back with the use of fast attenuators. 
Frequency of the pulse repetition was 10 MHz. Key was distributed with the use of BB84 protocol 
[3]. 

The optical fiber length is 30,6 km. Sifted key generation rate is 1.8 kbit/s and QBER is 4.5-5.5%. 
We take into account the neighbor fiber lines effect on the QBER and methods of increase of the 
signal/noise ratio. 

The support from the Ministry of Education and Science of the Russian Federation in the 
framework of the Federal Program (Agreement 14.582.21.0009) is greatly acknowledged. 
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Nanoparticles of noble metals are widely used for various applications in many areas such as 
nanophotonics, nano- and microelectronics, photochemistry, etc. The development of these 
applications relies on the properties of the generated structures that start deviating from those of 
massive samples when particle size drops below around 100 nm. Such dimensional effects change 
characteristic parameters of various processes (the frequency of plasmon resonance, electron free path 
length and others) and define physicochemical properties of nanosystems. 

Nanostructured noble-metallic clusters demonstrate nonlinear optical effects in visible spectral 
range because of their plasmonic properties. In addition, optical characteristics of these structures 
strongly depend on the period. If the distance between the particles is close to their sizes, the optical 
properties of the randomly deposited structures may considerably differ from these of periodical 
structures. Thus, sintering of the bimetallic gold and silver complexes results in pronounced changes of 
the optical properties. In this case, both morphology and shape of the particles influence the final 
optical properties. One of the challenging issues in the demonstration of the scale-effect for metallic 
cluster is the control over particles size. 

Laser ablation is considered to be one of the versatile methods of nanoparticle generation that 
allows a reliable control over particle sizes. In particular, the presence of nanoparticles was 
demonstrated in pulsed laser deposition performed both in vacuum and in inert gases. Laser ablation in 
liquid media, furthermore, was shown to be a promising approach for a wide range of applications. In 
contrast to nanoparticles synthesized by chemical techniques, nanoparticles generated by laser ablation 
in liquids can be free of surface active substances and irrelevant ions, thus providing a possibility of 
generating chemical “pure” colloids.  

The properties of nanoparticles generated by laser ablation in liquids depend on many parameters, 
such as laser wavelength, laser pulse duration, laser fluence, material absorption, choice of the liquid, 
etc. One of the main difficulties in the application of high intensity laser sources is high plasma energy 
and droplet formation, which are really hard to avoid. When pulsed lasers are used, furthermore, laser 
intensity is typically sufficiently high for laser-induced nanoparticle fragmentation to occur during 
nanoparticle formation in colloids, considerably complicating the prediction of the experimental 
results. In fact, strong shock waves, phase transitions, and cavitation bubbles are known to be 
generated by both nanosecond and femtosecond pulse durations. Under such conditions, not only target 
is affected by laser action, but also particles, if they are present in the surrounding liquid. In addition, 
such effects as optical breakdown and liquid decomposition were reported to occur at high laser 
intensities. These effects can result in uncontrollable changes in both particle size and size distribution. 

When a continuous-wave laser is used for nanoparticle production, its intensity is typically orders of 
magnitude smaller than the one in pulse-periodic regime. The role of laser is mostly thermal in this 
case. For a particular range of laser intensities, melting of the target is expected leading to a molten 
bath/layer formation, whose thickness is defined by the coefficient of thermal diffusion of the target 
material. However, liquid is typically heated too, and its convective movement can prevent the 
formation of shock waves, of a cavitation bubble or a gas cavity with a high gas pressure. Therefore, 
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both the mechanisms and sizes of nanoparticle formed by continuous-wave laser are different from the 
ones in pulsed-periodic regime and are not yet completely understood. 

 
Fig. 1 Optical spectra of colloidal particles before and after laser irradiation. Demonstrated the formation of a 
bimetallic clusters. 

 
We report the results of continuous wave laser interactions with both gold and silver targets in the 

presence of different liquids (deionized water, ethanol, and glycerol) [1]. Upon moderate laser 
irradiation at wavelength of 1.06 nm during 30 min, nanoparticle colloids are shown to be formed with 
surprisingly narrow size distributions and average dispersion as small as 15-20 nm. The average 
particle sizes range between 8 and 52 nm for gold and between 20 to 107 nm for silver. This parameter 
is shown to be stable and well-controlled by such laser parameters as intensity and effective irradiation 
time, as well as by the choice of the liquid phase. The possibilities of an efficient control over the 
proposed synthesis techniques are discussed and the results of a bimetallic Au-Ag structure deposition 
from the obtained colloids are presented [2]. The formation of the extended arrays of gold and silver 
nanoparticles with controlled morphology is examined. The changes in the optical properties of the 
obtained thin films are found to depend on their morphology, in particular, on the particle size and 
distance between them. 
 

 
Fig. 2 SEM-images of synthesis bimetallic cluster (a) and it elements analyze (b). 
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The process of carrying out the research of the luminescence characteristics of anisotropic media and 
analyzing of their spatial distributions requires a large number of different parameters. It is necessary 
to take into account the changes in the crystal luminescence intensity depending on the distance as 
much as the changes in the luminescence exciting optical radiation state of polarization. The 
characteristics of crystals are the magnitude and orientation of the electric dipole moments of 
quantum transitions in the luminescence centers and their permittivity tensors. The main 
characteristics of the exciting optical fields in the electric dipole approximation are the ordinary and 
extraordinary waves wave and electric vectors. The characteristics of crystals are their permittivity 
tensors as much as the magnitude and orientation of the electric dipole moments of quantum 
transitions in the luminescence centers. The number of possible orientations of the luminescence 
centers and related orientations of the transitions dipole moments depends on the symmetry of the 
crystal recognized as the category and the type of the syngony. It is also strictly necessary to specify 
the direction of the luminescence observation and to take into account the emission diagram of the 
luminescence of each of the dipole radiators used. Any vector is defined by three different 
coordinates. Therefore the total number of critical parameters is significant. Facts named within 
necessitated the special program writing for the research accelerating and the better understanding of 
the processes occurring in anisotropic crystals at interaction with optical radiation. The program also 
removes difficulties of the fluorescent characteristics detection and description. Semiclassical electric-
version of the interaction of light with an anisotropic crystalline medium containing luminescence 
centers with different orientations permitted by the laws of symmetry [1], became the theoretical basis 
for the program development.  

The program is written in C ++ in the environment Borland C ++ Builder development. The main 
objectives of the program are the calculation and plotting different values and displaying numerical 
values needed for further research.  
 

 
Fig. 1 The appearance of the working window. 

 
View desktop window is shown in the Fig. 1. The program contains three tabs, each is a field for 

building specific dependency graphs. A window to enter the numerical values of physical quantities 
derived from calculations is situated below. Centers of different orientations permitted by the laws of 
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symmetry of the crystals contribute to the overall intensity of the luminescence. These centers 
correspond to the specific orientation of the electric dipole moment of the quantum transitions 
responsible for the absorption and the luminescence. The program feature is the ability to enable and 
disable each of the individual dipole center for a more detailed consideration of the contribution of the 
others. 

 
Fig. 2 A possible variant of the orientation of the dipole moments of the transitions in the crystal with a point 
symmetry group D3d. 

 
Fig. 2 shows a possible variant of the orientation of the three dipole moments in the luminescence 

centers responsible for transitions in the crystal medium category with the point group symmetry D3d 
[2]. The crystal was used as an object of study for demonstration of the the written program 
capabilities. You can specify two angles to orientate each of the transitions dipole moment in these 
crystals: the angle between the dipole moment and the optical axis - βμ, and the angle between the 
projection of the dipole moment in the XY plane and the X axis – ημ.  

The following relationships can be calculated using the program:  
• the luminescence intensity dependence from the angle of rotation of the electric vector of about 

the optical axis;  
• dependence of the luminescence intensity from angles which determine the direction of the 

transition dipole moments of about the optical axis and about the axis X;  
• dependence of the luminescence intensity from angles defining direction of observation of the 

luminescence;  
• the luminescence intensity dependence from the crystal distance;  
• the dependence of the spatial modulation of the luminescence intensity of the depth from 

different angles which determine the direction of the field vectors and luminescence centers 
orientation. 
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Optical frequency synthesizers based on femtosecond lasers are most important blocks of precision 
laser systems for measurement of absolute optical frequencies and their stability. They are also used 
to solve the problem of transferring the frequency characteristics of optical frequency standards to the 
radio frequency range. At present, synthesizers on the basis of ytterbium-doped crystals are becoming 
more popular. The absorption bands of ytterbium crystals coincide with the generation range of high-
power semiconductor diode lasers (940 nm and 980 nm). Among ytterbium-doped media, the 
potassium tungstates Yb:KYW and Yb:KGW are most promising owing to large absorption cross-
sections and induced radiation, wide luminescence band, and rather high heat conduction. In this 
paper, various schemes of small cavities of a Yb:KYW laser with high-power multimode diode 
pumping are investigated. 

As an active medium, we used Yb:KYW crystal with 5 at. % Yb3+ ions and a thickness of 1.5 mm. 
The crystals were cut in the direction of axis c (Е || a, b). The temperature of the crystal was stabilized 
at 9°С using a Peltier element. The source of pumping was a LIMO25-F100-DL980 laser with a 
multimode fiber output. The central radiation wavelength was 981 nm, the maximum output power 
was 25 W, and the fiber core diameter was 105 µm. The pump laser radiation had circular 
polarization. 

Earlier studies [1-2] showed the possibility of creation of a high-efficiency Yb:KYW laser with a 
differential efficiency of 40% and a full optical efficiency of 35%. In this paper, investigations of the 
V-shaped cavity have been performed. The pump laser radiation was focused by two lenses with a 
focal length of 25 mm. The cavity contained a Yb:KYW crystal, a flat dichroic mirror, a mirror with a 
curvature radius of 50 mm, a GTI-mirror, and an output mirror with different transmission 
coefficients. The intermode frequency was about 2.5 GHz.  

The generation power versus the incident pump power for the free generation regime has been 
determined. Measurements for output mirrors with various transmission coefficients (1%, 2.2%, 3%, 
and 4%) have been made. The differential efficiency was 53.2%, the optical efficiency was 48%, and 
the maximal output power was 3.94 W at a pump power of 8.2 W. This is a record result when using a 
multimode pump source. Since the pumping radiation was unpolarized, its part with S-polarization 
was used inefficiently due to smaller absorption in the crystal (Е||b) and small mirror transmission. 
This decreased the overall efficiency and increased the generation threshold. 

Maximum efficiency can be achieved by using single-mode diode pumping for this scheme when 
the pump and generation waists fully overlap. The pump source is a distributed Bragg reflector 
tapered diode laser [3]. The pump diode consists of a 4-mm-long gain-guided tapered section and a 2-
mm-long 4-µm-wide index-guided straight ridge-waveguide section containing a 1-mm-long surface 
Bragg grating. The DBR TDL emits at 981 nm with a spectral linewidth of less than 20 pm (FWHM). 
In addition, the device has a nearly diffraction limited output beam with a lateral beam propagation 
factor M21/e2 = 1.2 containing more than 72% of the power in the central lobe. The maximum output 
power is 7 W, and the light is collimated by an aspheric lens with a focal length of 3 mm and a 
cylindrical lens with f= 30 mm. Preliminary results of investigations of the Yb:KYW laser using the 
DBR TDL for pumping are presented. 

This work was performed at the support of the Russian Foundation for Basic Research (project no. 
16-02-00639-a) and RAS Presidium Program “Extreme Light Fields and Their Applications”. 
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For Chirped Pulse Amplification (CPA) high power laser systems, optical pumping in multipass or 
regenerative amplifiers induces a thermal load that becomes especially critical as repetition rate of the 
laser increases. The thermal load causes a refractive index gradient and leads to thermal lensing in the 
amplifier medium. This thermal lensing induces different kinds of optical aberrations, birefringence, 
besides a reduction in the amplified beam size causes optical damage. One of the ways to decrease 
thermal lensing is to perform cooling of the amplified medium [1]. Cryogenic cooling results in 
decrease of the thermal loading and is commonly used to reduce the thermal lensing effect. 

At the Institute of Laser Physics of SB RAS a high power femtosecond laser system with pulse 
repetition rate 1 kHz based on diode-pumped Yb3+-doped media has been developing. One of the 
major features of this system is based on the parametric and laser method [2] of the amplification of 
pulses generated by master oscillator in the two optically synchronized channels. Temporally 
stretched pulse of master oscillator based on Yb:Y2O3 ceramics is amplified in regenerative amplifier 
to energy up to 0.5 mJ. Then radiation is divided to a parametric amplification channel and a laser 
amplification channel. In parametric amplification channel there are photonic-crystal fibre for 
spectrum broadening, parametric amplifier and compressor. In amplification channel there are two 
multipass amplifiers and SHG crystal. The first is 6-pass amplifier based on Yb:YAG water-cooled 
crystal that increases pulse energy up to 10 mJ. The second amplifier consists of 8 cryogenically 
cooled Yb:YAG bonded crystals and is used to amplify pulse energy up to 300 mJ. The cooling 
system of the second amplifier is based on four closed-loop helium cooler operating in vacuum 
chambers. Each chamber contains two Yb-YAG crystals which are mounted to a heatsink block that is 
in contact with closed-loop cryocooler. The expected output pulse parameters of the laser system are 
duration 10 fs and energy 10 mJ with 1 kHz repetition rate. 

In this work we numerically solved the thermal conductivity equation to get temperature 
distribution in amplifier elements of the laser system as well as parameters of thermal lenses. The 
results of modeling show that the value of the temperature difference is about 100-140 C between the 
axis and the edge of the crystal using the water-cooling and in the pump power range 100-200 W. The 
dioptric power slope of the thermal lenses for water-cooled Yb:YAG amplifier is about 5 m-1W-1. 

Such as all path length of the cryogenic amplifier is about 25 m, therefore for efficient 
amplification it is very crucially to minimize the short and long time angular stability of the beam. To 
reduce the mechanical vibrations the cooling system has been optimized. The results of the 
experiments show that short time angular stability is increased in three times and is about 5 µrad 
(RMS) with maximal deviation 10 µrad. Also, long time angular stability is increased to one order and 
two orders of magnitude for horizontal and vertical directions and equals about 11 µrad and 0.1 µrad, 
respectively.  

This work is supported in part by RAS Program “Extreme laser radiation: physics and fundamental 
applications”, registration number АААА-А15-115113010002-9 and Government program, 
registration number 01201374306. 
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Important properties of crystalline optical materials depends on the orientation of contained in them 
quantum systems interacting with the radiation. Therefore, the development of crystalline optical 
elements for different purposes need to have data on their orientation. Therefore, some methods for 
determining the orientation of the centers in crystals have been developed already [1-3]. 

In this paper we develop a theory of the spatial modulation of photoluminescence intensity of 
anisotropic crystals under laser excitation [4]. The proposed new method allows to determine the 
orientation of the quantum systems in anisotropic crystals of different crystallographic point group. 
The method was tested on the example of one of the color centers in the crystal of neutron-irradiated 
sapphire. Sapphire is optically uniaxial crystal. It has the formula of symmetry L33L22PC refers to the 
axial central class D3d trigonal system, the middle category. Any possible orientation of the dipole 
moment of transition in these crystals will be repeated up to 3 orientations (fig.1.a) due to the 
symmetry axis of the third order of L3. 

 

 
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 βEmax versus βμ. 
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In the experiment, the luminescence excitation is perpendicular to the optical axis of the crystal. 
Monitoring was carried out perpendicular to the laser beam at an angle of 45° to the optical axis of the 
crystal. Photographs of a spatially periodic distribution of the luminescence intensity of the sample 
were obtained (fig.1.b) at different orientations of the electric vector βE about the optical axis of the 
crystal. To determine the depth of the luminescence intensity modulation by means of the program 
«MultiVox DICOM Viewer» section of the luminescence intensity is obtained for each photo received 
(fig.1.c). By simple mathematical calculations defined angle βEmax - the angle of rotation of the 
electric vector with respect to the optical axis of the crystal, corresponding to the maximum value of 
the depth of the luminescence intensity modulation. 

On fig.1.d shows a plot of the angle βEmax versus βμ (fig.1.a). This graph is obtained by 
mathematical modeling. Comparing the experimentally obtained value βEmax with this plot, we get the 
value of the orientation angle of the test color centers in the crystal matrix. 

Thus, in this paper, the correspondence between the luminescence intensity modulation depth and 
orientation of the dipole moments of quantum transitions were defined by theoretical methods. The 
new method of measuring the orientation of the quantum systems in crystalline media was developed 
and experimentally tested. 

This work was supported by the project II.10.1.6 of Programs FNI of State Russian Academies, 
project number 3833 of ISU State Assignment and RFBR grant № 16-52-44056 Mong_a. 
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Laser cooling of atoms using magneto-optical trap is an essential part of modern atomic physics [1,2]. 
In order to measure temperature of cold atoms and their function of distribution methods of nonlinear 
spectroscopy are widely used. One of such methods is based on the so-called recoil-induced 
resonances which were predicted in the work [3] for the first time and were observed in this work [4]. 
In our work we described theoretically the most general case of recoil-induced resonances for 
arbitrary polarization of fields forming recoil-induced resonances and for arbitrary dipole allowed 
transition, since in previous works all analysis was down to either simplified two-level models or 
transition for certain values of momenta for ground and excited states or for concrete polarizations of 
fields.All calculations were provided for two different cases. In the first case cold atoms were 
supposed to be free and in the second one they were considered in the working magneto-optical trap 
which definitely had a significant impact on polarization dependence of  recoil-induced resonances.  

The main results of the work are: 
1. For any closed dipole transition we got explicit analytical expressions for polarization 

dependence of magnitude of recoil-induced resonances as for the case of free atoms and for 
atoms in the magneto-optical trap. Max and min values were gotten. 

2. In working trap contributions associated with orientation and alignment are suppressed because 
of averaging over parameters of local polarization vector of field of trap. One can easily 
retrieve information about an average value of multipole momenta of atom in magneto-optical 
trap from polarization measurements. 

