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INTRODUCTION 
 
The Institute of Nuclear Physics of the USSR 

Academy of Sciences was established in accordance with 
the decision of the Council of Ministers in May 1958 on 
the basis of the Laboratory of new acceleration methods 
of the Institute of Atomic Energy.  A.N. 
Skrinsky has been the Director of the Institute since 1977.  

BINP with the personnel of about 2,800 is now the 
largest academic institution of Russia. The research staff 
of 420 includes 12 full members and corresponding 
members of the Russian Academy of Sciences, 60 doctors 
of science, and 170 candidates of science. BINP has a 
large-scale pilot production department with the personnel 
of about 1,000 people and high-class technical and 
technological equipment.  

The Institute is actively engaged in the of 
scientific and technical staff of high qualification. BINP is 
the base for seven subdepartments (about 200 students) of 
the Physics Department of Novosibirsk State University 
(NSU) and the Physics and Technology Department of 
Novosibirsk State Technical University (NSTU).  

BINP is one of the world's leading centers in the 
areas of high energy physics, accelerator physics, plasma 
physics, and controlled fusion. The Institute has 
conducted large-scale experiments in elementary particle 
physics on electron-positron colliders and a unique 
complex of open plasma traps and developed up-to-date 
accelerators, intense sources of synchrotron radiation, and 
free electron lasers. In most areas of its activity, BINP is 
the only research institution in Russia.  

  
Below are listed some of BINP major achievements 

in science and technology.  
 

In the field of elementary particle physics and nuclear 
physics:  
    pioneering works on the development of the colliding-
beam method (currently, the basic method in the high 
energy physics):  

- first experiments on electron-electron 
interaction (simultaneously with the Princeton and 
Stanford works) (1965);  

- world's first experiments in electron-positron 
interaction (1967);  

- world's first observation of the process of 
double bremsstrahlung (1967);  
    pioneering works on the two-photon physics (1970);  
    study of the characteristics of vector mesons on 
installations with colliding electron-positron beams  
VEPP-2, VEPP-2M, and VEPP-4 (1967);  
    discovery of multiple hadron production in electron-
positron annihilation (1970);  
    precise measurement of the hadronic vacuum 
polarization contribution to the value of muon anomalous 
magnetic moment for one of the most sensitive tests of the  
 
 

 
Standard Model, in collaboration with Brookhaven 
National Laboratory (1984 - 2005);  
    development of the method of resonance depolarization 
for high-precision measurement of masses of elementary 
particles; attaining a record-high precision in the 
measurement of the mass of K-, ρ-, ω-, φ-, ψ-, and υ-
mesons (1975 - 2004);  
    discovery of parity violation in atomic transitions and 
confirmation of the unified theory of electroweak   
interactions (1978);  
    development of a method for experimentation on 
superfine internal targets in storage rings  (since 1967) 
and study of the electromagnetic structure of deuteron in 
polarization experiments (since 1984);  
    development of a method for production of intense 
fluxes of labeled gamma rays of high energy using 
inverse Compton scattering (1980 - 1982); experimental 
observation of photon splitting in the Coulomb field of 
nucleus (1997);  
    development of new methods for detection of charged 
and neutral particles of high energy, creation of unique 
detectors for colliding beams (OLYA, CMD-1, MD-1, 
CMD-2, CMD-3, ND, SND, and KEDR) (since 1974);  

and development of X-ray detectors for medical 
purposes and creation on their basis of a low-dose digital 
X-ray installation with ultra-low level of irradiation to 
patient and X-ray inspection system for screening people 
"Sibscan" (since 1981).  

 
In the field of theoretical physics:  
    development of the resonance theory of dynamical 
chaos and pseudochaos in the classical and quantum  
mechanics (since 1959);  
    the first calculation of charge renormalization in Yang-
Mills theory (1969);  

 development of the QCD sum rule technique (1979 - 
1984);  

prediction of large enhancement of the parity 
violation effects in neutron resonances in heavy nuclei 
(1980 - 1985);  

development of the theory of hard exclusive 
reactions in QCD (1977-1984);  

development of the operator approach to quantum 
electrodynamics in external fields (1974 -1976);  

development of quantum electrodynamics in periodic 
structures, including the laser wavelength (1972-1997);  

development of the theory of radiation effects during 
the passage of charged particles and high-energy photons 
through single oriented crystals (since 1978);  

derivation of the evolution equation in QCD for 
parton distribution by energy (the BFKL equation) (1975-
1997);  

prediction of the coherence effect in emission of 
gluons in QCD and study of its influence on hadron 
distributions (1981-1982).  

Academician

education
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In the field of accelerator physics and technology:  
years of successful experience in the creation of 

storage rings and colliders;  
invention, development and experimental 

verification of the method of "electron cooling" for beams  
of heavy particles (the method is currently in use at 
laboratories around the world); equipping complexes for 
acceleration of heavy ions in Germany and China and at 
CERN with effective "coolers" (1965-2005);  

invention and development of new types of high-
power RF generators (gyrocon, relativistic klystron, and 
Magnicon) (since 1967);  

suggestion of the method of linear electron-positron 
colliding beams for production of ultra-high energies 
(1968) and representation of a physically self-consistent 
project (1978);  

development of components for large-field pulsed 
magnetic optics (X lenses and lithium lenses), which are 
currently used at numerous laboratories (since 1962);  

invention and experimental verification of the 
charge-exchange injection method, which is currently 
used on all large proton accelerators (1960-1964);  

theoretical and experimental studies of creation of 
polarized beams and spin dynamics in accelerators and 
colliders, conceptual design and development of high-spin 
rotators and "Siberian snakes" for a number of accelerator 
facilities (1966-1995);  

theoretical and experimental studies of stochastic 
instability and collision effects, which limit the luminosity 
of colliding beams (since 1966);  

development of the physical concept of next-
generation electron-positron colliders with very high 
luminosity, the so-called electron-positron factories (since 
1987);  

suggestion and development of the method of 
ionization cooling of muons for muon colliders and 
neutrino factories (1969 -1981 - 2002);  

development and creation of high-power low-energy 
electron accelerators for a variety of technology 
applications, including environmental protection 
(accelerators ELV-12 with a power of 500 kW and an 
energy of 1 MeV and ILU-10 with a power of up to 50 
kW and an energy of 5 MeV (since 1963);  

suggestion and implementation of the scheme of 
high-efficiency energy recovery linac for free-electron 
lasers (1979 -  2003). 

