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Local Organizing Committee 

Chair 
Alexey Taichenachev 
Vice-Director of Institute of Laser Physics SB RAS, 
Professor of Novosibirsk State University 

Vice-Chair 
Alexander Shilov 
Scientific Associate of Institute of Laser Physics 

Local Technical Committee 

Chair Yury Schestakov 
Vice-Director of Institute of Laser Physics SB RAS 

Local Financial Committee 

Chair Elena Razum 
Vice-Director of Institute of Laser Physics SB RAS 

 

Venue 

Novosibirsk is the largest city in Siberia. It is quite new, as it was founded in 1894 
on a bank of the Ob river. In these years Novosibirsk has grown into a large 
industrial, cultural, and scientific center with a population of about 1,5 million. 
Novosibirsk is often called the capital of Siberia. 

Akademgorodok (Academic Town) is located 30 km away from the city. It was 
founded in 1957 as a Science Center of the Siberian Branch of the USSR Academy of 
Sciences. It is not so large, but considered to be the capital of Siberian science and 
has about a half of the Siberian Branch research potential. There are a lot of physical 
scientific and research institutes in Novosibirsk Akademgorodok. Among them are 
the Institute of Nuclear Physics, the Institute of Laser Physics, the Institute of 
Automation and Electrometry, the Institute of Semiconductor Physics, the Institute of 
Thermophysics, the Institute of Chemical Kinetics and Combustion, and the Institute 
of Inorganic Chemistry. The Akademgorodok institutes cooperate closely with the 
Novosibirsk State University, which is also situated in Akademgorodok. Surrounded 
by forest and located on a bank of the “Ob-Sea” (artificial water reservoir), 
Akademgorodok is a fine recreation center. 
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Keynote Lecturers and Invited Speakers 

Sergey Arakelyan Vladimir State University, 
Vladimir 

Nanostructured semiconductor cluster 
thin films for verify the macroscopic 
phenomena 

Sergey Babin 
Institute of Automation and 
Electrometry SB RAS, 
Novosibirsk 

New CW and pulsed regimes of Raman 
fiber lasers and their applications 

Ilya Beterov Institute of Semiconductor 
Physics SB RAS, Novosibirsk 

A simulated quantum process 
tomography of single-qubit and two-
qubit quantum gates based on adiabatic 
passage and Rydberg blockade 

Weihong Bi Yanshan University, 
Qinhuangdao 

Dual-wavelength fiber laser based on 
superimposed fiber grating and chirp 
grating 

Ming Feng Nankai University, Tianjin 
Pulse width tunable passively Q-
switched fiber laser with graphene 
saturable absorber 

Vladimir Gaysler 
Institute of Semiconductor 
Physics SB RAS, Novosibirsk 

Semiconductor quantum dots 
nonclassical emitters 

Wei Huang Nanjing Tech University, Nanjing Recent advances in plastic electronics 

Dmitry Kolker Novosibirsk State University, 
Novosibirsk 

Mid-IR OPO for spectroscopy and 
medical applications 

Alexey Kucherik Vladimir State University, 
Vladimir 

Laser-induced synthesis of 
nanostructured carbon materials 

Xuechun Lin Institute of Semiconductor CAS, 
Beijing 

High-power all-solid-state laser and its 
applications 

Evgueni Martynovich Irkutsk Branch of Institute of 
Laser Physics SB RAS, Irkutsk 

Spectroscopy of quantum systems based 
on the properties of their 
photoluminescent trajectories 

Boris Nyushkov 
Institute of Laser Physics SB RAS, 
Novosibirsk 

Fiber laser systems for applied metrology 
and photonics 

Alexander Razhev 
Institute of Laser Physics SB RAS, 
Novosibirsk 

Powerful discharge excimer ArF, KrCl 
and XeCl lasers on gas mixtures without 
the buffer gas 

Valentin Rudenko 
MSU Sternberg Astronomical 
Institute, Moscow 

Precision laser measurements in 
gravitational experiments 

Igor Ryabtsev Institute of Semiconductor 
Physics SB RAS, Novosibirsk 

Spectroscopy of the Förster resonances 
between a few cold Rydberg atoms in a 
time-varying electric field 

Feng Song Nankai University, Tianjin Novel glasses for short-length high-gain 
fiber lasers and amplifiers 
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Alexey Taichenachev Institute of Laser Physics SB RAS, 
Novosibirsk 

Recent advances in precision 
spectroscopy of ultracold atoms and ions 

Vladimir Trunov Institute of Laser Physics SB RAS, 
Novosibirsk 

Coherent beam combining in 
multichannel femtosecond laser system 

Andrey Turlapov Institute of Applied Physics RAS, 
Nizhni Novgorod 

Fermi and Bose quantum gases 

Sergey Vatnik Institute of Laser Physics SB RAS, 
Novosibirsk Novel high-efficiency thin-disk lasers 

Victor Zadkov M.V. Lomonosov Moscow State 
University, Moscow 

Quantum optics of a quantum emitter in 
the vicinity of a plasmonic nanostructure 

 

Contacts 

Person Position Contacts 

Alexander Shilov 
Vice-Chair of Local 

Organizing Committee 
amshilov@mail.ru 
+7-923-2238848 

Denis Brazhnikov Scientific Secretary 
wlpp2015@gmail.com 

+7-923-2237907 
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II. AGENDA 

 

Wednesday                                                       August 26 

Time Event 

09:00 Registration and cultural program 

10:00 
Open Speeches. 
Ac. Sergey Bagayev, ac. Wei Huang, rector Dr. Mikhail Fedoruk and prof. Feng Song 

Session 1 
Chairs: Sergey Bagayev and Feng Song 

10:30 

Ac. Wei Huang  –  Keynote 
Nanjing Tech University, Nanjing, China 
Nanjing University of Posts & Telecommunications, Nanjing, China 
“Recent advances in organic optoelectronics” 

11:15 

Dr. Sergey Vatnik  –  Invited 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Spectral characteristics and laser performance of 1%Nd:YAG and 1%Ho:YAG 
ceramics” 

11:45 
Prof. Xuechun Lin  –  Invited 
Institute of Semiconductor CAS, Beijing, China 
“Research and applications of high-average-power diode-pumped laser” 

12:30 Lunch 

Session 2 
Chairs: Wei Huang and Mikhail Fedoruk 

14:00 
Prof. Feng Song  –  Keynote 
Nankai University, Tianjin, China 
“Silver nanoparticles based Q-switched erbium-doped fiber laser” 

14:45 
Prof. Alexey Taichenachev  –  Invited 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Recent advances in precision spectroscopy of ultracold atoms and ions” 
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15:15 

Prof. Dmitry Kolker  –  Invited 
Novosibirsk State University, Novosibirsk, Russia 
Special Technology LTD, Novosibirsk, Russia 
Novosibirsk State Technical University, Novosibirsk, Russia 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Optical parametric oscillator for fundamental metrology, spectroscopy and 
medical diagnostics” 

15:45 
Prof. Jianpu Wang  –  Oral 
Nanjing Tech University, Nanjing, China 
“Charge carrier generation in organic photovoltaics” 

16:00 Coffee Break 

Session 3 
Chairs: Alexey Taichenachev and Jianpu Wang 

16:30 

Prof. Sergey Arakelian  –  Keynote 
Vladimir State University, Vladimir, Russia 
“Nanostructured semiconductor cluster thin films for verify the macroscopic 
quantum phenomena” 

17:15 

Prof. Fengwei Huo  –  Oral 
Nanjing Tech University, Nanjing, China 
“Functionalization of metal-organic framework materials by controlled 
nanomaterials encapsulation” 

17:30 
Dr. Alexey Kucherik  –  Invited 
Vladimir State University, Vladimir, Russia 
“Laser-induced synthesis of nanostructured carbon materials” 

18:00 

Dr. Lisa Liu  –  Oral 
Nankai University, Tianjin, China 
“The enhancement effect of gold nanoparticles on the fluorescence emission 
spectrum of caramel” 

18:15 
Dr. Stella Kutrovskaya  –  Oral 
Vladimir State University, Vladimir, Russia 
“Laser-assisted forming of the bimetal thin films with changing optical properties” 

19:00 
(till 21:00) 

Welcome Party 
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Thursday                                      August 27 

Time Event 

09:00 Visits to high-tech companies of Technopark 

11:00 Coffee Break 

11:30 Round Table: “Laser Physics and Innovation” 

12:30 Lunch 

Session 4 
Chairs: Sergey Babin and Weihong Bi 

14:00 
Prof. Victor Zadkov  –  Keynote 
M.V. Lomonosov Moscow State University, Moscow, Russia 
“Quantum optics of quantum emitters in the vicinity of a plasmonic nanoparticle” 

14:45 

Prof. Igor Ryabtsev  –  Invited 
Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia 
“Spectroscopy of the Förster resonances between a few cold Rydberg atoms in a 
time-varying electric field” 

15:15 
Prof. Andrey Turlapov  –  Invited 
Institute of Applied Physics RAS, Nizhny Novgorod 
“Fermi and Bose quantum gases” 

15:45 
Prof. Hong Zhao  –  Oral 
North-China Research Institute of Electro-Optics, Beijing, China 
“Study on narrow linewidth fiber laser with sinusoidal phase modulation” 

16:00 Coffee Break 

Session 5 
Chairs: Xuechun Lin and Igor Ryabtsev 

16:30 

Dr. Vladimir Gaysler  –  Invited 
Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia 
Novosibirsk State Technical University, Novosibirsk, Russia 
“Semiconductor quantum dots nonclassical emitters” 

17:00 

Prof. Evgueni Martynovich  –  Invited 
Irkutsk Branch of Institute of Laser Physics SB RAS, Irkutsk, Russia 
“Spectroscopy of quantum systems based on 
the properties of their photoluminescent trajectories” 
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17:30 

Yingdong Han  –  Oral 
Nankai University, Tianjin, China 

“Tunable luminescence spectra profile of Dy3+ in silicate glass and glass ceramics 
for White Light Emitting Diodes (W-LEDs)” 

17:45 

Dr. Victor Petrov  –  Oral 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Development of high-power, 1 kHz repetition rate, diode-pumped solid-state 
OPCPA laser system” 

18:00 

Prof. Haijuan Yu –  Oral 
Institute of Semiconductors CAS, Beijing, China 
Beijing Engineering Technology Research Center of All-Solid-State Lasers Advanced 
Manufacturing, Beijing, China 
“Generation of 130W narrow linewidth, high peak power picosecond pulses 
directly from a compact Yb-doped single-stage fiber amplifier” 

18:15 
Dr. Efim Pestryakov –  Oral 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Activated oxide eutectic crystals as new laser media” 

18:30 Poster Session with Refreshment 

20:00 
Dinner  (till 21:00) 
& 
Meeting of the International Programme Committee (till 22:00) 

 

 

Friday                                                   August 28 

Time Event 

09:00 Visits to Institutes of the Siberian Branch of Russian Academy of Sciences (SB RAS) 

12:30 Lunch 

Session 6 
Chairs: Andrey Turlapov and Hong Zhao 

14:00 

Prof. Sergey Babin  –  Keynote 
Institute of Automation and Electrometry SB RAS, Novosibirsk, Russia 
Novosibirsk State University, Novosibirsk, Russia 
“New CW and pulsed regimes of Raman fiber lasers and their applications” 
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14:45 

Prof. Weihong Bi  –  Invited 
Yanshan University, Qinhuangdao, China 
“Dual-wavelength fiber laser based on superimposed fiber grating and chirp 
grating” 

15:15 
Dr. Boris Nyushkov  –  Invited 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 

“Fiber laser systems for applied metrology and photonics” 

15:45 

Prof. Yanjun Zhang  –  Oral 
Yanshan University, Qinhuangdao, China 
“An extraction and recognition method of the distributed optical fiber vibration 
signal based on EMD-AWPP and HOSA-SVM algorithm” 

16:00 

Dr. Ivan Lobach  –  Oral 
Institute of Automation and Electrometry SB RAS, Novosibirsk, Russia 
Novosibirsk State University, Novosibirsk, Russia 
“Single-frequency self-sweeping fiber lasers” 

16:15 Coffee Break 

16:45 Lab tour to Novosibirsk State University 

19:00 
(till 21:00) Dinner 

21:00 Concert 

 

Saturday                                      August 29 

Time Event 

09:00 Cultural Program 

12:30 Lunch 

Session 7 
Chairs: Evgueni Martynovich and Denis Brazhnikov 

14:00 
Dr. Vladimir Trunov  –  Keynote 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Coherent beam combining in multichannel femtosecond laser system” 

14:45 

Prof. Ming Feng  –  Invited 
Nankai University, Tianjin, China 
“Pulse width tunable passively Q-switched fiber laser 
with graphene saturable absorber” 
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15:15 

Gleb Kuptsov  –  Oral 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“The fibre-based blocks of terawatt femtosecond laser system with high repetition 
rate” 

15:30 

Dr. Ilya Beterov  –  Invited 
Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia 
“A simulated quantum process tomography of single-qubit and two-qubit 
quantum gates based on adiabatic passage and Rydberg blockade” 

16:00 Coffee Break 

Session 8 
Chairs: Ilya Beterov and Lisa Liu 

16:30 

Prof. Alexander Razhev  –  Invited 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Powerful discharge excimer ArF, KrCl and XeCl lasers  on gas mixtures without the 
buffer gas” 

17:00 
Prof. Lin Li  –  Oral 
Nanjing Tech University, Nanjing, China 
“Two-photon imaging monoamine oxidase B activities in Parkinson’s disease” 

17:15 

Sergey Khripunov –  Oral 
Novosibirsk State University, Novosibirsk, Russia 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Transient processes in fast excitation of a coherent population trapping 
resonance” 

17:30 
Prof. Valentin Rudenko  –  Invited 
MSU Sternberg Astronomical Institute, Moscow, Russia 
“Precision laser measurements in gravitational experiments” 

18:00 

Dr. Shuang Wang  –  Oral 
Tianjin University, Tianjin, China 
“Advances in optical fiber sensing technology for aviation and aerospace 
application” 

18:15 
Dr. Dmitry Churkin  –  Oral 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Pulsed mid IR inductive HF laser” 

18:30 

Stas Frolov – Oral 
Institute of Laser Physics SB RAS, Novosibirsk, Russia 
“Features of supercontinuum generation by filamentation of IR femtosecond laser 
pulses in solid state media in anomalous dispersion region” 
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18:45 Closing Speeches (15 min.) 

20:00 
(till 22:00) Workshop Dinner 

Sunday                              August 30 

Time Event 

09:00 Cultural Program 

12:30 Lunch 

14:00 Free Time 

20:00 Dinner  (till 21:00) 
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III. BOOK OF ABSTRACTS 
Table of Contents 
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Analytical solution for quantum phase fluctuations in chains of Bose-Einstein 
condensates 

52 
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Propagation of light pulses in resonant Λ-type atomic medium 53 
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The statistical approach to quantum problem of laser cooling of two-level atoms 54 
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 Fiber optics and fiber lasers 

Sergey A. Babin 
New CW and pulsed regimes of Raman fiber lasers and their applications 63 

W. Bi, F. Wang, X. Fu, W. Jin, P. Jiang, Y. Wu 
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Ming Feng 
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Fiber laser systems for applied metrology and photonics 69 
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H. Yu, Y. Qi, X.C. Lin 
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73 

Y. Zhang, W. Liu, X. Fu, W. Bi 
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X. Fu, H. Xie, G. Fu, Z. Yanjun, W. Bi 
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Conventional optical parametric oscillators (OPO) for fundamental metrology, namely, 
self-phase locked OPOs are considered. Another type of OPOs – the cascaded ones, 
offers an efficient way for the generation of multiple tunable outputs from NIR-IR to 
MID-IR. Nanosecond combined PPLNs and HGS OPOs were developed for trace gas 
analysis and medical noninvasive diagnostics. The tuning range is 2.5-10.8 m. 

 
The optical parametric oscillator is an attractive source for fundamental metrology tasks, 

spectroscopy (ring-down spectroscopy and photo acoustic spectroscopy) and for the creation of special 
equipment for novel noninvasive medical diagnostics methods. In a conventional nondegenerate OPO, 
the phase difference between a signal mode and an idler mode is a random variable caused by the 
stochastic process resulting from a spontaneous parametric fluorescence noise. The mechanism of phase 
locking in SPLOPO may be explained by mutual injection of two parametrically interacting signal and 

idler modes, and a doubled idler mode (the SHG process). 
In fact, for absolute frequency measurements it is 
necessary to synchronize the phase of three interactive 
(signal, idler and pump) waves. The effect of self-phase 
locking of the signal and idler modes in an optical 
parametric oscillator (OPO) makes it possible to 
investigate the statics and dynamics of highly nonlinear 
optical systems. Self-phase-lock optical parametric 
oscillators (SPLOPOs) may be used in combination with a 
femtosecond laser for precision measurements of optical 
frequencies and in quantum-information technologies [1, 
2]. Some authors note the possibility of applying 
SPLOPOs to generate squeezed states of light [3] and 
bright light entanglement states [4]. 

The self-phase-locked optical parametric oscillator 
has an additional mechanism for phase locking of the 
parametrically interacting signal and idler modes between 

which the phase difference remains constant, in contrast to conventional OPOs. An important feature of 
SPLOPOs is the presence of a passive phase-locking mechanism that does not require phase locking 
electronics. This type of OPOs may be referred to as precision optical frequency dividers in which the 
pump, signal, and idler ratio is an integer (n = 2, 3, 4). Another feature of SPLOPOs is the possibility of 

 
Fig. 1: SPL-OPO and femtosecond comb. 

High-resolution spectroscopy 

and fundamental metrology 
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generating n stable phase-locked states spaced at 2π/n, which enables us to code information in the 
intensity-phase coordinates for quantum-information problems. 

The continuous-wave cascaded optical parametric oscillator 
in which the signal field of the primary parametric oscillator 
internally pumps the secondary parametric oscillator was 
demonstrated in [3]. Wavelength OPO tuning was made with 
temperature tuning and a fan-out grating structure of a dual-
grating periodically poled lithium niobate crystal by X-direction. 
The cascaded parametric oscillation offers a convenient and 
efficient way to generate multiple tunable outputs. This power 
efficiency has been verified, and it has been shown that this 
internal pump is clamped. Wide tunability of the outputs is 
facilitated by a fan-out grating structure with a tuning range of 

~200 nm. This makes the cascaded OPO a simple and efficient tunable source [3].  
Widely tunable mid-infrared laser sources are of great interest for various scientific applications, 

such as trace gas detection, spectral analysis, remote sensing, environmental monitoring, etc. Optical 
parametric oscillation is one of the most widespread ways to generate tunable coherent radiation in the 
spectral range from visible to IR. The tandem of combined OPO and resonance photo acoustic 
spectroscopy methods are proposed for the creation of a laser gas analyzer. In Fig.2, the LaserBreeze 
spectrometer based on an OPO is presented (in collaboration with “Special technologies, LTD”). The 
pump source is a diode-pumped Q-switched Nd:YLF laser (TECH-1053-N, Laser-Compact Group, 
Russia). The pump wavelength is 1.053 μm, and the pulse duration is 5–10 ns. The maximum laser 
pulse energy at a repetition rate of 100 – 2000 Hz is about 1300 μJ. The movable mirror switches the 
pump beam to the PPLN OPO or HgGa2S4 OPO. Translating the X-position of the PPLN chip by the 
precision step motor provides the wavelength tuning range of 2.5-4.5 m. At the second OPO, two HGS 
crystals are placed into the same cavity giving the wide tunable range of 4.2-10.8 m [5]. By using a gas 
analyzer based on combined OPO absorption spectra of more than 24-tested gas mixing (CH4, C2H2, 
CO2, CO, NO, NO2, NH3, CF4, etc.) were investigated [5]. 

In collaboration with MBI (Germany), IGIM SB RAS, and our institution, an optical parametric 
oscillator based on LiGaS2 and BaGa4S7 has been created [6, 7]. To develop a high average power OPO, 
new ABC2 and PPLN structures with improved parameters are necessary. By installing +In on +Ga 
(instead of LiInSe2), the damage threshold will be increased by one or two orders of magnitude. With 
the same effective nonlinearities, we expect an improvement of the idler energy for the new crystal 
structures by one or two orders of magnitude, with the corresponding pump level increase [8]. Within 
the framework of the “Labfer LTD” collaboration, new wide-aperture 3-mm universal PPLN structures 
have been developed for various tasks. For instance, such structures will be used for high-power OPOs 
(now, they are being developed at the Laboratory of Quantum Optics Technology, NSU) for an average 
power of at least 10 W at 2-4 m. 
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Fig 2: LaserBreeze spectrometer. 
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We offer the technique of spectroscopy of individual quantum systems based on the 
analysis of their lifetime on the emitting and non-emitting state and on the frequency of 
transitions between them. This technique can be useful in cases when the identification of 
the centers by conventional time-resolved luminescence spectroscopy is difficult because 
of the spectral and temporal overlapping. 

 

The basic toolkit for investigation of ensembles of quantum systems is based on the optical 
absorption spectroscopy and on the time-resolved luminescence spectroscopy. However, in many 
cases, under the spectroscopic identification of the centers, some problems appear. It concerns to 
atoms and molecules arranged on a substrate, and also in solid and liquid media. This problems are 
caused by the fact that the spectral bands in the optical spectra are wide and overlap with each 
other. In this work, we study a new possibilities for identification of these centers. These 
possibilities appear when you can check the luminescence of single centers. Detection of the single 
molecule luminescence is used in the genomics and proteomics by applying bright fluorescent 
markers. For example it allows visualizing the protein synthesis by ribosome according to the DNA 
program [1]. At that, so-called quantum trajectories of the luminescence intensity are measured. 

  
Fig. 1: The test sample with a gradient spatial distribution of 
color centers (1) and photoluminescence spectra in the right 
side (2), in the central part (3) and the left side (4) of sample. 
Excitation wavelength of LED is 455 nm. 

Fig. 2: Fluorescent images of single color centers. 
Picosecond excitation wavelength is 532 nm laser 
radiation. Color of image encodes the value of time 
decay constant. The size of the scanned area is 6x6 
(μm)2. 

Our investigations have been carried out with the lithium fluoride crystal LiF, where aggregate 
color centers of different types were created with gamma rays irradiation [2]. Fig.1 shows the 
luminescence spectra measured on ensembles of the centers. The investigations of the luminescence of 
the single centers were carried out with laser-scanning confocal fluorescent microscope MicroTime 
200 (Picoquant gmbh) with temporal resolution that works in time-correlated single-photon 
counting mode. Firstly, scanning of the intensity distribution inside the sample was performed. 
During the scanning process the emitting time of each photon was recorded and the images of the 
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single centers were pictured. Fig.2 shows these images. One can see in this Fig. that the luminescent 
images are a bit different in color. In particular, the images of the centers 1 and 2 are blue, but the 
images of the centers 3 and 4 are green. This is due to the fact that the lifetimes of the two types of 
centers, we see slightly different. Secondly, the focused excitation laser emission was directed onto 
the single centers. They were excited by a continuous sequence of picosecond pulses of constant 
intensity and luminescence intensity was recorded. At that time, the arrival moment of each photon 
was recorded. So, two types of graphs were mapped for each center. The first type is the trajectory 
of the fluorescence intensity (green curves in Fig.3) and the second type is the kinetics of the 
luminescence of single centers (blue curves in Fig.3). 

  
Fig. 3: Photoluminescent trajectories and kinetics of luminescence for the two types of single color centers 

 

Thus, we have two different types of the radiation defects that are almost not different on emitting 
spectra, excitation spectra, and fluorescence decay kinetics; and one can easily misinterpret them as the 
same type of center. However, looking at the luminescence intensity trajectories, we can see that the 
trajectories are drastically different. The centers, trajectories of which are displayed in the top of the Fig. 
3, under the continuous excitation, mostly stay in the non-emitting state. Controversially, the centers, 
trajectories of which are displayed in the bottom of the Fig. 3, mostly are in the emitting state. These 
properties allow us to differ the two types of the centers obviously. 
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New methods and approaches in precision spectroscopy of ultracold atoms and ions are 
observed with an emphasis on contributions of Institute of Laser Physics SB RAS. 

 
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 [5-7] clocks. 

Work in this direction has stimulated the development of novel spectroscopic methods such as 
spectroscopy using quantum logic [8], magnetically induced spectroscopy [9, 10], hyper-Ramsey 
spectroscopy [11, 12], spectroscopy of “synthetic” frequency [13] and others. 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 observed. 

Our work is supported by Russian Foundation for Basic Research (grants nos. 14-02-00712, 
14-02-00806, 14-02-00939, 15-02-08377), Ministry of Education and Science of Russian 
Federation (GZ № 2014/139 project № 825), Russian Academy of Sciences, and by a grant of 
President of RF (NSH-4096.2014.2).  
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It is for the first time established that fast excitation of coherent population trapping 
(CPT) resonance in Rb vapour  produces intensity oscillations in the radiation passed 
through the Rb vapour cell, which alter the resonance shape considerably. The presence 
and anharmonicity of these oscillations have been experimentally measured and validated 
theoretically. We also discuss the effect of alteration of the CPT resonance shape on 
stability of atomic clocks when the resonance is excited relatively quickly.  

 
 In order to generate a CPT resonance in a three-level Λ-system, the difference between the 

frequencies of a bichromatic pumping field is modulated. Higher modulation frequencies lead to 
improvement of the signal-to-noise ratio and to better stability of atomic clocks relying on this 
resonance. However, as it was demonstrated in [1], raising the modulation frequency also leads to a 
significant modification of the CPT resonance parameters.  

The present work for the first time establishes that this modification of the CPT resonance 
parameters results from alteration of the resonance shape, in its turn caused by relaxation processes 
playing increasingly significant role in CPT resonance formation as the modulation frequency rises. 
It was discovered that excitation of a CPT resonance on the transition of D1 line in 87Rb 
(Fg=1,2→Fe=2) at frequencies of several tens of Hz and higher generates relaxation oscillations of 
the radiation intensity, which give rise to a significant transformation of the resonance shape. We 
have measured this behaviour experimentally and validated our results theoretically using the 
modelling technique presented in [2].  

In Fig.1b, we present a theoretical dependence of the intensity of radiation passed through the 
Rb vapour cell upon time at the modulation frequency of 100 Hz (the central part of the CPT 
resonance is highlighted in red). It is obvious that CPT resonance excitation in this case features a 
considerable decaying oscillatory process that leads to a major modification of the resonance shape. 
Similar oscillations were observed earlier in step-wise CPT excitation [3]. Our modelling results of 
the process of step-wise excitation of a CPT resonance are shown in Fig.1e. Our experiments and 
calculations have shown that the difference in relaxation of CPT excitation between step-wise and 
harmonic excitation consists in that harmonic excitation leads to anharmonic intensity oscillations 
of radiation passed through the vapour cell (Fig.1a), whereas step-wise excitation produces regular 
harmonic oscillations (Fig.1d). Experimental proof of anharmonic oscillations caused by harmonic 
CPT excitation is presented in Fig.2 (the experimental set-up is described in [1]). The inset of Fig.2 
shows the measured dependence of the oscillation period upon time, which is in qualitative 
correlation with the calculated dependence of Fig.1a.  

Fig.3 contains the calculated evolution of the CPT resonance shape at various modulation 
frequencies. Significant increase in oscillation amplitude at progressively higher modulation 
frequencies is readily visible.  

The present work gives a detailed description of the obtained experimental and theoretical 
results, discusses the need to take into account these results when designing atomic clocks based on 
CPT resonances and transient CPT [3].  
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Fig. 1: Theoretical temporal traces of harmonic (a, b, c) and step-wise (d, e, f) CPT excitation. 

 

 
Fig. 2: Experimental dependence of the intensity of 
radiation passed through a Rb vapour cell upon time at 
the modulation frequency of 100 Hz. 

 
Fig. 3: Theoretical dependence of intensity of radiation 
passed through a Rb vapour cell upon the modulation 
phase at different modulation frequencies.  
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We present the results of research aimed for improving properties of optical frequency 
standard based on Nd:YAG laser with second harmonic at 532 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 1.4×10-15 at 105 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 have undertaken several measures to significantly 
improve properties of such standard. Optical scheme of the standard is depicted 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. 

2. Stabilization of stray noises in amplitude of modulated laser beam has been ensured up to 10-4 
from total power. 

3. Two-stage system of iodine cell thermostabilization has been designed for accurate 
stabilization of iodine vapour pressure (T1-T2 at Fig.1). 

4. High-quality beam profile has been provided, allowing us for avoiding relevant frequency 
shift due to wave-front curvature. 

5. Array of photodetectors has been applied for improving signal-to-noise ratio of fluorescence 
signal from the iodine cell. 

 

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. Details 
of the improvements 1–5 will be presented during the poster session of the Workshop. Stability of 
the constructed optical frequency standard has been retrieved from stability of the beat signal of two 
identical devices. So, instability equals to 1.4×10-15 @ 105 s (Fig.2). As far as we know, this is the 
best result among analogous optical standards. 
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Fig. 1: Functional diagram of optical frequency standard. PD – photodetector, DD – digital detector, 
DDS – scheme of direct digital synthesis of a signal, OCXO – thermo-stabilized quartz. 

 

Fig. 2: Allan deviation. 
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Frequency standards play a 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. The 
development of a new generation of ultraprecise 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 shift1. 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. Endcap trap design has advantage of better optical access 
which can be exploited for multi beam 3D laser cooling of the ion. 