3. Theory can be generalized subject to real hyperfine structure. 

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 grant of President of the Russian 
Federation (NSh- 6689.2016.2), by the Russian Foundation for Basic Research (grant nos. 14-02-
00712, 14-02-00939, 15-32-20330, 15-02-08377, 16-32-00127). 
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Laser-pumped atomic magnetometer has been well developed and exhibits higher sensitivity 
compared with the lamp-pumped type. As light shift transfers the laser frequency or intensity 
fluctuations to the magnetic-field measurement results, high-sensitivity atomic magnetometer requires 
the optical frequency stabilized to suppress the light shift. Commonly, those schemes need additional 
atomic reference cells and experimental setup, which makes the atomic magnetometer system less 
compact. More importantly, since the parameters of reference cells1 are inconsistent with those of 
atomic sensor the laser center frequency is difficult to be locked to the desired point automatically, 
which essentially causes systematic errors. Light shift can induce the atomic alignment to orientation 
conversion (AOC) effect2. This effect can deviated the left-circularly MODR signal IL and right-
circularly MODR signal IR. We use the different signal to control the laser frequency. 

The experimental setup of our laser pumped 4He magnetometer is illustrated schematically in 
Figure1, which is under the conventional MODR configuration. A linearly polarized light derived 
from a DFB (Distributed Feedback) fiber laser, is used for optically pumping and aligning the 
metastable state of 4He excited by a 33 MHz radio frequency discharge in a 45 mm long and 30 mm 
diameter atomic vapor cell (at room temperature, 0.3 Torr). The cell is placed in the center of a five-
layer µ-metal magnetic shield. A constant magnetic field B0 is generated by a solenoid. The magnetic 
field is set around the  geomagnetic  field value. The MODR signals are driven by a weak oscillating 
magnetic field B1, which is generated by a pair of Helmholtz coils. 

 
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 observe the two signals (IL and IR) simultaneously, a circular analyzer which consists of 

the QWP and the PBS is used in the experiment. The fast axis of the QWP is set at 45°with respect 
to thepolarization axis of the PBS. With this structure, the two circular components of the linearly 
polarized laser light can be transformed into two orthogonally linearly polarized light fields after 
passing the QWP, which can be exactly reflected or transmitted by the PBS and detected 
independently. 

We then adopt the magnetometer system with stabilized laser frequency to monitor the magnetic 
field variations inside the magnetic shield over more than 300 s. Fig. 2 shows the sensitivity of the 
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magnetometer, which reaches a noise floor of about 3 pT/Hz1/2 above 10 Hz. There exists a noise peak 
at 50 Hz due to the magnetic field noise in the lab. 

 

 
Fig. 2 The measured magnetic field sensitivity of the laser-pumped magnetometer, of which the laser 
frequency is stabilized. 
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Aiming at the requirement of monitoring gas pollutants in real time in the fields of industrial 
production and environmental protection, we investigate the gas sensing technique based on fiber 
laser intracavity absorption spectroscopy. After conducting the theoretical analysis of intracavity gas 
sensing, we construct the mixed gas sensing system which has a ring cavity structure and operates in 
C+L band. By combining intracavity absorption with wavelength sweep and modulation, we realize 
the sensitive detection of the mixed gases of C2H2, CO and CO2. In order to solve the problem of 
spectral overlap in mixed gas sensing, we proposed a method to separate the overlapping absorption 
lines rapidly, then their respective absorbance distribution can be retrieved. Considering the nonlinear 
and creeping characteristics occurred in the wavelength tuning process using the scanning laser source 
in our sensing system, we use the wavelength reference gas cell for laser wavelength calibration. The 
gas cell is filled with multiple gases and the absorption lines of each gas locate in one band of the 
laser source. The absorption wavelengths of different gases are used as the real-time wavelength 
reference and have good temperature stability. As a result, the accurate wavelength calibration of 
scanning laser source is realized in the wide tuning range and temperature range. The minimum 
detectable concentrations are 0.6 ppm，17.4 ppm and 19.2 ppm respectively, and the maximum errors 
of CO and CO2 are reduced to 35% and 42% of the errors without using the method.  
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Deterministically integrating semiconductor quantum emitters with plasmonic nano-devices paves the 
way towards chip-scale integrable, true nanoscale quantum photonics technologies. For this purpose, 
stable and bright semiconductor emitters are needed, which moreover allow for CMOS-compatibility 
and optical activity in the telecommunication band. Here, we demonstrate strongly enhanced light-
matter coupling of single near-surface (< 10nm) InAs quantum dots monolithically integrated into 
electromagnetic hot-spots of sub-wavelength sized metal nanoantennas.  

In this work structures with proximal InAs/AlGaAs QDs (distance to surface of 10 nm) grown in 
Stranski-Krastanov mode were studied. On the structure surface a periodical array of gold bowtie 
antennas was formed by electron lithography. Bowtie parameters were chosen to provide a spectral 
overlap of plasmon resonance and QD emission band [1,2]. Bowtie triangle size of 100 nm and the 
gap of 5 nm were verified by scanning electron microscopy (SEM) measurements. 
Microphotolumenescence (micro-PL) measurements were conducted with the excitation laser 
wavelength of 850 nm. As self-assembled QDs are randomly distributed, the part of QDs that strongly 
interact with antennas is low. On the map of integral intensity of micro-PL of 15x15 μm three QDs 
with an optical signal that exceeds average by an order of magnitude were observed. Laser reflection 
scan demonstrates a periodic structure with parameters corresponding to SEM image of antennas. The 
correlation of positions of high intensity QDs with maximums of laser reflection indicates that that 
QDs are located directly under nanoantennas.  

Micro-PL spectra were measured for different polarizations in the detection channel relative to 
bowtie main axis. Spectra of a QD with high intensity were measured in co-polarization and cross-
polarization that are parallel and perpendicular to the bowtie axis respectively. The maximum PL 
intensity for these polarizations was differed by a factor of 16 compared to a reference QD located out 
of the bowtie field. The proximity to a bowtie antenna dramatically changes the QD emission pattern 
from an isotropic one to a dipole pattern with the degree of polarization of 86%. 

The micro-PL dynamics reveals a decrease of the exciton life-time for the QDs interacting with 
antennas by a factor of 3.5 that was limited by the setup resolution. Therefore the increase of micro-
PL intensity, strong polarization dependence and the decrease of the life-time confirm that there is 
strong exciton-plasmon interaction between proximal QDs and nanoantennas.  

In summary, we demonstrated pronounced light-matter-coupling of bright ( 16x enhanced) and fast 
(< 200 ps), monolithically integrated, semiconductor InAs quantum dots positioned 10nm below small 
feed-gap (25nm) lithographically defined Au bowtie nanoantennas, resulting in Purcell-factors > 
3.5.The obtained results open the door to the control over emitter properties in hybrid metal-
semiconductor nanostructures. 

The work was supported by RFBR via grant 16-37-60075. AAL acknowledges the financial 
support via RF president scholarship (SP-3014.2016.3). 
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Plasmonic waveguides are commonly considered as promising candidates for integral photonic 
nanostructures as they allow to concentrate electric field on a scale below the light wavelength and 
therefore significantly reduce geometrical size of these structures. A possible scheme of plasmonic 
waveguides is based on fabrication of a narrow V-groove channel in a metal substrate [1]. Recently 
this concept was successfully transferred to silicon wafers and V-groove channels with 
crystallographic planes (111) were formed by UV-photolithography followed by chemical etching [2]. 
Thin gold film was then deposited by means of electron beam evaporation. Obvious advantages of 
this technique are technological simplicity that enables producing highly reproducible channels and 
possible implementation for integral hybrid structures. On the other hand, fabrication of a channel that 
is faceted with crystallographic planes limits the waveguide geometry including bending to an 
arbitrary angle. 

This geometrical limitation to a waveguide configuration can be overcome with chains of metal 
nanoparticles. When chain parameters are optimized, plasmonic modes can propagate over large 
distances with extremely low losses [3]. In this work plasmonic waveguides based on nanopyramids 
formed in nanoholes chemically etched in silicon and GaAs are theoretically investigated. Such 
geometry also allows to form pyramid-like nanoantennas and highly efficient plasmonic waveguides 
in a close proximity to monolithically integrated quantum dots (QDs) and other quantum emitters for 
integral photonic chips.  

Numerical simulations of plasmonic waveguides were carried out within the discrete dipole 
approximation [4]. Parameters of metal particles were set regarding realistic geometry of nanoholes 
that were formed in silicon substrates by electronic beam lithography with subsequent selective 
chemical etching. An important feature of this work is modification of individual particle geometry by 
turning a lithographical pattern relative to crystallographic axes. Dependence of chain waveguide 
transmission on a particle geometry and interparticle distance is studied. It is shown that chains of 
elongated pyramids enable highly efficient transmission of a signal from a point dipole source. Due to 
localized plasmon resonance nature these waveguide are essentially frequency selective and varying 
particle parameters the waveguide band can be designed to increase signal to noise ratio. Dependence 
on QD position is studied and the hybrid structure is optimized to perform strong exciton-plasmon 
interaction. Results obtained could be used for integral hybrid schemes based on semiconductor 
substrates with monolithically integrated quantum emitters.  

The work was supported by RFBR via grant 16-37-60075 and 16-32-00269. AAL acknowledges 
the financial support via RF president scholarship (SP-3014.2016.3). 
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Atmospheric-pressure gas discharges occupy an ever greater place in practical applications. Some of 
their obvious properties make it possible to consider atmospheric glow discharge plasma as a platform 
of the 21st century technologies [1]. To increase the specific energy contribution and homogeneity of 
plasma, high-frequency power supply sources are used. Magnetron microwave generators are highly 
efficient and have no competitors in simplicity and reliability. In this paper, a possibility of using 
microwave-range electric energy to accelerate ions of optical pulsating discharge (OPD) laser plasma 
for non-vacuum surface-treatment technologies is considered [2]. 

The electric field does not penetrate into dense laser-plasma, and all voltage applied to the gap (U) 
drops across the screening layer ( )1 21Dl r U T≈ +  formed by positive ions (where rD is the Debye 

length and T is the plasma temperature). The thickness of the screening layer at atmospheric pressure 
does not exceed the free path length. For a not too high frequency of the external source, when the 
oscillation amplitude of electrons (a) is greater than l, the electrons will reach the electrode. Then, 
owing to the semiconductor properties of the plasma-conducting body interface, at the screening layer 
there will be direct voltage needed for ion acceleration, in addition to alternating voltage. It is well-
known that in high-frequency discharge plasma as the gas pressure and field frequency rise, the direct 
voltage at near-electrode layers drops, and interaction with the surface in the microwave frequency 
range is not observed. However, for plasma density more than 1013 cm–3 at an external generator 
frequency not higher than 10 GHz the condition a>l is satisfied. It follows from our estimates that in 
the microwave field the OPD plasma (1013÷1018 cm–3) ions will interact with the surface with energy 
of up to several hundred eV. 

An analysis was made to test experimentally the possibility of obtaining, on the basis of OPD, an 
ion flow at atmospheric pressure and using it in the surface treatment technology. The motion of 
particles was simulated. The plasma was considered as an electrode under a floating potential located 
in the gap with an alternating field. On the basis of the analysis results, calculation and design of a 
toroidal cavity resonator were made. The cavity was located on a technological head forming a laser 
beam and a gas flow. Laser plasma is initiated in the gap of the toroidal resonator capacitor. The gap 
is formed by a conducting plate and the resonator head. This allows free motion of the plasma with 
the microwave field along the surface being treated. The energy input to the cavity from the pulsed 
microwave generator of a frequency of 2,47 GHz and a power of up to 3 kW is synchronous with the 
laser pulsed radiation. 

The results of measurements of microwave characteristics of the technological head are described. 
Preliminary experiments on the action of OPD plasma in the electric field on the surface being treated 
are presented. 
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Tungsten tellurite glass (TW-glass) is caused a growing interest because of unique combination of 
properties [1-3]. Glasses of the TeO2-WO3-(Er, Yb)2O3 system had been synthesized and their 
spectral-luminescent properties were investigated to evaluate the prospects for lasing. Judd-Ofelt 
intensity parameters have been determined from measured and calculated absorption transitions of 
Er3+ from the ground state to (4F5/2 & 4F3/2) band, (4F7/2 & 2H11/2 & 4S3/2), 4F9/2, and 4I9/2. This made it 
possible to determine the radiative lifetime of 4I13/2 level, absorption, emission, and gain cross section 
in the 1.53 μm band. The minimum value of inversion parameter was found to be 0.2. We model the 
population of the energy levels to determine the minimum pump intensity to the inversion parameter 
becomes equal to 0.2. 

Partial Er3+:Yb3+ energy level system as well as 
the relevant energy transfer between the Yb3+ and 
Er3+ ions are presented in Fig. 1. The resonant energy 
transfer corresponds to a de-excitation of an Yb3+ ion 
from its excited state 2F5/2 to the ground state 2F7/2 and 
an excitation of a neighboring Er3+ ion from its 
ground state 4I15/2 to the upper state 4I11/2. Due to the 
very short lifetime of the upper state (W32 ~150000 s-1 

is typical for 4I11/2 ~~> 4I13/2 in Er3+ doped glass) a 
quick relaxation to the metastable Er3+ state 4I13/2 
takes place and, thus, any back-transfer of energy is 
suppressed.  

The corresponding rate equations without any 
upconversion processes, energy back-transfer, 
without absorption of pump light by the Er3+ ions, and 
for low pump intensity can be expressed as 

∂N2 /∂t=W32 N3-W21 N2       (1a) 

∂N3 /∂t=σ13 φp N1+KtrN5N1-W32N3     (1b) 

∂N5 /∂t= σ45 φp N4- Ktr N5 N1-W54 N5     (1c) 

N1+N2+N3=NEr        (1d) 

N5+N4=NYb        (1e) 
where t represents the time, Ni is the concentration of ions in the  i-th state, NEr, NYb - concentration of 
Er and Yb ions, Wij represents the rate transition from i-th to j-th state, σij – cross section of i  j 
transition, Ktr – cross-relaxation from Yb3+ to Er3+ coefficient, φp = Ip/hν, Ip pump intensity, hν –energy of 
pump photon. 

Using this model and experimental spectroscopic data, we have determined the minimum pump 
intensity and cross-relaxation coefficient Ktr  for the sample of Er3+:Yb3+ TW-glass consisting of 
60TeO2-25WO3-14Yb2O3-Er2O3 (mol.%). 
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Fig. 1 Simplified energy level diagram of 
the co-doped Er3+:Yb3+ TW-glass 
system. 

W32
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The advent of high-power midinfrared femtosecond laser sources has opened up new perspectives in 
the research of strong-field laser-matter interactions. One of the most impressive benefits of using 
mid-IR sources to drive the processes associated with laser-induced ionization is a dramatic extension 
of the plateau in the spectrum of photons produced via high-order harmonic generation (HHG) in 
gases [1]. The extension of the plateau produced with longer-wavelength driving lasers is due to the 
proportionality of the electron ponderomotive energy to the square of the laser wavelength. However, 
the efficiency of harmonic generation by individual atoms is known to scale unfavorably (as λ−5−6 [2]) 
with the laser wavelength; this is caused to a large degree by a decrease in the probability of electron 
recollision with the parent ion due to the larger free-electron wave-packet spreading in a lower-
frequency laser field. It was demonstrated that this loss of efficiency can be substantially compensated 
for by implementing phase-matched HHG at high gas pressures and large interaction lengths using 
gas-filled waveguides [1]; the capability of this approach is, however, limited by the requirement of 
very low ionization level of a gas leading to limitations on the laser intensity to be used. A search for 
alternative approaches to increase harmonic yields is therefore a topical issue. One of the most 
promising approaches is to use multifrequency laser fields to facilitate favorable phase-matching 
conditions and/or to maximize harmonic emission from each particle of a gas. Recently, different 
schemes were proposed to achieve these goals using two- or three-color driving fields [3–6]. Most of 
these approaches relied on the use of many-cycle laser pulses; the physical origin of the yield 
enhancement on a single-atom level was usually explained in terms of the peculiarities of the free-
electron behavior in a multicolor field. 