 
In the field of plasma physics and fusion:  

invention (1954) and creation (1959) of a "classic" 
open magnetic trap (magnetic bottle) for hot plasma 
confinement;  

invention and development of new schemes of open 
traps: with a few plugs, with a rotating plasma, ambipolar, 
and gas-dynamic; experimental implementation of multi-
plug confinement of a plasma with sub-fusion parameters 
on the GOL-3 facility; experimental implementation of 
stabilization of MHD instabilities in an axially-symmetric 
gas-dynamic trap on the GDT facility (since 1971);  

discovery of collisionless shock waves in plasma 
(1961);  

development of the method of plasma heating with 
relativistic electron beams (since 1971);  

development of high-intensity surface-plasma 
sources of negative ions, which became widespread  

throughout the world (1969-1981);  
proposal and development of the concept of a high-

power fusion neutron source on the basis of an  
open trap, for materials science (since 1987);  
theoretical prediction of the Langmuir collapse 

(1972) and experimental observation of strong Langmuir 
turbulence and collapse of Langmuir waves in a magnetic 
field (1989-1997); and 

creation of a series of unique high-power high-
precision sources of hydrogen atoms for study of high-
temperature plasma for a number of large installations 
(since 1997).  

 
In the field of synchrotron radiation and free electron 
lasers:  

use of synchrotron radiation of the BINP storage 
rings for various scientific and technological objectives 
and creation of the Siberian International Center for 
Synchrotron Radiation on the basis of the storage rings of 
VEPP-2M, VEPP-3, and VEPP-4 (since 1973);  

theoretical and experimental studies of particle 
emission in periodic structures (undulators, wigglers, and 
crystals) (since 1972);  

development and creation of specialized sources of 
synchrotron radiation (since 1983);  

development and creation of one- and two-
coordinate detectors for experiments with synchrotron 
radiation (since 1975);  

invention and development of the optical klystron 
(1977); generation of coherent radiation in the infrared to 
the ultraviolet spectral region (since 1980);  

designing and development of a high-power free 
electron laser (for photochemical research and 
technological applications, as well as energy transfer from 
the Earth to a satellite) based on the most promising 
scheme with a microtron-recuperator; attaining high-
power (400 W) laser radiation in the terahertz range 
(since 1987);  

creation of a series of high-field superconducting 
magnetic devices for SR sources and electron storage 
devices (wigglers and bending magnets with a field of up 
to 10 T and solenoids with a field of up to 13 T) (since 
1996).  

  
BINP application-oriented works are entirely 

based on the results of basic research of the Institute and 
focused in the following main areas:  

high-power industrial electron accelerators used for 
polymer modification; treatment of industrial and 
domestic waste; production of nanopowders of pure 
metals, silica, and oxides, carbides and nitrides of metals; 



 
 

 Introduction 

 9

radiation processing of food; sterilization of medical 
equipment, disposable instruments, etc.; and other 
technological applications;  

low-dose digital radiographic installations of 
scanning type for medical and security systems, with 
ultra-low exposure of patient to radiation;  

development of nuclear medicine facilities for 
proton, ion, and boron-neutron-capture therapy of 
malignant tumors;  

electron beam welders;  
and radiographic equipment for defense-oriented 

research.  
  

Over the past 20 years, BINP has actively supported 
basic and applied research with funds received from 
contract works. The Institute has developed, 
manufactured, and supplied to consumers in Europe, Asia, 
and North and South America (20 countries), as well as to 
Russia, a wide range of high-tech products for tens of 
millions of dollars annually. So-earned money was used 
for the completion and commissioning of the accelerator 
complex VEPP-4M with the unique KEDR detector; 
designing and construction of up-to-date large and unique 
installations: the electron-positron collider VEPP-2000, 
the free electron laser, and the new injection system for 
existing and future installations of BINP. Throughout the 
post-Soviet period, these funds have supported the 
continuous operation of BINP facilities and related 
infrastructure.  

The Institute is known for its long-term international 
cooperation with most major foreign and international 
centers. A striking example of this cooperation is the 
participation of BINP in the largest international project 
of modernity - the Large Hadron Collider at the European 
Center for Nuclear Research (Geneva). BINP designed, 
manufactured, and delivered to CERN unique high-tech 
equipment for an amount of over 100 million Swiss 
francs. Another examples of international cooperation 
includes the projects of B-factories in the U.S. and Japan, 
synchrotron radiation source PETRA-III, X-ray free 
electron laser (DESY, Hamburg), heavy-ion accelerator 
complex (GSI, Darmstadt ), etc.  

BINP has played a key role in several major Russian 
projects, including the Center for Synchrotron Radiation 
Research "Kurchatov Institute", Synchrotron Radiation 
Source TSC in Zelenograd, a neutron source for the JINR 
in Dubna, and radiographic equipment for defense-
oriented research for the Federal State Unitary Enterprise 
"Russian Federal Nuclear Center -VNIITF" in Snezhinsk.  

The Institute has strongly influenced the innovation 
economy of the country. A striking example is the 
development in conjunction with the ICG SB RAS and 
the company ''Siberian Center for Pharmacology and 
Biotechnology'' of a unique technology of electron-beam 
immobilization of biomolecules on an inert carrier. The 
technology is now used for mass production of the world's 
first oral thrombolytic ''Trombovazim''.  

The Institute is deeply integrated into the work of 
RAS and SB RAS, exercising implementation of 22 
projects under the program of the Presidium and Branches 
of the RAS; 16 interdisciplinary integration projects; 8 
joint projects of SB RAS with regional RAS institutes, the 
National Academies of Sciences of Ukraine, Belarus and 
People's Republic of China; 2 custom projects of SB RAS 
(as a co-executor); 7 state contracts under the Federal 
Program ''Research and development on priority 
directions of scientific-technological complex of Russia 
for the years 2007 - 2013''; 20 Government contracts 
under the Federal Program ''Research and educational 
personnel of the innovation Russia'' for the years 2009 – 
2013; and over 50 RFBR projects.  