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. Up to 100 µW of the UV light is available for cooling. 

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. The etalon is mounted on 
a spring suspension inside a thermostabilized vacuum chamber to suppress length fluctuations and 
thermal drift. 

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. 

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 (no. 
14-02-00712), by the Russian Presidential Grant (no. NSh-4096.2014.2). 
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Nonlinear laser spectroscopy in the scheme of two collinear waves was considered. An 
emphasis was put on an investigation of nonlinear additions in the absorption spectrum of 
one of waves. We demonstrated spontaneous transition of the low-frequency Zeeman 
coherence influences a sign of ultra-narrow resonances. For a closed transition we got 
direction of resonance’s contour depends only on the momenta Fe, Fg. We presented a 
classification on a sign of resonances for dipole allowed transitions. 

 
As known nonlinear interference effects [1] connected with low-frequency atomic coherent 

states are of great interest for laser spectroscopy. The most familiar ones among them are effects of 
electromagnetically induced transparency (EIT) [2] and electromagnetically induced absorption 
(EIA) [3], which are used in different applications in laser physics and nonlinear optics (lasing 
without inversion, quantum information, physics of cold atoms, quantum metrology and so forth). 

Despite vast majority of works devoted to investigations of effects EIT/EIA there are 
drawbacks in theoretical description. In particular there is not a solid theoretical proof of settled 
classification of dipole transitions in relation to the sign of an ultra-narrow resonance even in the 
case of week saturation of a transition though as was shown in theoretical works [4-6] physics of 
EIA is due to anisotropy formation of excited state of an atom and its spontaneous transfer to the 
ground state. In particular during destroying this anisotropy, for example, when working atoms 
collide with buffer gas EIA resonance changes to an opposite one of inverse sign – EIT [7,8]. 

We considered standard scheme of laser spectroscopy with two co-propagating waves with 
arbitrary elliptical polarizations in approximation of dipole interaction with medium in this work. 
We got a clear analytical expression for spectroscopic signal in an invariant form allowing to 
separate different nonlinear phenomena also we grounded dipole transitions classification on 
direction of resonance contour (EIT/EAT) known up to the present time: 
a) For transitions Fg=F→Fe=F–1 и Fg=F→Fe=F ultra-narrow deep occurs in absorption line, i.e. 

EIT phenomenon associated with nonlinear interference effects; 
b) For transitions Fg=F→Fe=F+1 ultra-narrow peak occurs in absorption line, i.e. EIA takes place. 

This work was supported by the Russian Foundation for Basic Research (grant nos. 15-32-
20330, 15-02-08377, 14-02-00712, 14-02-00939, 14-02-00680) and by the Presidential Grant 
Program (NSh-4096.2014.2 and MK-4680.2014.2). 
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We study the effect of dual structure of saturated-absorption resonance in atomic gas that 
was experimentally discovered several years ago [Vasil’ev et al., JETP 112, 770 (2011)]. 
In that paper the effect was explained basing on quite simple scalar model of atom-light 
interaction. Here we theoretically show that more precise model, including influence of 
higher-order spatial harmonics of atomic polarization and polarizations of light waves, 
can dramatically affect on the possibility of observation of the dual-structured resonance. 

 
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] it was noted that that effect could not be 
caused by previously known phenomena, for instance, as electromagnetically induced absorption, 
influence of residual magnetic field or the recoil effect, etc. It is well known that the higher-order 
spatial harmonics (HSH) of atomic polarization as well as changes in the parameters of polarization 
of laser radiation can affect on the shape of SAR [1]. However, it was showed in the paper [2] that 
appearance of the double-structure effect is not directly related to the influence of HSH or 
parameters of light field polarization.  

In this paper we conduct theoretical investigations of HSH influence and the influence of 
parameters of polarization of light waves on the double structure effect of saturated-absorption 
resonance. Obtained results demonstrate the significant influence of the higher-order harmonics on 
the amplitude and the width of the central peak. Moreover in some regimes HSH play key role in 
formation of dual-structured SAR and can even lead to disappearance of the central peak. Besides, 
our numerical calculations demonstrate that the variation of light-field polarization parameters can 
also result in disappearance of the double-structure effect. It is associated with the peculiarities of 
optical pumping in atomic gas under polarized light waves. 

The obtained results essentially complement knowledge about new nonlinear effect that was 
discovered in [2] and can be used, for example, in metrology for stabilization of laser radiation 
frequency by nonlinear resonances in atomic or molecular gas. This work was partially supported 
by RFBR (grants nos. 15-02-08377, 15-32-20330, 14-02-00712, 14-02-00939, 14-02-00680), 
Ministry of Education and Science of Russian Federation (government order no. 2014/139, project 
no. 825), Presidium of the Siberian Branch of Russian Academy of Sciences and by Russian 
Presidential Grants (MK-4680.2014.2 and NSh-4096.2014.2). 
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In this paper, a radiation source at a wavelength of 457 nm based on a Nd:YVO4 laser 
second harmonic with a diode pump is presented. Laser frequency is stabilized by the 
Fabry-Perot interferometer passband. The interferometer thermostabilization with an 
accuracy of 1 mK is implemented. The radiation power at a wavelength of 914 nm is 
increased to 0,8 W. The radiation source can be used for precision spectroscopy of 
magneisum atoms. 

 
Frequency standards play an important role 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: 163 10      [1]. Further increase in the accuracy of 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. 
Alkali-earth elements are of great interest, and among these is magnesium, having certain 
advantages, such as the narrowest intercombination transition, the simplest structure of the electron 
shells, and the smallest frequency shift due to the thermal radiation at the “clock” transition. The 
existence of a clock transition 1 3

0 1S P  with a natural width of 36 Hz and a fast closed transition 
1 1

0 1S P  allows effective cooling and trapping of magnesium atoms in a magneto-optical trap. Sub-
Doppler cooling of magnesium atoms and their localization in an optical lattice will allow us to 
create a frequency standard with a relative inaccuracy of 10-16–10-17 [2]. A radiation source at a 
wavelength of 457 nm for this standard must have high frequency stability, radiation power on a 
level of 100 mW, and a spectral linewidth of order of 1 Hz. 

At the Institute of Laser Physics SB RAS, a Nd:YVO4 laser at a wavelength of 914 nm with 
frequency doubling in an external cavity was developed. Frequency stabilization of Nd:YVO4 laser 
radiation by the Fabry-Perot interferometer passband allows achieving a laser system linewidth of 1 
kHz [3, 4]. In this paper, the results of stabilizing a Fabri-Perot interferometer and increasing the 
914 nm radiation power are presented. The interferometer with an optic glass-ceramic base was 
isolated from external thermal impacts by a thermal shield, and from acoustic impacts, by a vacuum 
chamber. Vibrational effects were suppressed by an anti-vibrational platform. Special attention was 
given to temperature stabilization, because despite a low thermal expansion coefficient (10-7 K-1) of 
the glass-ceramics its temperature change only by 1 K leads to a frequency change of 30 MHz. 
Temperature stabilization of the interferometer within 1 mK will allow us to reduce the influence of 
temperature fluctuations. For this, a multichannel thermostabilization system was developed based 
on two independent PID-controllers (Fig. 1). Temperature is measured by thermistors located on an 
interferometer case wall and bottom. Two independent heaters are used for heating, which are 
thermofilms connected to a 120 V power supply. 

For thermostabilization system control, a NI LabVIEW virtual instrument was developed. Its 
functions are: temperature calculation by a signal received from thermistors, action on the heaters 
calculated with the PID-algorithm, which is made by controlling MOSFET switches, and providing 
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data recording and visualization. Power control is carried out with pulse-width modulation in the 
range from 0 % to 100 % with a step of 0,1 %. The PID-controller coefficients were calculated with 
the Ziegler–Nichols tuning method [5]. Some experiments on thermostabilization were performed. 
The developed system allows one to maintain the interferometer case temperature with a stability of 
1 mK. 

 

 
Fig. 1: Scheme of the interferometer multichannel thermostabilization system. The vacuum chamber with 
interferometer is in a metal case isolated by polystyrene. Rheat – heating elements, R(T) – thermistors 
TH10K produced by ThorLabs, E14-440D – ADC/DAC external module produced by L-Card. 

 
To achieve the required power of radiation at a wavelength of 457 nm, a tapered amplifier TA-

920-1000-CM (produced by m2k-laser-GmbH) was implemented in the scheme. As a result of this, 
0,8 W of the 914 nm radiation power was achieved. In Figure 2, the amplified radiation versus 
current is shown. 

The results will make it possible to increase the frequency stability of the source and provide 
the power of radiation at a wavelength of 457 nm that is necessary for spectroscopy of magnesium 
atoms. In our further studies, experiments on measuring the laser system linewidth, frequency 
doubling in the external cavity, and spectroscopy of cold magnesium atoms will be performed. 

This work was supported by the Russian Foundation for Basic Research (projects nos. 14-02-
31329 mol_a, 15-32-20330 mol_a_ved, 15-02-06087 a) and Russian Federation President Grants 
(grants nos. MK-4680.2014.2 and NSh-4096.2014.2). 
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Fig. 2: The amplifier output power versus the current. 
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We present the results of laser-induced obtaining semiconductor fractal clusters of 
materials on the solid surface. A method is offered by a CW-laser modifying thin 
epitaxial films results in nanoparticles on the structure with lateral dimensions of 100-
500nm and altitude up to 60nm. Obtained quantum dots (up to 10 nm) in the form of 
fractal clusters. By of the deposition process the control of electrical properties of the 
formed structures can be varied in respect of by changing their morphology. 

 
1. The laser synthesis technique for semiconductor nanoparticles of PbTe is presented by two 

methods:  laser modification of thin films and laser evaporation of substance in liquid to produce 
the colloidal systems. Under a CW-laser radiation the nanoparticles become quantum dots under 
some conditions. By drop deposition technique it has been obtained the structures with various 
morphology which depends on the substrate temperature. The optical and electro-physical 
properties of the structures can be controlled, and are very important to construct the elements and  
devices of optoelectronics and photonics on new physical principles. 

2. The CW-laser ablation experiments (λ=1.06 μ, laser intensity – up to 106 W/cm2) with 
colloidal systems to induce the surface semiconductor nanostructure on substrate have been carry 
out to study the electrical transport properties under quantum tunneling effect. On the other hand, 
when the nanoparticles drop on the solid surface they are accumulated in clusters of bigger size R0 
(see Fig.1a). The electroconductivity vs R0 has been studied the macroscopic quantum phenomena 
development in dependence on R0 are obtained. 

3. The main conclusion from our study is that the island conductivity is dominant for the case. 
An electroresistance can dramatically decrease due to spontaneous selected multichannel/parallel 
electron transportation trajectories (Fig.2). 

Two conditions are the vital items for that: the cluster size R0<l, where l is the inelastic length 
and distance a between two neighboring clusters less the de Broglie wavelength λdB. So, the 
tunneling quantum effect takes place between correlated particles in two domains. 

For such laser-induced nanostructures we demonstrated the superconductivity tendency (Fig. 
1b) to increase the electrical conductivity (in several times for our case) at room temperature in 
comparison with homogenous sample. The fact can be explained in analogy with correlated 
particles/coupling pairs from two sides of the border for double electric layer/two barriers due to 
quantum hole being under a coherent tunnel effect. 

4. Jump conductivity has been detected under some experimental conditions of laser-induced 
cluster structures (Fig.3). The cluster shell model can be taken into account to explain the results. 

Nano- and femto-photonics: 

Foundations and applications 
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Fig. 1: (a) AFM-image of deposited PbTe-clusters and (b) the Volt-Amper experimental data view in the frames of the 
tunneling mechanism conductivity for PbTe deposited layers under average cluster size R0 and average distance 
between clusters (a), correspondingly: (1) 120 nm and 20 nm; (2) 210 nm and 8 nm; (3) 120 nm and 8 nm. 

 
Fig. 2: Spontaneous conductivity channels for semiconductor grain layer: modeling for both (1) a single electron 
transportation trajectory and (2) a summarize electro conductivity for different trajectories over cross-section. 

 
Fig. 3: A jump-conductivity demonstration: the shell number (1, 2, 3) associated with 
electron transition to conductivity band. 
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We demonstrated a saturable absorber (SA) based on silver nanoparticles (SNPs) by 
depositing them on the end of fiber. The SNPs based SA showed a modulation depth of 
18.5% and a maximum transmission of 90.2%. With this SA, we built a passively Q-
switched erbium-doped fiber laser. 2.4 μs pulses with a repetition rate of 58.5 kHz and 
maximum single pulse energy of 132 nJ were achieved at a pump power of 139 mW. 

 
Q-switched erbium-doped fiber lasers (EDFLs) have attracted substantial attentions due to their 

wide range of applications, including telecommunications, sensing, and medicine. Many studies 
have been devoted to construct various kinds of Q-switched EDFLs. In recent years, novel saturable 
absorbers (SAs) such as carbon nanotubes (CNTs) and graphene have been widely investigated in 
realizing all-fiber Q-switched fiber lasers [1, 2]. However, research on building new kinds of SAs 
and designing new Q-switched fiber lasers are still required to access better performance. 

Metal nanoparticles have received increasing attention in the past few years due to their 
interesting optical properties, such as large third-order nonlinearity, broadband absorption, and fast 
response time. Recently, metal nanoparticles based SAs, especially gold nanoparticles based SAs, 
have been used to build mode-locked and Q-switched fiber lasers [3]. Broadband longitudinal 
surface plasmon resonance (SPR) absorption of gold nanoparticles enabled the EDFLs to operate at 
Q-switching or mode-locking states. Metal nanoparticles based mode-locked/Q-switched EDFLs 
have been proposed to be high performance SAs to generate high energy Q-switching pulses and 
ultrafast mode-locking pulses. 

Here we report a passively Q-switched EDFL by using silver nanoparticles (SNPs) as a SA. We 
implemented the photodeposition technique to deposit SNPs on the optical fiber end facet to build a 
SA. The SNPs based SA showed a modulation depth of 18.5%, which was larger than those of 
similar SAs, such as CNTs and gold nanoparticles. As larger modulation depth of the SA is 
generally required for stable Q-switched operation of lasers, such a deep modulation guaranteed 
SNPs serving as a high performance SA. Self-started Q-switching at 1564.5 nm in the EDFL 
pumped by a 980 nm laser diode was obtained for a threshold pump power of 19.9 mW. 2.4 μs 
pulses with a repetition rate of 58.5 kHz were obtained at a pump power of 139 mW. Maximum 
single pulse energy of 132 nJ was achieved, which was relatively higher than the pulse energy 
generated with CNTs and graphene as well as most of the gold nanoparticles based SAs. The 
obtained results showed the possibility of SNPs serving as a high performance SA for a Q-switched 
fiber laser. To the best of our knowledge, it is the first time that SNPs are used as a SA to build a Q-
switched EDFL. Further improvement can be achieved by optimizing the design of the SNPs based 
SA and the structure of the laser cavity. 

References 
[1] Q. Sheng, M. Feng, W. Xin, T. Han, Y. Liu, Z. Liu, and J. Tian, Opt. Express 21(12), pp. 14859–14866 (2013). 
[2] Q. Sheng, M. Feng, W. Xin, H. Guo, T. Han, Y. Li, Y. Liu, F. Gao, F. Song, Z. Liu, and J. Tian, Appl. Phys. Lett. 

105(4), p. 041901 (2014). 
[3] T. Jiang, Y. Xu, Q. Tian, L. Liu, Z. Kang, R. Yang, G. Qin, and W. Qin, Appl. Phys. Lett. 101, p. 151122 (2012). 

 



 

36 
 

Semiconductor quantum dots nonclassical emitters 
V.A. Gaysler1,2, A.V. Gaysler1, I.A. Derebezov1  

 1Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk, Russia 
2Novosibirsk State Technical University, Novosibirsk, Russia 

E-mail: vahvah55@mail.ru 

The results of the development of nonclassical emitters with current pumping of single 
InGaAs quantum dots, which are selectively positioned in micron size aperture, will be 
presented. The used semiconductor Bragg microcavity provides high level of the external 
quantum efficiency and small divergence of output light.   

 
Mesoscopic quantum optics is currently attracting a lot of attention because research in this 

field reveals new prospects in the study of quantum electrodynamics effects and the development of 
ultraminiature nonclassical emitters of light for quantum information systems, such as emitters of 
single photons and entangled photon pairs. Nonclassical emitters generate photon states with sub-
Poisson statistics, or in the ideal case, Fock photon states with definitely given number of photons. 
They can be realized only on the base of single isolated quantum system, such as – single atom, 
molecular or “artificial” atom – semiconductor quantum dot. The implementation of efficient 
nonclassical photon emitter devices is one of the most difficult issues in nanotechnologies. To attain 
this goal, one needs (i) to localize the quantum system, (ii) to efficiently pump it, and (iii) to 
efficiently collect the emitted radiation. All of the above three problems can, in principle, be solved 
by means of modern semiconductor technology, which makes it possible to integrate a single 
semiconductor quantum dot (QD) into a semiconductor microcavity. An obvious advantage of 
semiconductor nonclassical photon emitters is the possibility of pumping QDs by means of electric 
current. This opens up a means for the development of entirely solid-state emitters in the form of 
miniature light emitting diodes.  

The results of the development of nonclassical emitters with current pumping of single InGaAs 
QDs, which are selectively positioned in micron size aperture, will be presented. The used 
semiconductor Bragg microcavity provides high level of the external quantum efficiency and small 
divergence of output light.  The microcavity consists of two semiconductor Bragg mirrors of p-  and 
n- type doping, AlGaAs aperture ring and InAs quantum dots layer in – between of Bragg mirrors. 
It has been demonstrated, that AlGaAs ring plays a role of effective optical and current aperture 
simultaneously. Moreover, this ring provides the effective selective positioning of InAs quantum 
dots only inside inner diameter of this ring, which is of order of a few microns. It has been 
demonstrated, that external quantum efficiency for this type of SPS microcavity can be as high as 
88 %, whereas output light divergence does not exceed numerical aperture 0.2, which provides high 
coupling efficiency with standard optical fibers. Electroluminescence spectra at cryogenic 
temperatures demonstrate sharp peaks, which are corresponding to recombination of exciton and 
biexciton of single InGaAs QDs. These results support experimentally the feasibility of the creation 
of a nonclassical photon emitter based on the developed microcavity design. 

The fine structure of exciton states in InGaAs quantum dots grown by the Stranski-Krastanov 
method with short growth interruptions has been stidied by microphotoluminescence at cryogenic 
temperatures. It has been demonstrated that, with increasing quantum dot size, the splitting of the 
exciton states increases steadily to ~102 eV. It has been shown that, in the exciton energy range of 
1.3 – 1.4 eV, the magnitude of this splitting is comparable to the natural width of the exciton lines 
(~ 1 eV). These  quantum dots (with EFS  X) are suitable for the fabrication of entangled 
photon pair emitters due to biexciton-exciton recombination cascade. 
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In this paper we investigated the processes of laser modification of carbon materials are 
placed in the water. The possibility of the synthesis of carbon nanoparticles with different 
degrees of crystallization is presented. Shown, what the degree of crystallization of the 
particles depends on the regimes of laser action (heating rate and intensity) and on the 
type of target material. 

 
Synthesis of new carbon materials by laser irradiation of carbon target is an actual branch of 

laser physics. Laser sources with different pulse duration allow to change the heating rate of carbon 
with realization of different transition scenarios such as solids-liquid-vapor.  

The obtaining of different allotropic forms of carbon depends on the conditions (pulse duration, 
energy, repetition rate etc.) of laser action. Last years, methods of laser irradiation on the carbon 
target in a liquid medium are actively developed. In this case the formation of a cavitation bubble, 
which can provide additional pressure on the target surface, the value of which can reach values of 
10 GPa depends on laser irradiation conditions. Also, using laser setups with femtosecond pulse 
duration near the target surface, leads to a transition of the liquids into the "liquid plasma", which 
ensures both high temperature and high pressure in the area of influence. 

 
Fig. 1: Laser modification of carbon after laser irradiation of pyrolytic graphite surface (a); 

deposition of colloidal system after irradiation of glassy carbon (b). 

Experiments of laser action on carbon target in the air and in water are presented in this paper. 
For the realization of different regimes of laser surface modification of the target and the formation 
of micro- nanoparticles in a liquid the YAG: Nd laser with a pulse duration from 0.5 ms up to 20 ms 
(pulse energy up to 50 J) and the Ti: Sa femtosecond laser with 50 fs  pulse duration (pulse energy 
up to 0.01 J) were applied. Melting processes were observed during the laser irradiation of samples 
in air by millisecond laser. The dependence on the laser beam, pulse duration, focusing conditions 
leads to a formation of domains and centers of melting with dimensions which are defined by the 
conditions of the experiment 

During the process of laser irradiation of the target in the water, the surface layer explosion of 
the target due to local boiling supercritical fluid, "cold" ablation, solid-phase modification of the 
sample surface were observed. During the colloidal droplets deposition the structures like carbon 
foam were observed. 
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Simultaneously to control the size, composition, and spatial distribution of nanoparticles 
within metal organic framework (MOF) matrices remains a challenge. Here, we report a 
controlled encapsulation strategy that enables nanostructures to be enshrouded by MOFs. 
The incorporated nanoparticles are well dispersed and fully confined within the MOF 
crystals. The as-prepared nanoparticle/MOF composites exhibit active (catalytic, 
magnetic and optical) properties that derive from the nanoparticles as well as molecular 
sieving effects that originate from the framework material. 

 
Metal-organic frameworks (MOFs) have crystalline structures and are typically characterized 

by large internal surface areas, uniform but tunable cavities, and tailorable chemistry [1, 2]. MOFs 
have shown great promise for a variety of applications, including gas storage, chemical separation, 
catalysis and sensing. By serving as host matrices for functional species, MOFs also offer the 
opportunity to develop new types of composite materials that display enhanced or even new 
properties in comparison to the parent MOF counterparts.  

In particular, the incorporation of nanomaterials in MOFs attracts much attention because of 
the benefits of novel chemical and physical properties exhibited by nanoparticles. 
Nanoparticle/MOF composites can be prepared either by using MOFs as templates to generate 
nanoparticles within their cavities or by encapsulating presynthesized nanoparticles in MOFs. In the 
former case, small and naked nanoparticles are generated and embedded in the cavities of MOFs. In 
the latter, however, usually presynthesized nanoparticles are stabilized with certain surfactants or 
capping agents and the nanoparticle hydrodynamic radius is much larger than the cavity size of the 
MOF. The nanoparticles do not occupy the MOF cavities, but instead are surrounded by grown 
MOF materials. Although there are many reports on nanoparticle/MOF composites and their 
applications (mainly focused on heterogeneous catalysis and gas storage), this emerging area is 
characterized by significant challenges. 

Here, we report a general encapsulation strategy that allows any of several types of 
nanoparticles to be incorporated fully within crystals of a readily synthesized zeolitic imidazolate 
framework material, ZIF-8, one type of MOFs, in a well-dispersed fashion (Fig. 1). This strategy 
involves the functionalization of nanoparticle surfaces with polyvinylpyrrolidone (PVP) and the 
optimization of the crystallization of ZIF-8. PVP is an amphiphilic, non-ionic polymer used 
extensively, not only as a ‘general’ surfactant to stabilize various nanoparticles in polar solvents 
(such as methanol and N,N-dimethylformamide, commonly used as solvents for MOF synthesis), 
but also as a capping agent to assist in controlling the size and shape of certain nanoparticles during 
their syntheses. ZIF-8, characterized by the sodalite zeolite-type structure and featuring large 
cavities (11.6 Angstrom) and small apertures (3.4 Angstrom), is well known for its chemical 
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robustness and thermal stability. ZIF-8 can be produced in the form of powders, thick membranes 
and thin films through diverse protocols. Nanoparticle/MOF composites were prepared by the 
crystallization of ZIF-8 in methanol at room temperature in the presence of PVP-modified 
nanoparticles under optimized experimental conditions.  

This strategy relies on the successive adsorption of nanoparticles onto the continuously 
forming surfaces of the growing MOF crystals. This allows ready control over the spatial 
distribution of nanoparticles within ZIF-8 crystals by adjusting the time of nanoparticle addition 
during the MOF-formation reaction. The as-prepared hybrid materials exhibit both active (catalytic, 
magnetic, and optical) properties deriving from the incorporated nanoparticles and size- and 
alignment-selective behavior (i.e., molecular sieving and regioselective guest reactivity) originating 
from the well-defined microporous nature of the MOF component [3]. 

 

Fig. 1: Scheme of the controlled encapsulation of nanoparticles in ZIF-8 crystals. 
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The article presents the results of cluster formation Au-Ag structures on the surface of 
glass. The properties of the structures obtained according to the weight ratio of metal 
nanoparticles and the concentration of particles in the colloid were investigated. The 
Optical properties of the resulting structure significantly depending on the morphological 
properties and the chemical composition of the obtained structures. 

 

Laser ablation of solid targets in the liquid medium widly used method for fabrication 
nanostructures with various compositions such as metals, alloys, oxides, carbides, hydroxides, etc. At 
the same time a great advantage of the method is the possibility to re-irradiate the suspended 
nanomaterials that can be applied to further modify their size, shape, and composition. In the past two 
decades, with the rise of nanoscience, laser ablation has been broadly applied and developed for the 
synthesis of noble metal nanostructures such as gold (Au), silver (Ag), platinum (Pt) and palladium (Pd) 
or their alloys. Bimetallic structures of these metals have improved physical and chemical stability and 
selectivity compared with isometric structures. The bimetallic complex is related to change the optical 
properties, in particular transmission and absorption, depending on the nanoparticles (NPs) size and 
composition. Separate direction of controlling the optical properties of such nanostructures formation of 
clusters with variable morphology.  

 
Fig. 1: REM-images of deposited bimetal cluster (a) and transmission spectra of deposited cluster for 
various mass ration of Au and Ag particles in colloidal solution: 1- 1(Au):1(Ag); 2 - 1:3; 3 - 3:1. 

Promising method of obtaining bimetallic clusters is the laser formation of colloidal alloys. In this 
work we used method of action of CW-laser radiation with moderate intensity in liquid (water, ethanol, 
etc.). Colloidal systems formation were obtained by CW-laser (λ = 1.06 μm, I ~ 106 W/cm2, t =10 min). 
Particle size in the colloidal solution is approximately 8 nm. After that, two colloidal systems were 
mixed and NPs were deposited on the SiO2 substrate by two different methods: laser-induced thermal 
deposition of metal particles from colloidal solution and deposition of particles from small drop of 
colloid. 

The morphological properties of deposited clusters were investigated using atomic force 
microscopy (AFM), scanning electron microscopy (SEM) and transparent electron microscopy (TEM). 
It was found that the transmission spectra of the resulting structures depend on the concentration of gold 
and silver nanoparticles in the colloidal solution and from morphology properties of deposited layer. 
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The effect of colloid gold nanoparticles (AuNPs) on the fluorescence emission spectrum 
of caramel has been investigated experimentally. 0.5 ml colloidal gold solution 
containing gold particles around 30 nm diameter at the concentration of 2.5 mg (chlorate 
gold)/ml prepared from Frens synthetic method is added to 4.5 ml caramel solution which 
is about 0.12 g/L, the fluorescence emission intensity @601 nm enhances over 4 times 
with the excitation @300 nm. 
 

Fluorescence detection is widely used in real life, it plays an important role in from food safety, 
medical and science research. In recent years, the determination fluorescence of caramel in food has 
been reported [1-3] such as to identify the non-aged mixed wine spirits, and so on. The gold 
nanoparticles have been proved to be an effective way for fluorescence enhancement in food safety 
identify, such as the determination of melamine in milk powder  [4]. 

In this paper, the colloid gold nanoparticles is prepared from Frens synthetic (citrate reduction) 
method [5]. It is known to us that the diameter of gold nanoparticles influence the fluorescent 
spectra, the diameter of AuNPs used in our experiments is about 30 nm. Our experiments show that 
a certain concentration scale of colloidal gold solution have fluorescent enhanced effect on some 
lower-concentration of caramel solution. In other concentration scale, the enhanced effect becomes 
weak, even fluorescence quenching is observed. Colloidal gold solutions have different fluorescent 
enhanced effect on different concentration of caramel solution, shown in Fig.1. According to the 
fluorescent emission detection at 501nm wavelength excited at 300nm wavelength, the fluorescent 
enhanced effect is strongest when the concentration of caramel solution is 0.23 g/L and the 
concentration of colloidal gold solution is about 1.2 mg (chlorate gold)/ml. 
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Fig. 1: The fluorescent emission spectra of different 
concentration caramel solution (black date and line) and 
the same ones mixed with AuNPs (red data and line). The 
original concentration of caramel solution C0=7.5 g/L and 
Cn=C0/2n. (n=1,2…10). 

Fig. 2: The fluorescent emission spectra of 0.23g/L 
caramel solution (black line) and the same solution mixed 
with AuNPs (red dot line). 

Shown in Fig.2, add 0.5 ml colloidal gold solution containing gold particles around 30 nm 
diameter at the concentration of 2.5 mg (chlorate gold)/ml to 4.5 ml caramel solution at the 
concentration of 0.12 g/L, the fluorescence emission intensity at peak of 601 nm is enhanced over 4 
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times with the excitation at 300 nm wavelength. Meanwhile, the fluorescence emission intensity at 
the peak of 440 nm is quenched. 