In this contribution, we studied the possibility to enhance the efficiency of HHG using few-cycle 
optical waveforms obtained by superposing two laser pulses of different color delayed optimally 
relative to each other. A wide range of laser intensities has been addressed. Special attention was paid 
to the dynamics of the depopulation of atomic states, which, one the one hand, promotes electrons to 
the continuum to take part in the high-energy photon emission, but, on the other hand, depletes the 
nonlinear medium. The use of above-mentioned waveforms gives extra flexibility compared to the 
single-color case to control the bound-state depopulation and the electron acceleration in the 
continuum. The study was carried out using the quantum-mechanical treatment of HHG within the 
strong-field approximation [7] modified properly to adequately take into account the depletion of 
atomic states. Both frequency components of the laser pulse were considered linearly polarized along 
the same axis, whereas the total electric field of the synthesized waveform was taken as 
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where E1, ω1, τ1 and E2, ω2, τ2 are the field amplitude, frequency, and duration of the 1st and 2nd 
pulse, respectively; τ is the delay between two pulses and ϕ is an additional phase shift of the 1st 
pulse. Both strong- and moderate-intensity regimes have been explored, which correspond to strong 
and weak ionization cases, respectively; the latter case is more favorable in terms of phase matching. 
The parameters of the laser pulses were optimized to provide the maximal harmonic yield within a 
given range of harmonic photon energies. Typical results for the above two cases are shown in Fig. 1 
(left and right panels, respectively). These results demonstrate usability of the approach proposed here 
to increase by up to order of magnitude the efficiency of optical frequency conversion into sub-keV or 
few-keV photon energy ranges. 
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High efficiency of HHG in optimal conditions presented in Fig. 1 is explained by the peculiarities 
of the photoelectron dynamics, which are in these cases characterized by a combination of high-
probability release of the electron responsible for highest-order harmonic production and its 
subsequent strong acceleration accompanied by a relatively low probability of the bound-state 
depletion during the time interval between ionization and recollision. Similar results were reported by 
us earlier for the case of HHG driven by nonlinearly chirped few-cycle laser pulses [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 (λ=3,9 μm, grey 
line) and two-color (λ2=3,9 μm, λ1=1,95 μm, black line) few-cycle laser pulse. FWHM of the 3,9 μm 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=6,5×1014 W/cm2 (single-color field), I2=6,5×1014 W/cm2, I1=7,5×1013 W/cm2, τ1=2,1 T1, 
τ=0,25 T2, ϕ=0 (two-color field); T1,2=λ1,2/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=1,27×1014 W/cm2 (single-color field), I2=1,25×1014 W/cm2, I1=4,0×1012 W/cm2, τ1=1,5 T1, τ=0,25 T2, ϕ=0 
(two-color field).  
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Reported on the use of new nonlinear optical polymer material based on polyimide with chromophore 
DR-13 for generating terahertz pulses. A short THz pulses (a few field oscillations) are excited 
through an optical rectification in 1-μm-film with amplitude per unit of thickness 200 times greater 
than in the ZnTe crystal with a thickness of 500 μm. 
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Parametric four wave mixing (FWM) is an attractive process for nonlinear frequency conversion in 
optical fibers. Fiber optical parametric oscillators (FOPOs), utilizing the FWM principles, offer an 
opportunity to generate efficient tunable laser radiations in new spectral ranges, where the 
conventional fiber lasers are not available, in particular, in short-wavelength region, <1 μm. This 
region is particularly attractive for biological nonlinear microscopy - optical coherence tomography 
and coherent Raman scattering microscopy. All-fiber optical parametric oscillators operating below 1 
μm usually comprise photonic crystal fiber (PCF) pumped by an Yb-doped fiber laser. Recently, we 
have demonstrated CW FOPO in such configuration with wavelength tuning from 923 to 1005 nm 
[1]. Shorter wavelengths generation was limited by greatly increasing FOPO threshold power at large 
parametric frequency shifts. This effect might be due to the influence of pump linewidth and fiber 
longitudinal dispersion inhomogeneity on the parametric gain which reduces the integral gain inside 
the FOPO cavity. Few approaches in the past have been reported to understand the effect of dispersion 
fluctuations on the net parametric gain in fiber parametric amplifiers [2, 3]. However, the impact of 
dispersion fluctuations on the CW FOPO parameters (threshold and output power, slope efficiency) 
has not been studied yet.  

In the present work, a numerical simulation model of the oscillator according to FOPO theory [4] 
has been developed to account the impact of fiber inhomogenities on the performance of both 
polarization maintaining (PM) and non-PM FOPOs. The FOPOs were assembled using a 18-m long 
PM PCF (LMA-5-PM) from NKT photonics [1]. Ring cavity was formed by specially selected 
standard (for non-PM configuration) or PM (for PM configuration) wavelength division multiplexers 
(WDMs) used to launch the Stokes wave back into the cavity and remove the anti-Stokes wave 
outside it. 

The pump power threshold of the FOPOs was calculated using the spectral variation of the cavity 
losses (see Fig. 1a). For the homogeneous fiber, the variation of Pth follows the analytical relation [4] 
given as,  

                                                                        ,                                                               (1) 
where γ=10 (W.km)-1 is the fiber nonlinear parameter, L = 18 m is the fiber length, T is the round trip 
cavity transmittance. Calculated Pth is shown in Fig. 1b along with the experimental data shown by 
points. One can see, that experimental Pth value is much higher at the shorter wavelengths than the 
theoretical one. We assume that it is due to the longitudinal dispersion fluctuations along the fiber.  

The PM PCF supports two polarization modes and each mode has slightly different zero dispersion 
wavelength (ZDW). ZDWs for the fast- and slow-axis modes are 1052.95 and 1051.85 nm, 
respectively. The efficient parametric generation occurs when the phase matching condition is 
satisfied,  

                                                      (2) 
where the symbols have their usual meaning [1, 4].  The values β2(ωp) and β4(ωp) are expanded 
according to Taylor series, in terms of constants β03 and β04 at the ZDW:  

                                    and                                 (3) 
In our calculations, we have considered β03 = 6.755×10-2 ps3/km, β04 = −1.001×10-4 ps4/km. In 

order to model the longitudinal dispersion fluctuations along the fiber, we divided the total fiber 
length (L) of 18 m into 100 equal segments and assumed that the ZDW in each segment takes a value 
which were randomly chosen from a standard normal distribution with mean equal to ZDW and 
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standard deviation equal to X. One random realization of longitudinal fluctuation in ZDW of the fiber 
at X = 0.34 nm is shown in Fig. 1c. Solid red line in Fig. 1c represents the ZDW of corresponding 
homogeneous fiber. We calculated the threshold pump powers for N random realizations of modified 
dispersion and averaged it in order to get the averaged threshold power (Pth). The variation of Pth with 
anti-Stokes wavelength (λi) for both types of FOPOs is given in Fig. 1d. The solid curves represent Pth 
variation calculated at the presence of dispersion fluctuations. Terms ‘fast’ and ‘slow’ in the curve 
legends indicate that in PM case, the pump is polarized along the fast and slow-axis of the fiber 
respectively. Corresponding experimental data are shown by points in Fig. 1d.  

It is apparent that even a small variation in the fiber ZDW significantly affects the threshold power 
Pth of the CW FOPO for both the cases of PM and non-PM FOPO. Further from Fig. 1b and 1d it is 
clear that threshold is higher for PM FOPO than it is for non-PM FOPO because of the higher cavity 
losses (see Fig. 1a). Simulations also show an excellent agreement with the experimental results. 

 
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. 

To conclude, we have studied the effect of fiber longitudinal dispersion fluctuation on the 
threshold pump power of a CW FOPO both in non-PM and PM configuration. The simulations show a 
significant increase in the threshold power at parametric wavelengths. It is observed that a slight 
variation of the fiber dispersion is capable of increasing the threshold tremendously, especially at 
short wavelengths. A good agreement between our experimental and numerically simulated data is 
observed. 

This work was financially supported through Department of Science and Technology (DST), under 
Ref. No. INT/RUS/RFBR/P-184 and RFBR grant 15-52-45068_ind_a. The authors would like to 
convey their sincere thanks to both of the sponsoring agencies. 
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In a recent letter A. Danan et al. have experimentally demonstrated an intriguing behavior of photons 
in an interferometer [1]. This experiment was inspired by recent discussion about the past of a 
quantum particle in an interferometer [2]. Simplified layout of the experimental setup is a nested 
Max-Zehnder interferometer (MZI) depicted in Fig. 1. Ordinary beam splitters BS1 and BS2, and 
mirrors A and B form an inner MZI. Polarized beam splitters PBS1 and PBS2, and mirrors C, E and F 
form an outer MZI. Various mirrors inside the MZI vibrate with different frequencies. The rotation of 
a mirror causes a vertical shift of the light beam reflected off that mirror. The shift is measured by a 
quad-cell photodetector QCD.  When the vibration frequency of a certain mirror appears in the power 
spectrum, authors conclude that photons have been near that particular mirror. When both the inner 
MZI and the large one are adjusted to produce constructive interference of the light beams propagated 
toward mirror F and QCD respectively, the power spectrum shows peaks at all frequencies. 

 
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. 

 
The surprising result is obtained when the inner MZI is tuned to destructive interference of the 

light propagating toward mirror F. In that case the power spectrum shows not only peak at the 
frequency of mirror C but two more peaks at the frequencies of mirrors A and B, and no peaks at the 
frequencies of mirrors E and F. From these results authors conclude that the past of the photons is not 
represented by continuous trajectories, because the photons are registered inside the inner MZI and 
not registered outside it. The authors provide an explanation using the two-state vector formalism of 
quantum theory [3, 4] and claim that this would be the most intuitive explanation of the phenomenon. 
They also discuss that an explanation in terms of classical electromagnetic waves is certainly possible 
and provide a partial classical description of their results but consider there is no simple interpretation 
of the results within the framework of the approach. 
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These unusual results raised a spirited discussion [5–11]. The most thorough analysis of the 
experiment both analytical and numerical was made in [9] on the base of the optical paraxial 
approach. Nevertheless, until now there was no comprehensive and clear analysis of the experiment 
within the framework of the classical electromagnetic waves approach. In particular, it was unclear if 
the nature of the absence of peaks at the frequencies of mirrors E and F is the same or different. 

In this paper, we present a physically clear and comprehensive analysis of the paradoxical results 
[1] based on traditional concepts of the classical electromagnetic waves (or quantum mechanics). 
These concepts imply the continuity of the wave (photon) trajectories. 

We show that taking into account a) smallness of the optical beams deflection due to the mirrors 
vibrations, and b) axial symmetry of the beams, the light power difference absorbed by the upper 
(𝑦𝑦 ≥ 0) and the lower (𝑦𝑦 ≤ 0) cells of QCD may be represented as follows 

𝐷𝐷 =
2
9
𝐼𝐼0{[𝛿𝛿𝐴𝐴 + 𝛿𝛿𝐶𝐶 + 𝛿𝛿𝐸𝐸 + 𝛿𝛿𝐹𝐹]𝑐𝑐𝑐𝑐𝑠𝑠(𝜑𝜑𝐴𝐴𝐶𝐶) + [𝛿𝛿𝐵𝐵 + 𝛿𝛿𝐶𝐶 + 𝛿𝛿𝐸𝐸 + 𝛿𝛿𝐹𝐹]𝑐𝑐𝑐𝑐𝑠𝑠(𝜑𝜑𝐵𝐵𝐶𝐶) + 𝛿𝛿𝐶𝐶

+ [𝛿𝛿𝐴𝐴 + 𝛿𝛿𝐵𝐵 + 2(𝛿𝛿𝐸𝐸 + 𝛿𝛿𝐹𝐹)][1 + 𝑐𝑐𝑐𝑐𝑠𝑠(𝜑𝜑𝐴𝐴𝐵𝐵)]}� 𝑓𝑓2(𝑥𝑥, 0) 𝑑𝑑𝑥𝑥
∞

−∞
 

where 𝐼𝐼0 is the light intensity at the entrance of MZI, 𝑓𝑓(𝑥𝑥,𝑦𝑦) is normalized amplitude distribution 
(∬ 𝑓𝑓2(𝑥𝑥, 𝑦𝑦) 𝑑𝑑𝑥𝑥𝑑𝑑𝑦𝑦 = 1∞

−∞ ), 𝛿𝛿𝑖𝑖 is the vertical displacement of the light beam at QCD caused by the 
mirror 𝑖𝑖 vibration, 𝜑𝜑𝑖𝑖𝑖𝑖 ≡ 𝜑𝜑𝑖𝑖 − 𝜑𝜑𝑖𝑖, 𝜑𝜑𝑖𝑖 is the phase change of the light beam due to its propagation 
from the compound MZI entrance toward mirror 𝑖𝑖 and, finally, to QCD. 

In the case of constructive interference both inner and outer IMZ (𝜑𝜑𝐴𝐴 = 𝜑𝜑𝐵𝐵 = 𝜑𝜑𝐶𝐶), the expression 
in braces for the difference 𝐷𝐷 becomes as follows {⋯ }  =  {3[𝛿𝛿𝐴𝐴 + 𝛿𝛿𝐵𝐵 + 𝛿𝛿𝐶𝐶 + 2(𝛿𝛿𝐸𝐸 + 𝛿𝛿𝐹𝐹)]}. The 
signal power spectrum consists of peaks at frequencies of all the mirrors. Multiplier 2 at 𝛿𝛿𝐸𝐸  and 𝛿𝛿𝐹𝐹 
caused by constructive interference of light beams in upper and lower arms of inner IMZ. Moreover, 
the power spectrum at the vibration frequencies of mirrors E and F has a peak that is four times more 
the peaks at the vibration frequencies of mirrors A, B, and C, because the power spectrum is 
proportional to the square of the oscillation amplitude at each frequency.  

In the case of destructive interference of inner IMZ (𝜑𝜑𝐴𝐴 = 𝜑𝜑𝐶𝐶 = 𝜑𝜑𝐵𝐵 ± 𝜋𝜋) the expression in braces 
for difference 𝐷𝐷 becomes as follows {⋯ }  =  {𝛿𝛿𝐴𝐴 − 𝛿𝛿𝐵𝐵 + 𝛿𝛿𝐶𝐶}. Nature of the peaks absence at the 
vibration frequencies of mirrors E and F is different. Deflection of mirror E equally shifts beams in 
upper and lower arms of inner IMZ, and that is why it doesn’t change its destructive interference.  
Deflection of mirror A (or B) results in perturbation of destructive interference of inner IMZ propor-
tional to 𝛿𝛿𝐴𝐴 (𝛿𝛿𝐵𝐵). Moreover, output beam from inner IMZ is antisymmetrical about the 𝑦𝑦 axis caused 
by axial symmetry of incident light beam and smallness of mirror deflection.  In turn, the change of 
the output due to deflection of mirror F is symmetrical and is not measured, consequently, by QCD.  

It should be noted that measured signal 𝐷𝐷 is entirely caused by the interference of modulated and 
unmodulated parts of light beams of IMZ. So, in the case of destructive interference of inner IMZ 
(𝜑𝜑𝐴𝐴 = 𝜑𝜑𝐶𝐶 = 𝜑𝜑𝐵𝐵 ± 𝜋𝜋) the only unmodulated part is the one propagating along the lower arm of the 
outer IMZ. When this light beam moving from the mirror C is blocked then all peaks disappear. 

So, there is clear explanation of paradoxical results [1] based on traditional concepts of the classi-
cal electromagnetic waves. Thus, there is no necessity for a new concept of discontinuous trajectories. 
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One of the most important fundamental phenomena in nonlinear laser spectroscopy of gases is 
saturated-absorption resonance (SAR) in the field of counterpropagating light waves [1]. Usually, 
SAR is observed as a single structure (dip or peak, it depends on the waves’ polarizations and the 
structure of atomic energy levels). However the new effect was discovered several years ago [2], 
which consisted in observing of double structure of SAR: a narrow peak was formed in the middle of 
conventional saturated-absorption dip. In the work [2] the effect was explained using the simple 
spectroscopic model of a two-level atom, i.e. without taking into account degeneracy of energy levels. 
It was noted that the effect could not be caused by previously known phenomena. However, that 
simple model did not consider effects that can affect the form of the resonance in real experiments. In 
particular, it is well known that the higher-order spatial harmonics (HSH) of atomic polarization as 
well as changes in the parameters of light waves polarizations can have significant influence on the 
shape of SAR [1]. 

In this research we theoretically investigate the influence of HSH and parameters of light wave 
polarizations on the double structure of the saturated-absorption resonance taking into account the real 
(degenerate) structure of atomic energy levels. The results obtained demonstrate the significant 
influence of considered effects on the shape and contrast of the central peak (see Fig. 1a as an 
example of the resonance curve). Moreover, numerical calculations show that variation of the 
polarization parameters can result in disappearance of the double-structure effect (Fig. 1b). It is 
associated with the peculiarities of optical pumping in atomic gas. The optimal values of light wave 
polarizations and intensities to obtain a high-contrast central peak have been defined. 
 

        
Fig. 1. Saturated-absorption resonance: (a) Influence of HSH on the contrast of central peak (solid line takes 
into account the higher spatial harmonics); (b) variation of light-field polarization parameters results in 
disappearance of the double-structure effect (lin || lin configuration, R1, R2 are the Rabi frequencies). 

 
The results have essentially complemented the knowledge about the new nonlinear effect that was 

discovered in [2] and can be used, for example, in quantum metrology for laser stabilization. This 
work was partially supported by RFBR (grant nos. 15-02-08377, 15-32-20330) and by Russian 
Presidential Grant (NSh-6689.2016.2). 
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Among various soft matters, liquid crystals (LCs) have perhaps the most interesting and promising 
optical properties. LCs feature very high nonlinear optical susceptibility of complex orientation-
electronic nature [1, 2]. Orientation order and anisotropy of LCs can be easily modified by applying 
relatively weak electro-magnetic fields and inducing thermal gradients [3]. Good quality optical 
contact between LCs and glass substrates is normally achievable. It makes LCs attractive optic media 
for research into nonlinear photonics and development of novel optic devices, including fiber-coupled 
ones. Thus a miniature fiber-coupled LC-based laser frequency converter was demonstrated recently 
[4]. It has a fiber input and a free-space output. An important task for further elaboration of such LC-
based nonlinear photonic devices is transition to the in-line (fully fiber-coupled) design. In-line LC-
based fiber-optic elements may be in demand for various applications ranging from ultra-compact 
laser systems to telecom technologies. 

On the basis of the above, we studied experimentally feasibility of nonlinear fiber-to-fiber 
coupling via nematic liquid crystal (NLC). The experimental approach is illustrated in Fig.1. Two 
identical telecom single-mode optical fibers (core diameter ~ 8 μm) were terminated coaxially in a 
cylindrical sleeve filled with NLC. A room-temperature cyanobiphenyl-based (nCB) nematic mixture 
was used. The spacing S between the fiber end faces was adjustable from ~ 10 to 500 μm by means of 
a translation stage with a micrometer. To monitor the gap a CCD camera with microimage optics was 
used. А lengthwise slit in the mating sleeve enabled adjustment of the NLC capacity. A fiber-coupled 
laser diode at 1480 nm with output power tunable from few to 400 mW was used as a light source. 
 