Every year the Institute members present about 200 
reports at Russian and international conferences, publish 
about 500 articles in leading Russian and foreign 
scientific journals, and issue monographs and training 
aids. According to materials published in the review 
''Bibliometric indicators of the Russian Science and 
Russian Academy of Sciences'' (Herald of the Russian 
Academy of Sciences, June 2009, Volume 79, № 6), the 
number of references to works by BINP members in 
1997-2007 in the reputable international database ESI is 
28, 267. According to the survey, this is the highest result 
among all the institutions of the Russian Academy of 
Sciences. 4 members of the Institute have got the special 
award of Elsevier Publishing as the most cited authors in 
the natural sciences in the former USSR territory.  

The BINP Scientific Council found the following 
works to be the best in 2011:  

In the field of physics  particle  and fundamental
 interactions:  

1) In the experiment Belle (KEK, Japan), resonance 
states with exotic quark structure were first discovered in 
the decays of γ (5S). 

2) In experiments with the KEDR detector on VEPP-
4M, parameters of ψ (2S) and ψ (3770) mesons were 
measured with the world’s best accuracy and the most 
sensitive limit on the cross section for narrow resonance 
production in the energy range 2E = 1.85÷3.1 GeV was 
determined. 

3) In the experiment with the SND detector on the 
electron-positron collider VEPP-2000, the cross section 
for the e+e-  ωπ0 → π0π0γ process was measured with a 
record accuracy. 

4) The proof of the multi-Regge form of QCD 
amplitudes at high energies was completed in the 
approximation next to the leading logarithmic one. 

In the field of plasma physics:  

1) On the GOL-3 facility, generation of intense 
radiation at the second harmonic of plasma frequency, 
which lies in the terahertz range, was registered at 
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collective interaction of high-power relativistic beam with 
plasma. 

 2) For the first time in the world, a source of 
negative hydrogen ions with a steady-state beam current 
of 25 mA was created. The source models the basic laws 
of beam formation in a unit cell of the future high-current 
injector of neutral atoms of high energy (~ 1 MeV) for 
fusion applications. 

In the field of physics and technology of particle 
accelerators, SR sources, and FELs: 

1) A conceptual design of accelerator complex with 
electron-positron colliding beams–"Super Charm/Tau 
Factory"–was developed. It is among the six projects 
recommended to the Government Commission on High 
Technologies and Innovations for consideration in regard 
to establishment of “MEGA-Science” facilities in Russia. 

2) A record value of the "colliding beam parameter" 
was reached on the electron-positron collider VEPP-2000; 
an experiment with two detectors, SND and CMD-3, was 
conducted in the energy range of 1,000 to 2,000 MeV 
with a record integrated luminosity. 

3) The installation for high-voltage electron cooling 
of proton beam for the COSY storage ring (Jülich, 
Germany) was designed, constructed, and tested 
successfully. It has a record rate of cooling. 

4) For the first time in the world, a nanosecond-
resolution method of controlling formation and growth of 
nanoparticles of the condensed phase of chemical reaction 
products of detonation at explosion was implemented 
with the use of synchrotron radiation of the VEPP-3 
storage ring. 

5) A unique 119-pole superconducting wiggler of 
record radiation brightness in the X-ray range, designed 
and built by BINP, was successfully tested on the 
synchrotron radiation source ALBA-CELLS (Spain). 

6) A conceptual design was developed for the fourth-
generation SR X-ray source based on energy recovery 
linac with radiation brightness several orders of 
magnitude larger than that of the European and U.S. X-
ray sources under construction. The project is among the 
six projects recommended to the Government 
Commission on High Technologies and Innovations in 
regard to establishment of “MEGA-Science” facilities in 
Russia. 

In December 2011, the General Assembly of the 
Russian Academy of Sciences elected Nikolay 
Sergeyevich Dikansky a full member of the Russian 
Academy of Sciences and Nikolai Vinokurov and Pavel 
Logachev corresponding members of the Russian 
Academy of Sciences. Thus, 5 full Academy members 

and 7 corresponding Academy members are currently 
working at the Institute. 

Budker award of the Siberian Branch of Russian 
Academy of Sciences for the work "Optimization of the 
dynamic aperture of the electron-positron supercollider 
Charm-Tau Factory in Novosibirsk" was awarded to P.A. 
Piminov. 

Personalized Premium of the Novosibirsk Region 
Government for young scientists in the nomination of 
"creation or development of instrumentation, techniques, 
technologies, and new scientific and technical products" 
for 2011 was awarded to A.L. Solomakhin for his work 
on "Multi-channel dispersion interferometer for 
measuring electron density on up-to-date installations 
with magnetic confinement of fusion plasma". 

Young scientists A.L. Solomakhin (research topic: 
"Multi-channel dispersion interferometer for measuring 
electron density on up-to-date installations with magnetic 
confinement of fusion plasma") and D.E. Berkaev 
(research topic: "Modernization of the automation system 
of the accelerator complex VEPP-2000") became the 
winners of the competition for grants from the 
Novosibirsk Region Government on conduction of 
applied research and completion of development activities 
in 2012. 

Government scholarships for graduate students of 
Novosibirsk region for 2012 were awarded to BINP 
graduate students V.I. Aleinik and A.Yu. Vlasov. 

A.V. Sudnikov with the project "Study of the 
phenomena of reconnection of magnetic field lines in the 
multi-plug trap GOL-3" was awarded a grant by the 
results of Novosibirsk mayor contest among young 
scientists and engineers in 2011.  

Four scientific collectives of the Institute, headed by 
RAS academy members Skrinsky, Kruglyakov, and 
Kulipanov and Professor Onuchin, have the status of 
leading scientific schools, which is awarded by the 
Council on Grants at the President of the Russian 
Federation. This Council awarded prizes to two teams of 
young scientists of the Institute as young candidates of 
science. 