This research was supported by National basic science talents cultivation fund (No. J1103208, 
J1210027). 
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of silicon nanopillars  
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We report a top-down process for the fabrication of silicon nanopillars. The electrical and 
optical properties of ordered arrays of silicon nanopillars (Si NP) are investigated. Si NPs 
with diameters ranging from 50 nm to 350 nm with heights from 80 nm to 700 nm were 
fabricated. Silicon NP arrays viewed under the bright-field illumination can demonstrate 
the vivid color generation. High photosensitivity of Si NP array with vertical p-n junction 
to near IR light was found. 

 
Silicon nanopillars are the building blocks of novel and highly sensitive devices [1, 2]. Modern 

photovoltaics needs effective silicon solar cells with low reflection, provided by nanopillars [3]. 
The new mechanism to generate structural color through the silicon nanowires has been 
demonstrated. In this work, the optical properties of ordered arrays of silicon nanopillars (Si NP) 
were investigated. We used Electron Beam Lithography (EBL) and dry etching to create arrays of 
Si NPs [4]. Si NPs was 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 
NP were measured at wavelengths ranging 
from 500 nm to 1150 nm. The measured 
reflectance spectra consist of different 
characteristic dip, the position of the dip 
varies with the diameter of NP (Figure 1). It 
was found visible shift in the longer 
wavelength region of the spectrum with 
increasing diameter of NP. It was measured 
the I-V characteristics of Si NP arrays with 
vertical p-n junction (Cascade 
M150/Agilent B1500A). High 
photosensitivity of Si NP array to near IR 
light was found. It is possible the Si NPs 
photonic crystal influence on resonant 
light–nanopillars interaction. 
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Fig. 1: The reflection spectra of SiNP arrays 

for different diameters (800 nm pitch). 
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In this work, results of structuring titanium, glassy carbon and highly oriented 
pyrographite (HOPG) surfaces with femtosecond laser radiation in liquid nitrogen are 
reported. Formation of an ordered system of microcraters on titanium surface, graphene 
structures and arrays of nanopeaks on glassy carbon and HOPG. 

 
Surface structuring by means of laser radiation is one of the effective ways to change the 

properties of materials. This paper presents the results of processing by femtosecond laser 
irradiation of samples of titanium, glassy carbon and HOPG in liquid nitrogen [1]. 

Primarily laser processing efficient structured the surface 
of carbon materials. This enables to form nanostructured carbon 
layers without compacting procedure. Furthermore, laser-
induced splitting off the graphene layers could compete with 
micromechanical technology of the bundle of graphite [2], 
which is currently used by the majority of the experimental 
groups. Glassy carbon and HOPG were treated by radiation of 
femtosecond laser with Yb:KGW active medium (Avesta 
Project, Troitsk, Russia) in liquid nitrogen. Parameters of laser 
radiation: wavelength is 1029 nm, pulse duration is 300 fs, 
pulse energy is 0.15 mJ and pulse repetition frequency is 10 
kHz. The laser beam was focused onto the sample surface to a 
spot with diameter 100 μm and moved along the samples 
surface with the speed 10 mm/s. On fig.1 SEM-image of 
graphene structures are shown. 

Titanium samples were polished to reduce the influence of 
natural roughness on the laser energy redistribution. Irradiation 
was performed by a Ti:sapphire femtosecond laser (also Avesta 
Project). The irradiation parameters were as follows: laser 
radiation wavelength 800 nm, pulse width 50 fs, pulse 
repetition frequency 1 kHz, and energy per pulse 1 mJ. The 
sample surface was treated with 5 mm thick liquid nitrogen 
layer on it. These conditions provided accelerated fixation of 
the results of pulse laser irradiation, accompanied by melting of 
material, and eliminated the influence of surface plasma. As a 
result, we could observe surface structurization of the material 
caused by its melting within local laser intensity peaks (Fig. 2). 

This study was performed as part of the state task VlSU № 
2014/13 to perform state works in the field of scientific activity 
and grant of the Russian Foundation for Basic Research № 14-
02-97508. 
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Fig. 1: SEM image of graphene 
structures, which were obtained after 
laser irradiation of glassy carbon. 

 

Fig. 2: SEM images of a titanium surface 
structured by attenuated laser radiation in 
a liquid nitrogen medium. 
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Microstructure lithium fluoride films deposited on a glass substrate was investigated. 
After applying the film is further annealed in air. Enlargement of the grains forming film 
was observed with increasing temperature. Characteristic spectral photoluminescence 
band of color centers in lithium fluoride disappeared with increasing temperature of 
annealing. The enlargement of the grains during the annealing is due to the conversion of 
the chemical composition of the films due to the interaction with the substrate. 

 
Lithium fluoride is a promising material that has found application in various fields of science 

and technology. LiF color center are work centers in the laser medium and saturable gates [1, 2], 
radiation detectors [3-5], based on this material. Volumetric and multilayer fluorescent media for 
recording digital and visual information have been developed [6-8]. Media for recording and 
imaging in X-rays are a promising application of thin films of lithium fluoride [9]. 

 
Fig. 1: The topography of the surface film of lithium fluoride, annealed in air at different temperatures: 

1 – 600, 2 – 500, 3 – 400 оС, 4 –  not annealed; a – 20х20 μm,  b – 10х10 μm. 

Lithium fluoride films were deposited on a glass substrate by thermal vacuum deposition. Their 
microstructure was investigated by scanning probe atomic force microscopy. The data shown in 
Fig.1 indicate that the films have a nano-sized small scale structure. They are formed of individual 
grains.  In additional annealing process of films in air at temperatures of 400, 500 and 600 ° C there 
is a significant coarsening of the grains forming the film. 

In parallel, there was a transformation of the luminescence spectra of the initial and annealed 
samples before and after X-ray irradiation. X-ray irradiation is used to create color centers in films 
that act as luminescent probe reflective conversion film composition (Fig.2). The luminescence was 
excited by picosecond lasers, the supplied microscope MicroTime 200. Laser with a wavelength of 
405 nm was used. Luminescence was recorded through an interference filter with an L-shaped 
spectral transmission characteristics to eliminate scattered on samples of the exciting radiation. The 
cutoff wavelength was about 430 nm. It is found that when the annealing temperature increases with 
increasing grain size the characteristic photoluminescence band of color centers in lithium fluoride 
disappear. The new, not typical for LiF spectral luminescence bands arise.  
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Fig. 2: The luminescence spectra of thin films of lithium fluoride, annealed at different 

temperatures in air: a – before exposure to ionizing radiation, b – after exposure to X-rays. 

It was found that during the heat treatment in air of lithium fluoride film deposited on the glass 
substrate, there is an interaction of microparticles constituting the film, preferably to the substrate 
material.  As a result, changing the chemical composition of the microparticles, their size increases. 
XRD analysis showed that during annealing significantly reduced the intensity of the diffraction 
signal from lithium fluoride and signals arise from calcium fluoride and other compounds formed as 
a result of the reactions. 

This work was supported by the project II.10.1.6 Fundamental Research Program of the state 
academies of sciences of the Russian Federation and the RFBR project no. 14-02-90033.  
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The method of meal-carbon bulk-materials obtaining was studied in this work. It allows 
to control the surface nanostructuring process by changing experimental properties. It has 
a good prospect in composite materials with controlled properties producing. The metal-
carbon materials can be used for the producing of pH-meters, sensors, diodes, catalysts, 
materials for spintronics and electronic components. 

 
Laser irradiation of the colloid system results in particle fragmentation [1-3] and formation of 

the cluster systems. Fragmentation of the metal particles and formation of cluster systems can be 
occurred by the absorption of laser radiation at the plasmon resonance frequency. As a result, the 
particles are heated to melting temperature and agglomerated to the cluster structure.  

The efficient fragmentation of the nanoparticles and heating occur because of the irradiation of 
the colloidal system by femtosecond laser. In this case, the laser irradiation of a liquid medium 
resulted in the generation of the supercontinuum. It allows a resonant interaction to exist even for 
materials with the plasmon resonance frequency different from the fundamental frequency of the 
laser radiation. 

In this work we have investigated the mechanism of the metal-carbon cluster formation during 
the process of irradiation of colloidal system which were consisted of separate carbon, silver and 
gold nanoparticles. This system was irradiated by femtosecond laser (50 fs) with average energy 
0.8 J. The optical properties of colloidal system before and after irradiation are presented on the 
Fig.1. 

The studying method of laser metal-carbon nanostructuring resulted in the possibility of the 
bulk-materials producing which have a domination of metallic phase or a partial carbon inheritance 
properties. Such shape effect is made by adding of 10% of nanodiamonds of the total mass fraction. 
The investigation of the structure of the target by Raman spectroscopy have showed that there is an 
order in the array of carbon structure in all cases after laser treatment. 

This work was supported by RFBR grant no. 14-02-31314. 

 

References 

[1] A. Pyatenko et al., Appl. Phys. A 79, p. 803 (2004). 

[2] S. Bartikowski, F. Devesa, K. Moldenhauer, J. Nanopart. Res. 11, p. 1883 (2009). 

[3] S. Preuss, A. Demchuk, M. Stuke, Appl. Phys. A 61, p. 33 (1995). 

 

 

 

 

 



 

48 
 

 

 

 
A simulated quantum process tomography of single-qubit and 
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Mesoscopic ensembles of ultracold interacting atoms are promising candidates as qubits 
of a quantum computer. We have studied the fidelity of the quantum gates based on 
adiabatic passage and Rydberg blockade in mesoscopic atomic ensembles with random 
numbers of atoms using a simulated quantum process tomography.  

 
Quantum information can be encoded in the collective states of mesoscopic ensembles 

containing random numbers of atoms in the regime of Rydberg blockade, as shown in Fig.1(a). The 
schemes of single-qubit and two-qubit quantum gates, proposed in our previous work [1], are based 
on double adiabatic sequences [STIRAP or adiabatic rapid passage, as shown in Fig.1(b)]. This 
allows for compensation of the fluctuations of the collective Rabi frequency in the mesoscopic 
atomic ensembles arising from random loading of atoms in optical dipole traps.  

We have studied single-qubit rotations, Hadamard gate and two-qubit CNOT gate based on 
double STIRAP sequences with dynamic phase compensation.  Initial state preparation of the 
ensemble qubits, single-qubit, two-qubit gate operations, and the single-qubit rotations which are 
required for quantum state tomography have been numerically simulated by solving the Schrödinger 

equation for mesoscopic ensembles of N five-level atoms. The  -matrices of quantum gate 

operations have been reconstructed using maximum likelihood approximation.  We have found that 

for our gate schemes it is possible to obtain the infidelity of the quantum gates better than 3105.2 

regardless of the number of atoms in the range N=1-5. The scheme of the single-qubit Hadamard 

gate is shown in Fig.1(c). The numerically calculated  -matrix for Hadamard gate with the atomic 

ensemble is shown in Fig.1(d). These simulations confirm validity of the schemes of quantum logic 
gates based on adiabatic passage and Rydberg blockade. 

This work was supported by the RFBR grant 14-02-00680. 
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Fig. 1:  (a) Scheme of a quantum register based on Rydberg-blockaded mesoscopic atomic ensembles in 
the array of optical dipole traps; (b) Energy levels for two-photon STIRAP and single-photon ARP 
excitation; (c) Scheme of the Hadamard gate for a mesoscopic qubit with N atoms. Pulses 1 − 5 act 
between the qubit states | 1,0 and the Rydberg states 10 , rr . Pulses 1, 2, 4, 5 are optical transitions 
and pulse 3 is a microwave transition between Rydberg states. (d) The numerically calculated   -matrix 
for Hadamard gate for the atomic ensemble with N=3 atoms. 
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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 important applications. 
These applications often require fine tuning of the interaction strength. It can be implemented using Förster 
resonances between Rydberg atoms controlled by a dc, microwave or radiofrequency (rf) electric field.  

Observation of the dc Stark-tuned Förster resonances between Rydberg atoms excited by narrowband 
cw laser radiation requires the use of a Stark-switching technique [1] 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-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 a 
detailed 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 have observed and studied experimentally the highly resolved rf-assisted Förster 

resonances between 2-5 cold Rb Rydberg atoms [3]. They correspond to an efficient transition from the van 
der Waals to dipole-dipole interactions due to Floquet sidebands of Rydberg levels appearing in the rf-field. 
Experiments were performed with cold 85Rb atoms in a magneto-optical trap. The rf-field of appropriate 
frequency and amplitude induced single- and multiphoton rf-transitions between collective states of a 
Rydberg quasimolecule formed by the interacting Rydberg atoms. We have shown that in the presence of the 
dc electric field they can be induced both for the ”accessible” Förster resonances which can be tuned by the 
dc field and for those which cannot be tuned and are ”inaccessible”. The van der Waals interaction of almost 
arbitrary high Rydberg states can thus be efficiently converted to resonant dipole-dipole interaction using the 
rf-field with frequencies below 1 GHz. 

References 

[1] I.I. Ryabtsev, D.B. Tretyakov, I.I. Beterov, J. Phys. B 36, p. 297 (2003). 
[2] E.A. Yakshina, D.B. Tretyakov, I.I. Beterov, V.M. Entin, C. Andreeva, A. Cinins, Z. Iftikhar, and I.I. Ryabtsev 

(2015, in preparation). 
[3] D.B. Tretyakov, V.M. Entin, E.A. Yakshina, I.I. Beterov, C. Andreeva, and I.I. Ryabtsev, Phys. Rev. A 90, 

p. 041403(R) (2014). 

 

 



 

51 
 

Fermi and Bose quantum gases 
Andrey V. Turlapov 

Institute of applied physics, Russian academy of sciences, Nizhniy Novgorod, Russia 

E-mail: turlapov@appl.sci-nnov.ru 

Lowest temperatures, at the nanokelvin level, have been achieved in experiments on laser 
cooling of atomic gases. At those temperatures, an atomic gas reaches a quantum 
degenerate state, which strongly depends on whether the particles are bosons or fermions. 
Atomic Fermi gases are especially interesting: Fermions may be adiabatically associated 
into diatomic molecules, which are bosons. Therefore in experiments with Fermi atoms 
one may cover both Fermi and Bose physics. Such experiments will be reviewed. 

 
Laser radiation may effectively remove energy from an atomic gas, when the laser frequency is 

nearly resonant with an atomic transition [1]. Since this radiation also heats the atoms, lower 
temperature bound exists for cooling. This bound is related to the width of the excited state and for 
most popular atoms is of order 100 microkelvin.  For further cooling the atomic gas is held in a 
conservative potential. The gas is cooled by evaporating most energetic particles and letting the 
remaining gas to thermalize at lower temperatures. Such cooling is quite efficient: at the cost of 
loosing 90% of atoms one may lower the temperature by factor 104. Interestingly, one way of 
creating the desired conservative potential is placing the atoms in a focus of a powerful laser beam 
(Fig. 1), whose frequency is tuned significantly below the atomic transitions [2]. 

At the temperatures ~100 nanokelvin, the de 
Broglie waves of the atoms start overlapping, which 
marks the onset of the quantum degeneracy. Bose 
atoms form a Bose-Einstein condensate, reproducing 
the textbook models, including the microscopic 
occupation of a single quantum state [3]. 

Whenever fermionic atoms are cooled, one may 
see clear signatures of the Fermi-Dirac statistics [4]. 
In particular, in the zero-temperature limit, finite 
pressure due to the Pauli exclusion principle has 
been observed. When the temperature goes lower, 
the Fermi atoms show the effect of Cooper pairing 
and superfluidity. The role of the spin in the Cooper pairing is played by different hyperfine states 
of the atoms. 

The Cooper pairs may be smoothly and reversibly converted into diatomic molecules using the 
Fano-Feshbach resonance in the atoms scattering [5]. Since these molecules are bosons, they form a 
Bose-Einstein condensate at the lowest temperatures. Thus experiments with degenerate Fermi 
atoms allow for observing paradigmatic effects belonging to both Fermi and Bose physics.      

References 
[1] V.I. Balykin, V.G. Minogin, and V.S. Letokhov, “Electromagnetic trapping of cold atoms”, Rep. Progr. Phys. 63, 

p. 1429 (2000). 
[2] R. Grimm, M. Weidemuller, Y.B. Ovchinnikov, “Optical Dipole Traps for Neutral Atoms”, Adv. Atom. Mol. Opt. 

Phys. 42, pp. 95–170 (2000). 
[3] L. P. Pitaevskii, “Bose-Einstein condensation in magnetic traps. Introduction to the theory”, Phys. Usp. 41, p. 569 

(1998). 
[4] A.V. Turlapov, “Fermi gas of atoms”, JETP Lett. 95, pp. 96–103 (2012). 
[5] C. Chin, R. Grimm, P. Julienne, E. Tiesinga, “Feshbach resonances in ultracold gases”, Rev. Mod. Phys. 82, p. 

1225 (2010). 

 
Fig. 1: Trapping cloud of atoms in the focus of a laser 
beam (from [4]). 
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When temperature tends to zero, the contribution of quantum effects, associated with 
interparticle interaction, to phase fluctuations becomes significant in Bose-Einstein 
condensate confined in a one-dimensional optical lattice. We found the analytical 
dependence of a relative quantum phase fluctuation in such a system on temperature, s-
wave scattering length and optical lattice depth ab initio. Obtained results may find the 
application for thermometry in ultracold gases.   

 
A Bose-Einstein condensate confined in an optical lattice always experiences fluctuations of 

the phase due to the interaction with thermostat and interparticle interactions [1]. Measurement of 
the phase fluctuations is a subject of interest because fluctuations carry important information about 
the system such as temperature, thermodynamic phase state, geometry of a trap wherein the 
condensate lies. In the present work, we investigated phase fluctuations in such a system in the limit 
of low temperatures where we need take into account not only thermal effects but also fundamental 
quantum fluctuations that exist even at zero temperature.  

The main result of the study is an analytical expression for the magnitude of relative phase 
fluctuations for neighbor condensates:  
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where cE  is the interaction energy of a single condensate, JE/  is the tunnel time, and T is the 

temperature. The parameters of the model may be directly expressed via the macroscopic 
parameters of the system, such as the scattering length and optical lattice parameters. This result is 
valid in the limit of small phase fluctuations. The result has applications for studying phase 
transitions, similar physical systems like Josephson junction arrays, layered superconductors, spin 
chains, and for thermometry method in ultracold gases. Also this result may be used for testing the 
validity and convergence of numerical and renormalization [2] models. 
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We investigate the dynamics of the light pulses propagating in an atomic three-level  
Λ-type medium under electromagnetically induced transparency conditions. Using the 
density matrix adiabatic approach we show that the effect of great slowing-down takes 
place not only for amplitude pulses, but also for phase pulses. The analytical solution 
describing the mutual influence of the phase modulation of one field component on 
another is obtained. 

 
Many theoretical and experimental works have been devoted to the problem of light pulse 

propagation in electromagnetically induced transparency (EIT) or absorption (EIA) media. At the 
same time, in the overwhelming majority of these studies the amplitude modulation of light (i.e. the 
intensity pulses) was considered. It was 
shown that the group velocity of amplitude 
pulses propagating in resonant media can be 
controlled and can take value much smaller 
than the speed of light in free space c (“slow 
light'”) as well as exceeding c or negative 
(“fast light'”). However, along with the 
amplitude the inherent parameter of 
electromagnetic wave is its phase, which 
similarly to the amplitude can be modulated 
in a pulse form. In particular, the phase 
modulation is used in so-called chirped 
pulses. Therefore, naturally, the question 
arises whether the effects of 
deceleration/acceleration occur for the phase 
pulses or not. 

In this work on the example of Λ system 
we investigate the space-time evolution of the 
phase pulses propagating under the EIT 
conditions. We establish that the medium has 
a strong influence on the dynamics of the 
phase pulses. We show that in nonlinear 
regime the pulse modulation of the field 
phase is divided in medium into two 
fractions, one of which travels at the speed of 
light in vacuum, and the other is experienced 
significant slowing-down. The group velocity 
of these pulses is determined by amplitudes 
of the resonance fields. Results of calculation 
are shown in Fig.1. 

The work was supported by the Ministry of Education and Science of the Russian Federation 
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(grants 14-02-00712, 14-02-00939, 15-02-08377, 15-32-20330), by the Russian Presidential Grants 
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Fig. 1: The demonstration of the phase self- and cross-
modulation in nonlinear regime, where αj is phase of  
j-component of bichromatic field. Dashed line is field phases 
at atomic medium input. Solid line is field phases at atomic 
medium output. 
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Developed a statistical approach, which provides information about the cooling time of 
an atomic ensemble without directly solving a dynamic problem. The effect of velocity 
saturation of laser cooling with increasing Rabi frequency was found. 

 
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   . 
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]. 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 [7,8]. 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.  

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 
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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. Previously, we have developed a fast and 
efficient method of calculation [9] 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.  

Was developed by the statistical method  
which allows to quickly and with high 
efficiency to obtain information for the time of 
laser cooling. 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. 
Most interesting are the two results. Fig.1 shows 
the dependence the cooling time the magnesium 
atoms at the transition 31S0→31P1 with the 
wavelength 285.2 nm of the intensity of the light 
field. The initial distribution of thermal atoms 
and has a width qstart in q-space. Both methods 
give similar results, however, at high 
frequencies Rabi manifest some differences. Velocity saturation of laser cooling in strong light 
fields was observed. For small Rabi frequencies cooling time decreases, and at high Rabi 
frequencies cooling time becomes a constant (cooling rate is saturated). In addition, there is an 
optimum in terms of minimizing the cooling time of the light field frequency detuning from the 
atomic resonance. The position of the optimal detuning depends on the recoil frequency and 
intensity of the light field. 
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Fig. 1: Dependence of the average time required to establish 
the average kinetic energy of the Rabi frequency. The solid 
line – a quantum approach, dotted – quasiclassical. 
Parameters of the problem: / 0.0013rw   (Mg) / 1/ 2   
qstart. 
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Scientific task is investigation of two-level atoms laser cooling. For this purpose we 
developed an exact quantum calculation method with taking into full account recoil 
effects. A new effect of anomalous localization of atoms in a strong laser field was 
discovered. 

 
The idea to control matter by electromagnetic fields originated in the minds of the scientists at 

the beginning of the last century. However only invention such precise and powerful tool as a laser 
has opened before us 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 and many others) In addition, strong evidence of the 
importance and interest to this area is the Nobel Prize 1997., which have been awarded some of the 
pioneers in the field of laser cooling (eg, Nobel lecture [1]). 

As the saying goes theory without practice is dead, practice without theory is blind. Therefore, 
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 bots important and challenging problem. The first 
step toward understanding mechanisms of interaction between atoms and light was called quasi-
classical approach. [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 the developed method kinetics of atoms in light fields of varying intensity was 
investigated. For small detunings of the momentum distribution (Fig. 1a) loses its Gaussian shape, 
wing area is increased, and, finally, at the approach to the turn of 1/ 200   appear the non-physical 
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narrow unstable structure (small peak around zero) . Total exact quantum calculation confirmed 
statements quasiclassics and responded about how far you can reduce the detuning. 

Further, it was decided to carry out a detailed comparison of the results of our method with the 
results of other authors [7,8], then should be noted that momentum distributios were compared 
because methods used by the authors do not allow us to study the spatial distribution of the atoms. 
In general, was obtained qualitative agreement forms, including narrow structures of order of k , 
for an example (Fig. 1b) the momentum distribution in a weak field ( 0.5  , 0.1 ) and for 
different parameters of recoil. In three cases, there was disagreement related to unphysical solutions 
obtained (negative probability, infinite space distribution) but to give a definitive answer to the 
question of whether statinary sollution don't have there is still impossible. It is hoped to believe that 
in this case increasing points density will give an answer to this question. In fact, the main problem 
we face is the limited processing capacity of used computers but not fundamental limitations of the 
method. 

 

Fig.1. a) Stationary distribution destruction with detuning decrease ; b) Quantum regime. Narrow structures of order of 
single photon recoil. 
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We present basics of a method for measuring the equation of state (EoS) in a 2D ultracold 
Fermi system. The method was applied to a weakly interacting 2D Fermi gas near the 
zero temperature state. The EoS was obtained through pressure and density 
measurements. We explain how the temperature measurement may be added. The 
presented method of EoS measurement should be applicable for 2D gas at any 
temperature and interaction strength. 

 
The equation of state (EoS) describes thermodynamic properties of an equilibrium many-body 

system. The EoS can be expressed through mutual dependencies of thermodynamic quantities like 
density, temperature, and pressure. Hence, for experimental determination of the EoS it is necessary 
to measure these quantities and their mutual dependencies.  

Thermodynamic properties of quantum systems can be studied in detail in experiments with 
ultracold gases of neutral atoms. Here one has a unique possibility to measure the full set of 
thermodynamic quantities and their mutual dependencies in a wide range of values [1,2,3]. 

 Here we present a measurement method of the 2D 
Fermi gas EoS. The method was applied to a weakly 
interactive gas of 6Li atoms almost at the zero 
temperature. The gas is trapped in an electromagnetic 
standing wave dipole trap. Each antinode is a separate 
trap of highly anisotropic form. Such trap maximally 
restricts the atomic motion in one of directions providing 
2D kinematics. The scheme of atomic gas confining is 
shown in the Fig. 1, the apparatus and the procedure of 
obtaining and observation of the 2D Fermi gas are 
described in [4]. The EoS is determined as p(n2), 
pressure vs. 2D density, by mutual excluding of a radial 
coordinate ρ in measured radial distributions of density n2(ρ) and pressure p(ρ), ρ is a coordinate in 
the x-y plane, ρ2 = x2+y2,    .),,(32 dzzyxnn   

Method of pressure measurement [3] in the case of low dimensionality, when a gas is trapped 
in a standing wave trap, requires a direct observation of 2D motion (x-y) plane. This is a quite 
difficult technical challenge. It is much easier to observe the gas in a standing wave trap from a 
side, e. g. along y direction. Thereby, available quantity to measure is the column density n2(x,z) of 
the gas,  dyzyxnzxn ),,(),( 32 . The inverse Abel transform allows calculation of the radial 
density distribution n2(r) if the column density n2(x,z) and the form of the trap potential U(x,y) are 
known. The form of the potential can be precisely measured by the method of parametric heating 
[5]. 

Integrating of the forces balance equation bringing the formula which allows calculation of the 
gas pressure at any necessary point: 

Fig. 1: The confinement of atoms in antinodes of 
a standing wave dipole trap. Atoms are shown by 
dark grey; the electromagnetic field of the dipole 
trap is shown by light grey. 
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here U0 is the depth of the trap; ρx is the 1/e-level size of the trap along the x direction. This is the 
main formula of the present report. It was obtained without any assumptions about gas temperature 
or interaction strength. Hence, these characteristics do not restrict applicability of the formula. The 
only made assumption is the Gaussian form of the potential in the x and y directions. However, this 
assumption has a general character for most of experiments with optically trapped ultracold atomic 
gases. 

The local density approximation [1] is satisfied in the present experiment [4]. It makes the 
measured EoS correspond to the homogeneous system. Hence, the result of the measurement has 
the most fundamental character, because the homogeneous case is most simple, it does not contain 
any additional assumptions or parameters. 

The measured EoS of a 2D 
Fermi gas of 6Li atoms with 
interactions characterized by 3D s-
wave scattering length a3D = -2700 
Bohr is shown in the Fig. 2 as 
logarithmic dependence of pressure 
vs. density. Temperature of the gas 
is T  ≈ 10 nK, each trap contains 
N ≈ 700 atoms. At the same time 
instead of the temperature the 
parameter of T/EF plays a crucial 

role, here 2nEF   is the local Fermi 

energy. This parameter is an 
indicator of degeneracy. In the 
center of the atomic cloud, where 
density is the highest, the 
T/EF ≈ 0.05. Here the gas is a deep 
degenerated and the experimental 
data are close to the zero 
temperature asymptote. In this regime the EoS is reduced to the pressure on density dependence 
only. Here the measured EoS lies about 2% below the theory of noninteracting 2D Fermi gas 
because of the weak interpartical attraction which decreases the pressure. At decreasing of density 
T/EF raises. Then, theoretically, the data have to turn to the curve of the finite temperature EoS. It is 
not possible to make such statement about the data due to the imprecision. Nevertheless, the form of 
this curve includes information about temperature. Moreover, the asymptote of the curve is the 
classical gas EoS. The slope of the classical asymptote is determined only by temperature. Hence, 
theoretically, one can measure a gas temperature in any regime of interactions by experimental data 

Fig. 2: The EoS of a 2D Fermi gas in the form of logarithmic dependence of 
pressure vs. density; Ph(0) is pressure in the center of an ideal harmonic trap 

[3]; 4 2
0 / xF UNk  is the global 2D Fermi wave vector. Dots and error 

bars are the experimental data; error bars indicate the standard deviation 
interval. The light gray dot dashed line is the zero temperature asymptote. The 
dark dashed line is the high temperature asymptote. The dark solid curve is the 
finite temperature EoS of 2D noninteracting Fermi gas. The vertical dotted line 
denotes the degeneracy temperature T = 0.5 EF. 
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on this asymptote. Thus, the precision measurement of p(n2) in a wide range of values, which 
covers both the classical and quantum limit could link together pressure, density, and temperature 
and could be used as the EoS. 