 
Fig. 1 Experimental fiber coupling arrangement: NLC – nematic liquid crystal, S – fiber spacing value 
(varied ~10 ÷500 μm). The right inset is a microimage of the gap (obtained by a monitoring CCD camera).     
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We discovered that strong optical coupling (loss ~ 1 dB) of two single-mode optical fibers 
separated coaxially by NLC can be achieved through a self-induced light guide despite a relatively 
large fiber-to-fiber spacing and a low optical power. This effect is due to light-induced reorientation 
of NLC molecules, which causes self-confinement of a propagating laser beam. Self-confinement of 
light in NLCs was already observed and explained earlier [2]. In our work this effect was for the first 
time exploited to achieve and study nonlinear fiber-to-fiber coupling and to demonstrate feasibility of 
development of NLC-based in-line fiber-optic elements and devices. Fig. 2 represents the measured 
transmission curve for fiber-to-fiber coupling via a 320-μm NLC-filled gap. 
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Fig. 2 Experimental transmission curve (dependence of fiber-to-fiber coupling coefficient on the input 
optical power) traced 3 times for reproducibility proof at S ≈ 320 μm. The horizontal line marked by triangles 
is measured transmission of the same gap but filled with a refractive-index matching gel instead NLC.  

 
Despite the huge fiber spacing equal to ~4 diffraction lengths, the transmission reached nearly 70% 

at a certain optical power level (~ 40 mW). The self-induced light guiding was enough stable over 
time and quite reproducible. The largest fiber spacing which still allowed strong optical coupling was 
estimated experimentally as nearly 450 μm. 

The physics of self-triggered light guiding in NLC is supposed to be based on the balance between 
diffraction and self-focusing. However it differs from nonlinear light propagation in solids because of 
highly nonlocal response of NLC. Thus the critical power for the above balance in NLC is defined by 
an equation different from the Kerr case typical for solids [2]. In NLC the critical power varies with 
the beam waist. Self-focusing weakens (the critical power increases) as the spot-size reduces, thereby 
preventing collapse and stabilizing the self-trapped wavepacket in NLC.   

The obtained results prove feasibility of strong nonlinear fiber-to-fiber optical coupling via 
nematic liquid crystals. It opens up possibilities for development of novel NLC-based in-line fiber-
optic elements with such functionalities as laser frequency conversion, power limitation, and 
polarization control. 

The work was partially supported by government programs (projects: NSh-6689.2016.2, 
030720140005, and 030720140007). 
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Silicon nanoparticles are wildly used in different photonic applications [1, 2]. Its optical properties, 
including resonant responses, are considerably dependent on the sizes, shape, and crystallization 
degree. The methods of laser ablation in liquid allow to control the average size and spherical shape of 
the fabricated particles choosing suitable irradiation conditions (pulse duration, energy density etc.). 

In this paper we present results of the silicon nanoparticle synthesis (with average nanoparticle size 
control) by the continuous laser irradiation of the thin silicon target placed in ethanol. Porous and 
monolithic silicon targets are considered. The generated colloidal solutions are used for formation of 
the one-layered covering composed of silicon nanoparticles with resonant optical response in the 
visible spectral range. 

For fabrication of silicon nanoparticles the method of CW-laser ablation was used [3]. Application 
of the CW-laser radiation source with moderate intensity provided the possibility to obtain nanoparticle 
with a small deviation of the average value. To avoid the oxidation of nanoparticles we realized the 
laser ablation experiment in the 99% ethanol.  

The laser beam (diameter 100 μm) was focused on the surface of the target (using the long focal-
length lens with the focal length of 100 mm) and scanned it. The power variation was in the diapason 
of 10 – 100 W, which was resulted in the radiation intensity of 105 – 106 W/cm2. The whole irradiation 
time was 60 minutes. 

The laser irradiation of the porous target resulted in a wider distribution function of nanoparticle 
sizes as compared with crystalline target (fig.1). In the both cases spherical nanoparticles with average 
diameter of 100 nm were obtained (fig.2). 
 

   
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 μm/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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Images of the particles shown in fig.2 correspond to the evaporation process of the ethanol colloidal 
drop with nanoparticles inside. The experiment was carried out in a temperature controlled chamber 
with the temperature of 20 oC. As it can be seen from fig.2 there are uniformly deposited particles on 
the base area of the drop after its evaporation. 

To control the deposition of the nanoparticles from a small colloidal drop we have used the methods 
described in [3]. The results of silicon nanoparticle depositions under different temperature conditions 
is shown in fig.3. 
 

 
Fig. 3 AFM-images if the deposition of the silicon colloidal particles in controlled temperature chamber with 
temperature conditions 15 oC, 10 oC, 5 oC accordingly (left to right). 

 
It is necessary to note that due to the thermostabilization and vapor saturation the evaporation 

process in the temperature controlled chamber differs from the evaporation at the natural conditions. 
The measurements of nanoparticle optical properties were carried out using a microscope with x100 

lens. As we can see from fig.4 nanoparticles can resonantly scatter light of different frequencies. 
 

 
Fig. 4 A dark-field (scattered light) image of the deposited colloidal systems of monolithic (a) and porous (b) silicon 

 
It could be with the different sizes and crystallization degree of the nanoparticles [1]. It is also 

important that in the case of the irradiation of the porous silicon target a large amount of nanoparticles 
does not support the resonant optical response in the visible range, because of their low refractive 
index. 
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It is known that main parameters of gas discharge lasers such as pulse duration, output and efficiency 
are substantially determined by uniformity and stability of self-sustained volume discharge in active 
mixtures. Currently it is generally recognized that necessary conditions for volume discharge 
development are the use of properly shaped electrodes with no strong edge effects, preionization from 
different sources (VUV radiation, x-rays, electron beam and so on) producing certain electron number 
density, over-voltage pulse applied to a laser gap [1–3]. 

Nevertheless, formation of quite uniform discharge in various gases at high pressure and efficient 
lasing are possible even without any preionization if voltage pulses with amplitude over 100 kV and 
sub-ns rise-time are applied to needle or blade electrodes [4]. In this case volume discharge is formed 
due to preionization by beam of run-away electrons. This discharge form is called run-away electron 
preionized diffuse discharge (REP DD) [5]. 

Below laser parameters in different spectral ranges under REP DD excitation are presented. REP in 
various gas mixtures was formed by a RADAN-220 generator producing voltage pulses with 
amplitude of 250–300 kV and rise-time about 1 ns. Laser gap was formed by two blade electrodes 30 
cm in length. The discharge gap d between the electrodes was d=1.8 cm. The optical cavity comprised 
plane mirrors. Mixtures of rare gases, nitrogen, hydrogen, deuterium with SF6 and F2 were used in 
experiments. 

Two operation modes of N2 laser in N2-SF6 mixtures under REP DD excitation were obtained in 
experiments. Maximal electric efficiency of N2 laser is characteristic of the first operating mode. In 
this the case main part of energy stored in the generator is deposited into discharge plasma during 10 
ns. The maximal energy of the UV radiation at 337 nm was 4.2 mJ, the peak radiation power reached 
1.4 MW. The electrical efficiency was as high as 0.2 %. Such efficiency is close to the ultimate 
theoretical value and to maximal efficiencies obtained experimentally for discharge nitrogen laser 
emitting at 337 nm. 

Characteristic feature of the second operation mode of N2 laser is two or three radiation peaks 
during successive current oscillations. This operation mode was achieved for the first time in the gas 
mixtures at pressure below ≈100 Torr. 

Ultimate efficiency of non-chain chemical HF(DF) laser was demonstrated under REP DD 
excitation. Duration of REP DD current in SF6-H2(D2) mixtures was about 10 ns. Input electric power 
was as high as 15 MW⋅cm-3. Laser pulses have one peak with about 75 ns in duration (FWHM) 
followed by an exponentially decaying tail. Maximal output on HF and DF molecules reached 110 mJ 
and 75 mJ, respectively, with peak radiation power over 1.2 MW. 

Intense cascade transitions prove the high uniformity of REP DD which provides uniform energy 
deposition into the discharge plasma. Cascade transitions increase the extraction efficiency from the 
active medium of non-chain chemical lasers, because one HF or DF excited molecule may emit up to 
3–4 photons. Besides due to high REP DD power, the lasing on separate lines started within 15–20 ns 
after the gap breakdown which decreases the energy loss for attainment of the lasing threshold. These 
factors provide ultimate efficiency of the REP DD pumped non-chain laser. 

Efficient UV and VUV laser action on excimer molecules in rare gases–F2 mixtures was obtained 
for the first time. Therewith an oscillatory character of REP DD with duration over 50 ns was evident. 
Laser action was observed during 2–3 current periods (see Fig. 1). This means maintaining the REP 
DD diffuse burning phase even after repeated change of the current direction. Maximal output of 
XeF* laser in 30 ns pulse was as high as 10 mJ, corresponding to electrical efficiency of 0.65%. 
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Fig. 1 Waveforms of REP DD current (Id), spontaneous emission (Psp) and laser pulses (Plas) on KrF* (a) and 
XeF* (b) molecules. Gas mixtures of the Не : Kr : F2 = 3 atm :100 : 5 Tor (a) and Не : Xe : F2 = 3 atm :10 : 5 
Torr (b) compositions are used. 

 
Lasing on KrF* molecules starts within 10 ns and lasted during two current half-cycles, while total 

duration of the laser pulse was as long as 30 ns. This also indicates the high homogeneity and stability 
of the REP DD in He-Kr-F2 mixtures. The laser output increases linearly with He pressure and 
reached Q=20 mJ, the electrical efficiency was as high as 1.3%. 

Thus, the results obtained demonstrate that parameters of REP DD pumped XeF* and KrF* lasers 
are comparable with the parameters of lasers pumped by a transverse discharge with preionization. 

Simultaneous laser action on red FI lines and VUV transition of F2 molecules at 157 nm was 
obtained in He-F2 mixtures (see Fig.2, a). VUV laser pulse on F2 molecules had two distinct peaks and 
one weak peak during three half-periods of the REP DD current, lasing duration was as long as 25 ns. 
The VUV radiation power in the peaks increased exponentially with He pressure. Maximal VUV 
energy of 2 mJ was achieved at He pressure of 5 atm. Therewith electrical efficiency of F2 laser was 
as high as 0.1%, which, similarly to XeF* and KrF* lasers, is comparable with the parameters of F2 
lasers pumped by a transverse discharge with preionization 

REP DD in binary and ternary Ar-Xe-(He) and Ar-Kr-(He) mixtures intensively emits at 
wavelength close to 147 nm. Parameters of VUV emission in REP DD in these mixtures was studied 
(see Fig.2, b). Increase of helium pressure results in dramatic increase of the VUV radiation intensity 
while its duration at half-maximum decreased. Radiation at 147 nm appears within 5–10 ns after REP 
DD formation which may be a sign of laser action. Additional experiments for obtaining the VUF 
laser emission in rare gas mixtures with increased cavity resonator Q-factor are necessary. 
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Fig. 2 Waveforms of 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 of 7% (1, PVUV) and 90% (2) are used (a) and waveforms of 
REP DD current Id and visible (Pvis) and VUV (PVUV) emission in He:Ar:Xe=3 Atm:400:0.4 Torr mixture (b). 

 
This work was made under the support of the Russian Foundation for Basic Research, project No. 
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Photonic lattices are a versatile platform for realizing and observing numerous optical phenomena. 
This platform can provide such properties and possibilities, which no other system can offer. One of 
representatives of this class is a discrete mesh lattice1. Such systems are composed of an array of 
waveguides with each one being discretely and periodically coupled to its adjacent neighbors (Fig.1, : 
(a,c)). Unlike ordinary waveguide arrays, light propagation in such mesh systems is discretized in two 
dimensions (transverse and longitudinal). Though such systems are quite complex and expensive in 
manufacturing, therefore another type of photonic lattices was designed – synthetic photonic lattices 
(SPL) (Fig1, left, (b,d)). These lattices are analogous to discrete mesh lattices with one important 
difference – signal evolution in synthetic photonic lattices takes place in time domain instead of 
spatial domain evolution of mesh lattices. As indicated in several studies, SPL can be used to observe 
a number of processes, like discrete quantum walk, PT – symmetry[1-2], discrete solitons and optical 
diametric drive acceleration through action-reaction symmetry breaking. 

  
Fig. 1 Left: (a,c) mesh photonic lattice, (b,d) synthetic photonic lattice. Right: evolution of localized modes 
excited at m=0. 

 
An SPL consists of two coupled fiber loops that are coupled via a central 50:50 directional 

coupler. These two fiber loops differ in length by ΔL. Here, the equivalent transverse coupling to the 
left and right sites is enabled by this length difference between the two loops. An independent 
discretization in time is then obtained by monitoring the round-trip number m in these loops. Hence, 
the system is essentially discretized in two dimensions (Fig. 1, right). As we will see, the propagation 
dynamics of light pulses, launched in such discrete temporal lattices is exactly identical to those 
expected in the spatial configurations. Evolution of impulse chain depends on phase of each impulse 
and can be altered by phase modulators. Phase modulation plays role of an optical potential in the 
system. Different configuration of this potential leads to different eigenmodes, that is the pulse chains 
with stable number of pulses within. We show analytically and numerically that controlling phase 
shift of light pulses by means of phase modulator it’s possible to construct an analogue of a 
waveguide in SPL with the eigenmodes localized inside the waveguide. It is found that modes 
corresponding to surface waves on borders of potential wells may emerge. We investigate the 
evolution of these localized waves in SPL.  

This work was supported by Russian Ministry of Education and Science (14.584.21.0014) 
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For more than 20 years in the Baikal region Institute of Laser Physics is carried out continuous 
monitoring of the deformation processes of Earth’s crust in the underground mine of geophysical test 
site "Talaya" observations using the laser strainmeter developed in the Institute. As a result of 
processing large amounts of data, new information about the impact of the process of preparing 
regional strong earthquakes on the deformation processes at the observation point was obtained.  
The report describes systematic recurring features in the deformation process, pointing to the 
preparation of a regional earthquake.  
 

 
Fig. 1 Excitation of microdeformation noise before the earthquake of energy class K = 13.5.  

 
Identified features lie in different ranges of the oscillation periods: days-long monotonic  strain 

drift, disturbances in the course of semidiurnal tidal fluctuations, super long-period oscillations 
excited in the lithosphere and the atmosphere on the eve of seismic events, generation of the micro 
deformation noise with periods ranging from 20 to 40 s Fig.1. Data of rather rare and unique case of 
the deformation process during the preparation of the earthquake of the 14th energy class located at a 
distance of 30 km from the observation point are described. 
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Laser strainmeter designed in Institute of Laser Physics for geodynamic monitoring of stressedly-
deformed state of rock and study features of the deformation process on the eve of regional 
earthquakes is described. Strainmeter is built under the scheme of unequal-path Michelson 
interferometer with a transfer of phase information from optical range to radio-frequency range by 
optical heterodyne. Acousto-optic modulators are used to obtain heterodyne and measuring radiations 
with fixed optical frequency difference (1 MHz). The main advantage of the laser strainmeter is that it 
does not require the use of shielding of laser beams on the measuring base. The original method of 
eliminating the influence of the atmosphere on the strain measurement is used. This method consists 
in the direct measurement of the variations of the wavelength in the atmosphere using a short fixed 
length measuring arm (standard) and provides a relative sensitivity about 10-14 in a band of recorded 
frequencies up to 1 kHz and a measurement base up to 300 m. Strainmeter can be used in the mining 
industries for the prediction and prevention of emergency situations caused by rock bumps and other 
manifestations of rock pressure. 
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An interaction of excited states of alkali atoms with transparent dielectric surfaces such as glass and 
sapphire are not fully understood. It is known that the excited atom loses its energy almost completely 
in a collision with sapphire (Al2O3) surface. It happens notwithstanding that sapphire has a wide 
transparency window stretching up to vacuum ultraviolet range, which means that sapphire has no 
energy levels/energy zones corresponding to alkali excited state energy (~ 1.5–3 eV). The question 
arises: what process is responsible for energy exchange and quenching of alkali excited states?  

Besides, an atom approaching the surface experiences attraction due to induced mirror image 
resulting in van-der-Waals (vdW) or Casimer-Polder interaction [1]. VdW interaction scales as V(r)/h 
~C3/r3, where r is the atom-to-surface distance, with C3 ~ 1.1 kHz·μm3 for Rb 5S1/2 →5P3/2 transition 
[1]. An estimated frequency shift due to vdW interaction is about 1 GHz at the distance r ~ 10 nm. 
The frequency shifts may be different for different states causing level crossing, states mixing and 
nonadiabatic transitions. 

The main goal of our research is to investigate the Rubidium excited states (primarily 5P3/2 and 
5D5/2) fluorescence in close proximity to sapphire surface. We are looking for energy shifts and 
optical line asymmetry produced by excited atoms moving to and from the surface. The main 
difficulty in such measurements originates from the fact that the number of atoms near the surface is 
very low. Hence, the major part of the fluorescence or absorption signal comes from the atoms that 
are far away from the surface.  

We use an Extremely Thin Cell (ETC) with variable thickness of 250–400 nm filled with natural 
mixture Rubidium isotopes made by Armenian group, see e.g. [2]. The cell has two round flat 
surfaces; its interior has a wedge shape with the dimensions specified above. We have ability to 
choose a desired thickness by illuminating the cell at the defined wedge height. We expect that with 
cell size of 400 nm about 2–3 per cent of atoms would be surface-influenced to provide us some 
insight. 

              
Fig. 1 Levels of 85Rb: two-step excitation populates 5D5/2 level, fluorescence from 6P3/2 level is detected. 
 

The relevant Rubidium levels are presented in Fig.1. We populate the level 5D5/2 by two-step 
excitation by means of two cw-diode lasers (ECDL TOPTICA DL-100) adjusted to resonant 
transitions 5S1/2 →5P3/2 and 5P3/2 →5D5/2 with wavelength of 780 and 775 nm. An intense blue light 
with λ=421 nm is observed from 6P3/2 level. The luminescence is unidirectional in contrast with four-
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wave-mixing case [3]. It should be noted that thermal time-of-flight is only ~1 ns, very short in 
comparison with 707 ns, the 5D5/2-level spontaneous decay time. 

The set-up is shown in Fig.2. First, stabilized by Rb reference cell 780 nm-laser excites the one of 
85Rb  hyperfine 5S1/2 →5P3/2 transition. Second laser with λ=775 nm is scanned by piezo. Two laser 
beams are focused in the cell with spot size of ~85 μm. Diffraction grating monochromator M266 
(Solar LS) is used for detection of blue light by means of CCD or PM Tube (Hamamatsu H11890). 