In 2011, three Dissertation Councils that are entitled 
to accept doctoral (candidate) thesis continued their work 
at the Institute. In total, 15 meetings were conducted, 
where 4 doctoral and 11 candidate theses were defended. 

Over 50 excursions to the BINP facilities were 
organized for pupils, students, teachers, employees of 
other organizations, and guests of the Institute (about 
1,500 visitors). Outreach lectures at Novosibirsk schools 
were given. 
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1.1 CMD-3 DETECTOR 
 

In 2011, several physics runs of experimental data 
taking were performed, in which parameters of the 
detector were optimized for work with the VEPP-2000 
collider; systems of the detector were calibrated and 
recording of information as foreseen by the physical 
program was started.  

From February to June 2011, data were collected in 
the energy range of 1.05 to 2.0 GeV in the center of mass 
system. In order to reduce systematic errors we performed 
the scanning twice, first increasing and then decreasing 
the beam energy. As a result, experimental data were 
collected at 40 energy points with step of 25 MeV in the 
center of mass system. The  integrated of luminosity was 
obtained to be  22 pb-1.  

Fig.1.1.1 shows a photograph of the CMD-3 detector 
in the experimental hall of VEPP-2000. One can see the 
plates of the scintillation counters for detection of muons, 
which were installed on the detector in 2011. Besides that, 
the detector was equipped with time-of-flight counters for 
separation of events of neutron-antineutron pair 
production near the threshold.  

 

  
Fig. 1.1.1. CMD-3 detector in the experimental hall of the 

VEPP-2000 collider.  
 
 

In 2011, the digitizing electronics plate AWF-32 has 
been developed. It will substitute the plates A32 of the 
KLYUKVA standard at data reading from the liquid-
xenon calorimeter and Z-chamber of the CMD-3 detector. 
A few prototypes of AWF-32 were made and tested in the 
data acquisition system of CMD-3. The obtained results 
corresponded to the expected parameters. Full-scale 
production of the boards AWF-32 is to be completed in 
2012.  

The data collected allows a basis for the study of the 
processes of multihadron production. In particular, the 
production cross sections of four and six pions were 
measured in the energy range of 1.0 to 2.0 GeV in the 
center of mass system. Fig. 1.1.2 shows the preliminary 
results of the measurements of the cross section for the 
e+e-→3(π+π-) process. The black circles show the CMD-3 
results, and comparison the empty circles show the results 
of the BaBar detector. The vertical line indicates the 
threshold for proton-antiproton pair production.  

 
Fig. 1.1.2. Cross section for the e+e-→3(π+π-) process vs. 

energy. Black circles: results of the experiment with 
CMD-3; empty circles: BaBar data. The vertical line 
indicates the threshold for the proton-antiproton pair 

production.  
  
Another important physical result of the data 

analysis was the measurement  cross sections for proton-
antiproton pair production as shown in Fig.1.1.3. The 
analysis used a luminosity integral of just 3 pb-1, the 
accuracy of measuring the cross section corresponded the 
BaBar results obtained after a eight years of work. There 
are already results of processing of information relating to 
energies in the beam of above 950 MeV, where nucleons 
have enough energy to fly through the vacuum tube that 
surrounds the collision place. At lower energies, they get 
stuck in the tube and the main criterion for selection of 
such events should be a peak in antiproton annihilation in 
the vacuum tube. Analysis of this energy region is in 
progress. 
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In addition, for calibration of VEPP-2000 beam 
energy, an energy region near the φ-meson resonance was 
scanned in June 2011.  
The luminosity integral was 1.1 pb-1. Experimental data 
collected at four energy points made a basis for 
determination of the φ-meson excitation curve and 
parameters of this resonance in the φ → KLKS decay 
channel. Comparison of the values of these parameters 
with the world’s averages made it possible to calibrate the 
energy scale of the VEPP-2000 collider.  

To improve the momentum resolution of the tracking 
system, we studied the possibility of detector operation 
with a superconducting solenoid magnetic field of 13 kG 
instead of a previously used value of 10 kG. All systems 
of the detector demonstrated stable operation in this 
mode. Processing of the information collected showed 
that, the resolution improved by 15-20%, momentum  
according to our expectation .  

 

 

 
 

Fig.1.1.3. Cross section for proton-antiproton pair production vs. energy in the center of mass frame in comparison with 
other experiments.  

 
 
 
 

 
 
 



1.2. THE SND DETECTOR

1.2.1. Detector performance and experiments at
VEPP-2000

In December 2010 and in the first half of 2011, a suc-
cessful experimental session of data taking was held with
the SND detector at the VEPP-2000 collider. At the begin-
ning of the session a collider tuning was performed at the
beam energy of 750 MeV. The accumulated experimental
data sample, collected during the tuning phase, corresponds
to an integrated luminosity of 600 nb −1. During the sec-
ond half of December a detailed scan of the φ-meson reso-
nance energy region was performed. Integrated luminosity
of 650 nb−1 was accumulated at 10 energy points for beam
energies from 505 to 514 MeV. These data was used for the
collider energy scale calibration. After correcting for the
revealed energy shift, experimental scan was repeated in
the φ-meson region with an integrated luminosity of about
600 nb−1.

In January 2011, a scan of the center of mass energy
range from 1 to 2 GeV has began. The scanning step was
chosen equal to 25 MeV. This energy interval was scanned
twice: first upward in the increment steps of 50 MeV, and
then from the top to downward with the same step but
with the energy points shifted by 25 MeV. The scan was
completed in June 2011. In Fig. 1.2.1 integrated luminos-
ity versus time (days) is shown for this experiment, called
MHAD2011. After the MHAD2011 experiment, a short
session of the φ-meson scan was performed with integrated
luminosity of about 0.8 pb−1. The total integrated luminos-
ity accumulated by SND detector in the 2010÷2011 sea-
son was about 25 pb−1. About 1.7 million events were
recorded. In the experiment, the average data recording
speed was 435 Hz.