In conclusion, a measurement method of the 2D Fermi gas EoS was presented. It was used to 
measure the EoS of a weakly interacting 2D Fermi gas near the zero temperature state. The method 
should be applicable to 2D systems at any temperature and interaction regime. The possible further 
studying is the EoS measurement of an ultracold strongly interacting 2D Fermi system. 
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Magneto-optical trap for Mg atoms formed by light waves with 
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We study magneto-optical trap (MOT) of Mg atoms operating on the closed triplet 
3P2→3D3 ( = 383.3 nm) transition formed by the light waves with elliptical polarization (

   configuration). Compare to well-known trap formed by light waves with 
circular polarization (    configuration) the suggested    configuration offer 
the lower sub-Doppler temperature for trapped Mg atoms, that can’t be reached in 
conventional    MOT. 

 
Mg atoms 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). The closed singlet optical transition 
1S0→1P1 can be used for Doppler cooling of 
Mg atoms down to the temperature T=1.2 mK. 
The ground state of this optical transition has 
angular momentum Jg=0 that forbids the 
possibility of sub-Doppler cooling here. In 
order to get the lower cooling temperature, the 
cooling on closed triplet 3P2→3D3 ( = 383.3 
nm) optical transition was suggested in [1, 2].  
In principle, the ground state here 3P2 is 
degenerated over angular momentum (Jg = 2) 
that should allow sub-Doppler cooling [3]. 
However, the experimental realization of laser cooling operating on 3P2→3D3 in    MOT do 
not brings significant progress to reaching lower temperature. The Mg atoms were cooled down to 
temperature 1mK only, that above the Doppler limit for this optical transition TD = 425 K. The 
recent analysis [2] shows the limitation of temperature of laser cooling for 24Mg atoms in    
light field configuration that conform and explain the results of experimental realization of laser 
cooling [1]. 

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 (    configuration 
Fig.2). In the frame of 1D model we study magneto-optical potential, temperature and the fraction 
of extremely cooled atoms bellow momentum 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 [4, 5] that allows to take into account quantum recoil effects of interaction of 

 
Fig. 1: Diagram of low energy levels of 24Mg. Solid lines 
denote cooling transitions, and dashed lines denote possible 
“clock” transitions. 
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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. 

 We find the    light field 
configuration formed by the waves with 
elliptical polarization and orientation angle 

4/   with parameters ellipticity are 
close to linear polarization can offer the 
lowest cooling temperatures  KT 100  
together with enough depth magneto-optical 
potential. Compare to conventional MOT, 
formed by waves with    
polarizations, the suggested    MOT 
should operate with lower gradient of 
magnetic field. Really, compare to 
conventional    MOT, the    
MOT is more exacting to field parameters, 
because of strong magnetic field may 
reverse magneto-optical trap force for slow 

atoms in    configuration that limit the numbers of atoms captured in MOT. Parameters of 
critical magnetic field were also found.  

The work was partially 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 nos. 14-02-00806, 14-02-00712, 14-02-00939, 15-32-20330, 15-02-06087). 
D.V.B. was also supported by the Russian Presidential Grants (MK-4680.2014.2 and NSh-
4096.2014.2). 
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A review of recent results obtained in new schemes of Raman fiber lasers (RFLs) is 
given. Cavity-free RFLs with feedback via Rayleigh backscattering demonstrate ultimate 
pump-to-Stokes conversion efficiency for different Stokes orders in 1.1-1.5μm range. 
Direct pumping of gradient-index fibers by multimode LDs offers high-power operation 
below 1μm. Active Q-switching provides nanosecond pulses, while synchronous 
generation of Raman dissipative solitons in PM fiber cavity offers high-energy 
femtosecond pulses at new wavelengths. Possible applications are discussed. 

 
Fiber lasers provide efficient conversion of a low-quality pump radiation into a high-quality 

laser beam. The pump radiation delivered by multimode laser diodes (LDs) is usually coupled to the 
silica cladding of a double-clad active fiber having the core doped by rare earth elements. Pump-
excited dopants provide amplification for the core-guided light in corresponding emission bands 
(around 1.06 and 1.55 μm for Yb- and Er-doped fibers). With in-core fiber Bragg gratings (FBGs) 
forming a resonant cavity between the fiber ends, fiber lasers generate the fundamental transverse 
mode (single-mode) radiation with the Gaussian beam profile and rather narrow spectrum 
consisting of multiple longitudinal modes within the FBG reflection bandwidth. Laser generation is 
also possible in passive fibers owing to stimulated Raman scattering (SRS) of pump radiation 
resulting in amplification of the Stokes-shifted scattered light (by ~13 THz and ~40 THz for 
Si02/GeO2 and P2O5, correspondingly), see [1] for a review. The Raman fiber laser (RFL) with 
cavity formed by FBGs of high reflection for the Stokes waves (of the first, as well as of higher 
orders) provides lasing in all-fiber configurations in a broad spectral range. 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).  

As demonstrated recently, a quasi-CW laser operation in single-mode passive fibers with 
Raman gain is also possible  due to the random  distributed feedback (RDFB) via Rayleigh 
backscattering, if fiber length is large (≥10 km) [2]. Such cavity-free RFL generates relatively 
narrowband (~1 nm) modeless radiation that can be also tunable and/or multi-wavelength, see [3] 
for a review. A random fiber laser has a relatively high threshold that grows exponentially with 
decreasing of fiber length, but its efficiency grows in a similar way. Recent experiments have 
demonstrated ~70 % absolute optical efficiency of pump-to-Stokes conversion from 1.115 to 1.31 
μm in 850-m phosphosilicate fiber pumped by ~10 W YDFL [4], and from 1.12 to 1.18 μm in 300-
m SMF-28 pumped by ~100 W YDFL [5]. At that, the absorbed pump radiation is fully converted 
into the Stokes wave, whereas number of photons at the output fiber end may even increase due to 
the much lower attenuation of the Stokes wave as compared with the pump [4] since the attenuation 
is defined by Rayleigh scattering in full solid angle. This approach may be also applied to RFLs 
with direct pumping of gradient-index (GRIN) fiber by multimode LDs, demonstrating lasing at <1 
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μm with relatively good beam quality and conversion efficiency (see [6] and citation therein), but 
the shortening of GRIN fiber to hundreds meters requires pumping of ~1 kW level. 

Implementation of PM passive fibers and linearly polarized pumping in RFL schemes with 
RDFB offers new opportunities. 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% that is a record value for Raman fiber lasers. 
Herewith, the output linewidth at high powers tends to saturation at the level of 1.8 nm. Record 
values of conversion efficiency have been also obtained for the 2nd (1.17 μm) and 3rd (1.23 μm) 
Stokes components generated in 1-km PM fiber with the same pumping. A further nonlinear 
conversion of 1.31-μm random RFL output radiation is demonstrated to longer wavelengths (>1.4 
μm) using active Bi fiber as a nonlinear medium, as well as to shorter wavelengths (0.655 μm)  
using PPLN nonlinear crystal for second harmonics generation (SHG). It has been shown that SHG 
efficiency is higher than that for conventional RFL with linear cavity in the same fiber. 

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]. Synchronous generation of Raman dissipative solitons in a specially designed PM fiber 
cavity of mode locked YDFL has been also demonstrated recently [8, 9]. Dissipative solitons at 
1030 nm (pump) and 1075 nm (Stokes) have comparable energy (~10 nJ) in the cavity thus 
confirming high pump-to-Stokes conversion efficiency, whereas second Stokes pulse generation 
appears possible at higher LD pump power. 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, as well as multi-wavelength complexes of coherent pulses.  

A more detailed review will be presented in the report, including technical details of the 
developed lasers as well as their potential applications in telecommunications, sensing, material 
processing, bio-imaging and other technologies.  
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A type of dual-wavelength fiber laser is proposed, which is based on the superimposed 
fiber grating and chirp grating. Linear cavity structure is used to induce the laser with the 
erbium-doped fiber as the gain medium, and the superimposed fiber grating and chirp 
grating are used for wavelength selection. The experimental results show that the 
wavelength and the laser energy of the dual-wavelength laser are stable. 

 
Dual-wavelength fiber laser has a great potential application in the areas of WDM optical fiber 

communication systems, optical sensing, spectral analysis, optical measurement [1-4]. The 
homogeneous broadening and cross gain saturation effect of erbium-doped optical fiber limits the 
potential applications of dual-wavelength and multi-wavelength fiber lasers. Most researchers focus 
on suppressing mode competition to improve the stability of the fiber laser. In this paper, dual-
wavelength erbium-doped fiber laser based on SIFG (superimposed fiber gratings) and CFBG 
(chirp grating) is proposed to avoid mode competition, and experimental results demonstrates an 
improved stable laser output. 

Experimental setup is shown in Fig.1, the two ends of the erbium-doped fiber are spliced with 
SIPG and CFBG respectively as linear cavity structure of the fiber laser. A 980 nm semiconductor LD 
(Laser diode) is used as the pump light source with the maximum power of 750 mW, and an OSA 
(Optical spectrum analyzer) with resolution of 0.02 nm is used to monitor the laser output. Two 
small weights are connected with the two ends of the CFBG to balance the power of the two 
wavelength of SIFG.  

 
Fig.1: Experiment devices of fiber laser based on SIFG and CFBG. 

 SIFG is a novel fiber laser wavelength selection component with high speed and accuracy. In 
this experiment, the resonance wavelength of SIFG are 1556.872 nm and 1557.700 nm, and the 
reflectivity of SIFG are 99.21% and 99.50% corresponding to the wavelength of 1556.872 nm and 
1557.700 nm, respectively. The length of erbium-doped fiber is 1 m. 
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The threshold power of laser is 1.25 mW. The peak wavelength of the fiber laser is 1556.86 
nm and 1557.69 nm, and the line width is less than 0.1 nm, as shown in Fig.2.  
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Fig. 2: Output spectrum evolution with different 

pump power. 
Fig.3: Output spectra of dual-wavelength laser 

monitored in OSA 10 times. 
 

In Fig.2, the output laser power increase gradually with the increase of the pump power, while 
the peak wavelength and line width of the laser are very stable. The stability of the laser system is 
verified by scanning the output laser 10 times at the step of 2 minutes with the pump power of 12.5 
mW at room temperature (25oC), as shown in Fig. 3. The 3 dB line-width of dual-wavelength laser 
is less than 0.1 nm, and the stability of output spectrum waveform is good. 

In the paper, dual-wavelength fiber laser based on SIFG and CFBG was proposed by used of 
gain equalization technique. The experimental results show that the system can avoid mode 
competition effectively, which results in very stable output. 

This work was supported by the National Natural Science Foundation of China (Nos. 61205068 
and 61475133), Natural Science Foundation of Hebei Province (No. F2015203270), College Youth 
Talent Project of Hebei Province (No. BJ2014057). 
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A pulse width tunable passively Q-switched fiber laser is demonstrated by using a 
graphene saturable absorber (GSA) with graphene-covered- microfiber (GCM) structure. 
Due to the cross absorption modulation (XAM) effect in graphene, the modulation depth 
of the GSA could be varied from 3.22% to 2.16%, which results in that the output pulse 
width and the repetition rate of the laser could be varied from 3.5 to 7.5 μs, and from 34.5 
to 48.8 kHz, respectively, with fixed pump power. 
 

Passively Q-switched fiber lasers have attracted considerable attention because of its 
compactness, low cost, and wide applications in material processing, environmental sensing, and 
long-pulse nonlinear experiments [1-3]. Currently, graphene, a new kind saturable absorber (SA), 
has been widely used in the Q-switched fiber lasers due to its large modulation depth, lower 
saturable absorption intensity, and wavelength independent [3-7]. Recently, graphene was 
demonstrated that owns good XAM effect [8, 9], which refers to the optical excitation of carriers 
that leads to Pauli blocking of part of interband transitions. With XAM effect, the attenuation of a 
lower frequency light in graphene can be tuned by introducing a higher frequency light, and a 
tunable saturable absorber can be constructed. In this paper, an output characteristics tunable Q-
switched fiber laser is demonstrated by employing XAM effect through GSA with GCM structure. 

Firstly, the nonlinear characteristics of GSA are investigated. With the variation of the 
modulation light power, the saturable absorption of the signal light with wavelength of 1550 nm in 
GSA are measured as shown in Fig. 1(a) and (b). It can be seen that, when the modulation light 
power increases from 0 mW to 458 mW, the transmittance of the signal light at low signal light 
power increases from 15.45% to 19.55%, while the modulation depth is decreased from 3.22% to 
2.17%. These mainly result from the XAM effect, which refers to the optical excitation of carriers 
that leads to Pauli blocking of part of interband transitions [8, 9].  

A passively Q-switched fiber laser was fabricated by using a GSA with a GCM structure. 
Continuous wave operation starts at 18 mW pump power, while pulsed operation starts at 24 mW. 
We fixed pump power at 49 mW. The measured oscilloscope trace of the output pulses shows the 
variation of the pulses’ width as function of different specific modulation light power. When the 
modulation light power increases from 0 mW to 230 mW, the pulse width of the laser is increased 
from 3.5 μs to 7.1 μs, while the output repetition rate is increased from 34.5 kHz to 48.8 kHz. 

This is owing to the XAM effect in graphene. It is known to all that, the modulation depth of 
SA contributes to the pulse shaping and the operation stability of the passively Q-switched laser 
[10, 11]. The less the modulation depth, the broader pulse width will be output from the laser 
without considering the dispersion or other nonlinear characteristics. As demonstrated previously, 
the modulation depth is decreased by increasing the modulation light power. Thus, with increase the 
modulation light power, the pulse width continuously broadens. 



 

68 
 

In conclusion, we demonstrated an all-optical Q-switched fiber laser by employing XAM effect 
in GSA with a GCM structure, we could continuously tune the pulse width and repetition rate with 
a fixed pump power. Results show that this way also could be used in other kind lasers. 

 

 
Fig. 1: (Color Online) (a) The experimental data of the nonlinear absorption of GSA to signal light of different 
modulation light power. (b) The variation of the modulation depth dependent on modulation light power. 

 

Fig. 2. (Color Online) The output characteristics of Q-switched fiber laser. (a) Typical laser output pulse train. (b) The 
output pulse width of different modulation light power: 0 mW corresponding to pulse width of 3.5 μs; 220 mW 
corresponding to 4.7 μs; and 230 mW corresponding to 7.1 μs. (c) The output spectra of laser with modulation light 
power of 0 mW and 230 mW.  
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Recent achievements in the experimental research into fiber laser systems and their novel 
applications are briefly reviewed. Important physical and engineering aspects of ultra-
long mode-locked fiber lasers, optical clockworks based on stabilized femtosecond fiber 
lasers, and fiber lasers coupled with liquid-crystal nonlinear media are reported. 

 

In the last decade there has been a revolutionary progress in fiber laser science and 
technologies. It was stimulated by new important applications that advanced fiber laser systems can 
open up. Here we focus on three emerging research directions related to particular mode-locked 
fiber-laser systems and their applications that we have implemented as follows. 

Ultra-long mode-locked fiber lasers. Our research into mode-locked fiber lasers with cavities 
extended to a km-scale length (L) was initially aimed at per-pulse energy (Ep) enhancement.  It is 
based on a simple physical concept: in a passively mode-locked laser pulse energy can be scaled up 
by cavity lengthening as a result of a proportional decrease in the pulse repetition rate (Frep) down 
to a kHz-scale, provided that the laser operates at the fundamental repetition rate. This approach 
does not require boosting the pump power and average laser power (Pave): ∝ ∝ , ℎ 	 − 	 	 ℎ .⁄⁄  

Compared to the Q-switching and cavity dumping techniques, mode-locked lasers allow 
dispersive compression of output pulses. Moreover, mode locking insures stable pulse repetition 
rate and a low timing jitter. However, the generation dynamics in ultra-long fiber lasers differs 
significantly from that of conventional short-length ones. An essential condition for stationary 
generation of high-energy pulses is the domination of the dispersion phase incursion over the 
nonlinear one (this prevents wave breaking). The pulse shaping dynamic under this condition is 
related to dissipative optical solitons. Our group, jointly with colleagues, has made a significant 
contribution to the study, design and implementation of reliable ultra-long erbium-based fiber lasers 
with passive and active mode locking [1, 2]. The developed laser systems can generate nano- and 
sub-nanosecond pulses with energy exceeding 1 μJ. Original design solutions allowed us to control 
and optimize the laser performance. Wavelength tenability, ASE suppression, and pulse 
compression to picoseconds have been demonstrated. These lasers can be used in lidar systems, 
long-distance open-space communications, in material processing and biomedicine.    

Femtosecond fiber-laser-based optical clockwork. A highly-stable, properly referenced 
femtosecond fiber laser generates a comb of uniquely determined optical frequencies. It can serve 
as an essential part (“clockwork”) of femtosecond optical clocks (FOCs) [3]. Such an optical 
clockwork enables direct delivery of an optical standard’s frequency stability to synthesized radio 
frequencies and time marks. The FOC systems are in demand for research (fundamental metrology, 
astrophysics) and engineering (global navigation systems, telecom). Fiber-based design of the 
clockwork allows implementing compact, mobile versions of FOCs. Here we report on the 
development of a universal clockwork based on a fiber-optic frequency comb generator with an 
advanced stabilization system. The comb generator employs a highly-stable mode-locked erbium-
fiber laser and an original hybrid highly-nonlinear fiber [4]. The implemented concept of frequency 
stabilization provides universality of the clockwork and allows frequency stability transfer from 
different types of optical standards to the generated radio and optical frequencies. The clockwork 
can ensure ultra-low relative instability (less than 10-17) of the generated frequencies provided that a 
proper optical frequency standard is applied [5]. The clockwork is approved for operation with 
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molecular (I2) and single-ion (Yb+) optical standards. Figure 1 illustrates the concept of the 
implemented clockwork. 

 

Fig.1: The concept of a universal femtosecond fiber-optic clockwork.  

Laser frequency conversion in fiber-coupled liquid crystals. Recently we have proposed and 
implemented a new technique for laser frequency conversion in liquid crystals (LCs). LC is a soft 
optical medium which can exhibit anomalously high nonlinear optical susceptibility of complex 
orientational-electronic nature. Frequency conversion was achieved in a microscopic volume of LC 
deposited on an optical fiber end face [6]: we demonstrated second and third harmonic generation 
(SHG and THG) with an optical efficiency of ~10-3 at room temperature when pumping the LC by 
the radiation of a femtosecond fiber laser at 1.56 μm. The advantages of this technique arise from: 
(1) the extremely high intensity of the fundamental light due to its direct delivery to the LC via a 
single-mode fiber, (2) the possibility of effective direct collection of the generated light, not 
affected by any subsidiary elements like glass cells of conventional LC-based converters. We have 
found that temperature adjustment of the LC-based fiber-coupled laser frequency converter allows 
significant enhancement of the THG efficiency (up to 10%) and enables coherent ultraviolet 
radiation through the fourth harmonic generation [7]. Figures 2 and 3 illustrate the design concept 
of the LC-based converter and the generated harmonic’s spectra. 

 

 

 

 

 

 

 

Fig.2: Design of a LC-based fiber-coupled laser 
frequency converter. 

 
Fig.3: Optical spectra of harmonics generated upon 

pumping at 1.56 μm (for various temperatures). 
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The report focuses on last investigations of single-frequency self-sweeping effect in 
ytterbium and bismuth-doped fiber lasers. In these sources laser frequency is changed 
between pulses by one or several mode beating frequencies. The instantaneous width of 
laser line is equal to about 1 MHz. At the same time the sweeping range reaches more 
25 nm. Moreover the sequence of single-frequency pulses demonstrates coherent 
properties.  

 
The self-induced laser frequency sweeping (“self-sweeping” for short) effect was discovered in 

ruby laser in 1962 [1]. It was considered that the effect is undesirable due to a small sweeping range 
(less than 0.1 nm). In fiber lasers the self-sweeping effect with broad sweeping range (more than 
10 nm) was observed almost 50 years later [2-3]. Due to broad sweeping range and simplicity self-
sweeping fiber lasers are attractive sources for applications demanding tunable radiation. Currently 
the effect was observed in different spectral regions: near 1 um in ytterbium [2-3], near 1.5 um in 
erbium [4] and near 2 um in thulium-holmium [5] fiber lasers. It should be noted that it is available 
to obtain single-frequency self-sweeping effect which will be discussed in report.    

 

Fig. 1: а – wavelength dynamics of self-sweeping laser, b – the form of a single pulse and corresponding dynamics of 
laser frequency. 

 

It is found that spectral dynamics is defined by intensity dynamics: laser frequency is changed 
between Q-switch-like pulses by one or several mode beating frequencies [3]. The key main 
mechanism of frequency change is the effect of dynamic gain and phase gratings on competition 
between the laser modes during lasing [6]. Dynamical gratings inscribed in the cavity by previously 
generated longitudinal modes are kept in active medium for a long time affecting generation of the 
next spectral components. The selectively of the gratings leads to another feature of self-sweeping 
effect – small width of laser line. Indeed instantaneous width of laser spectrum doesn’t exceed 
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100 MHz [3]. Moreover the optimization of fiber laser cavity allows to obtain single-frequency self-
sweeping effect [6]. In this case the laser generates periodic pulses where each of them contains 
practically only single longitudinal mode radiation. The spectrum width measurements show that 
each pulse has a linear frequency chirp with value of about 1 MHz [6] (Fig. 1b). At the same time 
sweeping range with value of more than 25 nm laser (Fig. 1a) is available. Moreover the last 
experiments demonstrate a mutual coherence of adjacent pulses [7] – the information about the 
phase is kept in the laser cavity for a long time despite frequency change. To today the single-
frequency self-sweeping effect was observed in ytterbium-doped as well bismuth-doped fiber laser.  

Obviously such sources are of great practical importance. In particular single-frequency self-
sweeping ytterbium-doped fiber laser was applied for high-resolution characterization of phase-
shifted fiber Bragg grating [8]. In this case the spectral structure with width of 15 MHz was 
resolved. The coherent properties of the laser radiation demonstrate a new way for Fourier synthesis 
of arbitrary waveforms [7]. 

A more detailed review of last investigations of single-frequency self-sweeping effect in 
ytterbium and bismuth-doped [9] fiber lasers and a description of the physical principles of 
operation will be presented in the report. 

The work of I.A. Lobach and S.I. Kablukov was supported by Russian Foundation of Basic 
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pulses directly from a compact Yb-doped single-stage fiber amplifier 

H. Yu, Y. Qi, X.C. Lin 
 Laboratory of All-Solid-State Light Sources, Institute of Semiconductors, CAS, Beijing, China 

Beijing Engineering Technology Research Center of All-Solid-State Lasers Advanced Manufacturing, 
Beijing, China 

E-mail: xclin@semi.ac.cn 

We report a compact 130 W single stage master oscillator power amplifier with a high 
peak power of 57.8 kW and a narrow spectral linewidth of 0.04 nm. The seed source is a 
single mode passively mode-locked solid state laser at 1064 nm with an average power of 
2 W. At a repetition rate of 73.5 MHz, the pulse duration is 30 ps. No amplified 
spontaneous emission and stimulated Raman scattering were observed. 
 

Today one of the most challenging research topics in the field of laser application is laser 
projection technology [1-2]. Its brilliance and large depth of focus make a laser projection display in 
many ways an ideal projector. The red–green–blue fundamental laser output needed for a full-color 
laser image can be produced by frequency-converted near-infrared diode-pumped solid-state lasers. 
As the narrow linewidth can effectively avoid the walk-off effect and the high peak power would 
improve conversion efficiency in the process of nonlinear frequency conversion. In addition, laser 
display technology demands high repetition rates and ultra-short pulses to prevent the appearance of 
beats and speckles on the screen, therefore, Yb-doped picoseconds fiber amplifiers with high 
average power, narrow linewidth, high peak power, high repetition are currently in demand, 
especially considering the fiber laser possesses  the  advantages of high compactness, high-gain 
amplification, and high power efficiency. 

Our experimental system is 
consisted of a picosecond seed 
oscillator and a single-stage 
double-clad fiber amplifier, 
which is depicted in Fig.1.The 
seed oscillator produced 2-W 
stable CWML pulses with a full 
width at half maximum (FWHM) 
pulse width of 30 ps measured 
with an auto-correlator (APE SM-
1200) under a repetition rate of 
73.5 MHz. The beam quality 
profile was measured both 
horizontally and vertically, with 
M2x =1.14 and M2y = 1.18, 
respectively. Experimentally, the 
seeding laser is a CWML solid 
state laser based on the SESAM 
with the wavelength centered at 
1064 nm. As shown in Fig.1, the 
output of the seeder was injected into the amplifier.  In order to avoid disturbance from the 
amplifier and to increase the stability of the seed source, an optical isolator consisting of two thin-
film polarizers (TFPs), a Faraday rotator (FR) and a half-wave plate was inserted between the 
picosecond seed oscillator and the fiber power amplifier. The seed laser was coupled into the fiber 
core with an aspheric lens, whose focal length was 11 mm and the coupling efficiency was about 80 

 

Fig. 1: Schematic diagram of the high-power picoseconds fiber amplifier 

based on a dual-cladding fiber. 
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%, which is high enough to satisfy the required seeding level for the 130 W amplifier and to make 
sure that the amplified spontaneous emission (ASE) is well controlled. We employed a 5 m-long 
dual-cladding fiber (DCF) with diameter parameter of 30/250 µm (NA=0.06/0.46) which is 
composed of a high-doped segment and a passive segment with much lower splicing loss. The high-
doped segment is 4 m long with 7.2 dB/m absorption at 980 nm, and the Yb3+ concentration is 
evaluated to be 7.2×1015 m−3, while the passive segment is 1m long. The fiber is coiled into kidney 
in the air without cooling facility to filter higher-order transverse modes. The introduced bending 
losses allows only the fundamental mode to be guided and amplified. The fiber port adjacent to 
laser diode (LD) pump launched side is cleaved at an angle of 8◦ to suppress the broadband 
amplified spontaneous emission (ASE) feedback of the high-power fiber amplifier and hence 
parasitic lasing between the fiber-end facets. The 2-W seeder from the oscillator was amplified in a 
simple single-stage fiber amplifier, which was pumped backward by a 976 nm LD with a 220 μm 
core diameter and 0.22 NA using free-space coupling. The amplified output was selected by a 
dichroic mirror DM1 (HT@976 nm and HR@1064 nm), while the residual pump power rejected by 
the dichroic mirror DM2 (HR@976 nm and HT@1064 nm). 

The characteristic of amplified output power is shown in Fig.2 (a), which is rather smooth 
without obvious trailing or jitter. When the coupling pumping power of the end-pumped module is 
at about 176 W, the output power was amplified to 130W. Fig.4(b) shows the measured optical 
spectra at output power of 130 W. 

    

Fig. 2: (a) Power scaling characteristics of the fiber amplifier; (b) Optical spectrum obtained from amplifier at 
output power of 130 W (Inset shows the enlarged spectrum). 

With 176 W pump power coupled into fiber cladding, we obtained 130 W stable average output 
power, and it could continuously work for long time with a power fluctuation of less than 3 %, 
which would increase the usage of this amplifier system. The light-light conversion efficiency was 
as high as 75% while the residual pump power is 6 W at the highest output power. The 
corresponding peak power is 58.9 kW and the pulse energy is 1.77 µJ, neither  obvious ASE and no 
stimulated Raman scattering(SRS) can be observed at this high average power output as 
demonstrated in Fig.4(c), measured by Anritsu MS9710B spectrometer.  As shown in Fig.2(b), the 
central wavelength is 1064.01 nm at output power of 130 W. The spectrum linewidth of the output 
beam is 0.04 nm. No obvious ASE was induced in the spectrum ranging from 900 nm to 1200 nm.  
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A feature extraction and recognition method of the vibration information is proposed 
based on EMD-AWPP and HOSA-SVM. The method firstly utilizes the adaptive wavelet 
processing algorithm based on empirical mode decomposition effect to reduce the 
abnormal value influence of sensing signal. Secondly, it uses the bispectrum and 
bicoherence spectrum to accurately extract the feature vector. Finally, the recognition 
parameters of SVM after the implementation of the particle swarm optimization can 
distinguish signals of different intrusion vibration.  

 

In recent years, the distributed optical fiber vibration intrusion detection has many advantages, 
such as high precision, long distance sensing, high spatial resolution. In the area of perimeter 
security, pipeline transportation and bridge construction, it can accurately identify the different 
vibration intrusion [1, 2]. The key of the distributed optical fiber vibration detection is to distinguish 
the different vibration intrusion events in the case of noise interference. Therefore, the high 
precision information extraction and recognition method of the fiber optic sensing vibration signal 
has gradually become research hotspots [3]. According to the traditional signal processing 
methods can not effectively distinguish the different vibration intrusion signal, a feature extraction 
and recognition method of the vibration information is proposed based on EMD-AWPP and HOSA-
SVM, using for high precision signal recognition of distributed fiber optic intrusion detection 
system.  
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Fig. 1: The detection process of SVM based on PSO algorithm. 
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When dealing with the different type of vibration, the method firstly utilizes the adaptive 
wavelet processing algorithm based on empirical mode decomposition effect to reduce the abnormal 
value influence of sensing signal and improve the accuracy of signal feature extraction. Not only the 
low frequency part of the signal is decomposed, but also the high frequency part which is the signal 
details part disposed better by  time-frequency localization process. Secondly, it uses the bispectrum 
and bicoherence spectrum to accurately extract the feature vector which contains different types of 
intrusion vibration. Finally, based on the BPNN reference model, the recognition parameters of 
SVM after the implementation of the particle swarm optimization (as shown in Fig.1) can 
distinguish signals of different intrusion vibration. So identification model has 
stronger adaptive and self-learning ability.  It overcomes the shortcomings, such as easy to fall into 
local optimum. The simulation experiment results show that this new method can effectively extract 
the feature vector of sensing information, eliminate the influence of random noise and reduce the 
effects of outliers for different types of invasion source. For different types of intrusion source 
identification, Fig.2 shows that the prediction category of the SVM detection algorithm is almost 
the same as the output category and the accurate rate of vibration identification can reach above 
95%. So it is better than BPNN recognition algorithm and improves the accuracy of the information 
analysis effectively. 
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Fig. 2: The result of testing recognition. (a) SVM recognition algorithm;  (b) BPNN recognition algorithm. 
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A temperature sensor based on triple cladding quartz specialty fiber (TCQSF) is 
proposed. Equaled to three coaxial waveguides, the cladding mode resonance 
characteristic of TCQSF is analyzed. Then a straightforward experiment is performed to 
prove its sensing properties. Experimental results show that the temperature sensitivities 
is 72.17 pm/oC in  35oC ~ 95oC. Thus, this proposed sensor can be used for solution 
temperature monitoring in real time. 