 
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. 
 

Fig. 3 presents an example of the excitation spectrum of 6P3/2-level blue fluorescence when second 
laser was scanned around 5P3/2→5D5/2 resonance line. The power of the second laser was minimized 
to suppress power broadening. Blue fluorescence intensity in dependence on the cell thickness, Rb 
number density and lasers light power were investigated and will be reported. Some line shape 
distortion could be explained taking into account unresolved hyperfine structure of 5P3/2 excited state. 
The observed minor lines originate from non-resonant two-photon excitations from ground state 
hyperfine sublevels of 87Rb (two lines) and 85Rb (one line). Note, also, that the measured line width is 
almost twice less than the Doppler width. 

 
Fig. 3 Blue fluorescence line shape versus 775nm-laser detuning. 
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Transform-limited pulses with energy level under hundreds of uJ and high repetition rates are 
necessary and essential tool for femtochemistry study and laser spectroscopy [1]. To satisfy 
requirements of these researches, the pulses should produce excellent pulse-to-pulse stability and 
broad bandwidth. There are lots of oscillators that generate transform-limited pulses with durations of 
a few hundreds of femtoseconds and nJ order of energy level. One of the ways of creation of a laser 
system that produces pulses such as described above could be amplification of the pulses without 
temporal stretching. 

There are a few models describing the laser amplification process for significantly chirped pulses 
or an inhomogeneously broadened medium. These models are based on the iterative algorithm using 
Frantz-Nodvik equations for each independent frequency or solving the system of equations in 
accordance for instantaneous frequency independently, but all these models cannot be applied to the 
transform-limited pulses amplification in homogeneously broadened medium. Furthermore, the less 
pulse is chirped the less accuracy these models have, providing not correct results [2] for weakly 
chirped broadband or transform-limited pulses. 

In this paper we present the model describing the laser amplification process of near transform-
limited broadband pulses in homogeneously broadened medium. The model based on the system of 
rate equation coupled with photon-transport equation and written in the moving frame coordinates: 

    (1) 
where I(z, t) – an intesity of laser pulse, c – the velocity of light, σ – emission cross-section, ω – the 
frequency of pulse, N(z, t) – an inversion population density. In our model σ(ω) is a function that 
represents the spectral distribution of emission cross-section. According with our assumption the 
production σ(ω)𝐼𝐼(𝑧𝑧, 𝑡𝑡) corresponds to the interaction of laser pulse with a medium and should be 
done in frequency domain: 

  (2) 
In the equation (2) the function S(z,t) represents a convolution a laser pulse with a medium in time 

domain. For the second equation in the system (2) the same transformations should be done with 
hω≈hω0, where ω0 is a central frequency of laser pulse. Then system (2) is rewritten as: 
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     (3) 
The system (3) describes simultaneous interaction of all frequencies of the propagating pulse at 

each step along propagation axis, thus providing valid approach for the laser amplification of an 
unchirped pulse. 

This system of equations was analyzed and we come to the conclusion that the proposed system 
provides information about the output characteristics of an unchirped pulse after passing through an 
active homogeneously broadened medium and about the population inversion inside the medium at 
any moment of time.  

Investigation of amplification of 1 ps transform-limited laser pulse at 1030 nm central wavelength 
was done for Yb-doped media [4] (Yb:Y2O3, Yb:YAG) by using both of models and compared. We 
analyzed the evolution of spectral and temporal profiles of the pulse during propagation through the 
active medium. The dependencies of output intensity from the input pulse temporal profile and 
energy, the pump wavelength and power, length of active medium and its gain cross-section. We 
observed that increasing pulse spectral bandwidth leads to the lesser accuracy while using well-known 
models, but in our simulations we get the reliable results without dependency on the bandwidth.  

This model could be used for simulations of laser amplification of weakly chirped broadband or 
transform-limited pulses in homogeneously broadened medium. 

This work is supported in part by RAS Program “Extreme laser radiation: physics and fundamental 
applications”, registration number АААА-А15-115113010002-9 and Government program, 
registration number 01201374306. 
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Laser Terahertz (THz) control systems require waveguide and selective elements. Currently 
waveguides for the transmission of terahertz radiation [1-2] are studied. Creating a photonic crystal 
fibers (PCF) with a hollow core reduces losses and allows to select the THz signals. 

We have proposed the formation variant of periodic structures using the assembly of polymer 
waveguides [2] to generate PCF. In order to generate a hollow core PCF we have proposed the 
method of forming a waveguide of the folded film with fibers attached to it Fig. 1 (b-c). 
 

a)    b)     c)  
Fig. 1 Formation of the photonic crystal fiber with set of fibers: a) tight assembly; b) dense spiral 
convolution; c) sparse spiral convolution. 

 
Fibers with diameter of 350 ± 25 microns is used in the manufacturing of PCF samples. PCF 

formation iscarried out in a polypropylene tube of 10 mm inner diameter and a wall thickness of 1.5 
mm. The measurement of waveguides spectral transmittance characteristics is taken with BRUKER 
IFS 66v/S spectrometer in the synchrotron radiation center at the ICKC, Russian Academy of 
Sciences. 

Fig. 2 shows the transmission spectra of the polypropylene rod, PCF with a dense arrangement of 
fibers based on the self-organization and PCF formed by spiral convolution of fibers on the film (film 
thickness of 9 and 18 microns). The sample length is 10 mm. 

The transmission spectra of PCF with a spiral periodic structure arouse the greatest interest. Fig. 3 
shows the transmission spectra of PCF with a spiral structure with a different film thickness and 
length of the samples. For comparison, the figure shows the range of polypropylene rod transmission. 

The greater transmission compared with other samples is primarily due to the appearance of air 
cavities. The graph clearly shows the frequency changes of the transmission spectrum. It should also 
be noted the diminution of waveguides transmission above 50 microns, taking into account that the 
transmission of the polypropylene is increased in this range. 

di

di

Li Li

di
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Fig. 2 The waveguide samples transmission range. 

 

 
 

Fig. 3 PCF transmission spectrum with a sparse spiral convolution. 
 

It should be noted that the observed periodic changes of the THz radiation transmission that are 
more than 2 times on the interval 15-100 microns with a period of the wave number of 110 cm-1 
indicates that the reflection angle of Thz radiation is changed due to the periodic variation of the 
waveguide wall material refraction index and respectively the transmittion factor of the photonic 
crystal fiber is also changed. 

This type of photonic crystal waveguide can be used as a comb filter of THz radiation. 
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The present work reports the results of studies of a new effect, which manifests itself as a temporal 
delay of electromagnetically induced transparency on the atomic D1 line of rubidium under dynamic 
excitation of its Λ-system of levels by bi-chromatic pump field. It was found out that as the system 
excitation frequency rises, the maximum of the coherent population trapping (CPT) resonance is 
reached at progressively later phase of the periodic signal controlling the system excitation.  

CPT resonance in this three-level system was created by scanning the frequency difference of the 
bi-chromatic pump field around the ground-state hyperfine-splitting frequency (6.834 GHz) of 87Rb. 
At relatively slow scan rates (~1 Hz) of the frequency difference, the maximum of the CPT resonance 
was met at the moment when the frequency difference of the bi-chromatic pumping field became 
equal to the value of the ground-state hyperfine-splitting frequency. At higher scan rates (>100 Hz), 
the CPT resonance maximum occurred at a later moment.  

We studied this effect of CPT resonance formation in rubidium cells of two different types: one 
with buffer gas and the other with anti-relaxation wall coating. To quantify the effect, we measured 
the phase delay, or phase incursion of the periodical signal controlling the frequency difference of the 
bi-chromatic pumping field, at which the CPT resonance maximum occurred. Fig. 1 demonstrates 
both experimental and theoretical dependencies of the phase delay upon the scan frequency of the 
frequency difference of the bi-chromatic pump field. There is a clear correlation between the 
theoretical and experimental curves, which both reach saturation at comparatively high scan 
frequencies.  
 

 
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. 

 
The present work provides details of the conducted experiments and modelling methods, discusses 

the influence of the discovered effect on stability of atomic clocks relying on dynamically excited 
CPT resonances.  

The present work was carried out with support from Russian Science Foundation Grant №16-12-
10147. 
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Terahertz vibration properties in biological material are still not entire clear. Strong coupling between 
electromagnetic and acoustic vibrations led to enhanced nonlinearity. The properties studies are a 
valuable type of basic science research because they serve to enhance our fundamental understanding 
of the biological activity nature. 

The key question consists of the energy distribution in biological media. Most of authors implicitly 
presume equilibrium distribution in homogenous media for biological condition. This model is not 
feasible for intracellular media due to two factors: (1) processes in live material occur far from 
thermodynamic equilibrium, and (2) living cells inner media is ordered by a network of tubules 
forming the cytoskeleton that dramatically differ from homogeneity. 

Except thermodynamic equilibrium there are two possibilities for energy distribution. First of it 
connect with inhomogeneous distribution of thermal energy in sample. In this case there is local 
thermal equilibrium without remarkable features in energy levels distribution. More sophisticated and 
interesting case is non-equilibrium energy level distribution like in laser active media population 
inversion. 

Several researchers have proposed that nearly all of energy can concentrated in just one of 
vibrational mode. These theories were initially hypothesized by Frohlich in series seminal papers 
published between 1960 and 1980 years [e.g. 1, 2]. On the basis of the general principles Frohlich 
derived a rate equation using a special type of interaction of a vibration system with its surroundings. 
Remarkable implication of the rate equation is the possibility of process like Bose-condensation in 
biological media under room temperature. The coherent endogenous electric field of oscillating nature 
is assumed to be the key factor of biological order. 

Living cells inner media is ordered by a cytoskeleton that can affect non-equilibrium distribution 
of energy in intermolecular vibrations. The landscape of almost all biological macromolecules and 
kinetics of biochemical process are influences by spatial characteristics. The cytoskeleton organizes 
the cell, mediates transport of molecules, structures, organelles, and other cell components. 
Microtubules structuring cytoskeleton possess interesting properties [3, 4]. It is unique ordering differ 
from both the homogenous media and the crystalline structures with translation symmetry. 

Knowledge of the terahertz vibration properties is critical for general understanding the life nature 
and requires explicit treatment. 
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The paper is dedicated to investigations of transmission regimes of an interferometer of Fabry-Perot 
type with saturated amplifying and absorbing media inside. We call such interferometer as an active 
one. The influence of saturation type of the absorbing medium on forming nonlinear transmission 
regimes of the active interferometer is considered in details. 

Bistable regimes of transmission of an active interferometer are of great interest for an 
amplification of weak optical signals, for use in optical logic schemes and for investigations of such 
processes as fluctuations, optical turbulence etc [1]. 

It is known that an interferometer with a saturated absorber inside can demonstrate bistable 
regimes of transmission in the one case only when saturation of absorption has a homogeneous type 
[2]. For the first time it is shown that the presence of a saturated amplifying medium inside the 
interferometer allows one to obtain optical bistability at any saturation type of both absorbing and 
amplifying media. 

The principles of an amplification of weak optical signals and the use of an active interferometer 
for this purpose are described. It is shown that the contrast of bistable transition and the efficiency of 
weak signal amplification correspondently depend on the ratio of saturation parameters in 
amplification and absorption media. Results of some experiments with an active interferometer both 
on the basis He-Ne/CH4 and on the basis of CO2/SF6 (nonlinear amplifier/absorber) are provided. At 
the last case an enhanced contrast of bistable transition at a level of 104 was observed [3]. 
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Collisionless interaction of interpenetrating plasma flows was studied in this work. Cloud of explosive 
Laser-produced Plasma (LP) expanding in magnetized Background Plasma (BP) generates plasma 
perturbations propagating along the external magnetic field. Here we consider perturbations with 
signs of Alfven Wave (AW), and high-frequency whistler precursor. 

Experiments were carried out at KI-1 facility [1]. Large scale high-vacuum chamber 5 m long and 
1.2 m diameter kept a vacuum of ~ 10-6 Torr can be filled by means of θ-pinch with the background 
plasma (H+ or He+). LP-clouds can be generated by two independent microsecond-pulse CO2-laser 
systems with similar parameters of radiation focused on a flat (or convex) polyethylene target (focal 
size of laser spot ∅2.5 cm). External magnetic field up to 500 Gs along the chamber axis is created by 
quasi-stationary current in a solenoid covering the entire outer surface of the vacuum chamber. 
Diagnostic of plasma is performed using double Langmuir probes, magnetic probes and Rogowski 
coil for direct detection of current JZ related to AW [2–4]. 

In this experiment LP is injected along the chamber axis and along the external magnetic field 
lines. BP and LP are sufficiently collisionless and interaction takes place due to a so-called magnetic 
laminar mechanism (MLM) or Larmor coupling [5–7]. LP, propagating with velocity V0, forms a so-
called magnetic cavity (area of displaced external magnetic field), the curl electric field Eφ is 
generated at its boundary. BP-ions accelerate along to this field, while ions of LP are decelerated in 
their Larmor rotation (opposite to Eφ). Effectiveness of this mechanism depends mainly on a MLM-
parameter 1*

2
* ≥= LL RRRδ , where ( ) 31

** 43 nNR e π=  – the radius of diamagnetic cavity (Ne – 
total number of electrons, n* – concentration of BP-ions), RL, RL* – Larmor radii of LP-ions and BP-
ions respectively. Axial current JZ and corresponding circular magnetic fields are generated as a result 
of this interaction, which could generate AW propagating along external magnetic field lines.  

Registered signs of AW are longitudinal current JZ and corresponding transverse component of 
magnetic field, which propagates along the chamber axis with the speed close to Alfven speed 
(calculated value of Alfven speed ≈ 6.96*106 cm/s, with plasma parameters B0 = 100 Gs, BP density 
n* = 1013 cm-3, BP ions – H+). Fig. 1 illustrates, that perturbations of current and magnetic field are 
time correlated. Experimental speed of AW, calculated as ratio of distance from target to probe and 
time of arriving of front of JZ perturbation, is 106 cm / 15 μs = 7.07*106 cm/s with considering the 
own speed of BP. 

Derivatives of variation of magnetic fields transverse components are presented at fig 2(a). They 
more clearly illustrate that there is high-frequency precursor in front of a maximum of magnetic field 
perturbation. This so-called whistler precursor [8] propagates at a speed ~300 km/s, has right-hand 
circular polarization. The direction of polarization changes from right-handed to left-handed when 
AW arrives at the probe. This moment can be clearly seen at the fig. 2(b), which illustrates the 
hodograph of transverse component of magnetic field. 
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Fig. 1 Perturbations of longitudinal current JZ and corresponding magnetic field Bφ. 

 

 
              

Fig. 2 a) Derivatives of Bφ and Br variations have high frequency oscillations on the front of perturbations; 
b) hodograph of transverse component of magnetic field, polarization changes its direction at the moment 
11.5 μs. 

 
This work was carried out in the framework of the research ILP SB RAS II.10.1.4 (01201374303); 

RAS Presidium Program “Fundamental principles of dual-use technologies…”; RAS Presidium 
Program #21 “Extreme laser radiation: Physics and fundamental applications”. 
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Results of development of theory of the nonlinear optical phenomena caused by self-saturation of 
transitions under action of the spontaneous radiation of extended system in a method of the probe 
field [1-4] on a case of strong and probe waves of one direction of propagation are submitted. Within 
developed model of the self-saturation transition effect [1], using analytical and numerical methods, 
spectroscopic manifestations of this effect in system of two- and three- nondegenerate atom levels (Λ-
and V-type of transitions) are investigated. 

It is shown that in case of the unidirectional waves in action of effect of self-saturation are 
displayed both the regularities, observed at opposite directed waves [2-4], and specific properties are 
found. The general property is formation of the uniform strip of saturation in  the probe  field work 
leading to reduction of amplitude of  the absorption line counter of the probe field, and also to 
reduction of amplitude and saturated width of populational part of the  nonlinear resonance. 

Specifics of manifestation of self-saturation effect in the unidirectional waves are caused by 
existence in spectra of the saturated absorption resonances of two and three level systems the narrow 
structures in the form of enlightenment peak, or absorption peak, an essential  contribution to which 
make nonlinear interferential effects. 

Influence of the self-saturation effect on parameters of the nonlinear resonance narrow structures 
carries other character than in case of opposite directed waves: effect reduces amplitudes of narrow 
structures on the considered transitions, but differently influences on widths of these structures. In 
two-level system self-saturation leads to broadening of structure in the form of a dip and to narrowing 
of the peak form structures. In three-level system self-saturation isn't shown in widths of narrow 
structures of nonlinear resonances. 
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Analytical and numerical researches of the saturated absorption resonance line shape of  two-level gas 
environment in the field of two unidirectional waves are conducted. It is shown that, both at 
motionless, and at moving atoms, the nonlinear resonance line shape can considerably change at 
modification of a ratio between values of the level relaxation constants Γm , Γn  and the first Einstein 
coefficient of Amn , determining a share of spontaneous disintegration of the upper level by working 
transition (branching parameter of radiation). At the same time the narrow nonlinear resonance arising 
in work of the probe field on transitions with the long-living lower level (Γm>> Γn ) depending on a 
sign of the value Γm− Amn− Γn can be shown as in the form of a traditional dip (at Γm− Amn  > Γn ), and 
in the form of peak (at Γm− Amn  < Γn). The possibility of peak structure of a nonlinear resonance is 
found for the first time. In case of transitions with the long-living upper level (Γn >> Γm) the narrow 
resonance shape is shown only in the form of a dip. Transformation of the resonance shape from a dip 
in peak is caused by specifics of a relaxation of the lower level population beats on the closed or 
almost closed transition when disintegration of the upper level completely or almost completely 
happens on working transition. Features of the saturated absorption line spectrum at transition 1S0 -1P1 
in the counter and unidirectional waves are discussed. 
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Results of the theoretical analysis of the physical processes leading in experiments [1-4] to essential 
distinction of the magnetic scanning spectra at change of mutual orientation of the polarization planes 
of laser waves are submitted. 