All subsystems of the detector have shown a stable and
satisfactory performance during the data taking. Loss of
statistics due to detector faults or due to the data acquisition
system malfunctioning constituted not more than 5%.

During the data taking, new preamps of the calorimeter
electronics were tested. These new preamps are expected to
enhance the reliability of the calorimeter and significantly
simplify the repair of faulty channels. The new electron-
ics were installed in the 26 channels of the calorimeter first
layer. During the seven months of operation under con-
ditions of the real experiment, no single channel with the
new preamps failed. In autumn 2011, new preamps were
installed in the half of the calorimeter first layer channels
(260 channels).

During 2011, a permanent improvement of the SND data
acquisition system continued. It mainly affected the sys-
tem of operational control of the detector state by using
experimental events. To the existing performance control
programs for the calorimeter, the tracking system and the
scintillation counters, new ones were added to control the
performance of the Cerenkov counters and muon tubes, to
measure the energy thresholds in the calorimeter and its
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The integrated luminosity versus time for the
MHAD2011 experiment. The upper graph shows the beam
energy at which the data set was collected. The middle one
shows the change in the accumulated integrated luminosity
during the experiment. The bottom graph shows the distri-
bution of integrated luminosities accumulated per day.

firing time. Gas mixture control system was assembled
and put into operation. Significant improvements were also
made in the operator interface. In April 2011,the first version
of the preliminary event reconstruction procedure was
ready and the data collected in 2010 were processed by
using this procedure. The preliminary event reconstruc-
tion produces reconstructed events grouped by individual
classes (flows): collinear, charged, neutral, etc. The use
of preliminary reconstruction reduces the number of events
about 20 times and allows to save the subsequent process-
ing time. Preliminary reconstruction of the data recorded
in 2011, was completed by December.

1.2.2. The first results of the experiments

To measure the cross section of the process e+e− →
ωπ0 → π0π0γ, data collected in the first half of 2010 in
the energy interval 2E = 1.1÷1.9 GeV were used. The
luminosity was measured by using events of the process
e+e− → γγ and the integrated luminosity used was about
4 pb−1.

Events with no charged particles and 5 or more reg-
istered photons whose total energy deposition in the
calorimeter was more than the energy of one beam were
selected. Additional selection criteria included a few lim-
itations on the values of the likelihood function aimed
to select events in which five photons satisfy the energy-
momentum conservation law and in which there is a candi-
date for the decay ω → π0γ.

Figure 1.2.1:
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In Fig. 1.2.2. the cross section of the process under study,
obtained in this work, is shown, as well as the results of pre-
vious measurements by the detectors SND, CMD-2, CLEO
and DM2.

The figure also shows the result of the joint approxima-
tion of the SND results obtained in this experiment and
in the experiment conducted in 2000. To approximate the
cross section, the vector dominance model taking into ac-
count the ρ(770), ρ(1450) and ρ(1700) intermediate states
was used. The results of this work were published in the
journal ”JETP Letters”.

2E, GeV
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Cross section of the process e+e−→ ωπ0 →
π0π0γ. The figure shows the experimental results of SND
2011, SND 2000, CMD-2, CLEO and DM2. The curve
represents the result of the joint approximation of the SND
2011 and SND 2000.

Using the 2010 data with the integrated luminosity of
about 4 pb−1, the cross section of the process e+e− →
π+π−π0 was measured. Events were selected according
to the following criteria: 2 central tracks, two photons,
the spatial angle between the charged particles is more
than 40◦, the total energy deposition in the calorimeter
is in the range of 0.3÷0.8 of the center-of-mass energy,
χ2 of the kinematic reconstruction is less than 30. The
number of events of the process under study e+e− →
π+π−π0 was determined by using the Gaussian fit to the
mγγ distribution of the selected events taking into account
the remaining contribution from the background process
e+e− → π+π−π0π0. The resulting cross section is shown
in Fig. 1.2.3.

Preliminary results of the e+e− → π+π−π0π0 process
cross section measurements has been obtained in the en-
ergy range from 1 to 2 GeV (see Fig. 1.2.4.). In this energy
range the ρ(1450) and ρ(1700) intermediate states give the
major contribution to the cross section. Our results are
consistent with the previous measurements by SND in the
energy range below 1.4 GeV, as well as with the results
of BaBar detector obtained by the radiative return method.
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Figure The cross section of the process e+e−→
π+π−π0 in comparision with the results of previous ex-
periments SND (VEPP-2M) and BaBar.

The statistical uncertainty of our measurements is smaller
than of the previous measurements and is � 2%.
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+e− → π+π−π0π0 process cross section
as measured by SND at VEPP-2000 and the results of pre-
vious experiments.

To measure the cross section of the process e+e− → pp̄,
events with the antiproton annihilation in the wall of the
vacuum chamber were used from the statistics recorded at
an energy near the threshold. At energies above 1910 MeV,
events with collinear tracks of the proton and antiproton
having a high density of ionization in the drift chamber
were selected. The detection efficiency was determined
from the MC To determine the background cross
section, similar selection criteria were applied to events
with energies below the pp̄ threshold. The resulting cross
section is shown in Fig. 1.2.5 in comparison with the cur-
rently most accurate results obtained by the BaBar detector.

To determine the e+e− → nn̄ process cross section,

Figure 1.2.2:

1.2.3:

Fig 1.2.4: The e
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+e− → pp̄ cross
section measurement. Only statistical errors are shown for
the SND results.

the background events containing tracks and photons em-
anating from the beam collision point were excluded. Re-
maining beam background events were suppressed by high
threshold on the calorimeter energy deposition of about
1 GeV. The cosmic ray background was suppressed by us-
ing the muon system and the RF phase timing. The detec-
tion efficiency was determined from the MC The
resulting cross section is shown in Fig. 1.2.6. in compar-
ison with the only previous measurement by the FENICE
detector.

2E, MeV

σ,
nb

0

1

2

1800 1850 1900 1950 2000 2050

+e− → nn̄ cross section. Only
statistical errors are shown. The results of the FENICE ex-
periment are also indicated.