 
Compared with the other techniques based on the mechanical and electrical methods, optical 

fiber sensor has attracted great attentions for its small size, fast response, high sensitivity, anti-EM 
interference and corrosion resistance etc. A majority of fiber sensors for temperature measurement 
by using specialty optical fiber or different kinds of micro-structure fiber have been reported, such 
as photonic crystal fibers [1], multicore fiber [2], double cladding fiber [3], fiber gratings [4-6], 
tapered structure [7], core-offset structure [8] and so on. However, all of them have some 
disadvantages such as complicated fabricating process, expensive cost and cross sensitivity. In this 
paper, a SMF-TCQSF-SMF(STS) fiber structure with by using a 10 mm long TCQSF has been 
proposed, as shown in Fig.1, to overcome these problems, and experimental results demonstrates a 
high temperature sensing sensitivity. 

 
Fig. 1: The schematic diagram of the STS fiber structure. 

Composed with a pure silica core, a fluorine-doped silica cladding, a single annular air-hole 
and a pure silica outer cladding, the TCQSF can be equivalent to the sum of three coaxial 
waveguides. As shown in Fig. 2, n1, n2, n3 and n4 are the refractive index(RI) of each layer of the 
fiber; a, b, c and d are the radius of them; n5 is the RI of the external environment. 

 

Fig. 2: Three coaxial waveguides. 
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Based on the coupled mode theory, the mode field distribution and characteristic equation of all 
these waveguides that depicted in Fig.2 can be easily obtained. The dispersion curves of the modes 
of them are shown in Fig.3. 
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Fig. 3: (a) Dispersion curves of rod waveguide and tube waveguide I; (b) dispersion curves of tube waveguide II. 

As shown in Fig.3, we can see that only the dispersion curves of LP11 (rod) in rod waveguide 
and LP11 (tube) in tube waveguide I cross over at point A, where the two modes have the same 
propagation constant and meet the phase-matching condition. That is to say, λ=1.5637 μm is the 
resonant wavelength, and the light can completely couples from the core to the fluorine-doped silica 
cladding after transmitted through the TCQSF with its length is 10mm. Thus, a band-stop filter 
spectrum will be obtained.  
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Fig. 4: Temperature experimental setup. 

The temperature experimental setup is shown in Fig.4, the STS-based-temperature-sensor is 
connected with an ASE (Amplified Spontaneous Emission) optical source(Shanghai Fsphotonics 
Technology Limited, ASE3700) and an optical spectrum analyzer (OSA) (YOKOGAWA, 
AQ6317C). The STS fiber structure is put into a temperature-controlled cabinet for temperature 
measurements. To eliminate the bending cross sensitivity, two ends of the interferometer are fixed 
to keep it up-straight. The temperature is increased with an interval of 10oC from 35 oC to 95 oC, 
and maintained for more than 10 minutes each step to ensure to stabilize before the resonance 
spectrum is recorded. The change of the resonance spectrum with different temperatures is depicted 
in Fig.5(a). 

As shown in Fig.5, with the increasing of the temperature, the band-stop filter spectrum has 
obvious drift towards long wavelength. It shifts about almost 4.3nm within the whole temperature 
arising process, and it exhibits high sensitivity to temperature, almost 72.17 pm/oC with good linear. 

In this paper, a new fiber-optic temperature sensor based on TCQSF is proposed. The sensing 
properties are investigated theoretically based on the coupled mode theory. Experimental results 
indicate that the RI insensitive sensor with an only 10 mm long TCQSF can be operated with high 
temperature sensing sensitivity of 72.17 pm/°C within the range of 35°C ~ 95°C. This type of 
sensor has the features of small size, high sensitivity, high stability, simple structure, and low cost. 
It is expected to be applied in temperature sensing in different solution. 
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Fig. 5: (a) The transmission spectrum corresponding to the different temperatures. 
(b) Temperature response characteristic of the transmission spectrum. 
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Long period grating in microfiber with water cladding  
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We report the fabrication of long-period gratings (LPGs) in microfibers (MFs) with water 
cladding for the first time. The water cladding microfibers are fabricated by encapsulating 
tapered microfibers inside glass tubes which is then filled with water. The LPGs in these 
water cladding MFs were fabricated by using a femtosecond infrared laser to modify the 
surface periodically along the microfibers. 

 
Microfiber (MF) photonic devices have attracted considerable attention recently. Various MF-

based devices such as microfiber resonators and add/drop filters [1-3], supercontinuum sources [4], 
refractometric sensors, and photoacoustic gas detectors [5, 6] have been reported. Many of these 
devices take advantage of the large external evanescent field of MFs and exploit the strong 
interaction between the evanescent field and surrounding media, which form the basis for a range of 
chemical, biological and environmental sensors. 

In this paper, we report the fabrication of MFs with liquid cladding by encapsulating a MF 
within a glass capillary which was then filled with some liquid sample. The MFs are fabricated by 
bi-tapering a conventional single mode fiber (SMF) and suspended along the center line of a 
capillary tube. The MF is kept straight within the capillary tube while its SMF pigtails are glued to 
the two ends of the capillary. The capillary used in our experiment has inner and outer diameters of 
~660 μm and ~900 μm, respectively. To ensure the MF is suspended along the central axis of the 
capillary, two shorter capillaries (~3 mm in length) with inner and outer diameters of ~320 μm and 
500 μm are inserted into the two ends of the larger capillary and they are fixed together by glue. 
During the process of tapering and encapsulation, the transmission spectrum of the device was 
monitored by connecting the input and output SMF pigtails respectively to a broadband light source 
(BLS) and an optical spectrum analyzer (OSA). A large transmission loss was observed if the MF is 
broken or adhered to the inner wall of the capillary. A loss of ~0.2 dB is achieved with a PMC 
containing a 5 cm-long and ~1 μm-diameter MF, which showed that the encapsulation does not 
change the optical property of the MF but the capillary tube protects the MF from external 
disturbance and contamination and makes it more robust. Two side holes are made on the capillary 
wall, which act as ingress/egress channels for sample liquids. One hole on the capillary wall was 
immersed into water while the other hole left open to atmosphere, the section between the two side-
holes was filled with water in a few second via capillary effect, as shown in the Fig.1 inset. Such 
structure are robust and stable, and can be easily integrated into standard fiber-optic circuits with 
low loss, making the liquid cladding MF-based devices more practical for real-world applications. 

To illustrate the potential applications of such liquid cladding MFs, We demonstrated the 
fabrication of long period gratings (LPGs) in water cladding microfiber by scanning a focused 
femtosecond infrared laser periodically across the surface of the MFs. Femtosecond laser pulses 
were focused at the center of the upper surface of a MF, and the irradiation intensity, exposure time 
and diameter of the focal spot are respectively ~0.15 J/cm2, 1 s, and 3 μm. The input and output 
ends of the SMF from which the MF was made were connected respectively to a broadband light 
source (BLS) and an optical spectrum analyzer (OSA), and the transmission spectrum of the LPG 
was monitored during fabrication process, as shown in Fig.1. What we want to show here is that the 
LPG is made in the liquid cladding MFs, by adjusting the focus and the energy of the femtosecond 
laser pulses, LPG can be made directly on the MF, regardless of the capillary tube that encapsulates 
the MF and the liquid surrounding the MFs. The encapsulation has little or no effect on the 
inscription. Figure 2 shows the transmission spectrum of an LPG made on an encapsulated Hi-Bi 
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microfiber. The MF was made under similar conditions as the one used in section 3 and hence the 
parameters of the Hi-Bi MF are expected to be similar. The resonance wavelengths is 1614 nm, and 
the strengths of the attenuation dip are ~13.2 dB. 

 
Fig. 1: Experimental setup for fabrication LPG in water cladding microfiber with femtosecond laser, 
insert: picture of the two end of the capillary. 

 

Fig. 2: Typical transmission spectrum of the LPG. 
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A miniature KTP-based electro-optic modulator (EOM) for control and stabilization of 
cavity optical length of femtosecond Er-fiber lasers was developed and tested. Due to a 
small length and low dispersion (at the lasing wavelength), the EOM is easy to integrate 
even into a short cavity (mode spacing ≥100 MHz) without laser performance penalty.  
 

An important advantage of a KTP crystal is a small magnitude of its chromatic dispersion, 
comparable with dispersion of optical fibers at the wavelength of Er-fiber lasers [1]. We used a 
KTP crystal with lowered electrical conductivity, grown in the Institute of Thermophysics SB RAS 
[2]. The working optical element was cut with dimension of 3x4x3 mm (along its x, y and z axes). 
Its faces normal to the x axis were polished and AR-coated. Its faces normal to the z axis were 
coated with metallic Cr to be used as electrodes for the control voltage. The electric capacitance of 
the working element is ~0.5 pF and the mechanical resonance frequency is ~800 kHz.  

To test the KTP-based EOM it was 
mounted in the cavity of a femtosecond Er- 
fiber laser used previously in a femtosecond 
frequency synthesizer (Fig. 1) [3]. The laser 
performance was as follows: the center 
wavelength ~1.56 μm, the pulse duration ~150 
fs, the pulse repetition rate ~100 MHz. Its 
optical spectrum was broadened to a range of 
0.9 to 2.2 μm with a highly nonlinear fiber. 
Using an optical mixer we obtained a RF 
signal of beating between the 1064-nm line of 
a Nd:YAG/I2 optical standard and a 
corresponding spectral component of the 
femtosecond radiation [4]. We demonstrated 
that by applying a phase locked loop (PLL), 
with the EOM used as a final feedback 
element, the beat signal can be effectively 
stabilized. The RF beat spectrum indicated that 
the EOM allows noise suppression in a wide 
frequency band up to ~220 kHz (Fig. 2). The 
above features of the KTP-based EOM make it 
optimal solution for frequency stabilization in 

femtosecond Er-fiber lasers with a high fundamental pulse repetition rate. 

 

Fig. 1: Schematic of the laser with the KTP-based EOM: 
DL - diode laser pump; CE - combined element 
(isolator/multiplexor/coupler); DCF - dispersion-
compensating fiber; C1, C2 - collimators; PC - polarizing 
cube; PZT – piezotranslator with a mirror. 

  

Fig. 2: RF spectrum of the beat signal (resolution: 30 Hz).  
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In the past decades, organic optoelectronics has made great progress both in fundamental 
studies and commercial applications because of their excellent properties, such as solution 
processable, printable, flexible, low-cost and able to be made at large area. Our recent work is 
devoted to the development of high-performance organic semiconductors for organic 
optoelectronics. We will present our recent advancement on rational molecular design of organic 
semiconductors for organic light-emitting diodes, lasers, memories, chemo-/biosensors, latest 
research results about ultralong organic phosphorescence and color display technologies. 
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Novel nonlinear phenomena 
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Research and applications of high-average-power diode-pumped laser 
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The techniques and development of state-of-art high-average-power diode pumped solid 
state laser (DPL) are introduced and studied. By improving the design and the techniques, 
we first realized the domestic high-average-power DPL with 3 kW, 4 kW, 6 kW, 8 kW in 
succession, and a series of engineering prototypes. High-average-power all-solid-state-
lasers have wide applications in industry, military fields and medicine. 

 
Since the high average power DPL has unique advantages and potential applications in wide 

range, such as industry, military fields and medicine, U.S., Russia, Japan, Germany and other 
developed countries have invested a number of resources for research and development of DPL and 
made significant progresses [1, 2]. Due to embargo restrictions of the high-power pump source of 
semiconductor laser, the domestic research of high-average-power solid-state lasers are hobbled and 
have a relatively great difference comparing with the international. Domestic research on DPL has a 
rapid development recently, and has been gradually close to the international level. 

High power, high efficiency, high beam quality have been persistent pursuits of the scientists 
on solid-state lasers. In many techniques of DPL, Side pump technique is popular in high-power 
solid-state lasers. It has the characters of simple structure, stable performance, low cost. Side pump 
is transverse pump, the pump light from laser diode array (LDA) is injected into the laser gain 
media, e.g. laser crystal rod, and laser is oscillated along the crystal rod. A single laser module can 
easily output 100 W-class or even kilowatts. The side pump is easy to inject high-power pump light 
into the crystal rod, it is more feasibly to obtain high power output. However, in side pump mode, 
the gain distribution in the crystal rod is difficult to match eigenmodes of resonator. Moreover, due 
to that the thermal distribution is uneven in gain media of crystal rod, it causes severe thermal 
lensing effect and thermal depolarization, reduces the output beam quality. The pumping light needs 
to pass through the tube which isolates the coolant and coolant, and then reach the crystal rods. 
Thus, the surface of the tube and crystal rods would reflect the pump light, and coolant would 
absorpt the pumping efficiency. The light-light conversion efficiency of side pump is lower than the 
end pump normally, around 40%.  

A complex series of research and technologies on high-efficiency high-power pump, high-
density thermal management, beam quality control, cavity optimization, high extraction efficiency 
amplify, laser-operation new concept are required to develop DPL. Laboratory of solid state laser 
sources in institute of semiconductors applied self-developed high-power laser head and the 
technique of the multiple rods connected in series to produce high-power solid-state laser with 
output of 3 kW, 4 kW, 6 kW in succession [3-5]. Light-light conversion efficiency is greater than 
50%. Currently, the DPL with output of more than 8kW was attained shown in Fig.1. Texturing of 
pump light and cooling technologies are applied exclusively to solve uneven thermal distribution of 
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high-brightness side-pumped gain medium. All solid-state laser of 4 kW with 600-micron fiber-
coupled output are developed as well. Moreover, the domestic engineering prototypes of 5 kW 
high-power solid-state laser with beam quality of 33.4 mm•mrad, and 3 kW all solid-state laser with 
400-micron fiber-coupled output are developed firstly. The distributed node monitoring and power 
feedback controls are firstly utilized in domestic to overcome the difficulties that all solid-state 
lasers are easily detuning in industrial environments. These researches provide a solid foundation 
for the advanced laser of next generation in wide applications of human society. 

 

 

(a) 

 

 

(b) 

Fig. 1: (a) The sketch of 8 kW DPL. (b) The output power with varied current. 
Output power: 8.21 kW. Electro-optical efficiency: 25.2%. Beam quality: 119 
mm•mrad. Instability: ± 1.8%. 
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We report on spectral characteristics and  laser performance of highly transparent yttrium 
aluminium garnet ceramics doped with holmium or neodymium. The structural and 
spectral characteristics of ceramics were studied that allows to evaluate the internal 
losses. In the samples with holmium Ho3+ and neodymium Nd3+ ions, lasing was 
achieved with a slope efficiency of 40% and 35.3%, respectively; the maximum laser 
power exceeded 4 W. 

 
Significant progress in the creation of solid-state lasers achieved in recent years is associated 

with the development and investigation of new promising active media based on laser ceramics, 
including yttrium aluminum garnet ceramics. The lasing and spectroscopic properties of oxide laser 
ceramics have been studied since 1990s. Lasing in 1 % Nd : YAG ceramics was obtained for the 
first time in 1995 [1], and already in 2001 the lasing efficiency of Nd : YAG ceramics was almost 
as high as of single crystals [2]. Laser ceramics has some important advantages compared to single 
crystals, among which are the relatively simple synthesis of large-size samples, the possibility of 
producing multilayer (composite) ceramic structures, and a comparatively low production cost [3]. 
All this makes the highly transparent ceramics very promising for wide application in multi-
kilowatt solid-state laser systems.  Here we report the results of investigation of the lasing 
characteristics of 1 % Nd : YAG and 1%Ho:YAG ceramics 
synthesized at the Institute of Electrophysics, Ural Branch, 
Russian Academy of Sciences as well as 1%Nd:YAG 
synthesized at Institute of Radio Engineering and 
Electronics, Fryazino Branch, Russian Academy of 
Sciences. Detailed comparative analysis of the methods of 
producing highly transparent Nd : YAG ceramics from 
nanopowders is given in [4,5]. At the same time, despite a 
substantial progress in production methods and technology, 
the optimization of synthesis parameters in order to 
improve the microstructural homogeneity and optical 
characteristics of ceramics still remains a topical scientific 
practical problem in the field of creation of highly efficient 
laser media. 

The studied samples of Nd :YAG optical ceramics had the form of disks with dimensions of 
Ø16 Ø 3.1 mm, Ø11  1.1 mm, and Ø47  2.1 mm. After measuring the transmission coefficients of 
the samples on a Shimadzu UV-3101PC spectrophotometer in the spectral range 800 – 1100 nm (up 
to 2200 nm for Ho:YAG sample), the faces of disks were coated by dielectric films: the first face 
was coated by a broadband antireflection film with the residual reflectance R < 0.15 % at the pump 
(808 nm) and laser (1064 nm) wavelengths, and the second face was coated by a combined 
reflecting film consisting of a rear dielectric mirror (R > 99.8 % at l = 1064 nm) and an additional 
metallization layer to achieve a high reflection coefficient for the pump beam incident at angles of 0 
– 30°. For efficient heat removal, the ceramic disks were mounted on copper heat sinks with an 
intermediate indium foil layer 100 mm thick using different soldering and pressing methods, see 
Fig.1. The 1 % Nd :YAG ceramic were pumped by a laser diode bar with an optical power up to 30 

 

Fig. 1: A thin-disk of 1%Nd:YAG ceramics 
soldered to a copper heat sink with an 
indium alloy. 
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W at a wavelength of 808 nm, whose radiation was focused on the active element using a two-
mirror collimator and auxiliary optics [6], which formed an approximately round spot ~0.7 mm in 
diameter in the focus. All laser experiments were performed in a short linear cavity with the 
physical length L = 20 mm, which was formed by an external concave mirror and a rear mirror 
deposited on the active element from the side of the heat sink as is shown in Fig.1 in [6]. As an 
output mirror, we used spherical concave mirrors with the curvature radii r = – 40 mm and the 
transmittance T = 2.6 % and T = 10.5% at the wavelength l = 1064 nm. The pump and laser powers 
were measured using an Ophir L30A power meter. In general, the experimental scheme is rather 
close to the scheme described in [6] except for several technical improvements related to the 
conditions of thermal stabilization of diode bars and active elements.  

Figure 2 shows the measured laser characteristics of 1 % Nd : YAG ceramic samples No. 1570 
and R10097 for a two-pass pumping scheme; the absorbed power was calculated as a difference 
between the incident and output powers. Comparing the slope efficiencies at different transmissions 
of the output mirror, we can estimate the intracavity losses (per two passes) to be 0.2% for R10097 
ceramics and 0.7% for ceramic sample No. 1570. Assuming that the absorption and scattering 
losses in the volume of the reference sample R10097 are considerably lower than the losses at 
optical surfaces (antireflection coatings and mirrors, including the output one), we find that the 
losses in the studied sample No. 1570 are ~0.5 % at the laser wavelength (two passes), i.e., the spe-
cific losses are ~1.6  10–2 cm–1. At these losses, the slope efficiency of ceramic sample No. 1570 
(35.5 %) is to be ~ 80 % compared to that of the reference sample R10097 (43.6 %). 

The insert in Fig.3 shows the laser spectra of 1%Ho:YAG ceramics (intracavity pumped by a 
thin-disk Tm:KLuW laser) at difference pump powers, the in-band pump spectra are given by the 
main plot. Based on relative intensity of the pump and laser power, we have estimated the slope 
efficiency of the 1%Ho:YAG ceramics under in-band pumping which proves to be 40±10%.     

In summary, further improvement of the optical homogeneity of laser ceramics remains a 
topical scientific and technical problem, which is of high priority for the development of modern 
multi-kilowatt solid-state laser systems. 
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Fig. 2: Laser performance of 1%Nd:YAG ceramics 

synthesized at Konoshima Co. and IEP RAS. 
Fig. 3: Output spectra of 1%Ho:YAG ceramics (insert) 
under intracavity pumping by Tm:KLuW (main plot). 
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A series of Dy3+ doped silicate glass ceramics containing ZrO2 nanocrystals were 
synthesized to investigate novel single Ln3+ doped materials for W-LEDs. After thermal 
treatment on precursor glass, the obtained glass ceramics showed broader emission bands 
in blue region. The thermal treatment resulted in variation to Dy3+ luminescence profile, 
which has not been reported in other matrixes. The CIE coordinates of GC2 samples are 
(0.33, 0.38), which are close to the standard white light illumination. 

 
In recent years, white light-emitting diodes (W-LEDs) have been considered as the most 

promising luminescent devices instead of conventional incandescent and fluorescent lamps for their 
advantages such as long lifetime, energy saving, reliability, safety and environment-friendly 
characteristic [1-3].  

 
Fig. 1: The PL emission spectra of GC1 and GC2. 

The special intense emission bands in blue and yellow regions of Dy3+ promote our interest of 
combing them to obtain white light. It has been reported that luminescent properties of Dy3+ are 
influenced by the surrounding environment. Based on this characteristic we successfully regulated 
the emission intensity and color coordinates in CIE 1931 chromaticity diagram. In this article, 
transparent Dy3+ single doped silicate glass and glass ceramics (GC) have been synthesized through 
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high temperature melting method. The structural and luminescence properties of these samples are 
discussed in details. 

According to excitation spectra of Dy3+, the excitation peaks at 349 nm, 363 nm and 386 nm 
are corresponding to the transition of Dy3+: 6H15/2→4M15/2, 6H15/2→4I11/2

 and 6H15/2→4I13/2, 
respectively. It is known to us that the surrounding environment around rare earth ions can be 
modified by formation of glass ceramic. From the emission spectra of precursor glass, we can 
observe that yellow intensity is stronger than the blue one under 363nm excitation. Proper thermal 
treatment could change Y/B ratio, thus obtaining white light. Here, we thermally treated precursor 
glass for 0.5 h and 1 h, and the resulted samples were marked as GC1 and GC2, respectively.. The 
resulted PL emission spectra excited by 363 nm of GC1 and GC2 are shown in Fig.1. The emission 
region in blue and violet expands apparently. A broad luminescence band from 400-550 nm is 
observed initially, which is, however, not seen in precursor glass. Some new emission peaks 
emerges in GC1. The peaks of 421 nm and 527 nm are attributed to the transition of 4G11/2→6H15/2 
and 4G11/2→6H13/2, respectively. The huge modification to Dy3+ luminescence profile has not been 
reported in other matrixes. Luminescence coordinates of GC1 and GC2 excited at 363 nm are 
characterized by CIE chromaticity diagram and shown in Fig.5. The CIE values for GC1 and GC2 
are (0.29, 0.29) and (0.33, 0.38). The CIE chromaticity coordinates for GC1 and GC2 are rather 
close to the ideal white light.  
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Cr3+-doped BeAl2O4/BeAl6O10 eutectic crystal with microstructure (lamellae) have been 
grown by Czochralski method. Eutectic crystal consist of aligned lamellae with 2-3 
microns thick extended along a grow direction. The carried out researches of 
spectroscopic properties of Cr:(BeAl2O4/BeAl6O10)-eutectic have shown prospectivity 
their use as active laser media with wide spectral band of gain in region 700-950 nm. 
 

Well-known that eutectic-alloys of metals can possess high mechanical properties and 
semiconductor structures – unique electric parameters. As for optical eutectic materials their 
studying has begun only now [1].  

Eutectic optical crystals on a basis oxide materials possess a number of advantages in 
comparison with classical optical oxide media. The temperature of fusion at them much more low, 
than at forming them оксидов, that reduces requirements to crystal grow equipments.  

The isomorphic capacity eutectic materials above, than at corresponding oxides, gives the 
chance to activate it its various ions for realization, for example, processes of sensibilization of 
active laser media which increase their efficiency. Eutectic crystals essentially simplify a design of 
the hybrid laser media consisting of several different laser active materials, placed in the laser 
resonator that allows to expand a spectral gain band of laser. Thus eutectic laser media can have 
much more low optical losses that by composite solid state media.  

 The binary eutectic-crystals from two well-known laser oxide crystals - Cr:BeAl2O4 
(alexandrite) and Cr:BeAl6O10 (beryllium hexaaluminate) have been grown by Czochralski method 
[2, 3]. Cr:(BeAl2O4/BeAl6O10)-eutectic consist of aligned plates (lamellae) extended along a grow 
direction. The thickness of lamellae were equal 2-3 microns, and thickness of boundary between 
lamellae - less than 1 micron. Thickness of plates and borders between them could be varied, 
changing parameters of technological process: axial and radial temperature gradients, geometry of 
front of crystallization, speed of rotation and grow a crystal. 

  The carried out researches of spectroscopic properties of a Cr:(BeAl2O4/BeAl6O10)-eutectic 
crystal have shown prospectivity their use as active laser media. Luminescence and excitation 
spectra are presented in Figures 1 and 2. 

  The analysis of the received spectroscopic data has shown that two types of lasers with use 
of eutectic-crystals can be developed. If the thickness of plates in a eutectic-crystal manages to be 
varied in strictly set parameters the laser with Brag active media-mirrors can be realized. If the 
disorder of this parameters is considerable the laser with the volume active media is more real.  
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Fig. 1: Photoluminescence (PL) spectra of Cr:(BeAl2O4/BeAl6O10) eutectic-crystal at room temperature. 

Excitation wavelength – 532 nm. 
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Fig.2: Excitation (PLE) spectra of Cr:(BeAl2O4/BeAl6O10) eutectic-crystal at room temperature. 
 

This work was supported in part by Program «Extreme laser radiation: physics and 
fundamental applications» and Integration Program SB RAS-NANB. 
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Development of high-power, 1 kHz repetition rate, diode-pumped 
solid-state OPCPA laser system 
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The principle of creation and the element base of solid-state laser system with 1 kHz 
repetition rate in optical parametric amplification channel of femtosecond pulses in 
nonlinear optical borate crystals and picosecond pulses pump channel in diode-pumped 
ytterbium doped crystals and ceramics are presented. 

 
For the last time, a particular attention has been paid to the development of creation principles 

and components of high-intensity femtosecond laser systems with multiterawatt power and pulse 
repetition rate at the kilohertz level. The goal of these studies is to construct laser systems, intended 
for research on the physics of extreme laser fields and perform experiments on nonlinear quantum 
electrodynamics, new technological applications such as laser acceleration of charged particles, 
laser-assisted thermonuclear fusion, etc. [1]. Investigations show that the most promising way is the 
creation of such systems based on OPCPA technique of femtosecond pulses by using for pumping 
radiation of DPSSL. 

The feature of system that is being developed at the ILP SB RAS is that the radiation from the 
starting femtosecond oscillator with the centre wavelength 1030 nm is divided and amplified in two 
channels, the CPA channel forming and frequency doubling the picosecond radiation for OPA 
pumping, and the OPCPA channel of parametric amplification, which simplifies the implementation 
of optical synchronization of channels. 

Regenerative preamplifier (pulse repetition rate 1 kHz) with gain of ~106 at wavelength of 1030 
nm in the pump channel of laser system was experimentally investigated and compared with 
simulation data. The output energy achieved is up to 0.7 mJ. Further, comparative analysis of 
physical properties of oxide ceramics and crystals (Yb:Y2O3, Yb:Lu2O3, Yb:YAG) has been carried 
out to choose the most efficient active medium for operating at cryogenic temperatures with a high 
pulse repetition rate. For the first stage of amplification in the CPA pump channel six-pass Yb:YAG 
crystal amplifier with dual diode end-pumping was developed. It increases energy of pulses 
produced by regenerative amplifier to 10–15 mJ. For the second cryogenic stage in this case output 
energy of pulses can rise up 300 mJ level. Using top-hat assumption of pump beam spatial profile, 
the thermal distribution in the crystal has been calculated according to numerical solution of three-
dimensional non-stationary heat conduction equation. Experimentally and theoretically, in block of 
spectral broadening pumped by chirped pulses in OPCPA channel the transformation of spectrum of 
the input pulse to the radiation of 650–1500 nm spectral range, broad enough to support pulses with 
duration of up to 10 fs. Numerical modeling of OPCPA-channel with starting spectral width of 
300 nm at the central wavelength 1030 nm to the peak power of 100 TW, configuration schemes 
and the optimal size of nonlinear BBO and LBO crystals were investigated [2]. 

This work is supported in part by RAS Program “Extreme laser radiation: physics and 
fundamental applications" and Government program, registration number 01201374306. 
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Investigation of recombined charges at VOC provides a unique approach to understanding 
charge generation in organic photovoltaics. At low temperatures, we observe a decrease 
of VOC, which is attributed to reduced charge separation. Comparison between benchmark 
polymer:fullerene and polymer:polymer blends highlights the critical role of charge 
delocalization in charge separation and emphasizes the importance of entropy in charge 
generation. 