In model of atomic transition with full level moments J=1 stationary and non-stationary numerical 
solutions of equations for density matrix in the gas environment resonantly interacting with two 
counter and unidirectional light waves are received. Behavior of the saturated absorption resonance 
shapes and spectra of magnetic scanning depending on relaxation characteristics of transitions (widths 
of levels and transitions, branching parameter of radiation), directions of propagation and mutual 
orientation of polarization, and also intensities probe and strong wave are investigated. 

It is shown that for a long-living lower state both at opposite directed [5], and at the unidirectional 
waves the main process defining features of the magnetic scanning spectra from mutual orientation of 
the polarization planes of light waves (resonances of EIT and EIA [1-4]) is the magnetic coherence 
induced by the linear polarized strong field between levels at the lower state of atomic transition. The 
maximum contribution due to the transfer process of magnetic coherence from the upper levels on 
lower state doesn't exceed 10% of amplitude of a nonlinear resonance, and the contribution of 
nonlinear polarization at a combinational frequency makes still smaller value. Features of the 
magnetic scanning spectra on closed and almost closed transitions in the unidirectional waves are 
found. 

It is established that the shape of a nonlinear resonance in case of counter waves at orthogonally 
polarized fields depends essentially on openness degree of atomic transition, and at parallel 
polarization this dependence is expressed poorly. In case of the unidirectional waves qualitative 
dependence of the nonlinear resonance shape on orientation of the polarization planes of waves is 
found, at the same time influence of the transition openness degree is shown only quantitatively in 
amplitudes of resonance structures. 

Researches of the more complex models of atomic transition (J=2-J=1, J=2-J=2) in a stationary 
case give qualitative consent with results of calculations  for transition with J=1 both on spectra of 
nonlinear resonances, and on spectra of magnetic scanning.  
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Single ions and their ensembles trapped in ion trap are widely used for many scientific applications 
ranging from frequency standards [1] to quantum computing and simulations [2]. Some key benefits 
of such systems include very low achievable temperatures of the ions in a trap, long coherent time and 
lifetime up to several months. One of the interesting objects for quantum computing appears to be the 
ion Coulomb crystals that can be observed when trapped ions are cooled below a certain critical 
temperature. To create an ion crystal several tens of ions should be trapped, stored and cooled.  Losses 
mechanisms of different nature may limit the number of stored ions. 

In our setup in LPI ions are created by means of electron irradiation of the neutral magnesium 
atoms in the center of the linear Paul trap. Thus the temperature of the trapped Mg+ ions before laser 
cooling is high and the lifetime is measured to be 1.7 s . To study the loss process at high 
temperatures the numerical simulation of the ion dynamic in the trap was performed.  It was shown 
that for number of ions from 10 to 15 the main loss mechanism is similar to evaporation and should 
not play significant role at lower temperatures. Indeed, after applying laser cooling the lifetime was 
measured to be 120 s which is in good agreement with our calculations. Simulations also 
demonstrated that collision events with the residual background gas molecules are rare and cannot 
influence the lifetime at high temperatures.  
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Chmophore-doped polymers ordered by an external electric field possesses unique electro-optical 
(EO) response, which is more an order of magnitude higher than analogous solid state crystalline 
structures (for example lithium niobate). Such high nonlinearity allows to reduce the operating 
voltage of the modulators based on these materials by an order of magnitude. Moreover, the frequency 
dispersion of refractive index of the polymer structures is much less than crystalline counterparts and 
allows optical and radio waves propagate in-phase over long distances, ensuring a high conversion 
efficiency at microwave frequencies modulating. Besides high nonlinearity, material working at high 
modulating frequencies, and therefore in conditions of high heat for a long time, must possess the 
thermal stability of these nonlinear optical properties. The use of polyimide as a polymeric backbone 
for the merging of optically active chromophores opens up new possibilities for electro-optic 
materials with high temperature and temporal stability of the nonlinear response[1,2]. 

Here we present the results of experimental investigation the dispersion of nonlinear optical 
response and EO properties of the original chromophore-containing polyimides with covalently 
attached commercial chromophores DR1 and DR13. These investigations were performed by the 
method of second harmonic generation and Teng-Man technique.  

The maximum values of the d33 were founded to be from 25 to 120 pm/V, depends on the samples. 
It is shown that the nonlinear response remains stable at temperatures up to 120 ºC. 

We have experimentally demonstrated the electro-optic modulation properties of the phase 
modulator based on the studied materials. 

This work was supported by RFBR 14-29-08134 grant. 
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Most modern laser systems for contactless measurement of vibration are based on the Doppler effect 
and differ by complexity and very high cost. It is mainly caused by the fact that for extraction the 
Doppler signal’s frequency proportional to the vibration velocity they use interference of laser 
radiation scattered by the vibrating object and the reference radiation. The report suggests ways to 
simplify and reduce the cost of these systems through the use of power or amplitude modulation of the 
probe laser field. At the same time such complex and capricious node as an interferometer is excluded 
from the Doppler system, and on the output, in contrast to existing systems, a signal proportional to 
vibrodisplacement is generated. 

We shall consider a case of laser power modulation. Let modulating function has the form 

( )( ) 1 cosP t m t=  + ⋅ Ω   , where m is the modulation index, and Ω - the modulation function angular 

frequency. Analysis showed that the spectrum of the modulated field corresponds to Fig. 1a. During 
the motion of the object spectrum of the scattered field has the form shown in Fig 1b. It is seen that 
each harmonic is Doppler shifted on the frequency and the distance between them remained equal, but 
increased by a certain amount. 

 

a) 

ω0 

Ω 

b) 

ω0+ωD 

Ω+kΩ 

 
Fig. 1 Signals spectra: a) probing radiation b) reflected field, ω0 -carrier frequency. 

 
The signal at the output of the photodetector as authors shown becomes 

( ) ( ){ }1 cos 1dI t K t= + Ω +   .We see that it is similar to the modulating function P(t), but shifted to a 

new Doppler frequency proportional to the velocity and equal ΩK. Coefficient K = 2V/C, where C is 
the light velocity.  
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To select the new Doppler shifted signal frequency the spectrum of the signal Id(t) is transferred to 
area zero frequencies and multiplying by the quadrature signals of modulating function we receive 
two complex signal components with new Doppler frequency ΩD equal to KΩ:  

 ( ) ( )( ) cos ; ( ) sinC SZ t K t Z t K t= Ω = Ω  

The phase of this complex signal is proportional to the instantaneous value of the 
vibrodisplacement, and the following algorithm is used to evaluate it: ( )*

1argn n nZ Z +ϕ = , where Zn 

and Zn+1 are the complex signal discrete counts at the moments tn, tn +1. 

It follows from the foregoing that the proposed method and the corresponding measurement 
system design does not need the interferometer of optical fields. This is a very important advantage of 
the proposed principle, as it allows the use not only coherent, but any light source to form a probe 
beam. For the experimental verification of the proposed principle the setup has been designed which 
functional diagram is presented in Fig. 2. Output signal oscillogram at vibration amplitude of 6 mm 
and frequency 2 Hz is presented in Fig. 3.  
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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. 



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

238 

Passive synchronization of erbium and ytterbium doped 
fiber Q-switching lasers induced by 1530 nm laser pulses 

in common graphene saturable absorber 
 

F. Song 1, Y.Y. Ren 2, M. Feng3 
1The Key Laboratory of Weak-Light Nonlinear Photonics, Ministry of Education, School of Physics and TEDA Applied 

Physics School, Nankai University, Tianjin 300071, China 
2Key laboratory of Optical Information and Technology, Ministry of Education and Institute of Modern Optics, Nankai 

University, Tianjin, 300071, China 
E-mail: fsong@nankai.edu.cn 

 
We have fabricated a passively synchronized Q-switched fiber laser working at 1060/1530 nm by a 
common GSA Fig.1. The process of synchronized pulses formation and the impact of 1530 nm laser 
pulses on 1060 nm continue wave laser in GSA are investigated. The experimental results show that 
the 1530 nm laser pulses induce the 1060 nm Q-switched laser pulses, and cause the formation of the 
pulsed laser synchronization through the XAM effect in GSA[1]. With the increasing pumping power, 
the repetition rate of synchronized pules could be tuned from 24.51 kHz to 39.85 kHz. This laser may 
have potential applications in the field of nonlinear frequency conversion, multi-color pump probe 
spectroscopy, Raman scattering spectroscopy and so on [2-7]. 

When pump power is increased to 46mW, continuous wave laser light of 1530 nm is observed 
firstly. With the PC appropriately adjusted, stable passive Q-switched pluses of 1530 nm is observed 
at pump power of 181 mW. The pulse width is 6.02 μs and the repetition rate is 19.99 kHz, with the 
output power of 0.79 mW. Keep the PC state fixed and increase the pump power gradually, the 
repetition rate and output power of the pulses are increased, and the pulse width is decreased as is 
shown in Fig.2. When pump power is tuned to 267 mW, laser light of 1060 nm emerged as Q-
switched operation state whose pulse width is 18.79 μs. The repetition rate of the 1060 nm pulses is 
23.96 kHz which is equal to the repetition rate of the 1530 nm pulses. 

 
Fig. 1 The experimental setup of the passive Q-switched laser. 

 
Continue increase the pump power, both of the two pulses width decrease gradually and the 

repetition rate increase consistently as is shown in Fig.2(c) and Fig.2(d). It is clear that the Q-switched 
pulses of two wavelengths are always synchronized with the pump power increased gradually from 
267 mW to 430 mW. With the increasing pump power, the 1060 nm pulse width decreases 
continuously, because the peak power of 1530 nm laser increases with the pump power and induces 
strengthening XAM effect. But the variation of 1060 nm pulses width experiences two processes, 
while the peak power of 1530 nm laser increases almost linearly. The two processes type decrease of 
1060 nm laser pulse width is consistent with the saturable absorption property and XAM effect of 
graphene. When pump power reaches 430 mW, both of the two pulses widths are the narrowest and 
the difference value between the two pulse widths are the smallest. Owing to the narrowest pulse 
width and the highest peak power, 1530 nm laser pulses induce the highest XAM effect in graphene, 
and result in the narrowest pulse width of 1060 nm laser light. The corresponding pulses train is 
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shown in Fig.3(a) and the output spectrum of the laser is shown in Fig.3(b) and Fig.3(c). During the 
pump power increased from 267 mW to 430 mW, the 1060 nm pulse width is always greater than the 
1530 nm pulse width. 

To further prove the 1530 nm Q-switched pulses induced XAM effect in graphene is the dominant 
factor to format synchronized Q-switched pulses, the 1530 nm path at the position A between the ISO 
and OC is cut off as is shown in the Fig. 3. Though the PC state and pump power are carefully 
adjusted, 1060 nm Q-switched pulses cannot be obtained. But when the position B in the 1060 nm 
path is cut off, stable Q-switched pulse of 1530 nm can be easily obtained at proper pump power and 
PC state. This phenomenon illustrate that the 1060 nm Q-switched laser pulses are induced by 
1530 nm Q-switched pulses, and confirm that the 1530 nm Q-switched pulses caused XAM effect in 
graphene is the dominant factor to realize the passive synchronization of Q-switched laser pulses. 

 
Fig. 2 (a) Output power, (b) peak power, (c) repetition rate and (d) pulse width of Er-laser and Yb-laser as a 
function of pump power. 

   
Fig. 3 (a) The pules train when pump power is 430 mW, the corresponding output spectra of (b) Yb-laser and (c) Er-laser. 
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Light propagation in periodic structures is the object of everyone's attention over the years1.This area 
of research is exploring the dynamics of light, which cannot be observed in a continuous medium. An 
example of such systems are Bragg grating structures or structures consisting of optical waveguides. 
The latter are a special class of periodic systems, opening are range of possibilities for controlling 
light. Recently more and more attention is given to photonic lattices implemented by means of optical 
fibers. The main representatives of this class are mesh and synthetic photonic lattices (SPL). The first 
one is a network of a number of optical couplers, and has some practical limitations. The first one is a 
network of a number of optical couplers, and has some practical limitations. The second one consists 
of two fiber rings of different lengths, connected through the 50/50 fiber coupler. Optical losses are 
vanished due to optical amplifiers inserted into the system. A sequence of light pulses circulates 
through the system, with the number of pulse, phase and amplitude of each pulse varying. Phase of 
the pulses can be altered by means of phase modulator, inserted into one of the loops. It can be shown 
that pulse evolution in both systems is governed by the same equation set. Though, use of SPL opens 
new fields for research because of huge experimental possibilities. For example, in the work an 
evolution of pulses in a system with the introduction of various kinds of local inhomogeneities was 
studied. It was shown that the controlled phase shift of each pulse plays a role of quantum potential, 
while the envelope of the pulse chain plays a role of a wave function of the quantum particle. For 
example, in the absence of phase shifts train of the pulses circulates in the two rings, with the number 
of pulses gradually increasing. This can be considered as spreading of the wave function.  
 

 
Fig. 1 Scheme of a synthetic photonic lattice and basics of an operation 

 
Knowledge of both phase and intensity of the pulse train means the SPL becomes completely 

described. We have found an easy way to qualitatively reconstruct the eigenmode excitation spectrum 
using this knowledge. We propose a technique of measuring relative optical phases of pulses 
circulating in synthetic photonic lattices. The technique is based on optical heterodyning and makes it 
possible to obtain complete knowledge about light evolution in the synthetic photonic lattices. One of 
the sequences is the possibility of reconstructing the eigenmode excitation spectrum, using 
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measurements of output pulse train phases and intensities only. We demonstrate that the Fourier 
transform intensity of the complex amplitude over roundtrip number m has a shape similar to that of 
eigenmode excitation spectrum.  
 

 
Fig. 2. Comparing mode excitation spectrum (left) and result of Fourier transform of complex pulse 
amplitude over m (right) with random distribution of potential with value of pi/2.   

 
This work was supported by Russian Science Foundation (project no. 16-12-10402). 
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It was shown that mechanism of merging of waves acts not only in magnetized gases and plasmas [1] 
but in vacuum magnetic field as well. At the KI-1 Facility the plasma was produced by successive 
irradiation of the target by a train of laser pulses in a vacuum in magnetic field of about 350 Gauss. 
When delay between pulses was less than ~ 10 ms the laser plasma formed unbroken stream 
containing torsional Alfvén and slow magnetosonic waves. The waves are combined in space and 
contained in a narrow magnetic tube. 

The experiment was performed with the aim to justify the applicability of the mechanism of 
merging of waves (MMW) in various media. The essence of the MMW is that the shock waves 
created by a train of plasma explosive pulses partially merge in space and form a low-frequency wave 
whose length is much greater than the radius. The length is linearly dependent on energy input. In 
magnetized collisionless plasma MMW generates a quasi-stationary wave (QW) consisting of 
torsional Alfvén (AQW) and the slow magnetic (MQW) waves. QW is located in a narrow magnetic 
tube. MQW is a compression wave which carries energy and momentum while AQW carries angular 
momentum (the rotation of plasma), the longitudinal current, azimuthal magnetic and radial electric 
field. 

The experiment revealed a new effect, confirming the applicability of the MMW in the vacuum 
magnetic field. Namely, in vacuum magnetic field the source generates plasma stream in which the 
localized field currents and compressions jumps of plasma are the same as in magnetized background. 
Conditions and manifestations of MMW forming QW in vacuum magnetic field is the same as in the 
presence of background plasma [2]. With a two-component laser plasma (2H + + C ++) a torsional 
Alfvén wave was generated even by a single plasma pulse. The radius of QW ~ 20 cm and its length ~ 
2.5 m are limited by the size of the facility. 

 

 
 

Fig.1 
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Fig. 1 shows the concentration of plasma n, longitudinal BZ and azimuthal Bφ magnetic field, the 
longitudinal current JZ and radial electric field Er. At a delay of the second laser pulse relative to the 
first T <15 ms the plasma pulse creates a joint stream that contains azimuthal magnetic field Bφ, 
electric field Er and JZ current along the external magnetic field. These values are the main feature of 
the torsional Alfvén wave. Features of MQW are a jump of the plasma density and the displacement 
of the longitudinal magnetic field BZ. Maximums on the signals of Bz and n correspond to the passage 
of plasma flows from the first and second pulses. 
The following features are additional confirmation of the applicability of the MMW in the vacuum 
magnetic field. Pulses have created joint plasma flow, as well as the AQW and MQW, only when the 
criteria proposed for the MMW in the magnetized background plasma have been fulfilled. The 
dimensionless repetition frequency of pulses based on dimension frequency f ~ 1 / τ  given by 

 /d Jf R Cω ≈ ⋅                                                     
should be equal to ω = ωr ~ 0.3 - 0.5. When ω << ωr  a separate plasma streams form containing Bφ, 
Er, JZ and BZ. At ω >> ωp the length of QW weakly depends on the number of pulses. CJ  is the 
Alfven speed in the magnetic tube, Rd - dynamic radius of a single pulse. 
 

 
 

Fig.2 
 

Applicability of MMW in a tube at any number of pulses illustrates Fig.2, which shows ω (t), α (t) 
and β (t) in the tube after the two pulses. Here α (t) is the ratio of the Larmor radius to the length of 
the ion-inertia length, β (t) - the ratio of plasma pressure to magnetic pressure in the tube. When the 
third pulse delay relative to the second is less than the lower limit (τ <10 ms) the conditions for the 
formation of a joint plasma stream containing the combined current, electric and magnetic fields are 
fulfilled. Disturbances from the third pulse, as well as the second should propagate in the tube as the 
AQW and MQW. 

Thus, periodic plasma pulses together with MMW create in vacuum magnetic field the rotating 
plasma stream containing the torsional Alfvén and slow magnetic waves localized in the magnetic 
tube. 