In 2011 work continued on the VEPP-2000 beam energy
measurement system based on the Compton backscatter-
ing. In the experimental hall the following aparatures were
installed: CO laser as the primary photons source, an en-
trance vacuum chamber to guide the laser radiation into the
collider vacuum chamber, high-purity germanium detec-
tor (HPGe) to register the backscattered Compton gamma
quanta and measure their energy. The background condi-
tions in the HPGe detector were studied when working in
the VEPP-2000 hall. The counting rate in the absence of
beams was 30 Hz. In the presence of the average total
current of 80 mA, average load of the detector was about
1200 Hz. At that the live time was about 90%.

Fig 1.2.5: Preliminary SND results on the e

Fig 1.2.6: The measured e
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1.3. DETECTOR KEDR
The KEDR detector is an universal magnetic detector

working on the e+e− collider VEPP-4M in the energy re-
gion from 2 to 11 GeV in the center of mass system.

Figure 1.3.1: The KEDR detector. 1 – vacuum chamber
of the collider, 2 – vertex detector, 3 – drift chamber, 4 –
aerogel Cherenkov counters, 5 – time of flight counters, 6
– liquid krypton barrel electromagnetic calorimeter, 7 – su-
perconducting solenoid, 8 – magnet yoke, 9 – muon cham-
bers, 10 – end cap electromagnetic calorimeter based on
CsI crystals, 11 – compensating solenoid.

The main systems of the KEDR detector are shown in
Fig. 1.3.1. Besides this, the detector includes the system
of detection of the scattered electrons for study of the γγ
physics, and the luminosity monitor. Parameters of the de-
tector are similar to those of the best detectors, operating in
the world in this energy region.

1.3.1 Modernization of the KEDR detector for ex-
periments in high energy region

It was decided to perform repair work and modernization
KEDR detector systems in connection with moving to the
energy region W = 4 – 8 GeV. Those works were initiated
in May 2011. The most important results of works of 2011
on the modernization and improvement of the detector sys-
tems operation are described below:

— A disassembling of the KEDR detector was per-
formed. All detector systems were pulled out, the vacuum
chamber was dismounted.

— To increase the magnetic field from 6 kG to 10-12
kG a new source of power to feed the main superconduct-
ing solenoid and compensating coils is created on modern
element base.

— At the cryogenic station of BINP in August-
September 2011 new compressors were installed, which
will extend the continuous operation between preventive
stops.

— In connection with the increase of the field, in Decem-
ber 2011 work was completed to reinforce the detector ele-
ments, which provide fixing of the built-in ring, as well as
supporting and defining the position of compensating coils,
the central vacuum chamber, and the end-cap calorimeters
with respect to the orbit of the VEPP-4M.

— New electronics of the muon chambers was devel-
oped and tested. Currently it is being produced and in-
stalled on the blocks of the system (88 blocks, 552 chan-
nels).

— For the end-cap calorimeter on base of CsI crystals a
new construction to support crystals and combine their to
units was built. The number of units was reduced from 8
to 4. This will reduce the systematic errors in calculations
of luminosity in simulation settings and so on, associated
with inaccurate knowledge of the position of crystals.

— New fixing of PMT of the aerogel Cherenkov coun-
ters was developed and tested, which prevents rotation of
photodetectors in fields up to 20 kG. New fasteners were
placed in second layer of the system.

— New modification of photomultipliers with three mi-
crochannel plates for aerogel Cherenkov counters system
was performed for decrease degradation of photocathode.

1.3.2 Beam test of FARICH prototype

FARICH (Focusing Aerogel RICH) is a promising detec-
tor for charged particles identification in a wide momentum
range. It is a detector of Cherenkov rings with a radiator of
multilayer i aerogel. The works are carried out
by the aerogel group of the KEDR detector with the ex-
tracted electron beam at the VEPP-4M.

1.3.3 Extracted electron beam

In 2009–2010 a new experimental facility, extracted
electron beam of up to 3 GeV energy, was built at the
VEPP-4M accelerator. (Fig. 1.3.2). To obtain the beam,
one uses bremsstrahlung photons generated on a movable
probe which is introduced into the halo of the beam of
the accelerator. Conversion of gammas occurs before the
dipole magnet in the experimental hall. The magnet is used
to select electrons of certain momentum. Project momen-
tum resolution reaches 0.5% at the highest energy of sec-
ondary electrons. For the measurement of electron trajecto-
ries 7 one-coordinate drift chambers with designed resolu-
tion of 0.3 mm are used. 2 scintillation counters are used to
make a trigger signal and 4 veto counters are used to sup-
press side particles. Energy of electron is measured with
the NaI-crystal calorimeter.

"focus ng"
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Figure 1.3.2: Test beam facility layout.

Fig. 1.3.3 shows a photo of the experimental hall with the
test beam components and the FARICH prototype installed.

Figure 1.3.3: Experimental hall with the test beam compo-
nents and the FARICH prototype.

During 2010–2011 experiments were carried out to tune
the setup and to measure the beam parameters. The best
results were obtained with the VEPP-4M beam energy of
3.5 GeV and beam current of 10 mA. Electron rates after
the bending magnet in the experimental hall were measured
to be 50–100 cps for the electron energy of 1.4 GeV and
accelerator beam life time of 3000 s.

1.3.4 Works with FARICH

This technique is being developed in BINP SB RAS
since 2004. A Monte Carlo simulation program was
created that is able to deal with different configurations
of aerogel layers and photon detectors. Boreskov In-
stitute of Catalysis produced the world’s first monolithic
multilayer aerogel sample with the specific refractive in-
dexes of layers. Projects of FARICH detectors were
proposed for several HEP experiments: SuperB (Italy),
PANDA (FAIR, Germany), ALICE (LHC, CERN), Super-
c-τ -factory (BINP SB RAS). FARICH detectors for all

these projects have been simulated and their parameters
have been calculated: particle velocity resolution, particle
separation parameters, number of photoelectrons.