 
The internal quantum efficiency (IQE) of organic photovoltaics (OPVs), made from a blend of 

nanostructured donor and acceptor components, has approached 100% in highly efficient devices. 
Light absorption in donor or acceptor components of OPVs generates strongly bound electron-hole 
pairs, known as excitons. These excitons dissociate at the interfaces between the donor and acceptor 
materials, contributing to charge carrier generation. However, the physics behind this close-to-unity 
exciton dissociation efficiency remains heavily debated, hampering a rational design of highly 
efficient donor-acceptor heterojunctions.  

We investigate the effect of temperature (T) on charge generation by examining the open-
circuit voltage (VOC) in a wide temperature range (30 to 290 K). Since all the generated charge 
carriers recombine at VOC, the investigation of recombined charge carriers at VOC provides a unique 
approach to understanding charge generation. In addition, no long-range charge transport issue is 
involved at VOC, enabling us to exclusively focus on the charge separation process. At low T, we 
observe a decrease of VOC, which is rationalized in terms of reduced charge separation. Our results 
support the model which emphasizes the importance of charge delocalisation on charge separation 
and also highlight the critical role of entropy in helping charge generation. 
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We demonstrate high-performance solution-processed perovskite light-emitting diodes 
(PeLEDs) by tailoring the surface energetics and introducing trap passivation effects with 
a multifunctional polyethyleneimine (PEI) layer. The approach leads to CH3NH3PbI3-xClx 
based near-infrared (NIR) PeLEDs with an internal quantum efficiency of ~15.7% at a 
high radiance of 28 W sr-1 m-2 and a low voltage of 2.2 V, representing the most efficient 
NIR devices produced by solution processing. 

 
Interfacial engineering by the control of ohmic charge injection and the introduction of 

appropriate energetic barriers is critical for achieving high-performance light-emitting diodes 
(LEDs) [1, 2]. In solution-processed optoelectronic devices, the interfacial surface properties can 
further affect the deposition and formation of the top active layers [3, 4]. 

We utilize a structure of ITO/ 
polyethyleneimine (PEI) modified ZnO/ 
organometal halide perovskite/poly(9,9-
dioctyl-fluorene-co-N-(4-butylphenyl) 
diphenylamine) (TFB)/MoOx/Au for highly 
efficient electroluminescence. We 
demonstrate that the PEI modified ZnO 
affords a low work-function cathode for 
ohmic electron injection and provides a high-
energy hydrophilic surface that gives good 
perovskite film formation from solution. 
Near-infrared (NIR) CH3NH3PbI3-xClx 
perovskite LEDs (PeLEDs) with an internal 
quantum efficiency of ~15.7% at a radiance 
of 28 W sr-1 m-2 are achieved, representing 
one of the most efficient NIR devices 
produced by solution processing. The same approach also results in high performance green-
emitting CH3NH3PbBr3 based PeLEDs having a luminance of ~20,000 cd m-2 at a low voltage of 
2.8 V with a luminous efficacy of ~4.0 lm W-1. The remarkable electroluminescence achievable in 
these perovskite materials marks an important progress towards low-cost and solution-processed 
LEDs for large-area displays and lighting applications. 
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Fig. 1: Dependence of radiance on the driving voltage of the 
CH3NH3PbI3-xClx PeLED. 
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Supercontinuum generation from the near-IR to far-IR during radiation filamentation in 
bulk media in an anomalous dispersion region is theoretically investigated. The 
generation of multioctave supercontinuum spanning 0.7-7.6 μm range in sodium chloride 
is numerically demonstrated. The mechanisms of multi-octave supercontinuum 
generation and their dependence on pump central wavelength are discussed. 

 
Recently mush effort has been made to create sources of supercontinuum (SC) in mid-IR range. 

One of the promising method is found to be a filamentation of femtosecond radiation in bulk media 
in anomalous dispersion region. The possibility of generation of SC from pump wavelength down 
to visible range has been demonstrated. For example, stable multioctave supercontinuum has been 
experimentally obtained in YAG deep in anomalous dispersion region [1]. 

We investigate the features of wide 
IR supercontinuum generation in solid 
state media in anomalous dispersion 
region. We chose sodium chloride as 
media for study. It has rather high zero-
dispersion wavelength which allowed 
us to investigate features of SC 
spanning from visible to mid-IR It is 
shown that generated SC long-
wavelength boundary position is 
mainly determined by pump central 
wavelength while short-wavelength 
boundary is almost unchanged. The 
difference between zero-dispersion and 
central pump wavelengths influences 
the depth of the dip between visible and 
mid-IR parts in generated spectrum. 
Some of the simulation results are 
shown in Fig. 1. The generated SC 
spans 0.7-7.6 μm range (10-3 level) 
which is 3.4 octaves. The obtained 
results are easily explained with the so called interference model [2]. 

Then we investigate influence of various nonlinear medium parameters (cubic and plasma 
nonlinearities) on generation of SC. It is shown that medium dispersion is the only parameter that 
has significant influence on the generated SC. 
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Fig. 1: Supercontinuum generated in sodium chloride with 50 fs 
pulse, initial collimated beam radius 60 μm at different pump central 
wavelengths, pulse power is 3 Pcr (4.2 μJ at 3.5 μm, 8.6 μJ at 5 μm). 
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For elimination of a strong astigmatic lens a scheme of Yb:KYW laser with symmetrical 
cooling of active medium was suggested. Power characteristics were investigated for 
different parameters of the scheme for free and mode-locking regimes. Achieved slope 
efficiency for free generation was 40%. For efficient pumping radiation P-polarization 
efficiency increased up to 47%. In mode-locking regime the radiation wavelength was 
1041 nm and the spectral FWHM bandwidth was about 2 nm. 

 
A strong astigmatic lens appears in an active medium because of asymmetrical cooling in 

typical cavity schemes [1]. Its influence significantly reduces efficiency and disallows to obtain 
stable mode-locking regime. For its liquidation a scheme with symmetrical cooling of the active 
medium was suggested [2]. In such scheme the thermal lens could be compensated by altering 
distance between a spherical mirror and the crystal. Pumping power dependence of generation 
power was measured for free generation mode. Saturation was not observed, at least, until pumping 
power of 14 W. Maximal output power 4.9 W 
was achieved at pumping power of 14 W. Slope 
efficiency was 35%. 

Suboptimal laser radiation focusing could 
be minimized by placing mirror, which 
transmits P-polarized pumping radiation and 
reflects S-polarized radiation, between the lens 
and the crystal. Achieved differential efficiency 
was 40% – this is a record achievement for 
multimode pumping source usage in compact 
solid-state lasers. A mode-locking regime was 
obtained. Generation power in mode-locking 
regime reached 1.3 W level at pumping power 
of 7 W. The radiation wavelength was 1041 nm, 
the spectral FWHM bandwidth was about 2 nm. 

It is needed to be mentioned that such 
scheme didn’t optimized for achievement the maximum slope efficiency. The pumping source has a 
round polarization of output radiation. For efficient pumping radiation P-polarization lasing 
threshold decreased down to 0.74 W, and differential efficiency increased up to 47% as it is shown 
at Fig.1. Ultimate efficiency could be obtained by using a single-mode diode pumping source in 
such scheme, in case pumping and generation spectra fully overlap. 

This work was partially supported by the Russian Foundation for Basic Research (Grant No. 
13-02-00541-a) with the use of the equipment of the Multiple Access Centre “Femtosecond Laser 
Complex”. 

References 
[1] P.A. Loiko, V.V. Filippov, K.V. Yumashev, N.V. Kuleshov, A.A. Pavlyuk, “Thermo-optic coefficients study in 

KGd(WO4)2 and KY(WO4)2 by a modified minimum deviation method”, Appl. Opt. 51(15), p. 2951 (2012). 
[2] A.A. Kirpichnikova, S.A. Kuznetsov, V.S. Pivtsov, “Studying a highly efficient Yb:KYW laser with diode 

pumping”, Bulletin of the Russian Academy of Sciences: Physics 79(2), p.169–172 (2015). 

 
Fig. 1: Dependence of output power on pumping power for 
different pumping polarization. 
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We report primary results of luminescence and absorption properties of glass composition 
80TeO2–20WO3–Yb2O3. The Stark-level structure of Yb3+ activator ions in the glass is 
determined experimentally from absorption and luminescence spectra at low temperature. 
The radiative lifetime is derived from absorption spectra using the data on the structure of 
electron levels of the ground and excited multiplets. Radiative lifetime and measured 
luminescence decay time agree very closely. 
 

The tellurite glasses doped with Yb3+ ions have great advantages over the crystalline systems 
since they can be easily prepared in a large variety of chemical compositions with high optical 
quality [1]. Knowledge of spectral changes caused by variation in glass composition is the best 
method to prepare active laser media with desired characteristics. TeO2-WO3 -glass possesses high 
solubility for rare earth ions. The WO3 and TeO2 glassformers are not isostructural, so more 
complex network structure with greater variety of dopant sites result in inhomogeneously 
broadening of spectra. Te-W-glasses have extremely high refractive index with low dispersion, 
large third order non-linear susceptibility, good infrared transmissivity and relatively high chemical 
durability. Despite many characterizations, the structure of glasses is still subject to discussion [2]. 

Yb3+ ions are of particular interest for use as activator for its excellent properties: the broad 
absorption and emission bandwidth, high absorption cross-section, the long fluorescent lifetime, 
unique energy level scheme. Owing to this particular energy-level configuration, the spectroscopic 
characteristics and laser properties of ytterbium are particularly host dependent. The problem of 
determining of Stark-level structure of Yb3+ activator ions in the Te-W-glass is solved 
experimentally using the conventional method of absorption and luminescence spectroscopy at low 
temperatures. Results are displayed in Fig.1 and summarized in Table 1. 

  
Fig.1: The deconvoluted absorption (a)  and emission (b) spectra of Te-W-glass at 77 K. 

The integral method of reciprocity [3] allows one to determine the radiative lifetime from 
absorption spectra using the data on the structure of electron levels of the ground and excited 
multiplets from Table 1. This is very convenient to use it in the case of Yb3+ ions when direct 
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measurement of τrad causes some difficulties because of the strong reabsorption of luminescence in 
the glass volume. The value 536 μs obtained for τrad according [3] is in good agreement with the 
value of the luminescence decay time 527 μs that we determined experimentally. 

Tab. 1: Splitting of the 2S+1LJ manifolds of Yb3+ ions in glass composition 80TeO2-20WO3-Yb2O3. 

2S+1LJ  manifold Stark-level energy [cm-1] 

2F7/2 0, 190, 363, 596 

2F5/2 10230, 10450, 10750 

 
Fig. 2: Absorption ( ) and emission ( ) cross-section of Yb3+:Te-W-glass at 300K. 

 
Fig. 3: Gain cross-sections of Yb3+:Te-W-glass at 300K, β is the population inversion rate. 

 
The investigated Yb3+-doped 80TeO2–20WO3-glass has good glass-forming ability, absorption, 

emission (Fig. 2) and amplification (Fig. 3) properties, wide pumping range covered with highly 
efficient high-brightness pump sources like laser diodes. Moreover, it has only one excited level 
free of up-conversion and excited state absorption leakages, with negligible multiphonon relaxation 
rate. It may be a candidate for applications of broadly tunable lasers and for generating ultra short 
pulses with excellent power conversion efficiency critical for high energy solid-state lasers. 

The work is supported by SB RAS integration project R&D Reg. No 01201266425. 
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The intensity distribution during the filamentation of femtosecond 
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The results of experimental and theoretical studies of the interaction of lithium fluoride 
ceramic samples with femtosecond laser pulses in a low aperture focusing presented. The 
simulation results of the laser radiation propagation in granular media allows the 
conclusion predominant influence of the diffraction on self-focusing and intensity 
distribution. 

 
It is known that under femtosecond laser radiation near infrared region in the lithium fluoride 

monocrystals the luminescent defects are efficiently created [1, 2]. These defects are aggregate 
color centers. The same defects are formed in lithium fluoride crystals and by various ionizing 
radiations. The creation mechanism of these defects is also well understood. 

The processes of self-focusing and subsequent filamentation of laser radiation accompanied by 
a sharp increase in its intensity, which provides highly nonlinear absorption processes, play an 
important role in the color centers formation under femtosecond laser pulses [3]. Great attention is 
paid to the study of these processes in the study of the interaction of intense femtosecond laser 
radiation with dielectric media. 

The aim of this work is an experimental and theoretical study of the processes of self-focusing 
and filamentation in the interaction femtosecond laser pulses with lithium fluoride ceramics 
samples. The experimental setup for radiation ceramics femtosecond laser radiation include 
titanium-sapphire laser generating pulses of 50 fs with an energy of about 6 mJ and the maximum 
spectral emission line at a wavelength of 950 nm. In the experiments, the so-called lowaperture 
focus regime is used when the exciting laser light focused by a lens with a long focal length – 425 
mm, and the sample was placed at a distance L before the location of the focus of the lens. 

 
Fig. 1: Photos of transverse distribution of luminescence centers in the channels, induced by a series 
of 100 femtosecond laser pulses: а) – the distance L from the lens focus position to the sample surface 
20 mm; b) – the distance L 40 mm. 

Color centers in ceramic samples irradiated with femtosecond pulses are distributed to the 
thread-like channels formed in the region of the filament of the laser radiation resulting from 
multiple self-focusing. This is evident in the photos (Fig.1), which show transverse distribution of 
intensity color centers luminescence for various laser irradiation conditions.  
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From the presented results it is seen that the  beginning of the filaments formation is at a 
distance from the crystal surface which corresponds to the effective length of the self-focusing l. 
Increasing the number of excitation femtosecond pulses leads to an increase in the luminescent 
channel length. In the cases when the distance from the samples surface to the lens foci position L 
changes, so the distance from samples surface to the beginner point of the laser radiation self-
focusing. In addition, the change of distance from the sample surface to the lens focus position L 
towards increase from 20 to 40 mm leads an increase in depth from 2.5 mm to 6.5 mm, on which 
there is the maximum density of the filaments. Also, attention is drawn to the high density of 
filaments distribution in comparison with monocrystals [3]. It is known that the filaments location 
in multiple self-focusing is determined by the presence of irregularities or in the initial laser beam 
or the environment. 

The laser pulse propagation modeling in 
a nonlinear medium was carried out by 
solving the cubic Schrodinger equation with 
definite initial conditions. Comparing the 
results of experimental and theoretical 
studies, we can conclude that a high degree 
of heterogeneity of the used fluoride-lithium 
ceramics samples in comparison with 
monocrystals has a significant impact on the 
radiation intensity redistribution in the laser 
beam in the medium. This causes a more 
rapid decay of the laser pulses on the 
filaments in the case of ceramic, where the 
initial inhomogeneity in the profile beam are 
amplified medium inhomogeneities, and this 
leads to the fact that the self-focusing length 
is less than the length of the single crystal.. 
The dependence of the self-focusing length l 
of the distance L between the front surface 
and the focus lens is close to linear (Fig.2a). 

Taking into account the grain structure 
of the material, the paraxial stationary self-
focusing of the beam with a Gaussian 
profile is different from the self-focusing in 
an isotropic nonlinear crystal. 

Inhomogeneity of the material increases 
the intensity gradient between the 
crystallites, which leads to a strong diffraction influence on the propagation of laser diffraction 
radiation. It leads to a strong influence on the propagation of laser diffraction radiation. Diffraction 
in the ceramic leads to the disintegration of the beam into separate beams of electromagnetic waves, 
independently self-focusing. When self-focusing modeling in the ceramic in addition to grain 
should be considered the scatter in crystallite size around the average value. The different crystallite 
size violates the initial axial symmetry of the Gaussian beam and leads to the probability 
distribution of foci, that is correlated with the probability distribution of the inhomogeneities in the 
ceramic (Fig.2b). 

Work is executed on the program for Basic Research of SB RAS (the project II.8.1.6) 
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[1] E.F. Martynovich, D.V. Balyunov, A.V. Kuznetsov et al., Izvestiya vuzov, Physics 52 (12/3), p. 198 (2009). 
[2] L. Courrol, R. Samad, L. Gomez et al., Optics Express 12, pp. 288–293 (2004). 
[3] E.F. Martynovich, A.V. Kuznetsov, A.V. Kirpichnikova et al., Quantum Electron. 43(5), p. 463 (2013). 

а) 

 

b) 

 
Fig. 2: The theoretical researches results. a) Dependence of the 
self-focusing length of the femtosecond laser pulses from the 
front surface sample distance to the lens focus. b) Stationary 
self-focusing in ceramics with varying particle size (200-1000 
nm) - transverse distribution at the depth 500 m. 
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Using a calcite crystal to compensate walk-off loss to increase UV laser 
N. Wang,  B.H. Wang,  X.-C. Lin 

 Laboratory of All-Solid-State Light Sources, Institute of Semiconductors, Chinese Academy of Sciences, 
Beijing, China 

E-mail: xclin@semi.ac.cn 

A experimentally investigated a walk-off-compensation method for third harmonic 
generation at 355nm is presented in this paper. Through theoretical design, we described 
how the power of a generated UV laser can be enhanced by the method. In addition, by 
using a advanced resonator, a polarized light output diode-side-pumped fundamental laser 
was obtained. Through the calcite crystal as a walk-off compensator, the power of the 
generated UV laser increased 1.6 times. 

 
Ultraviolet (UV) light sources are useful in varied applications of industrial and scientific 

fields, such as scribing, chip dicing, via-hole drilling, rapid prototyping and others. Compared with 
other UV lasers, diode-pumped all-solid-state pulsed lasers with extra-cavity harmonic generations 
possess advantages of higher stability, longer life time, and smaller system size. Recently, material 
processing requires higher average power UV lasers, in order to develop high-power UV lasers, 
high-power IR lasers and efficient UV conversion are important[1, 2].The most effective way to 
achieve such lasers is has two nonlinear optical (NLO) processes: First, the near-infrared 1.0μm 
laser is converted to the green laser in a type-I phase-matched nonlinear optical crystal. Then, the 
generated green laser and the residual IR laser are mixed to generate near 0.35μm UV laser in a 
type-II phase-matched crystal. There are many nonlinear crystals be used in these two processes, 
usually LiB3O5(LBO) crystals are the most common due to their high damage threshold, large 
nonlinearity, low absorption in visible and UV ranges, and high growth yield. In the output of the 
first nonlinear crystal we have the fundamental and double frequency beams polarized in the 
orthogonal planes what is met type-II phase-matching condition in the second nonlinear crystal. 
However, there are some effects of walk-off in second processes. Walk-off loss can be a serious 
problem in the UV conversion of low peak-power IR lasers.  

In this paper we present a method for enhanced 355nm generation by using calcite crystal as a 
walk-off-compensation. Through the experimentally investigated, a 1064 nm laser oscillator with 
37 W of TEM00 mode output at 50 kHz is presented. Furthermore, we observed that the power of 
the 355 nm beam was 1.6 times higher owing to walk-off compensation.  

 
Fig. 1: Experimental setup. 

The experimental setup of the all-solid-state 355 nm ultraviolet laser is shown schematically in 
Fig. 1. A Q-switched diode-side-pumped Nd:YVO4 laser having the wavelength of 1064 nm was 
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used as the fundamental source. The cavity is a Z-like folded geometry. The output was a linearly 
polarized beam. The repetition rate of the optical pulses was 50 kHz, while the beam quality factor 
M2 is smaller than 1.30. A half-wave plate (HWP) was used to rotate the polarization direction of 
the IR source. The IR source was focused by lens1.The type I noncritical phase-matching (NCPM) 
LBO crystal was used as the frequency doubling crystal. The output radiation of the SHG LBO 
crystal consisted of orthogonally polarized fundamental and second harmonic co-propagating 
beams. Those beams were focused by a lens2. A type II phase-matched LBO was used as the 
sumfrequency crystal. 

  
Fig. 2: Power characteristics of the IR laser. Fig. 3:  Power of 532 nm laser versus temperature of SHG. 

 

The output of the oscillator was a linearly polarized beam at 1064nm wavelength, M2<1.3, 
37 W average power, 24 ns pulse duration, 31 kW peak power, at repetition rate of 50 kHz. The 
characteristic of 1064 nm output power is shown in Fig.2. Under these condition an optimum 63% 
second harmonics conversion efficiency was achieved. We detuned the SHG efficiency from the 
optimum by adjusting the crystal temperature. Fig.3 shows the power of 532 nm laser versus 
temperature of SHG. To optimize a ratio between the second and fundamental harmonics powers 
for the highest THG efficiency. Before added the walk-off compensation, the 355 nm highest power 
was 6.5 W. Then by using walk-off-compensation, the 355 nm highest power was 10.5 W, the 
power of the 355 nm laser increased 1.6 times.  
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Laser cleaning by using high-average-power 
quasi-continue-wave laser 

Z.Y. Zhang, Y.B. Wang, W.Y. Gao, K. Lin, H.J. Yu, X.-C. Lin 
 Laboratory of All-solid-state Light Sources, Institute of Semiconductors/Chinese Academy of Sciences, 

Beijing, China 

E-mail: xclin@semi.ac.cn 

The oscillatory+amplification (MOPA) structure has been employed in our research. The 
hundreds watts laser module is used for oscillatory, which outputs high beam quality 
laser. The application of double acousto-optic Q switch modulations achieves high peak 
power nanosecond pulsed laser output. The output power has been improved by applying 
multistage amplification, and high-brightness beam has been achieved. The self-
developed 500 W quasi-continue-wave laser has been used in laser cleaning experiments, 
the highest cleaning speed is 120 s/m2. 

 

Traditional cleaning methods, including mechanical cleaning, chemical cleaning and ultrasonic 
cleaning, have been used widely in industrial production. However, the requirement of laws and 
regulations on environmental protection becomes more and more strict, and high precision parts has 
been used more and more widely, both have restricted the application of traditional cleaning 
methods. 

Mechanical methods are not apply to the surface cleaning of high precision parts, and cannot 
meet the cleaning requirements of high cleanliness. Meanwhile, chemical cleaning methods is easy 
to cause environmental pollution, and the cleanliness is limited, especially for complex fouling 
components, you need to use a variety of cleaning agents and clean repeatedly in order to meet the 
surface cleanliness requirements 

Although the ultrasonic cleaning has good effect, it cannot clean the submicron pollutant. The 
size of the cleaning tank limits the scope and complexity of parts and components. Laser cleaning is 
a new type of cleaning technology developed rapidly in the last ten years, which is gradually 
replacing the traditional cleaning process because of its advantages. The laser has no contact with 
the parts, the surface of the substrate is very safe, and its accuracy can been ensured. Besides, it can 
clean the submicron particles of dirt that cannot be removed by the traditional cleaning method. 

At present, the all-solid-state laser with high average power, high peak power, high repetition 
rate, and nanosecond pulse width, is the first choice of laser source for laser cleaning, which also is 
the focus of this study. The researches on the beam quality control, efficient pumping, thermal 
compensation and high-efficiency fiber coupling are the key technology of this project. The project 
intends to using oscillatory+amplifier (MOPA) structure and the self-developed hundreds watts 
laser module to achieve the high beam quality of laser output. Double acousto-optic Q switch 
modulation method is adopted to achieve high peak power nanosecond pulsed laser output. In 
addition, the output power has been improved by applying multistage amplification, and high-
brightness beam has been achieved.  
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Specific indicators are output average power is 500 W, repetition rate is 20 kHz, pulse width is 
≈100 ns, high peak power is ≈250 kW, fiber core is 400 m, and the instability of output power is ± 
2%, as shown in Fig.1(a). Using the self-developed quasi-continue-wave laser with high peak 
power, the cleaning experiments have been studied successfully. The highest cleaning speed is 120 
s/m2, and the clean result is shown in Fig.1(b). 

 

Fig. 1: (a) The sketch of 500 W quasi-continue-wave laser. (b) The result of laser cleaning. 

 

With the development of science and technology, the costs of the laser and hardware in the 
system of laser cleaning will continue to decline. In the future, laser cleaning technology will be 
widely used and developed in the cleaning industry, its market prospect is very broad. 
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Photothermal conversion of color centers in lithium fluoride crystals 
under laser excitation 

V.P. Dresvyanskiy, M.D. Zimin, N.A. Bronnikova, E.F. Martynovich 
Irkutsk Branch of the Institute of Laser Physics SB RAS, Irkutsk, Russia 

E-mail: filial@ilph.irk.ru 

It is shown that the influence of laser radiation on heated gamma-irradiated lithium 
fluoride crystals accelerates the transformation of F2 and F3

+-centers. In the temperature 
range from 430 to 490 °C the formation of new high-temperature color centers with 
photoluminescence band maximum at 510 nm have been revealed. 

 
Dielectric crystals with induced aggregate color centers are the gain medium of tunable lasers 

and passive laser shutters, photosensitive storage materials for multilayer and volumetric 
fluorescent recording media and are widely used in other applications of science and technology. To 
achieve the required functional characteristics of these materials in some cases, it is necessary to use 
special technologies providing optical and thermal transformation of color centers.  

Fig. 1: The luminescence spectra at different temperatures: а) temperature range from 50 to 350 °C; b) temperature 
range from 390 to 490 °С. 

 
Here, the results of the photothermal transformation of color centers in lithium fluoride crystals 

are presented. We have carried out the temperature dependence of the luminescence intensity of 
some types of color centers during the annealing process under the constant CW laser irradiation 
(λех=405 nm). 

The data presented show that with the temperature increasing the decay of F2 and F3
+ color 

centers occurs. Moreover, the decrease rate of the concentration of different centers is different. The 
F3

+ centers are destroyed much faster and when the temperature reaches 300°C, they are destroyed 
almost completely. F2-color center annealing occurs at a slower rate and takes place up to the 
450°C. 

In the temperature range from 430 to 490°C the photoluminescence spectra show high-
temperature band increase with a maximum at 510 nm (Fig.1b) caused by the formation of new 
color centers. The nature of these centers is not defined currently. 

The continuous exposure with the laser excitation accelerates the transformation of the centers. 
It can be explained by the fact that in addition to the thermally activated processes in the ground 
state of the centers we have activation processes in excited states populated under laser irradiation. 
 

 

a) b) 
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Coherent beam combining in multichannel femtosecond laser system 
Vladimir I. Trunov 

 Institute of Laser Physics, Novosibirsk, Russia 
E-mail: trunov@laser.nsc.ru  

The main features of creation of superintensity multichannel laser systems based on 
coherent beam combining are considered. The influence of instability of summation 
beams parameters is analyzed, and requirements of their values for achievement of high 
efficiency coherent combining are discussed. Results of experimental realization of the 
two multimillijoule parametric-amplified femtosecond beams coherent combining with 
both for the present time highest energy and the shortest pulse duration are presented. 
 

The analysis of schemes of multichannel laser systems based on parametric amplification and 
study of the dependence of the efficiency of coherent combining on the number of channels for 
different types of beam instabilities was performed by us in [1]. It was shown that only significant 
requirement for large number of combined beams is the timing jitter. None of other parameters have 
such strong influence on combining efficiency and will not result in any substantial efficiency 
reduction in a multichannel laser setup with increase of channel number. To provide experimental 
verification of the principle behind coherent combining of high-energy femtosecond pulses, a two-
channel laser system generating 
pulses with 100 mJ energy and 23 
fs duration in each channel was 
designed and built at the Institute of 
Laser Physics. We have created the 
original system for active 
stabilization of the relative jitter 
that demonstrated highly efficient 
coherent combining of femtosecond 
pulses for the two channels (more 
than 95% [2]). 

The report discusses the 
features of the use of the developed 
jitter stabilization technique in 
multichannel scheme (N channels). In this case all N-1 stabilization systems operate independently, 
which should lead to rapid achievement of stabilization mode for a multichannel scheme. 

The main problem of the optimal tight focusing for intensity maximization for example in case 
of four-channel coherent combining is discussed. The features of the focus the beams by a parabolic 
mirror with small f/D ratio is discussed based on vector diffraction theory in Debye approximation. 
It is shown, that the peak intensity in four-channel laser system in ILP SB RAS can be increased up 
to 0.7×1021 W/cm2 (see Fig.1) with aberrations correction implementation and use of a f/0.6 
paraboloid. This work is supported in part by RFBR grant №15-02-08917. 
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Fig. 1: Calculated four channels combined beam profiles in focal plane 
(size is given in μm) in case of f/6.4 (left) and f/0.6 (right) paraboloids. 

Ultrahigh laser fields and attoscience 
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The fibre-based blocks of terawatt femtosecond laser system  
with high repetition rate 

G.V. Kuptsov, V.V. Petrov, V.A. Petrov, A.V. Laptev, E.V. Pestryakov 
Institute of Laser Physics of SB RAS, Novosibirsk, Russia 

E-mail: kuptsov.gleb@gmail.com 

We report the design of the fibre-based blocks of terawatt femtosecond laser system with 
high repetition rate, namely hybrid fiber-gratings stretcher and spectral broadening unit. 
A comparison between experimental data and numerical simulation is done. 

 
Over the last decades femtosecond high-intensity laser systems have made significant progress. 

Attention has recently been drawn to the development of creation principles, miniaturizing and 
increasing the efficiency of high-intensive femtosecond lasers with high pulse repetition rates. Such 
systems have wide range of applications: ion acceleration, highly nonlinear light-matter interaction, 
terahertz radiation generation, controlled fusion and other. 