This work was supported by the Program of the Presidium of RAS "Fundamental principles of 
dual-use technologies in the interests of national security" 
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Fundamental phenomena of non-linear spectroscopy were observed in the fields of classical nature 
[1], lasers being the sources of these fields (thus one may call it non-linear laser spectroscopy with 
equal right). As it is well known, the state of laser radiation in a regime of well-established generation 
is close to the Glauber coherent state |𝛼𝛼〉𝐺𝐺 (G-states) [2]. The latter is the most accurate quantum 
analogue to a classical monochromatic wave with definite amplitude and phase. However, it is still a 
quantum object, and hence the radiation mode is allowed to be in superposition of different G-states. 
Of certain interest is to study how the familiar spectroscopic effects change when the field is prepared 
in such an exotic quantum state. 

In this work we investigate theoretically the resonance fluorescence of a two-level atom placed in 
non-classical (cat-state) field which is a superposition of Glauber coherent states (G-states), and the 
bichromatic spectroscopic scheme for a Λ-type system with one transition exposed to the same type of 
field, and the one interacting with the field in G-state. We choose the important sub-class of the cat-
states, known as the Yurke-Stoler (YS) states [3]. YS-state with parameter 𝛼𝛼 is can be expressed 
through G-states as follows: |𝛼𝛼〉𝑌𝑌𝑆𝑆 = 1

√2
(|𝑖𝑖𝛼𝛼〉𝐺𝐺 + 𝑖𝑖| − 𝑖𝑖𝛼𝛼〉𝐺𝐺). 

This type of state is extremely vulnerable to decoherence. To counteract it, we include the source 
of the field explicitly into the theoretical model. Exact details of the preparation of YS-state are not 
relevant for this study as soon as the desired state is achieved. Due to that, we choose the simplest 
possible model that allows the existence of stationary YS-state. The similarity between G-states and 
YS-states allows us to choose the source of the field as harmonically oscillating dipole and the 
random photon loss process acting together. 

Inserting the two-level atom in the field initiates fluorescence. Resulting quantum master equation 
for the atom-field state includes the atomic Hamiltonian, the interaction with the field and 
spontaneous decay of the excited atom state as well as the source and the damping terms for the field. 

We have studied the case when the non-classical nature of the field is most pronounced, and this is 
at |𝛼𝛼| ≫ 1. With additional condition of the field subsystem evolving much faster than the atom, the 
following ansatz for atom-field state can be used: 

𝜚𝜚� = 𝜚𝜚�(+)⨂|𝛼𝛼〉𝑌𝑌𝑆𝑆〈𝛼𝛼| + 𝜚𝜚�(−)⨂|−𝛼𝛼〉𝑌𝑌𝑆𝑆〈−𝛼𝛼| + 𝑅𝑅�⨂|𝛼𝛼〉𝑌𝑌𝑆𝑆〈−𝛼𝛼| + 𝑅𝑅�†⨂|−𝛼𝛼〉𝑌𝑌𝑆𝑆〈𝛼𝛼|   (1) 
Applying this ansatz to (3) gives the steady-state density matrix. Along with the Heisenberg 

version of the atomic raising operator (there are actually two of those, distinguished by the classical 
index (±) referring to a certain sign of the field amplitude [4]), it allowed us to evaluate the spectrum 
of stationary resonance fluorescence (Fig. 1). 
 

 
Fig. 1 Spectrum of 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 was found that instead of the usual triplet, in the case of cat-state field the spectrum consists of a 
single peak centered at the atomic resonance frequency. The peak has the width ∼ γ, i.e. the same one 
as in classical field. Because the peak’s height is even smaller than that for a classical field of the 
same amplitude, the full fluorescence intensity in the non-classical field is significantly weaker than in 
the classical one. Also, at non-zero detuning a slight asymmetry of the peak was observed. The 
absence of side peaks is stipulated by strong atom-field correlations which cause rapid decoherence of 
every subsystem. 
 

 
Fig. 2 Upper plots: field works (in a.u.) for both transitions in the case of YS-source versus field detunings. 
Lower plots: the same works in the case of G-source. Δ𝑖𝑖 is the detuning of the field at |0〉 → |𝑖𝑖〉 transition, 𝛾𝛾1 
is the spontaneous emission rate from |0〉 to |1〉. 

 
After evaluating the fluorescence spectrum, it is natural to extend the system to three levels, 

namely, to the Λ-type 3-level system with the upper state |0〉 and the lower states |1〉 and |2〉. The 
field on transition |0〉 → |1〉 is prepared in YS-state by the same mechanism as discussed above. The 
field on |0〉 → |2〉 is treated classically. Applying the same ansatz as in the two-level case, we were 
able to obtain the steady-state solution of the master equation. We have used it to evaluate the work 
per unit time done by each field in the stationary regime (Fig. 2). The striking difference from the case 
of two classical fields interacting with the system was the absence of the so-called “dark resonances” 
[5]. As is well-known, if the detuning of the fields are equal, the system appears in the so-called dark 
state – a certain superposition of the lower states, and does not interact with the field. However, in a 
cat-state field one can speak of two types of dark resonances, each one corresponding to a certain field 
amplitude. In case of YS-state, it happens that these resonances interfere destructively, thus cancelling 
the net dark resonance. 

This work was supported by RFBR (grant 16-02-00329) and the Council of the President of the 
Russian Federation for Support of Young Scientists and Leading Scientific Schools (grant NSh-
6898.2016.2). 
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The main goal of quantum cryptography is to provide an absolutely secure transmission of a secret 
message between a sender and a recipient using single photons. The fundamental laws of quantum 
mechanics can guarantee the inability of undetectable interception of transmitted data by unauthorized 
persons. 

Although quantum cryptographic protocol ensures an absolute security in theory, the practical 
implementation of it may have vulnerabilities. In 2008 it has been proposed and experimentally 
demonstrated a «time-shift attack», which enable to intercept the transmitted message undetectably 
[1]. This attack exploits the detection-efficiency mismatch in the time domain between two single-
photon detectors of a quantum key distribution system due to the individual characteristics of the 
detectors themselves and the imperfections of the control electronics. 

We have proposed and demonstrated a countermeasure to the time-shift attack based on the 
recipient independent decision which of the two single photons detectors will be a logic zero or one 
receiver for each clock pulse that neutralizes the effect of the time-shift attack. The method has been 
demonstrated on the quantum fiber-optic communication system (an autocompensated two-way 
scheme) [2], created by the Rzhanov Institute of Semiconductor Physics SB RAS. 

This work was supported by the Russian Foundation for Basic Research (grants №14-07-00809), 
by the Siberian Branch of the Russian Academy of Sciences and by the Novosibirsk State University. 
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Frequency standards play an important role in various fields of science and technology: in 
fundamental physical investigations, metrology, and navigation. The relative accuracy of a primary 
frequency standard based on a caesium fountain has probably reached its limit 162 10ν ν −∆ = ∗  [1]. 
Further increase in the accuracy of frequency standards is associated with transition from the 
microwave range of the spectrum to the optical range and, hence, with the creation of optical 
frequency standards based on single ions or neutral atoms. Alkaline-earth and alkaline-earth-like 
atoms, such as Yb, Ca, Sr, Hg, and Mg, are among the main candidates for creating the optical 
frequency standards. However, 24Mg has some advantages over the other candidates such as the 
narrowest intercombination transition, the simplest structure of the electron shells, and the smallest 
frequency shift of the “clock” transition due to black body radiation. The presence of strong closed 
1S0–1P1 transition allows effective cooling and trapping of magnesium atoms in a magneto-optical 
trap. Creation of a frequency standard based on Mg atoms is possible using 1S0–3P1 transition with the 
natural linewidth of 36 Hz. Sub-Doppler cooling of magnesium atoms and their localization in an 
optical lattice will later allow one to employ strongly forbidden 1S0–3P0 transition and realize the 
frequency standard with the relative inaccuracy of 10-16–10-17 [2]. In this paper, the possibility of 
obtaining the narrow reference lines using 1S0–3P1 transition in creating the optical frequency standard 
is shown and the progress achieved in the frequency stabilization by observed resonances studies is 
presented. 

The source of radiation for clock 1S0–3P1 transition spectroscopy is a system based on Ti:sapphire 
laser pumped by 15-wat solid-state Verdi V18 laser with a two-stage system of frequency stabilization 
and a frequency doubling in a KNbO3 crystal in an external cavity. 
 

 
Fig.1. Schematic of the experimental setup used for spectroscopy of the clock transition. 1 – Lyot filter, 2 – 
etalon with FSR=100 GHz, 3 – Faraday rotator, 4 – etalon with FSR=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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The frequency of the laser system radiation is stabilized by the two reference Fabry-Perot 
interferometers: with invar base and optical glass-ceramic base. The first interferometer provides the 
preliminary narrowing of the generation line of the Ti:sapphire laser, the second interferometer is used 
for correcting low-frequency perturbations of the first interferometer through automatic adjustment of 
its length by the piezoelectric actuator with an interferometer mirror installed on it. 

The stabilized Ti:sapphire laser, which outputs about 1 W of power at 914 nm, is followed by 
cavity enhanced second harmonic generation inside a nonlinear KNbO3 crystal that yields about 80 
mW at 457 nm. Laser cooling and localization of magnesium atoms in a magneto-optical trap is 
carried out on the 1S0–1P1 closed transition at 285 nm. Investigation of the 1S0–3P1 transition of cold 
magnesium atoms localized in the MOT is performed by the method of fields separated in time (time-
domain Ramsey–Borde atom interferometer) [3]. Two pairs of the light pulses formed from cw 
radiation of a highly stable laser system at 457 nm by acousto-optic modulators interact with a cloud 
of magnesium atoms. Pairs of pulses are transported into the magneto-optical trap through opposite 
windows via two single-mode fibers. 

In recording narrow resonances, the radiation frequency of the laser system is tuned by a 
frequency synthesizer, the signal from which controls AOM in the frequency stabilizing system of the 
second interferometer. The fluorescence signal from a cloud of cold magnesium atoms on the 
resonance transition at 285 nm is detected by the photomultiplier. The Ramsey–Borde resonances in 
time-separated fields are shown in Fig. 2(a) for the delays between pulses T = 7.5, 58 μs. 
 

 
 а) б) 

Fig. 2. (a) Resonances in time-separated fields for the delays between pulses T=7.5, 58 μs. (b) Detuning of 
the laser frequency from the central fringe of the resonances and stabilized third derivative (inset). 

 
Frequency stabilization by the central fringe of observed resonances is performed. It is carried out 

by calculating the third derivative of the fluorescence signal at the central point of the periodic pattern 
of the resonances and automatic frequency control of the laser system so that the third derivative is 
equal to zero (see the inset in Fig. 2(b)). Preliminary study of dynamic characteristics of frequency 
stabilization by reference resonances is carried out. Laser system frequency detuning and the signal of 
the third derivative are shown in Fig. 2. The results obtained are preliminary and it is planned to 
obtain resonances with a higher resolution, perform laser frequency stabilization by them and improve 
stabilization characteristics. 
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Lasers emitting at 2-µm spectral range are of particular interest for many scientific and technical 
applications including remote sensing, medicine and optically pumped midinfrared optical parametric 
oscillators. Monoclinic double tungstate crystals, due to their maximum absorption and emission cross 
sections and minimum concentration quenching, seem ideal as hosts for thin-disk lasers with 
simplified pump geometry (number of pump passes). The crystals of double potassium rare-earth 
tungstates doped with trivalent thulium ions are promising laser materials for compact highly efficient 
sources of coherent two-micron (1.8–2.0mm) radiation. The main advantages of these crystals are the 
large cross sections (σ >10–20cm2) of stimulated transitions in the spectral regions of pumping (~0.8 
mm) and lasing (~1.94mm) and a high slope efficiency (~50%) [1]. In this work, we present the 
results of investigation of the oscillation performance of thin-disk laser based on the 5%Tm:KLuW 
disks, epitaxial layers and  composite structures 5%Tm:KLuW/KLuW. We report on the oscillation 
performance of various types thin-disk laser pumped by a laser diode bar with a maximum average 
CW optical power up to 50W at a wavelength of 808 nm at room temperature (T = 25°C). To design 
the laser head, high quality 5%Tm:KLuW crystal boule was grown by the modified Czochralski 
method at the Institute of Inorganic Chemistry, Russia. Epitaxial samples of 5%Tm-doped 
KLuW/KLuW was obtained by the Liquid Phase Epitaxy (LPE) method at the Fisica i Cristallografıa 
de Materials i Nanomaterials (FiCMA-FiCNA), Spain [2]. The composite, analogy of epitaxial 
structure, consisting of 5%Tm-doped KLuW crystal layer and substrate of undoped KLuW was 
produced by the high-temperature diffusion bonding method at the Institute of Laser Physics, Russia 
[3].  Flat surfaces all of the samples were polished to high optical quality required for coating. The 
polished surfaces of active Tm-doped layers and disk were covered with a dielectric coating with a 
high reflectivity (R > 99.8%) at lasing (λg = 1950 nm) and pumping (λp = 808 nm) wavelengths. Then 
a metallic coating was added for mounting active elements to the copper heat sink with an indium 
solder. The front surface was AR-coated for these wavelengths, and the residual reflection was less 
~0.2%. The laser experiments were performed using only 2 passes of the pump through the Tm-doped 
layer (i.e. there was no retroreflection of the pump beam) with nearly circular pump spot of 0.95 mm 
diameter on the sample. The shaped pump beam from the laser diode was polarized along the Nm 
principal optical axis for maximum absorption. The laser cavity with a length of Lc = 20mm was 
formed by a spherical output coupler (curvature radius r = -40 mm, transmittance T = 7.0% at λg = 
1950 nm) and a rear mirror deposited on the end-face of crystal.  We compared the slope efficiencies 
of 5%Tm:KLuW disk, epitaxial layer and composite structure 5%Tm:KLuW/KLuW (Tm-doped layer 
thickness 250 μm) in true CW pump mode, as seen in Table. 1. 

Table 1 CW Output power, Slope and Optical efficiencies, Laser wavelength for 5%Tm:KLuW thin disk 
lasers with the active layer thickness 250µm, T=7.0%.  

Type active element Output power, W Slope efficiency, % Optical efficiency, % Wavelength, nm 
Epitaxy [1] 5.9 47 42 ~1855 
Composite [2] 4.6 40 43 ~1846 
Disk [2] 2.1 46 44 ~1846 

According to the measured data, the slope efficiency as much as 40% with respect to absorbed 
pump power was obtained for all thin-disk lasers. The corresponding fracture pump intensity was ~6.3 
kW∕cm2 for composite structure and ~2.4 kW∕cm2 for disk active elements.  
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Multiple non-collinear second harmonic generation (SHG) under Raman-Nath nonlinear diffraction 
(RNND) are of interest since the first experimental demonstration in 2008 [1]. RNND represents an 
nonlinear analogue of the most known phenomenon of Raman-Nath diffraction of light on standing 
ultrasonic wave in homogeneous optical media. Experimentally RNND appears as series of spatially 
ordered beams generated in the process of nonlinear optical scattering in the media with periodical 
modulation of quadratic nonlinear susceptibility as shown in Fig. 1. However, the phase mismatch of 
longitudinal wavevector components results in quite poor RNND efficiency, that prevents potential 
applications, such as multi-channel nonlinear optical converters and nonlinear multiplexors. This 
problem can be solved by using two-dimensional (2D) nonlinear photonic crystals (NPC's) [2], 
employing quasi-phase-matching (QPM). 

Although some approaches have been developed to calculate SHG in 2D NPCs, such as the 
method based on Green’s function formalism [3], the transfer-matrix method and the effective 
nonlinear coefficient model [4], it is desirable to have a simple approach adopted to transversely 
periodical rectangle 2D NPC's with arbitrary structured longitudinal modulation of nonlinearity. 
Developing this approach is essential for designing 2D NPC's with required nonlinear optical 
characteristics. Therefore, the subject of current work is to provide our theoretical and experimental 
study on Raman-Nath nonlinear diffraction in 2D NPC's. 

 

 
Fig. 1 Raman-Nath (central spots) and Cerenkov (side spots) nonlinear diffraction in NPC. 

 
In this report, Raman-Nath nonlinear diffraction in the process of the second harmonic generation 

in different kinds of 2D NPC's is reviewed. Hereinafter, all mentions on structures are devoted with 
modulation of nonlinearity in longitudinal direction assuming periodical modulation in transverse 
direction. The following designs of 2D NPC's were considered: periodical, chirped and optimized one. 

The most simple example of NPC is the periodical structure, which can be used for the most 
efficient quasi-phase-matched SHG. We experimentally studied SHG of femtosecond laser pulses in a 
rectangular 2D NPC in lithium niobate crystal. Multiple SH beams were observed in the vicinity of 
the propagation direction of the fundamental beam as shown in Fig. 1. It has been verified that the 
angular positions of these beams obey the conditions of RNND. Additionally, side beams 
corresponding Cerenkov nonlinear diffraction were observed. The measured SH spectra of specific 
RNND orders consist of narrow peaks that experience a high-frequency spectral shift as the order 
grows. This behavior is explained by dependence of phase mismatch on RNND order. We derive an 



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

251 

analytical expression for the process studied and find the theoretical results to be in good agreement 
with the experimental data. For the calculations, measured parameters of the fundamental pulses and 
the structure were used. We estimate the enhancement factor of Raman-Nath nonlinear diffraction in 
2D structure to be 70. In our experiments, we used the structure with relatively large period, which 
corresponds 45th QPM order. Therefore, the SHG efficiency can be significantly increased by using 
lower QPM orders. 

In contrast, conversion of quasi-monochromatic radiation runs into difficulties because order-
dependent phase mismatch. It is possible to satisfy the QPM condition for specific order, but 
interacting waves for other orders become non-phase-matched. Therefore, realization of multi-order 
RNND requires more complicated spatial modulations of nonlinearity. The most suitable structure of 
NPC can be synthesized by the method of superposition of a nonlinearity modulation [5]. This method 
makes it possible to design a NPC that provides a set of desired reciprocal lattice vectors for multiple 
SHG via RNND. In this case, specific phase mismatches corresponding to different RNND orders are 
compensated for by the appropriate reciprocal lattice vectors with the Fourier amplitudes as high as 
possible. For theoretical description of RNND in 2D NPC's, the model of nonlinear diffraction under 
Laue scheme was used [6]. Generalization of the model to the case of 2D structures is accomplished 
by using approach [7]. As the result, an analytical solution for angular distribution of spectral intensity 
was derived. It is shown that SH intensity for orders considered increases along the structure. The 
SHG efficiency can be a few orders of magnitude higher than in the case of non-phase-matched 
generation via RNND in 1D structure. The desired intensity distribution between separate orders can 
be achieved by varying parameters of the structure. Moreover, analytical expression obtained can be 
used for calculations other types of non-collinear interactions in 2D NPC's with arbitrary structures. 