Conceptual design of the Super-c-τ -factory includes the
FARICH system that covers 98% of full solid angle and
comprises 17 m2 area of radiator and 21 m2 of photon de-
tectors. The total number of channels of the detector is
about 1 million. Silicon photomultipliers with 9 mm2 ac-
tive area are to be used. Cherenkov radiator is the 4-layer
aerogel of 35 mm thickness with 200 mm focal distance,
having refractive index of 1.07 in the most dense layer.
Simulation has shown that the system will allow us to sep-
arate muons and pions from the Cherenkov threshold of pi-
ons in the aerogel (0.4 GeV/c) up to 1.7 GeV/c at the level
higher than 3 standard deviations. This will allow to effec-
tively use the system in a search for the τ → μγ lepton-
flavor-violating decay that if found can signalize about the
new physics beyond the Standard Model. Such the μ/π-
separation can not be possibly obtained using any other
detector including DIRC, which worked at the BaBar ex-
periment (SLAC), and DIRC analogues which are being
developed for some future HEP experiments.

In 2010–2011 a prototype of the FARICH detector has
been created at BINP SB RAS. MRS APD silicon pho-
tomultiplier produced by CPTA company (Moscow) with
an active area size 2.1×2.1 mm2 was chosen as a de-
tector of photons. An array of 32 such photodetec-
tors constitutes the detector for registration photons of
Cherenkov radiation from aerogel. To read the signal two
16-channel discriminator-amplifier boards made in INR
RAS (Moscow) are used. To digitize the signal one 64-
channel TDC board in VME standard produced by firm
CAEN (Italy) is used. The design of the prototype allows
one to test the multi-layer aerogel radiators with a length of
focus from 50 to 700 mm. Also a package of programs for
the system of data collection from the FARICH prototype
was written. Calibrations of the photon detectors with the
help of picosecond laser were carried out. The time resolu-
tion of channels is 0,4–1 ns, dark counts rate is 2–8 ,
channel dead time — 20 ns.

In April – May, 2011 the prototype was successfully
tested with the extracted beam at an energy of elec-
trons around 1 GeV. The resolution along the radius of
Cherenkov ring for one photon for the 4-layer block of fo-
cusing aerogel with focusing length of 93 mm was mea-

result, obtained from the simulation. Fig. 1.3.4 shows the
distribution of hits in the plane of the photodetectors
track’s position (left picture: one can see three elements
of ring) and the density of photoelectrons as a function of
ring radius for one of the photomultipliers. The quality of
aerogel is consistent with the calculations and does not in-
troduce additional error.
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for the channel 14 Line shows a fit with Gaussian
and linear background.

1.4 RESULTS OF WORK OF THE KEDR
DETECTOR AT THE VEPP-4M

COLLIDER IN 2011

In the season 2011 the KEDR detector continued the ex-
periment at the VEPP-4M collider, processing the statistics
collected earlier and the new one. The most important re-
sults are the following.

— Collection of statistics: in 2011 the luminosity inte-

gral 2.1 pb−1 at the ψ(2S)-meson, 1.4 pb−1 in the energy
interval 2E=3.1 – 3.7 GeV scanning, and 0.16 pb−1 at the
energy 2E=7.0 GeV was written.

— Analysis of experiment on search for narrow reso-
nances in the energy region 2E=1.85 – 3.1 GeV was com-
pleted.

— Analysis of experiment on measurement of parame-
ters of the ψ(3770)-meson was completed, the mass, the
full and the electronic width were obtained.

— Measurement of parameters of the ψ(2S)-meson:
precision in the mass value was improved, the value Γee ×
Br(ψ(2S) → hadrons), the full and the electronic widths
were obtained.

— Measurement of the τ -lepton mass using full statistics
was continued.

Description of these works in some detail follows below.

1.4.1 Search for narrow resonances

In 2011 analysis of the experiment on search for narrow
resonances in the energy region 2E=1.85 – 3.1 GeV was
completed. Method of measurement and the data analysis
were published elsewhere.

Fig. 1.4.1 shows the value of the upper limit on the prod-
uct of the electron width and the probability of the narrow
resonance decay to hadrons in the energy range 1.85 - 3.1
GeV.

The dependence of the detection efficiency on the type of
final state and its cms energy has been obtained using the
J/ψ-meson hadronic decays. Fig. 1.4.1 does not include
the uncertainty, with which the beam energy spread in the
storage ring is known. The final value of limit on the value
of ΓRee ×Br(R → hadrons) in region 2E = 1.85–3.1 GeV
is equal to

ΓRee ×Br(R → hadrons) < 120 eV, 90% CL.

The value of this limit is four times lower than the previ-
ous one obtained at the collider ADONE.

1.4.2 Measurement of the ψ(3770)-meson pa-
rameters

In 2010 final results of the experiment on measurement
of the ψ(3770)-meson parameters were obtained.

For processing we used statistics of 2.6 pb−1, collected
in three scans of the ψ(2S)–ψ(3770) region in 2004–2006.
For the first time effect of interference of resonant and non-
resonant DD̄-mesons pairs production (in latter case with
different form-factor models) on ψ(3770) parameters was
studied in detail. Systematic uncertainties connected with
choice of the form of non resonant cross section were stud-
ied.

Visible cross section of the process e+e− → hadrons is
shown in Fig. 1.4.2.

The following values of the ψ(3770)-meson mass and
full width were obtained:

M = 3779.2+1.8
−1.7

+0.5
−0.7

+0.3
−0.3 MeV,

(top
(down).
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Figure 1.4.1: Upper limit on the product of the narrow resonance electron width and the probability of its decay to hadrons
in the energy range 2E=1.85 - 3.1 GeV.

Γ = 24.9+4.6
−4.0

+0.5
−0.6

+0.5
−0.2 MeV.

Statistical, systematic and model uncertainty of results are
presented consistently. Interference leads to two-valued re-
sult for the electronic width:

(1) Γee = 154 +79
−58

+17
−9

+13
−25 eV,

(2) Γee = 414 +72
−80

+24
−26

+90
−10 eV,

Article on the work submitted for publication.