Now, at Institute of Laser Physics of SB RAS a terawatt femtosecond diode-pumped system 
with 1 kHz pulse repetition rate is being developed. The system consists of a master oscillator and 
two optically synchronized channels [1]. The first channel is a laser amplification channel, also 
called the pump channel. It is designed to produce narrowband 150 mJ pump for usage in the 
optical parametric amplifier. The second channel is a parametric amplification channel. In this 
channel, an ultrabroadband optical signal is produced and amplified to 10 mJ required for obtaining 
desired 1 TW at the output of the system. The usage of parallel synchronized laser channel and 
parametric channel is called the hybrid method of amplification [1]. 

The pulses are generated by Yb3+-doped master oscillator operating at 77 K. Pulses have 
spectral bandwidth of 1.7 nm (full width at half magnitude, FWHM) at central wavelength of 
1030 nm. For laser amplification in the pump channel, it is needed to inject at least 1 ns long pulses 
– or else optical elements and surfaces will be damaged. One can use conventional stretcher to 
achieve 1 ns with such narrow spectral bandwidth, but calculations show that for 1700 grooves/mm 
gratings stretcher in double-pass configuration the perpendicular distance will be ~3 m, and for 
telecommunication fibre-based stretcher the length of fibre will be more than 7 km. The first case 
has large overall dimensions, and the second has its disadvantages including high losses and 
significant high-order chirp. The usage of special high-dispersion fibres is possible, but it is costly. 

A combination of gratings and fibre stretchers has been proposed, so called the hybrid stretcher. 
In the hybrid stretcher the pulse initially enters the fibre and slightly broadens its spectrum due to 
self phase modulation and group velocity dispersion acting in common. After, the pulse interacts 
with gratings and become 1 ns long. Numerical simulations based on RK4IP algorithm [2] were 
done. The implementation correctness of the algorithm was verified through comparison with 
experimental data, showing very good agreement. The optimal parameters of the hybrid stretcher 
were determined from simulations mentioned earlier. 

The next step was devoted to further signal broadening, since spectral bandwidth of 1.7 nm 
centered at 1030 nm, according to Fourier transform, is not enough to maintain pulses shorter than 
~700 fs. The spectral broadening unit is based on highly-nonlinear photonic crystal fibre SC-5.0-
1040 (NKT Photonics). A white-light supercontinuum centered 1030 nm spanning from ~650 to 
~1500 nm was obtained [3]. Numerical simulations based on RK4IP algorithm including dispersion 
terms up to 12th order and with one photon per mode noise model were done.  
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According to simulations the spectrum of a single pulse is not smooth and slightly varies shot-
to-shot. Our spectrometer integrates measurements over 100 ms i.e. 100 shots, since pulse repetition 
rate is 1 kHz. After averaging over 40 samples, simulated spectrum is in good agreement with 
experimental data, however, not in perfect. The experimentally obtained and numerically simulated 
spectra are shown in Fig.1.  

600 700 800 900 1000 1100 1200 1300 1400

0,01

0,1

1

Simulation

Simulation

Experiment

N
or

m
al

iz
ed

 p
ow

er
, a

.u
.

Wavelength, nm

 Simulation
 Experiment

Experiment

 
Fig. 1: The comparison between experimentally obtained spectral profile of pulse at the 

output of photonic crystal fibre and numerically simulated spectral profile. 

The difference in 1100-1300 nm range can rise from not ideal calibration of spectrometer and 
from possible errors in calculating high order dispersion coefficients of the photonic crystal fibre. 
The latter appears from a dispersion curve presented by manufacturer, as zero dispersion 
wavelength estimation varies over 20 nm and the curve itself is given in graphical form requiring 
manual, thus not fully precise, curve fitting. 

So, the optimal parameters of the hybrid fibre-gratings stretcher were determined, allowing one 
to obtain the pump for an optical parametrical amplifier. The supercontinuum obtained in spectral 
broadening unit based on highly-nonlinear photonic crystal fibre can be used for further 
amplification in optical parametrical amplifier. The simulation results are in good agreement with 
experimental data. The results are for further discussion. 

This work is supported in part by RAS Program “Extreme laser radiation: physics and 
fundamental applications" and Government program, registration number 01201374306. 
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Powerful discharge excimer ArF, KrCl and XeCl lasers 

on gas mixtures without the buffer gas 
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Laser performance with HV excitation system in order to obtain a powerful generation of 
electronic transitions of excimer molecules in two-component gaseous active media without the 
buffer gas was designed. 

Investigation of a spectral, energy and temporal characteristics of the laser discharge excimer 
ArF (193 nm), KrCl (222 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: HCl and Xe: HCl. For the ArF, KrCl and XeCl lasers the 
laser energy reached 40 mJ, 90 mJ and 70 mJ, respectively.  

For the ArF, KrCl and XeCl lasers the laser efficiency (from stored energy) equal to 0.1%, 
0.2% and 0.2% respectively. 

Experimentally evaluated the influence of the resonator Q on the energy characteristics of 
lasers presented. 

The pulse power of the ArF-laser was 6.7 MW with the pulse duration 6 ns (FWHM).  

The pulse power of the KrCl-laser was 12.6 MW with the pulse duration 7 ns (FWHM).  

The pulse power of the XeCl-laser was 5 MW with the pulse duration 14 ns (FWHM).  

Full working pressure of the gas mixture provided at different lasers and ranged from 0.4 to 1.1 
atm. In the experiment HV charging voltage is changed to the values of 26 kV. 

 

 

 

 

 

 

Applications of laser radiation 

from THz to UV 
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Pulsed mid IR inductive HF laser 
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The work presents results of experimental investigations of dependence of energy, 
temporal, spectral and spatial characteristics of mid IR inductive gas laser operating at 
vibrational-rotational transitions of HF molecules on pumping conditions. Maximum 
generation energy of 19 mJ is achieved under gas mixture He:H2:NF3 – 45:1:4 pressure 
36 Torr. Generation spectrum consists of 7 groups of lines in range 2720 – 2920 nm. 
Laser beam has a ring shape with diameter closed to inner discharge tube diameter.  

 
In our previous experiments, a method for exciting gas laser active media by a pulsed inductive 

discharge is proposed and experimentally realized in order to obtain lasing on electron transitions in 
atoms and molecules and vibrational-rotational transitions in molecules [1-6]. The goal of this work 
is to use the pulsed inductive discharge to pump active gas laser media working on vibrational-
rotational transitions of molecules in IR region of spectrum. It is important that the pulse repetition 
rate has to be several hertz or higher; i.e., all processes of discharge formation, creation of 
population inversion, amplification, absorption, and quenching must occur during each pulse 
irrespective of the past history of the preceding pulse. In contrast to conventional pulsed 
longitudinal and transverse electric discharges, a pulsed inductive cylindrical discharge is formed 
due to the magnetic field induction produced by the pumping system without any electrodes in the 
active medium. An appropriate choice of the tube material may ensure the purity of the active 
medium and considerable endurance of lasers. The formation of such a discharge is not 
accompanied by the appearance of cathode spots on the surface of the electrodes, which are 
responsible for the instability and contraction of the discharge, deterioration of the homogeneity of 
the discharge, contamination of the gas mixture, quenching of lasing, and limitation of the pulse 
repetition rate. The application of the pulsed inductive discharge for excitation is a promising 
method for pumping not only gas lasers, but also metal vapor and solid state lasers. In addition, this 
method can be used to produce the plasma for obtaining radiation (including induced radiation) in 
any spectral range, especially that extending from 100 nm to THz, which is of considerable interest 
for microelectronics, photolithography and biomedicine.  

In our experiments we used excitation 
system based on well-known scheme of 
Blumlein-type [6], which had a very simple 
design that provided high stable operating 
conditions. Using this systems, inductive 
lasers could have high pulse-to-pulse 
stability: amplitude differences were not more 
than 0.5%. For inductive HF laser this value 
was 5–6%. 

Using the Blumlein-type excitation 
system chemical HF laser with pulsed 
inductive discharge initiation has been 
created. Investigations of the spectral 
composition showed that it lies in the range of 

2720nm – 2920 nm and consists of seven groups of lines near 2732 nm, 2763 nm, 2798 nm, 2835 
nm, 2873 nm, 2893 nm and 2913 nm. In the experiments we studied the effect of gas mixture 
composition on the lasing power characteristics of the inductive discharge HF laser. We used F2, 
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NF3 and SF6 as a fluorine donor, and Н2 as hydrogen donor. The highest generation energy of 15 mJ 
has been obtained with NF3 as the fluorine donor. The proportion of the components has been 
H2:NF3 – 1:4. For the mixture of H2-SF6 the lasing has also been obtained, but its parameters were 
about 10 – 20% worse. For H2-F2 the infrared lasing has not been able to obtain. Pulse duration 
(FWHM) was 400 ns that corresponded pulse peak power of 37.5 kW. 
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Fig. 1: Inductive HF laser pulse. Fig. 2: Dependence of inductive HF laser generation energy 
on charging voltage. 

As result, a pulsed inductive discharge as a new method of pumping gas lasers operating at 
different transitions of atoms and molecules with different mechanisms of formation of inversion 
population is proposed and experimentally realized. The excitation systems of a pulsed inductive 
cylindrical discharge (pulsed inductively coupled plasma) in the gases are developed and 
experimentally investigated. The possibility of using of pulsed inductive discharge as a new method 
of pumping HF laser active medium is demonstrated. Characteristic feature of the emission of 
pulsed inductive lasers is laser beam with low divergence and pulse-to-pulse instability is within 5-
6%.  
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The unusually high Monoamine oxidase B (MAO-B) activity consistently observed in 
Parkinson’s disease (PD) patients has been proposed as a biomarker. Herein, we report 
the first two-photon, small molecule fluorogenic probe (U1) and dye like inhibitor (M2), 
which enable highly sensitive/specific and real-time imaging of endogenous MAO-B 
activities across PD models. 

 
Two-photon fluorescence microscopy (TPFM), where fluorescence is induced by two-photon 

excitation (TPE), is known as a powerful technique to obtain three-dimensional images, provides 
key advantages over conventional fluorescence imaging techniques, namely, increased penetration 
depth, lower tissue autofluorescence and self-absorption, and reduced photodamage and 
photobleaching and therefore is particularly useful for imaging deep tissues and animals.[1, 2] 
Enzyme activity-detecting, small molecule probes provide powerful alternatives over conventional 
fluorescent protein (FP)-based methods in bioimaging, primarily due to their favorable 
photophysical properties, cell permeability, and chemical tractability.  

The unusually high MAO-B activity 
consistently observed in Parkinson’s disease 
(PD) patients has been proposed as a 
biomarker, but this has not been realized 
due to the lack of probes suitable for MAO-
B specific detection in live cells/tissues. 
Here, we report the first two-photon, small 
molecule fluorogenic probe (U1) dye like 
inhibitor (M2), which enable highly 
sensitive/specific and real-time imaging of 
endogenous MAO-B activities across 
biological samples (Fig. 1). We also used 
U1 to confirm the reported inverse 
relationship between parkin and MAO-B in 
PD models. With no apparent toxicity, U1 
may be used to monitor MAO-B activities in small animals during disease development. In clinical 
samples, we find elevated MAO-B activities only in B-lymphocytes (not in fibroblasts), hinting that 
MAO-B activity in peripheral blood cells might be an accessible biomarker for rapid detection of 
PD. Our results provide important starting points for using small molecule imaging techniques to 
explore MAO-B at the organism level.  
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Fig. 1: Two-photon imaging MAO-B activities in Parkinson’s 

disease. 
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Optical fiber sensors are very suitable for the measurement of temperature, strain, 
pressure and acoustic vibration in the extreme working conditions of aviation and 
aerospace, due to their advantages of being small size, lightweight, multiplexing 
capability, immunity to electromagnetic interference and easy to be buried into interior of 
material. In this review the recent progress of fiber sensing techniques in Tianjin 
University is introduced. 

 
In recent years, optical fiber sensing 

technology has attracted intensive attention 
due to its advantages of being small size, 
lightweight, high measurement precision and 
immunity to electromagnetic interference 
characteristic [1]. As two main kinds of 
optical fiber sensors, extrinsic Fabry-Perot 
interferometer (EFPI) sensor and fiber Bragg 
grating (FBG) sensor are widely used in 
building structure health monitoring, power 
plant and oil industry [2,3]. However, the 
research of EFPI and FBG sensor in aviation 
and aerospace application are explored little. 

We developed optical fiber pressure 
sensor for aviation industry and carried out 
research on optical fiber strain, temperature 
and acoustic vibration sensor for aerospace 
application. Besides, we also developed the 
demodulators and demodulation theory and 
algorithms to meet the requirement of high 
precision in harsh environment. The optical 
fiber sensors are fabricated with Micro-
electromechanical systems and laser fusion technology. Both bare FBG and packaged FBG 
performances under cryogenic temperature and high vacuum are investigated. The optical fiber 
sensing instrument showed good performance during the measurement experiment of optical fiber 
EFPI pressure sensor in aviation field and the application of multi-parameters sensing system in 
space environment simulator. Finally, the key problems about optical fiber sensing technology in 
aviation and aerospace field are discussed． 
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Fig. 1: Measure signal of optical sensors for aerospace 
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We suggest a method for detection of highly conductive surface electron states including 
topological ones. The method is based on measurements of the photoelectromagnetic 
effect using terahertz laser pulses. In contrast to conventional transport measurements, the 
method is not sensitive to the bulk conductivity. The method is demonstrated on an 
example of topological crystalline insulators Pb1-xSnxSe. It is shown that highly 
conductive surface electron states are present in Pb1-xSnxSe both in the inverse and direct 
electron energy spectrum. 

 

Theoretical prediction of existence of gapless electron states on the surface of topological 
insulators stimulated extensive experimental studies directed to detection of these states. By now, 
the main tools of these studies are ARPES measurements. On the other hand, ARPES does not 
provide direct information on the surface conductivity, and the main interest to topological surface 
states was stimulated by hopes to use the electron transport via these states. In most of the cases, 
however, this surface electron transport is shunted by conductivity via the bulk of a sample. 

We suggest a method for detection of highly conductive surface electron states including 
topological ones which is not sensitive to the presence of charge carriers in the bulk of a sample. 
This method uses the photoelectromagnetic effect induced by pulses of laser terahertz radiation. 
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Fig. 1: Dependence of the PEM effect amplitude as a function of magnetic field applied for 
Pb1-xSnxSe samples of different compositions x (figures near the curves). The sample 
temperature is 4.2 K, the laser wavelength is 148 m, the maximal power in a pulse is 30 
kW. The inserts show the composition dependence of the conduction and valence band 
positions relative to the middle of the bandgap at T = 0 K together with the calculated 
positions of the Fermi level in the samples studied and the experiment geometry. 
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The method is demonstrated by an example of topological crystalline insulators Pb1-xSnxSe.  
Pb1-xSnxSe form a continuous range of solid solutions for all tin content values 0 < x < 1. The 
energy gap varies with x passing through zero at x = 0.15 at T = 0 K. In the low tin content range 
x < 0.15, these semiconductors are classified as trivial insulators. At x > 0.15, instead, the inverted 
energy spectrum is realized, and non-trivial topologically protected surface electron states appear.  

The samples under study were single crystals of Pb1-xSnxSe grown by the Bridgman method. 
All samples possessed the n-type conductivity with the free electron concentration varying from 
1017 cm-3 to 3×1019 cm-3.  

The photoelectromagnetic (PEM) effect is appearance of a voltage drop UPEM between sample 
contacts oriented perpendicular to the incident radiation direction and to the magnetic field. The 
signal magnitude and sign are defined by the magnetic field and by the direction and value of the 
diffusive carrier flux. 100 ns – long pulses of an optically pumped NH3 terahertz laser with the 
wavelengths of 90, 148 and 280 m were used to excite the PEM effect. 

Figure 1 shows dependence of the PEM effect amplitude on the magnetic field. The effect is 
odd in magnetic field. The PEM effect was detected in all samples, both with x > 0.15 and with 
x < 0.15 as well. The sign, amplitude and characteristic features of the effect do not vary 
substantially with x. Moreover, in samples with x = 0.09 and 0.125 with the highest electron 
mobility, oscillations of the PEM effect in magnetic field were observed. These oscillations are 
most pronounced in the sample with x = 0.09. 

The oscillations are equidistant in reverse magnetic field, and their period does not depend on 
the energy of the incident radiation quanta. It means that the origin of the oscillations may not be 
related to the magnetophonon effect. Magnetoresistance Shubnikov de Haas oscillations have been 
observed in the same magnetic field orientation, and their period is close to the PEM effect 
oscillation period. This result means that the observed PEM effect is related not only to surface, but 
to the bulk energy states of the semiconductor as well since the magnetic field was directed parallel 
to the sample surface, and Landau quantization of surface conductive states was not possible. 

The sign of the effect corresponds to the net diffusion of charge carriers from the surface to the 
sample bulk. The origin of appearance of the diffusive electron flux comes from the difference in 
charge carrier mobility of excited electrons nearby the sample surface and the electron mobility in 
the sample bulk. The excited electrons diffuse to the sample bulk while losing their energy. This 
leads to counter diffusion of “cold” electrons from the bulk to the surface. In course of this process, 
the electron mobility gradient gives rise to a net flux of electrons. The only option to explain this 
behavior is appearance of highly conducive surface electron states with enhanced free electron 
mobility compared to the bulk. 

The PEM effect amplitude changed by no more than a factor of 3-4 in different samples. This 
variation could result from slight difference in the experiment geometry for different samples. 
Another possible origin for such a variation could come from the scatter of the bulk electron 
mobility in different samples. On the other hand, the free electron concentration varied by more 
than two orders of magnitude. It means that the suggested method for detection of highly 
conductive surface electron states is not sensitive to the free electron concentration in the bulk. It is 
possible that the method may be applied for other topological insulator systems as well. A criterion 
for involvement of topological surface states in the effect observed would be presence of the effect 
in the “topological” state of a system with the inverse energy spectrum and its absence in the 
situation with the direct spectrum. 

In conclusion, it is shown that highly conductive surface electron states are present in the 
topological crystalline insulators Pb1-xSnxSe both in the direct and inverse energy spectrum. 
Therefore it is demonstrated that even if existence of the topological states is confirmed by ARPES 
experiments, observation of highly conductive surface electron states in electronic transport does 
not necessarily mean that these states are topological. There may exist other highly conductive 
surface electron states that hinder the topological states in transport measurements. In principle, 
these “hindering” non-topological surface electron states may reveal themselves not only in the 
PEM effect, but in other transport experiments as well. 
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This paper proposes that the friction properties of the cylindrical mold surface have 
important influences on parts thickness, and there is an optimal friction properties 
distribution. Based on this conclusion, laser texturing and laser micro-texture are used to 
active design the optimal distribution of the cylindrical mold surface friction properties. 
The results of comparative deep drawing experiments show that composite laser texturing 
is beneficial to improve the uniformity of parts. 

 
Sheet metal stamping technology has been widely used in machinery, ships, aerospace and light 

industry, etc. In stamping production, deep drawing is one of the most important forming processes 
and it is studied by domestic and foreign scholars. The common failure forms of deep drawing parts 
are wrinkling and ripping. In order to overcome these defects, engineering and technical personnel 
have tried every effort in the design phase of dies.  

After measuring and analyzing the cab coverings from 
several automobile manufacturers, Majeske and Hammet [1] 
found that high rejection rate was still a prominent problem in 
the complex shaped parts stamping process which brought 
about a great economic loss. Therefore, a new technology 
which can significantly reduce the scrap rate and improve the 
competitiveness and economic benefits of enterprises is sorely 
needed. 

In this paper, laser texture and laser micro-texture 
composite technology is used to active design and manufacture 
different micro-texture in different areas of the mold surface. 
Thus, the different friction coefficient distribution is achieved. 
Finally, the contrastive deep drawing test is carried out before 
and after composite texture, and the results of the experiment 
and simulation are analyzed. 

In order to study the influences which the friction 
characteristics of different areas of the mold surface have on 
the forming properties of the forming parts, this paper divides 
punch and die of the cylindrical part into six areas: A – punch 
bottom, B – punch radius, C – punch straight wall, D – die 
blank holder, E – die radius, F – die straight wall area. Six 
levels (friction coefficient) are chosen for each factor (area): 0.03, 0.08, 0.12, 0.16, 0.20, and 0.25. 
The friction coefficient remains constant as 0.12 in other areas, when the friction coefficient in the 
particular area changes. 

Fig. 7 shows the thickness variation of the forming member. The variations of four curves are 
basically the same. Cylinder bottom materials are subjected to biaxial drawing which is typical of 
bulging deformation. Material flow runs from center to edge. As a result, thickness in the cylinder 
bottom area decreases, compared with the thickness of the original sheet. While the flange area is 
exposed to the circumferential compressive stress and it deforms because of compression. Thus, the 
thickness in this area increases. 
 

 
Fig. 1: Cylindrical cup mold. 

Fig. 2: Finite element model. 
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Fig. 3: W shape laser texturing point. 

 
Fig. 4: The punch after laser texturing. 

         
Fig. 5: The morphology of micro-pore. 

 
Fig. 6: The die fillet after laser surface texturing. 
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Fig. 7: The thickness distribution of forming part. 

 
Conclusions: 
1) The cylindrical piece is selected as the research object in the simulation. Punch radius area, the 

concave molded border area and die corner area are mainly affected zones, which have obvious 
effect on the thickness of the formed parts. Punch bottom area, punch straight wall area and die 
straight wall area are sub-affected zones, which have little effect on the thickness of the formed 
parts. 

2) Compared with the un-optimized simulation results, the thickness variation amplitude of the 
optimized forming parts reduces by 16.42%. Test results are consistent with simulation results 
and the thickness variation amplitude reduces by 39.89% when the mold is treated by laser 
composite texturing. 

3) After the cylindrical mold is treated by means of laser composite texturing on the surface, the 
quality of forming parts is significantly improved. Simulation results are in consistent with test 
results which provide an important basis and reference for application of laser composite 
texturing. 
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The aim of this paper was to address the effect of micro-dimples on the hydrodynamic 
lubrication of roughness surfaces. A deterministic model of textured roughness surfaces 
with micro-dimples was established. The results indicated that the effects of roughness on 
the hydrodynamic lubrication of surface texture should not be neglected. There was an 
optimum value of the dimple depth ratio to maximize the average pressure for any given 
value of the roughness ratio. 
 

 
(a)                                  (b) 

Fig. 1: Dimensionless film thickness distribution over a single unit for the value of A0 = 0, 
(a) The dimensionless film thickness distribution, (b) The dimensionless film pressure distribution. 

 
(a)                               (b) 

Fig. 2: Dimensionless film thickness distribution over a single unit for the value of A0 = 0.2 μm, 
(a) The dimensionless film thickness distribution, (b) The dimensionless film pressure distribution. 
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(a) 2-D plane                                      (b) 3-D stereogram 

Fig. 3: Dimensionless pressure distribution for the number of dimples, npx = 10, npy = 10. 
 

A theoretical model was developed to analyze the effect of the micro-dimples on hydrodynamic 
lubrication of the roughness surface. The effect of geometrical parameters of micro-dimple and 
sinusoidal wave on the dimensionless average pressure was analyzed for a given set of operating 
parameters. The following conclusions summarize the results of the present study. 

 The influence of the interaction between adjacent dimples on the hydrodynamic pressure along 
the direction of the motion is almost identical to that perpendicular to the direction of the 
motion.  

 The effect of roughness on the hydrodynamic lubrication of surface texture is significant and 
hence, its effect on the hydrodynamic pressure distribution cannot be neglected. Average 
pressure decreases with increasing the roughness ratio for the roughness greatly suppresses the 
hydrodynamic effect of dimples. The influence of the wavelengths of sinusoidal roughness on 
the average pressure can be found depending on the dimple depth. 

 There is an optimum value of the dimple depth ratio to maximize the average pressure for any 
given value of the roughness ratio. The optimum value of the dimple depth ratio increases with 
increasing roughness ratio. However, the roughness has no obvious effect on the optimum 
value of area density. 
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In this study, V-type donut shaped textures with proper size and distribution were carried 
out on the tools’ rake face by diode-pumped Nd:YAG laser. An experimental study is 
conducted among V-type donut shaped textured, microgroove textured and un-textured 
tools. The root mean square value and standard deviation of V-type donut shaped textured 
tools’ cutting forces decrease compared with that of the latter two. The sticking area 
becomes smaller and the cutting process is steady simultaneously. 
 

In metal cutting, high mechanical stress and heat generated between tools and work-piece 
accelerate tools’ wear and have negative influences on processing quality, efficiency and cost. 
Surface texturingis a highly efficient and green technology which can improve the load capacity, 
wear resistance and tribology performance. In recent years, surface texturing has been applied to the 
cutting tools. Despite all the current research in the field of surface texturing for concave textures, 
few of them have considered that increasing the friction coefficient by convex textures.  

Various surface texturing techniques are able to generate convex textures, such as Electric 
Spark Technology (EDT), LIGA, Laser Texturing (LT), etc. Among them, LT is the most popular 
since its controllability, high efficiency, low cost and non-polluting characteristics. Three different 
types of bumps exist [1]. For instance, LT is applied to hard disk to make initial friction decrease, 
thus, the life of magnetic head and storage ability of disk were enhanced as a result. Employing on 
the mill rolls’ surfaces, the formability, paint adhesion and appearance of the steel sheets were 
improved, because its tribology performances improvement. 

 

 
 

 

wavelength,  [nm ] 1064 
pulse frequency ,ƒ [HZ] 5 
scanning speed, v[mm/s] 2.5 
pulse duration,   [ms] 1.4 
pumping voltage, U [v] 380 
gas pressure, [Mpa] 0.5 

auxiliary gas air 

  

Fig. 1: Texture morphology. Tab. 2: Laser parameters. 
 

The sticking-sliding model [2] (Zorev, 1963, see Fig.2) is widely accepted to determine the 
sticking and sliding regions. Generally considering, the tool-chip contact length is approximately 
equal to4-6 times of feed rate, so the tool-chip contact length is about 1mm (feed rate as 0.2 mm/r), 
and the front half of tool-chip contact length is sticking region, the rest is sliding region. 

CCMW09T304-THI10 tools inserts (K10 with 94 vol.% WC and 6 vol.% Co) are utilized, with 
rake angle γo=0°, clearance angle αo=7°, inclination angle λs=0°, side cutting edge angle Kr= 
90°, nose radius rε=0.4 mm. Five kinds of tools, namely, one un-textured tool (conventional tool), 
three V-type donut shaped textured tools and one micro-groove textured tool (width is 50 μm, depth 
is 8 μm, and spacing between each other is 80 μm). 
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The V-type donut shaped textures with proper size and distribution were conducted by diode-
pumped Nd:YAG laser (LD802M) on the surface of the inserts (see Fig.1). Table 2 is the laser 
processing parameters in details. 

The work-piece was aluminum alloy bar (6061-T6), which diameter is 30mm.Three cutting 
force components (main cutting force Fz, radial thrust force Fy, and axial thrust force Fx) were 
measured by Dynamometer (Kistler9293). The SB-CNC ultra precision CNC machine made by 
German Spinder was employed. The worn surfaces were measured by optical microscope 
(OLYMPUS BX51M) and 3D profiler (WKYO-NT1100). 

  
(a) Un-textured tool 

  
(b) Textured tool 

Fig. 2: Tools comparison. 
 It is found that the cutting forces and the sticking area of V-type donut shaped textured tools are 

decreased, specifically the RMS value and standard deviation of main cutting force Fz maximum 
reduced 25.6% and 35.4%, respectively. The V-type donut shaped textures mitigate the sticking 
between tool and chip (Fig.2). 

 When V-type donut shaped textures are fabricated at different locations of rake face, the tools 
reveal different cutting performances. Texturing on the sticking region can obtain the best cutting 
property. It can be further inferred that the combined texture scheme, which V-type donut shaped 
textures locate on the sticking region and micro-groove textures locate on the slipping regionis 
optimal. 

 The main force Fz has no significant change whether at dry or wet lubrication condition, which 
indicates that the cutting fluid cannot cool or lubricate tools effectively in the experiment. A 
more effective way for lubricating should be applied to further improve the property of textured 
tools. 
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A new method for the ab-externo open-angle glaucoma surgery with XeCl excimer laser 
radiation (308 нм) is suggested and realized clinically. Laser apparatus is based on 
MEDILEXTM excimer ophthalmic system. 16 eyes of 16 patients with open angle 
glaucoma were operated. Follow up term is 3-12 months. 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. 
 

The usage of a pulsed gas-discharge XeCl excimer laser eye surgery for the treatment of 
patients with open-angle glaucoma (ab externo) is suggested. 

The model of the laser system on the basis of the medical system “Medilex” is created. Energy 
characteristics of the laser system are provided by gas mixtures which do not involve the usage of 
expensive buffer gases, such as helium grade "60" and neon. 

The usage of a pulsed gas-discharge XeCl excimer laser, the active medium which is a mixture 
of gaseous components without the buffer gas is first proposed. The source of intense UV laser 
radiation is able to compete effectively on a combination of factors with an excimer laser, the active 
medium which is a mixture of gaseous components with helium buffer gas (grade "B"). 

The explanation over of choice of wave-length of laser radiation is brought, as a result of 
conducted by the authors of scientific and experimental researches of influence of laser radiation of 
pulse gas-discharge excimer lasers of KrF (248 nm), XeCl (308 nm) and XeF (353 nm) on 
biological tissue and intraocular liquid of eye. 