Conversion of broadband and widely tunable radiation represents a special interest for number 
applications. In this connection, we consider RNND in chirped 2D NPC's. The linear dependence of 
reciprocal lattice vector along the structure is expected to be useful for multiple SHG in wide spectral 
and angular ranges. We obtained exact analytical expressions for SH amplitude and for its spectral 
bandwidth as functions of the chirp parameter. As the spectral response of the structure is linearly 
distributed over the structure, different spectral components are consecutively involved in the process. 
When the SH intensity reaches its maximum at certain frequency, weak intensity oscillations appear. 
The scale of oscillations decreases in the propagation direction, which can be explained by spatial 
dependence of the phase mismatch in this direction. Increase of chirp parameter result in broadening 
of spectral range, where quasi-phase-matched SHG takes place. It is also accompanied by remarkable 
reductions of SHG efficiency. Therefore, the choice of the chirp parameter is a trade-off between a 
wide spectral (angular) bandwidth and high SHG efficiency. The results of analytical calculations are 
in excellent agreement with the numerical ones. We show that the process is robust to angular 
deviations of NPC's and it can be applied to enable tunable and broadband frequency conversion. 

In summary, we have elaborated the theory of SHG under Raman-Nath nonlinear diffraction in 2D 
NPC's. Corresponding analytical solutions were obtained. The efficiency of these processes can be 
increased by several orders of magnitude compared to the case of non-phase-matched SHG in 1D 
NPC's. It is shown that 2D NPC's under study can be used for enhancement of the effect of Raman-
Nath nonlinear diffraction in wide angular and spectral ranges. Theoretical results are in good 
agreement with numerical calculations and experimental data. These results may inspire a new family 
of multi-channel nonlinear optical converters for a wide range of applications. 
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At the present time, huge progress occurs for high-precision optical atomic clocks based on both 
neutral atoms in optical lattices and trapped ions. Exceptional accuracy and stability at the 10-17–10-18 
level are achieved. Potential possibilities to achieve the level of 10-19 become clearer for nuclear 
clocks and for highly charged ions On the way to these remarkable achievements, different barriers 
arise, which require the development of new unconventional approaches. As an example, for some of 
the promising clock systems, one of the key problems is the frequency shift of the clock transition due 
to the excitation pulses themselves. For the case of magnetically induced spectroscopy these shifts 
(quadratic Zeeman and ac-Stark shifts) could ultimately limit the achievable performance. Moreover, 
for ultranarrow transitions (e.g., electric octupole and twophoton transitions) the ac-Stark shift can be 
so large in some cases to rule out high accuracy clock performance at all. 

Unconventional solution to this important problem was proposed in the paper [1], in which so-
called hyper-Ramsey method has been developed. Soon this approach was successfully realized in [2], 
where the huge suppression (by four orders of magnitude) of probe-induced shifts was experimentally 
demonstrated. We develop new universal method to dramatically suppress probe-induced shifts and 
their fluctuations in any type of atomic clocks. Our approach is based on adaptation of so-called 
synthetic frequency concept [3] to the Ramsey spectroscopy with the use of interrogations for 
different durations of free evaluation intervals. We show that this protocol in combination with the 
original hyper-Ramsey spectroscopy [1] makes most extremal results and is quite stable with respect 
to the decoherentization. 

The essence of our approach consists in the following. Previously in the paper [3] the so-called 
synthetic frequency method, allowing to radically suppress thermal (BBR) shift in atomic clock, was 
proposed. However, an ideology of this method can be easy extended on cancelling of an arbitrary 
systematic shift. Indeed, let us consider two clock frequencies )0(

1ω  and )0(
2ω  (different in the general 

case). Assume that due to a certain physical cause we have the stabilized frequencies 1ω  and 2ω , 
which are shifted relative to the unperturbed frequencies at the values 1∆  and 2∆ : 

1
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22 ∆+= ωω .                                                          (1) 

Also assume that the ratio const=∆∆= 2112ε  does not fluctuate, while the shifts 2,1∆ can be varied 
during experiment (i.e., const≠∆ 2,1 ). In this case, we can construct the following superposition: 
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which is insensitive to the perturbations 2,1∆  and their fluctuations. This frequency we will call as 
“synthetic frequency”. A key advantage of this concept consists in the following: to construct the 
shift-free frequency synω  we do not need to know the real values of shifts 2,1∆ , because we need to 
know only their ratio 12ε , which can be exactly calculated (or measured) for many cases. 

Consider an influence of probe-induced shift sh∆ , which arises only during the Ramsey pulses, 
while this shift is absent during the dark time T. As a result, the stabilized frequency Tω  also 
becomes differing from unperturbed frequency 0ω : 

TT δωω += 0 ,                                                                        (3) 
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where the index T denotes the fixed time of the free evolution interval under frequency stabilization, 
and the resulting shift Tδ  exists due to the 0≠∆sh . On the basis of general principles, it can be shown 
that the dependence Tδ  on the value T can be expressed as the following decreasing series in terms of 
powers of 1/T: 

,2
21

 ++++= n
n

T T
A

T
A

T
Aδ                                                             (4) 

where the coefficients An depend on the pulse parameters (durations, amplitudes, phases, and the 
value sh∆ ). 

Because the time T is precisely controlled in experiments, then we can set a goal to eliminate the 
main contribution TA1∝  in Eq. (4) using the synthetic frequency protocol. To solve this task we will 
apply two different dark intervals T1 and T2 (but with the same Ramsey pulses), which will give us the 
corresponding stabilized frequencies 

1Tω  and 
2Tω . Using Eqs. (2)-(4) we easy find the synthetic 

frequency )1(
synω  and its residual shift )1(
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where the expression for )1(
synδ  does not contain the term 1A∝ . In the particular case of T1 = T and 

T2 = T/2: 
,2 2

)1(
TTsyn ωωω −=      2

)1( 2 TTsyn δδδ −= .                                                   (6) 

The value )1(
synδ  can be less than Tδ  [see Eq. (4)] by several orders of magnitude. Moreover, we can go 

further to define other synthetic frequency )2(
synω , for which both contributions A1/T and A2/T2 will be 

simultaneously canceled. Here we need to use three different time intervals (T1, T2, T3) with the 
corresponding stabilized frequencies (ωT1, ωT2, ωT3). In particular, we consider the case of T1 = T, 
T2 = T/2 and T3 = T/3, for which the required superposition takes the form: 

,33 32
)2(

TTTsyn ωωωω +−=      32
)2( 33 TTTsyn δδδδ +−= ,                                      (7) 

where the value )2(
synδ  can be less than )1(

synδ  by several orders of magnitude. 

To conclude, the synthetic frequency protocol in the Ramsey spectroscopy is a novel technique 
that offers a spectroscopic signal that is virtually free from probe-induced frequency shifts and their 
fluctuations. Most extremal results are obtained in combination with so-called hyper-Ramsey 
spectroscopy [1]. In the latter case, the probe-induced frequency shifts can be suppressed considerably 
below a fractional level of 10-18 practically for any optical atomic clocks, where this shift previously 
was metrologically significant. 
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Due to our complex approach, by both laboratory (in ILP) and numerical (ARRIEP) simulations, we 
could study for the first time [1,2] a main generation processes of the Collisionless Shock Waves 
(CSW) by exploding plasma clouds (or blobs) in magnetized Background Plasma (BP). It was done 
for the most appropriate case of Laser Plasma (LP) expansion transverse to uniform magnetic field B0, 
but in a more general case of CSW generation in space by plasma blobs (like a Coronal Mass Ejection 
– CME at Sun), a Quasi-Perpendicular (QP) CSW could be formed with angle θ≤450 between a shock 
normal and B0. Therefore for the dangerus impact of giant CME onto Earth magnetosphere and 
relevant strong compression of its Magneto Pause (MP) size from the usual value Rm ≈ 10 Re to new 
one Rm

* ~ 5÷6 Re (Re is radius of the Earth), we need take into account a presence of CSW in front of 
CME. Recently we had conducted a first HERMEX experiment [3] on the simulation of such two-fold 
compression of the Earth’s MP in BP flow, but without CSW, since a corresponding θ was ~ 0 under 
conditions of LP blob ejection along to field B0 (without any interactions between them and BP). 

Here we are discussing the setting of new LP-experiment for the QP-Shock generation (on the base 
of Magnetic Laminar Mechanism-MLM [2,4,5]) and present its first results together with the main 
features of general experimental scheme to simulate a super-extreme MP-compression up to 6 times. 
Recent numerical simulations of NASA [6] show that in such extreme case (probable at the early 
stage of solar activity), Solar Wind and CME plasmas could penetrate up to upper ionosphere, 
resulting in a lot of various chemical reactions and even possible origin of prebiotic life chemistry [7].  

General scheme of experiment MPS (MP and Shock) is the same as HERMEX [3] one, but instead 
of placing both a dipole and laser target at the central Z-axis of KI-1 chamber of ILP (∅120 cm × 5 
m), they were shifted horizontally into opposite directions – to the left (Y = 15 cm) and to the right 
(45 cm), respectively. Since a shift along to Z between them is 83 cm and Direct Distance (DD) 
between them is R0 ≈ 103 cm, a normal to flat target was almost matched with DD-vector and was 
directed at the desired  angle θ ≈ 450 to the field B0= 80 G. The vector µ of magnetic dipole (up to the 
106 G*cm3) lies near in horizontal plane and was oriented also at angle θ = 450 (to the B0-field and 
BP-flow), i.e. near perpendicular to DD-vector. A hydrogen BP with a density n* up to 3,5*1013 1/cc, 
temperature Te

*≈ 10 eV and velocity V* ≤ 30 km/s filled a high-vacuum chamber (and has a radius of 
1 m-column up to ~ 45 cm). Here we present a data with BP after maxima, with n* = (1÷2)*1013 1/cc. 
Polyethylene target was irradiated (in a spot ∅2 cm) by 2 CO2-laser beams with total energy up to 400 
J of pulse with 100 ns peak (and µs-“tail”). Generated LP-blob (H+ ,C+3

,C+4 ions) has a front velocity 
V0 ≈ 200 km/s, effective energy E0 up to 1 kJ (into 4π sr) and expansion into angle ∆Ω ~ π [1,2,5]. 

For the given parameters of MPS-experiment, its important part on the QP-Shock generation was 
preliminary simulated here in ILP (see Fig. 1a,b) for energy E0 ≈ 1000 J by hybrid code “Cloud” (used 
earlier [8] for KI-1 researches) and tested recently [2] on the results of ARRIEP numerical hybrid 
simulations for MLM [4] and ILP data [1,2] on laboratory CSW.  “Cloud” results show that along to θ 
= 450, a strong disturbances could be generated, propagating with its own Alfven-Mach number MA

* = 
Vd/CA ≈ 2÷3 after the point of “equal mass radius” Rm ≈ 80 cm for n* = 2*1013 1/cc (here the Vd ≈ 100 
km/s is disturbance front velocity and CA ≈ 40 km/s is Alfven velocity in BP). For the value of ion-
acoustic velocity CS ≈ 32 km/s we could determined magnetosonic Mach number Mf = Vd/Cf, where 
Cf(θ) is phase velocity of fast magnetosonic wave [9], that is Cf1= 1,15CA

 ≈ 45 km/s for our angle. 
Therefore, according to both calculated and observed (Fig 2a) numbers Mf ≈ 2,2 of disturbances, they 
are a super-magnetosonic shock-like structures with the compression of BP density n* and the parallel 
(to shock front) component of magnetic field, nearly corresponding to Shock Adiabatic Equation [9].  
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Fig. 1a Distributions of total (LP+BP) plasma density nT for the moments t = 6 μs and 7 μs. Data for θ = 450 
on quasi-perpendicular (QP) Collisionless Shocks Wave (CSW) formation by hybrid simulation “Cloud”).  
Fig. 1b Corresponding strong disturbances of magnetic field (Hp), parallel to CSW-plane, calculted as a total 
(Hr

2 + Hz
2)1/2. All n and B-fronts have a relevant scale ~ C/ωpi (ion inertial length). 

 

Now only experimental features of KI-1 facility ILP could supply the opportunity to generate both 
transverse [1,2] and QP Shocks (Fig. 2a) in laboratory, first of all, due to unique method [2] of 
producing Laser Plasma Blob (LPB) with effective kinetic energy up to E0 ~ 1000 J. Namely such 
large values of E0 and effective number electrons Ne0 ≥ 1019 in LPB are need to supply effective 
MLM-interaction of LPB with BP and generate quasi-perpendicular CSW in it at the angle up to θ ≈ 
450 due to the enough large value of MLM-parameter δ0 ≈ 1,5 [4], determined as δ0 = R*

2/RLRL
*. 
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Fig. 2a. Dynamics of QP-disturbances in Background Plasma (BP) at two distances R (68 and 90 cm) from 
laser target by data of two Langmuir probes: P1 (close to dipole) and IK2. The fronts of signals are marked 
by arrows to determine disturbance velocity Vd. BP- Hydrogen (1÷2*1013 1/cc), B0=80 G, initial LP’ Ma0 =5. 
Fig. 2b. A model of magnetosphere around Dipole (µ = 0,75*106 G*cm3) in a flow (from Bottom to Top) of 
Laser Plasma under conditions of HERMEX [3] experiment. Diameter of Dipole 5,5 cm, with a moment µ 
directed vertically (out of paper), while at the right magnetopause boundary a flutes are seen. 

 
Here R* = (3Ne0/4πn*)1/3 is maximal size of diamagnetic cavity of LPB in BP [4] and RL, RL

* are 
Larmor radii of both LPB’ and BP’ ions determined by V0 and B0. So, the effective MLM-interaction 
for CSW generation could be [4] at angles θ ≥ 900 – arcsin(2/3δ0), that means essential effect only 
near “equator” (where θ=900) of expanding sphere with magnetic field directed from its pole to pole. 
For the main goal of whole experiment – maximal compression [3] of Magnetosphere Model (MM), 
we could expect that kJ-LPB from its distance R0 ≈ 100 cm (to dipole) with the energetic criterion K = 
3E0R0

3/µ3 ≈105 should compress MM up to size Rm
*≈ 0,75R0/K1/6≈ 11 cm (from the initial Rm≈30 cm). 

This work was supported by ILP SB RAS Research Program II.10.1.4 (01201374303), the RAS 
Presidium Programs: “Extreme laser radiation: Physics and fundamental applications” and 
“Fundamental principles of innovative technologies…”. 
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We present experimental results of the different processes that can give from focusing an ultrafast 
laser light in the picosecond regime on a host of transparent materials, e.g., a silica, a silica glass and 
dielectric films. 
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Tb3+, Yb3+ and Ag co-doped glass were synthesized by a melt-quench technique. Ag nanoparticles 
(NPs) were formed in the glass matrix and confirmed by transmission electron microscopy (TEM). 
The effect of Ag NPs on visible and near-infrared luminescence were investigated. The electric field 
distributions of Ag NPs are emulated by FDTD solutions software. Local field enhancement (LFE) 
induced by localized surface plasmon resonance (LSPR) was found to be responsible for the 
fluorescence enhancement [1, 2]. 

 
Fig. 1 TEM image of the 2% of Ag2O in the glass. 

 
Phosphate glasses with compositions 75P2O5-5Li2O-20CaF2-1Tb2O3-1Yb2O3 were prepared using 

melt quenching technique. Silver was added in the form of oxides such an Ag2O in concentrations 
ranging from 0 to 4 additive mol.%. Fig. 1 shows the TEM image of 2% which clearly displays 
homogeneous distribution and the average particle size is found to be approximately 4nm.  

 
Fig. 2 Visible emission spectra (a) and Near-infrared emission spectra (b) of Tb3+ , Yb3+ co-doped phosphate 
glass for different concentration of Ag NPs under an excitation of 483nm. 

 
Fig.2(a). and (b). show the visible emission spectra and near-infrared emission spectra for Tb3+, 

Yb3+ co-doped phosphate glass without silver NPs and with silver NPs of varying concentration of 0.5 
mol%，1 mol%，2 mol% and 4 mol%, respectively. The results show that visible luminescence 
intensity first increase, then decreases with the increase of the Ag NPs concentration. The maximum 
enhancement factor is about 8.7 when the concentration of Ag NPs is 2%. At the same time, near-
infrared luminescence was also enhanced, which put forward the convenience of the present glass as a 
possible luminescent layer to enhance the sufficiency of silicon solar cells [3]. 

mailto:fsong@nankai.edu.cn
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Fig. 3 Electric fields near silver: (a) D=4nm, (b) D=4nm, d=2nm, and (c) D=4nm, d=1.5nm. 

 
The electric field distributions of Ag NPs are emulated by FDTD solutions software. Local field 

enhancement (LFE) induced by localized surface plasmon resonance (LSPR) [4] was found to be 
responsible for the fluorescence enhancement. 

 
Fig. 4 Energy levels diagram of Tb3+, Yb3+ ions in the QC energy transfers. 

 
Due to the above mentioned reasons, the mechanism of fluorescence enhancemenet is the increase 

of local electric field primarily generated by LSPR (Fig.4). Mechanism of luminescence enhancement 
by Ag NPs is extremely complicated. In spite of size of NPs, distance between NPs and luminophore, 
the shape and quantity of NP and dielectric constant of glass are all important factors which cannot be 
neglected. So, it is very difficult to accurately determine the contribution of each of these parameters 
to the emission processes within disordered matrices. This part study will be gradually improved in 
the future work. 
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