A new medical technology - laser treatment of open-angle glaucoma (ab-externo), allowing to 
reduce traumatic effect and increase the hypotensive effect of the operation due to the possibility to 
carry out cuts and ablation of biological tissues of the eye with laser radiation with a reduced risk of 
postoperative complications. The result is achieved by the removable flexible optical fiber witch 
was integrated in optical system. 

Experimental and clinical studies are undertaken. 
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Development of photo-acoustic gas analyzer on the base of tunable 
waveguide CO2 laser 

R.V. Pustovalova, K.G. Zenov, I.V. Sherstov 
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Laser photo-acoustic gas analyzer operating in 9.2...10.8 μm spectral range was designed. 
Gas analyzer consists of a tunable CO2 waveguide laser and resonant differential photo-
acoustic detector. Experimentally obtained CO2 absorption spectrum was compared with 
the HITRAN simulated spectrum. The absorption measurement error of gas analyzer 
during the entire spectral range does not exceed ± 5%. Designed laser photo-acoustic gas 
analyzer is used for express analysis of gas composition of exhaled breath of patients in 
Tomsk clinic. 

 

Laser photo-acoustic spectroscopy method is widely used for gas analysis of an ambient air and 
various gas mixtures [1]. The analysis of the gas composition of the air exhaled by patients 
suffering from various diseases is of great interest [2]. 

This paper presents the 
development of laser photo-acoustic gas 
analyzer operating in the spectral range 
of 9.2...10.8 μm. The optical block 
diagram of gas analyzer is shown in 
Fig.1. The gas analyzer consists of a 
tunable CO2 waveguide laser (1), the 
resonance differential photo-acoustic 
detector (2), a power meter (3), air pump and electronic data processing system. 

The tunable CO2 waveguide laser operated in a pulse-periodic mode. The laser wavelength was 
automatically tuned in the spectral range of 9.2...10.8 μm by an actuator based on a stepper motor 
[3]. CO2 laser emitted at ~70 lines. CO2 laser radiation pulses passed through a differential resonant 
photo-acoustic detector (2) (further - PAD). Designed PAD can operate in continuous air pumping 
mode at a flow rate of ~ 0.6 l/min. Air flow through the detector carried by a micro-pump (it is not 
shown on Fig. 1). PAD had a first (basic) 
resonance frequency ~1800 Hz, and a 
quality factor Q ≈ 50 [4]. The pulse 
repetition frequency of laser radiation was 
equal to the resonance frequency of 
detector. PAD microphones recorded 
acoustic signals arising in PAD because of 
the gas absorption of laser radiation pulses 
at a wavelength λ. Electrical signals from 
the microphones was passed to differential 
amplifier (4). Power meter (3) was used for 
the normalization of the PAD signals. 

The absorption spectra of various 
gases (CO2, SF6, C2H4, NH3, C2H5OH, etc.) 

 
Fig. 1: Block diagram of laser photo-acoustic gas analyzer:  
1 – tunable waveguide CO2 laser, 2 – resonant differential PAD,  
3 – power meter, 4 – differential amplifier. 

Fig. 2: Absorption spectra of CO2: 1 – simulation spectra 
by HITRAN (line); 2 - experimental record (dots). 
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were studied using the above-described laser photo-acoustic gas analyzer. Fig. 2 shows the 
simulated and experimentally obtained CO2 absorption spectra. Simulated absorption spectrum of 
CO2 (curve 1) was drawn according to the HITRAN spectral data base. Experimental CO2 
absorption spectrum (curve 2) was recorded with the help of the developed laser photo-acoustic gas 
analyzer when the wavelength of CO2 laser radiation was tuned automatically under computer 
control. After calibration procedure of the gas analyzer, the experimentally recorded CO2 absorption 
spectrum was compared with the simulated CO2 absorption spectrum (HITRAN). As a result of 
comparison of the two data sets, the systems measurement errors of the CO2 absorption consist of 
no more than ± 5% over the entire 
spectral range of 9.2…10.8 μm.  

Also the SF6 absorption 
spectrum (see Fig. 3) was 
investigated, which showed a good 
agreement with the published data 
[5]. However, a sufficient 
difference in our experimental 
spectrum of SF6 and data from 
paper [5] was found near frequency 
of 947 cm-1. Analysis of this 
discrepancy showed that in paper 
[5] the gas mixture with SF6 
admixture was radiated under low 
pressure (~400 mm Hg). Because of 
this, the molecules of SF6 had 
saturation in the center of the 
absorption band near 947 cm-1, which led to decrease of the measured value of absorption 
coefficient. This effect can be seen in Fig. 3. 

Now designed laser photo-acoustic gas analyzer is used to study the gas composition of the air 
exhaled by patients suffering from various diseases. These studies are carried out in the clinic of 
Tomsk with the real patients [2] since 2006. The subject of the research is the different gas markers 
that are typical of certain human diseases: bronchial asthma, chronic bronchitis, lung cancer, liver 
disease and stomach, and others. Laser photo-acoustic gas analyzer helps to get more experimental 
materials for the developing of the new methods of diagnosis of human diseases. 
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Fig. 3: Absorption spectrum of SF6: 1 – experimental record;  
2 – measured data from paper [5].  
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An optical detector system design for high speed and high precision 
magnetic levitation direct-driven linear servo-feed unit 
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In order to meet the market demand of high-performance CNC machine tools, a linear 
servo-feed unit based on magnetic levitation bearing guide and linear motor is presented 
in this paper. The overall structure, as well as the basic operating principle of the 
magnetic levitation bearing and the linear direct-driven control, is described. According 
to the technical requirement analysis of high speed and high precision control 
performances, an optical detector system is designed. The preliminary experiment results 
prove that the proposed linear servo-feed unit has the advantages of high frequency 
response and high repeated accuracy, and can meet the work requirements of advanced 
CNC machine tools servo-feed motion. 
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We propose an ultra-precise resonance wavelength determination algorithm for 
optofluidic sensing applications, which can be expected to overcome the defect that the 
quality factor of the capillary resonator is deteriorated by the severely absorption in 
water. This algorithm can reduce the FWHM of resonance peak to at least one quarter of 
FWHM of transmission spectrum in a rather wide region spans from under-coupling to 
over-coupling, and can be widely used in WGM based sensor to improve the sensing 
precision conveniently.  

 

Single-molecule sensing 
for bio-chemistry has been 
demonstrated in many kinds of 
resonators, including the 
Whisper-Gallery-Mode 
(WGM) based resonators with 
ultra-high quality factor, or 
plasmonic resonators with 
ultra-small mode volume. By 
detecting the shift of resonance 
wavelength, these sensors can 
measure the refractive index 
variation of the material 
surrounding or inside the 
resonators. WGM based resonators, such as silicon photonics sensors [1, 2], offer a promising 
platform for index sensing, which are low energy consuming, high precision, CMOS compatible 
and mature in fabrication technology. discussed． 

We theoretically propose and numerically demonstrate a novel sensing method through the 
measurement of 2mπ phase shift wavelength of the micro-capillary resonator in this paper.[3] A 
constructed parameter Ksinφ will give great help in precise determination for the zero point of 
optofluidic capillary induced phase shift which is one to one correspondence with the resonance 
wavelength. The FWHM of |Ksinφ| can be reduced to less than 10% compared with the FWHM of 
transmission spectrum, which makes an ultra-precise resonance wavelength determination feasible. 
Besides, this algorithm can be widely used in resonance wavelength determination of WGM based 
sensor to enhance the sensing precision even if the system is on under-coupling condition severely. 
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Fig. 1: Measure signal of optical sensors for aerospace application. 
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Optical circuit of laser gas analyzer included of CO2 laser, resonant photo-acoustic 
detector and gas-filled cell was proposed and studied. Measurements of low 
concentrations of SF6 (40 ppm) in nitrogen, which showed that the measured value of SF6 
concentration is weakly dependent (less than ±5%) on changes in the power and 
wavelength of CO2 laser radiation, were carried out. 
 

Devices based on photo-acoustic detectors (PAD) are widely used for rapid gas analysis of the 
atmosphere [1]. The local air pollution monitoring and the analysis of multi-component gas 
mixtures are the main application of the method of laser photo-acoustic spectroscopy. The resonant 
PADs are used to implement the continuous flow of the air sample through detector [2]. 

In this paper, we proposed and studied the optical circuit of laser photo-acoustic SF6 gas 
analyzer based on the waveguide CO2 laser, resonant PAD and gas-filled cell. Studies carried out on 
the experimental set-up shown in Fig. 1. Waveguide CO2 laser (1) radiates at the wavelength near 
10.6 µm in pulse-periodic mode. Laser pulses pass through gas-filled cell (2) and a resonant 
PAD (3). The signals from the microphones of resonant PAD (3) are applied to the differential 
amplifier (4). 

Consider a situation when a gas-filled cell (2) and a resonant PAD (1) detector are filled with a 
gas mixtures contained the impurity of the absorbing gas-marker, and CO2 laser radiates in a pulse-
periodic mode at a wavelength λ that is coincided within the absorption band of the gas-marker. The 
electrical signals recorded with a microphones of resonant PAD (3) U1, a gas-filled cell (2) U2 and 
the ratio of U1/U2 are given by: 

U2 = P(λ) • t • [1 - exp(-τ2)] • S2(f)  ,       (1) 

U1 = P(λ) • t3 • exp(-τ2) • [1 - exp(-τ1)] • S1(f) ,      (2) 

U1/U2 = t2 • [S1(f) / S2(f)] • [1 - exp(-τ1)] / [exp(τ2) - 1] ,     (3) 

where P(λ) is the laser power, t is the 
transmission of the cell and the PAD 
windows, τ1 = k (λ) · n1 · l1 and 
τ2 = k (λ) · n2 · l2 are the optical thickness 
of resonance PAD and the cell 
respectively, k (λ) is absorption 
coefficient of gas-marker at a wavelength 
λ, n1 and n2 are the concentration of the 
absorbing gas in the PAD and the cell 
respectively, l1 and l2 are the length of 
the PAD and the cell respectively, S1(f) and S2( f) are the sensitivity of the PAD and the cell 
respectively, f is a pulse repetition frequency of CO2 laser. 

In the weak-absorption when τ1 << 1 and τ2 << 1, the concentration n1 of the absorbing gas in 
the resonance PAD (3) can be written as: 

n1 = C1 • (U1 / U2) • [S2(f) / S1(f)] • (1 + τ2),       (4) 

where C1 = n2 · (l2 / l1) / t2 is the calibration factor, which includes only constants. The uncertainty in the 
measured value of n1 in the equation (4) are produced by [S2(f) / S1(f)] and (1 + τ2) members. On order to the 

 
Fig. 1: Block diagram of the experimental setup: 1 – waveguide 
CO2 laser, 2 – gas-filled cell, 3 – resonant differential PAD,  
4 – differential amplifier. 
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ratio [S2(f) / S1(f)] remained constant, it is necessary to operate exactly at the resonant frequency of the PAD, 
which is determined with high precision by using of a special algorithm. In this case, the uncertainty of n1 
value is introduced by the term (1 + τ2). If you choose the terms of filling a gas-filled cell (2) so that the 

optical thickness is τ2 << 1, the variation of the measured concentration n1, caused by a change in the 

emission wavelength of the CO2 laser, will be comparable with the variation of the value of τ2, i.e. small 
enough. 

 
Fig. 2: Experimental long time measurement of SF6 concentration. 

Below in Fig. 2, the experimental measurement of SF6 concentration n1 is shown. Resonant 
PAD (3) filled with a gas mixture comprising nitrogen doped with 40 ppm SF6. The same mixture 
filled gas-filled cell (2). Sulfur hexafluoride was chosen as the absorbing gas marker because it has 
a strong broad absorption band in the spectral region near 10.6 µm [3]. The optical thickness of a 
gas-filled cell does not exceed the value of τ2 < 0.04 at a wavelength of 10.53 µm, where SF6 has a 
maximum absorption coefficient. The resonant frequency of the PAD (3) is ~1800 Hz. CO2 laser 
operated in the free generation mode with pulse repetition frequency, which excites the resonant 
frequency of the PAD (3). The wavelength of the CO2 laser randomly tuned along the emission 
lines in the range of 10P(14) ... 10P(24). 

As seen from Fig. 2, the value of the measured concentration n1 in a long time period varied 
slightly despite changes the wavelength and power of a CO2 laser radiation. Variations value n1 did 
not exceed ± 5% during 30 minutes. 

Thus, shown in Fig. 1 optical circuit of laser photo-acoustic SF6 gas analyzer based on the 
waveguide CO2 laser, resonant PAD and gas-filled cell demonstrated a weak dependence on the 
wavelength and power of the CO2 laser radiation. Based on these results, it can be concluded that 
the proposed optical circuit has certain advantages and can be used in various gas analytical devices 
where the photo-acoustic detectors are used. 
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The limiting factor of narrow linewidth in high power fiber laser is analyzed. The 
influence of Stimulated Brillouin scattering effect and sinusoidal phase modulation 
suppressing method are studied. The linewidth of a single frequency laser is broadened 
from 1 MHz to 2.9 GHz by sinusoidal phase modulation. Through three stage fiber 
amplified, the wavelength of 1064.34 nm, linewidth of 2.9 GHz and power of 780 W are 
achieved. The optical-optical efficiency is 79%, the beam quality is 2M =1.3.  

 

Due to high efficiency, outstanding beam quality and compactness, fiber lasers are abroad 
applied in material processing, medical care, scientific research and military field etc. Recently, 
narrow linewidth fiber lasers are wide applied in coherent detection [1], gravitational wave 
detection [2], coherent beam combing [3] and wavelength beam combining [4-6]. 

In HPNL fiber laser, the main limitation factor of power increasing is SBS. Through sinusoidal 
phase modulating single frequency laser, we can increase longitudinal mode number. And then SBS 
can be suppressed. So, the keystone of sinusoidal phase modulation is analyzed. 

 

 
 

Fig.1: The frequency spectrum distribution of sinusoidal phase modulation with m=150 MHz and 
(a)=1.45; (b)=4.75; (c)=14.4. 
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The keystone of sinusoidal phase modulation is LiNbO3 crystal composing phase modulator, its 
refractive index changing under outward electric field influence and then input light wave modulated. 
The light that is inputted into phase modulator is called carrier frequency. The light spectrum 
broadening is the full width at half maximum (FWHM) of waveform envelope, which is composed with 
these sideband frequency spectrums. The frequency distribution of sinusoidal phase modulating single 
frequency laser is simulated. The electrical frequency is mv 150MHz. Phase modulating coefficient is 
=1.45, =4.75 and =14.4 respectively. The theoretical simulating results are Fig.1 (a), (b) and (c). 

The experimental schematic of sinusoidal phase modulation narrow linewidth fiber laser is as Fig.2. 
The laser is composed of seed source adding three stage amplifier. Wherein, single frequency laser 
diode (LD) is employed as the seed source. Its biggest output power, central wavelength and linewidth 
are 50mW, 1064.34nm and less than 1MHz, respectively.  

 

The phase modulator is employed to broaden spectrum. Its electro optical bandwidth, half wave 
voltage, maximum modulating voltage peak to peak value and maximum endured optical power are 150 
MHz, 2.5 V, 20 V and 20 dBm, respectively. High frequency signal generator is employed as sinusoidal 
electrical signals to trigger source. Its output frequency range and maximum output power are 65 kHz to 
8GHz and 16dBm, respectively. The radio frequency driver (RF driver) is used to amplify electrical 
signals. Its cut-off frequency, saturated output power and maximum gain are 20 GHz, 26 dBm and 30 
dB, respectively. In experiment, the signal generator output frequency is 150 MHz. The phase 
modulating coefficient are =1.45, =4.75 and=14.4, respectively. 

In the first and second amplifier stage, Yb3+ doped double cladding fiber with core/cladding 
diameter of 10/130 μm and length of 3m is employed as gain fiber (10/130 YDF). Its absorption 
coefficient is 3.9 dB/m at 975 nm. In the third amplifier stage, Yb3+ doped double cladding fiber with 
core/cladding diameter of 25/400 μm and length of 12 m is employed as gain fiber (25/400 YDF). Its 
absorption coefficient is 1.6 dB/m at 976 nm. 

To prevent feedback, an optical isolator (ISO) is connected between each stage. The second and 
third amplifier stage is connected by mode field adaptor (MFA). In order to eliminate the cladding light, 
the cladding light stripper is connected between the third and output end. In order to prevent the 
backward scattering light bashing the front stage device, a tap coupler is connected between the second 
and three amplifier stage. Its splitting ratio is 5/95. Its function is to monitor reverse SBS power (SBS 
monitor). When the reverse power growing nonlinearly, showing that SBS has reached threshold. In this 
moment, the amplifier stage power supply should be shut off quickly to prevent the front stage device 
being bashed. At the end of the 12 m length of Yb-doped fiber is an 8 degrees angled endcap assembly. 
All system is cooled by water. The water temperature is 25 degrees centigrade. 
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We report on a high-efficiency room-temperature 4.8%Tm:KLu(WO4)2/KLu(WO4)2 
composite thin-disk laser. Continuous-wave output power as high as 4.6 W at 1840–1855 
nm spectral band has been demonstrated, with optical and slope efficiencies being of 34 
and 40%, respectively. 
 

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 results of investigations of the 
spectroscopic and lasing characteristics of Tm3+:KY(WO4)2 and Tm3+:KLu(WO4)2 crystals 
(hereinafter, Tm:KYW and Tm:KLuW) are presented in works [1-3]. The main advantages of these 
crystals are the large cross sections ( >10–20cm2) of stimulated transitions in the spectral regions of 
pumping (~0.8 mm) and lasing (~1.94mm) and a high slope efficiency (~50%). At the same time, 
the thermal conductivity (k~3Wm–1deg–1) and the mechanical hardness (VН~400) [4] of double 
tungstate crystals are comparatively low, because of which, to increase the output laser power, it is 
necessary to use special configurations of active elements in order to decrease thermomechanical 
stresses in the region of pumping. For example, the use of (5%–15%) Tm:KLuW/KLuW epitaxial 
structures, which consist of an undoped (pure) substrate and an active crystalline layer doped with 
trivalent thulium ions, led to an increase in the specific power to 1.2 kWcm–2 [5] due to both partial 
heat removal through the crystalline substrate and an increase in the mechanical strength, because 
the substrate thickness exceeded the thickness of the active layer approximately by an order of 
magnitude. A similar approach can also be used for composite structures, i.e., for a rigid 
construction consisting of two similar crystals with different compositions. As a rule, the 
components of these structures are connected via optical contact due to the mutual diffusion of 
subsurface layers of the contacting materials at high temperatures and pressures [6]. Among the 
advantages of composite structures is the possibility of their orientation along any direction, while 
epitaxial structures can be grown only along particular directions determined by the growth planes. 
In the present work, we comparatively study the parameters and lasing spectra of 5%Tm:KLuW 
active disk elements and 5%Tm:KLuW/KLuW composite structures with the active layer thickness 
of 250 and 450 mm.  

We report on the oscillation performance of 4.8%Tm:KLuW/KLuW composite 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=25C). The composite Tm:KLuW/KLuW consisting 
of 4.8%Tm-doped KLuW crystal layer and substrate of undoped KLuW was produced by the high-
temperature diffusion bonding method. The dimensions of a composite b-cut thin-disk element were 
of ~7.0mm×8.0mm×2.7mm where 2.7 mm is the thickness of a substrate plus a layer. The final Tm-
doped layer thickness after polishing was 250 μm. Flat surfaces of the sample were polished to high 
optical quality required for coating. The polished surface of active Tm-doped layer was 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 element to the 
copper heat sink with an indium solder. The front surface of the substrate was AR-coated for these 
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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 L = 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 composite crystal.  We compared the slope efficiencies of 
4.8%Tm:KLuW/KLuW composite and 4.8%Tm:KLuW disk (layer thickness 250 μm) in true CW 
pump mode, as seen in Fig. 1. The inset in Fig. 1 shows a photograph of composite active element 
under CW pump. According to the measured data, the slope efficiency of 40.1% and the optical 
efficiency 33.7% with respect to absorbed pump power were obtained for composite thin-disk laser. 
In the latter case, the damage thresholds thin-disk active elements were achieved. The 
corresponding fracture pump intensity were ~6.3 kW∕cm2 for composite and ~2.4 kW∕cm2 for disk 
active elements. Fig. 2 demonstrates a typical pattern of “structured” output spectra while the 
dependence of laser output power upon the temperature of laser head is presented in Fig. 3. 
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Fig.1: Input–output characteristics 
of the composite and disk Tm-
lasers pumped at 808 nm in terms 
of absorbed pump power in true 
CW  mode.  

Fig.2: Output “structured” 
spectrum of composite thin-disk 
Tm-laser formed by a few discrete 
non-equidistant peaks with 
FWHM ~ 1 nm.  

Fig.3: The dependence of QCW output 
power upon the laser head 
temperature. The power reduction is 
P/P = - 0.26%/°C.  

We have demonstrated a first multi-watts high-efficiency continuous wave thin-disk laser based 
on the monoclinic 4.8%Tm:KLuW/KLuW composite pumped by a commercial laser diode bar 
(~50W at 808 nm) at room-temperature. This work was supported by the Russian Foundation for 
Basic Research (Grant No. 14-02-00282).  
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Engineer lead-free perovskite for infrared room-temperature lasing is presented. The lead-
free perovskite films prepared with stoichiometric solutions are typically enriched of 
middle gap trap states. Here, with kinetic analysis we show these trap states can be 
greatly reduced with additional metal fluoride doping in the precursor solutions. Room-
temperature, low-threshold, stable and wavelength-tunable lasing from the engineered 
lead-free perovskite films was demonstrated. The results show that lead-free perovskite is 
ideal material for developing on chip lasers. 

 
Due to the large photon absorption coefficients over the entire visible range, long-range 

balanced charge carrier diffusion lengths and extremely low trap state densities, organic-inorganic 
lead halide perovskites (CH3NH3PbX3, X=Cl, Br, I) have recently demonstrated huge potential as 
both light harvesting and light emission materials [1, 2]. However, the major concern with these 
perovskites is the toxicity of the lead, which inhibits their commercial applications. Therefore, 
replacing the lead with less toxic metal in the perovskite crystal is the key scientific challenge.  

While few attempts by replacing Pb with the 
other group 14 elements in the perovskite have 
been made in this field, it is still a big challenge to 
reach analogous optical and optoelectronic 
performance. Pertinent issues in lead-free 
perovskite include: (i) poor crystal quality resulting 
in high concentration defects and high carrier 
trapping losses and (ii) unintentionally doping 
resulting in non-balanced charge carrier 
transporting. Furthermore, the stability of the 2+ 
oxidation state decreases when moving up the 
group 14 elements, maintenance the required 
oxidation state is key to achieving high device 
performance with the lead-free perovskites. 

The CsMI3 thin films on quartz substrate were 
spin coated from the 50 uL solution at 2000 rpm for 
40 sec. After spin coating, the samples were 
annealed at 70 °C for 10 min. The transient 
absorption spectra of the CsMI3 films with different MF2 doped concentration are shown in Fig. 1. 
For the pure CsMI3, Fig. 1 clearly shows that the traditional band gap (950 nm) related photobleach 
peak is not obvious. Instate, broad photon induced bleach extends from the band gap to middle 
infrared. These indicate that the pure CsMI3 produced with this method is enriched of middle gap 
trap states. Fig. 1 also clearly shows that this kind of middle gap states can be greatly reduced by 
adding additional MF2 in the precursor solution. 20% is around the optimal doping concentration. 
Lasing has been achieved with these doped films. 
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Fig. 1: Transient absorption spectra at 5 ps delay of 
the CsMI3 films. The samples were pumped with 
100 fs, 1 KHz, 650 nm, ~ 2 μJ/cm2 laser pulses, and 
probed with white light continuum. 
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Our system for long term frequency stabilization and locking to an arbitrary wavelength 
of the single frequency ring CW Ti:Sapphire laser is based on two confocal Fabry-Perot 
cavities. Оne of these interferometers is used to narrow short term linewidth of the laser 
and the other to improve long term stability of the laser frequency, using an external-
cavity diode laser stabilized to an atomic transition as a reference. 

 
Single-frequency CW Ti:Sapphire lasers with ring cavities are advantageous for laser 

spectroscopy due to their high power in single frequency and tunability over a broad spectral range. 
But it is necessary to stabilize the laser frequency for many applications in optics and spectroscopy. 
Typically, the laser output is locked to a highly stable reference cavity or to an atomic transition by 
means of fringe-side locking or most widely used Pound-Drever-Hall (PDH) technique. In such 
systems, scanning of the laser frequency is only possible through the use of external acousto-optic 
or electro-optic modulators, because in the case of highly-stable cavities, the mirrors cannot be 
placed on piezo-ceramic transducers (PZT), which produce large frequency drifts of tens of MHz 
per hour. And in the case of locking to an atomic transition is difficult to apply when the desirable 
laser wavelength does not match the wavelength of available atomic transitions.  

We have developed a relatively simple and inexpensive alternative relying on digital 
measurement of the frequency difference between the output of a Ti:Sapphire laser and that of a 
highly stable diode laser using an auxiliary Fabry-Perot interferometer. Essentially, the time delay is 
measured between emergence of transmission peaks coming from the radiation of these two lasers 
as the Fabry-Perot cavity is scanned. A rather complicated analogue electronic detection of 
transmission peaks in the scanning cavity was first implemented in Ref. [1]. 

Our approach relies on two confocal cavities for line narrowing and long-term frequency 
stabilization of the laser. The stability of a confocal reference cavity with the mirrors separated by a 
10-cm invar spacer is much better than that of a long (approximately 70 cm) laser resonator. We use 
fast analogue locking electronics manufactured by Tekhnoscan Company (Novosibirsk, Russia) to 
lock the laser on the reference cavity, and then we only compensate for the long-term drift of the 
optical length of the reference cavity. This technique allows us to avoid the necessity to use high-
speed electronics for peak detection and data analysis. 

The scheme of our experimental setup is shown in Fig. 1. The radiation of the Ti:Sapphire laser 
is split by semi-transparent mirror M1 and directed to confocal cavities 1 and 2. Intensity of the 
light transmitted through the cavities is measured with photodiodes PD1 and PD2. Semi-transparent 
mirror M2 is used to create a reference laser beam for side-fringe locking of the Ti:Sapphire laser to 
a mode of cavity 2 by measuring the difference between the intensities on photodiodes PD2 and 
PD3 and sending the feedback signal to the laser. Cavity 2 is a confocal Fabry-Perot resonator with 
a 10-cm invar spacer and one of the mirrors mounted on a PZT. The commercially available locking 
electronics by Technoscan reduces the short-term linewidth of laser radiation to less than 10 kHz. 
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By applying an offset voltage to the PZT of cavity 2, it is possible to tune the laser frequency 
within the free spectral range of the cavity, which is 750 MHz. The laser frequency drift caused by 
temperature and air pressure variations, as well as the drift of the PZT, is more than 30 MHz per 
hour even for the cavity with temperature stabilization. This does not meet our requirements for 
laser spectroscopy of cold Rydberg atoms where resonance widths at laser excitation are less than 5 
MHz. 

In order to compensate for this drift, we combine on semi-transparent mirror M4 the radiation 
of the Ti:Sapphire laser, which is already locked to cavity 2, with the radiation of the reference 
external-cavity diode laser with wavelength 780 nm, locked to an atomic transition in a rubidium 
vapour cell via Pound-Drever-Hall technique. The linewidth of the laser is less than 1 MHz. The 
radiation of both lasers is send to cavity 1 which is scanned by a triangular signal at 200 Hz from a 
GW Instek DDS function generator SFG-2004TM. Low-voltage output of the function generator is 
amplified with a home-built high-voltage amplifier, which drives the PZT. This amplifier also 
provides additional offset DC voltage to the PZT. Scanning cavity 1 is a confocal Fabry-Perot 
resonator with a 12.5-cm invar spacer corresponding to a free spectral range of c/4L = 600 MHz. 
The cavity can be temperature stabilised, however this does not significantly change the 
performance of the system. The signal from photodiode PD1, which has a bandwidth of 10 MHz, is 
measured using a commercial ZetLab ZET 210TM ADC/DAC module with maximum sampling 
frequency of 400 kHz. 

Initially, the Ti:Sapphire laser is locked to cavity 2. By changing the offset voltage on the PZT 
of this cavity we can tune the laser to any desired wavelength which will define the initial ratio R0 
of time intervals between the transmission peaks of cavity 1. For long-term stability, we need to 
minimize the variation R = R−R0. This is achieved by applying an additional voltage to the PZT of 
cavity 2. The feedback signal is calculated using National Instruments LabviewTM PID toolkit and 
then converted to voltage via the DAC of the Zetlab ZET 210TM module. To tune the laser locked 
to cavity 1, we can manually change the initially set value R0 in the control program during the 
experiment. The locking system will then drive the laser to a newly defined locking point. 

We have used High FinesseTM WS6 wavemeter for measure laser frequency drift. It was 
200 kHz per minute which can be attributed to the temperature drift of the wavemeter [2]. It 
allowed us to used this system used in experiments on high-resolution laser spectroscopy of 
ultracold Rydberg atoms. 
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Fig. 1: Scheme of the experimental setup. The Ti:Sapphire laser is locked to cavity 2 using side-fringe 
locking technique. Cavity 1 is scanned at 200 Hz. The transmission peaks from two lasers are detected on 
PD1, and recorded using ADC, and analyzed on a computer. The feedback signal from DAC is sent to the 
PZT of cavity 2. 