1.4.3 Measurement of the ψ(2S)-meson parame-
ters

In 2011 processing of statistics, collected for the study
of the properties of ψ(2S)-meson, was continued. New
results are presented in this section.

Measurement of the mass.
In 2011 an accuracy of the mass measurement of the

ψ(2S)-meson in comparison with the result, published in
2003 (for scanning 2002), was noticeably improved. The
new value was obtained from the analysis of the data of
2004 and 2006, as well systematic errors were done more
accurate.

M = 3686.114± 0.007± 0.011 +0.002
−0.012 MeV.

This value is within one standard error consistent with the
table value Mψ(2S) = 3686.093± 0.034 MeV and has two
times better accuracy.

Data of different measurements are shown in Fig. 1.4.3.
The results were accepted for publication.

Measurement of Γee ×Br(ψ(2S) → hadrons)
In 2011, the analysis was performed with the purpose of

measuring the value of Γee×Br(ψ(2S) → hadrons). The
following result was obtained:

Γee ×Br(ψ(2S) → hadrons) =

2.233± 0.015 ± 0.037± 0.020 keV.

Data of the KEDR detector allow us to calculate the
value Γee. Using the above result for

Using the above results for Γee × Br(ψ(2S) →
hadrons) independent averages (PDG2010) for the
Br(ψ(2S) → hadrons) and Br(ψ(2S) → e+e−) we ob-
tain the following value of the full and electronic widths
Γee for the ψ(2S)-meson:

Γ = 296 ± 2 ± 8 ± 3 keV.

Γee = 2.282± 0.015 ± 0.038± 0.021 keV.
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Figure 1.4.2: Visible cross section of the process e+e− →
hadrons in three scans as a function of the center mass en-
ergy. The lines are the result of a common fit for three
scans.
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Figure 1.4.3: The mass of the ψ(2S) according to the dif-
ferent experiments and the average value (shown as vertical
band).

The achieved accuracy of determination of partial widths
ψ(2S) in two times exceeds the accuracy of similar mea-
surements carried out in the previous experiments (see
Fig. 1.4.4).

The results will be published in 2012.
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Figure 1.4.4: Electronic and full width ψ(2S) according to
data from different experiments. Vertical bands show the
average values from the PDG-2010.

1.4.4 Measurement of the τ -lepton mass

The lepton universality principle is one of the fundamen-
tal principles of the Standard Model. It consists in require-
ment of equality of weak interaction constants for leptons
e±, μ±, τ±.

The μ− τ universality requires that it should be satisfied
the equality
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(
Gτ
Gμ

)2
=
(
mμ

mτ

)5(
tμ
tτ

)
Br(τ → eντ ν̄e)·Fcor(mμ,me)

Fcor(mτ ,me)
≡1

(Since Br(μ → eνμν̄e) = 1). Using the PDG-2010
data, for the experimental value of this ratio one obtains a
value 1.0029±0.0045, which is less than by one σ differ-
ent from 1. The main contribution to the error give uncer-
tainties with which the life time of the τ -lepton (±0.34%)
and the value Br(τ → eντ ν̄e) (±0.28%) are known. Er-
ror in the average value of the τ -lepton mass is ±0.009%,
its contribution to the presented above ratio is small now
(±0.045%). The value of this error was diminished notice-
ably, after inclusion in the PDG tables our measurement of
the mτ with the best in the world precision (2007). Nev-
ertheless, the measurement of the τ -lepton mass with the
best possible accuracy remains an interesting task and can
be claimed in the future. Such experiment with participa-
tion of physicists from the Budker INP has been started at
the e+e−-collider in Beijing in 2011.

In 2011, we continued analysis of the full statistics,
which was recorded (15.2 pb −1), in order to improve the
precision of the value of mass of the τ -lepton, to diminish
the systematic errors of the measurement.

The following value of the mass was obtained:

mτ = 1776.69+0.17
−0.19 ± 0.15 MeV .

We are continuing analysis of the systematic errors, it is
possible that this result will be improved.

1.4.5 Conclusion

In conclusion, it should be noted that work done with
the KEDR detector under the title ”In experiments with
KEDR detector at VEPP-4M with the best in the world pre-
cision parameters of the ψ(2S) and ψ(3770) mesons have
been measured and the most sensitive limit on narrow res-
onances cross section in the energy region 2E=3.1 – 3.7
GeV has been achieved” was recognized the best work of

In 2011 results of experiments with the KEDR detector
were published in 4 articles and 5 preprints, 3 reports were
submitted at Scientific session-conference section of NF
OFN RAS ”Physics of fundamental interactions” (Novem-
ber, Moscow), 2 reports were submitted at conference
”From φ to ψ” (September, Novosibirsk), one report was
submitted at the 22nd International Conference on Mag-
net Technology (September, Marseille), one report was
submitted at the XXIst Europhysics Conference on High
Energy Physics (July, Grenoble), one report was submit-
ted at the International conference on hadron spectroscopy
HADRON 11 (June, Munich), one report was submitted at
the 8th International Workshop of QWG (October, Darm-
stadt), and one doctoral dissertation was defended. 2 papers
were published and 6 reports on international and Russian
workshops as well as a talk on the experimental seminar at
BINP SB RAS were presented regarding the experimental
works with FARICH.

This work was done with partial support by grants
RFBR 09-02-01143-a, 10-02-00871-a, 10-02-00904-a, 11-
02-00558-a, 11-02-01064-a, 11-02-01422-a, 11-02-05024-
b, the Russian President Grant for State support of leading
scientific schools NSh-6943.2010.2, the Integration Project
SB RAS 100 (2009 - 2011), as well as with financial sup-
port from the Ministry of Education and Science of Russia.
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1.5 DETECTORS FOR HEP 
In 2011, a lot was done within the upgrade of the 

detector electronics.  
 

KEDR:  
1. New discriminators for the muon system were 
fabricated (being installed at the moment).  
2. The power backup unit for the valves of the cryogenic 
system was finished.  
3. The second version of the control module for these 
valves was developed and built.  
4. A prototype was made and a control unit of the 
forevacuum station is being adjusted.  
5. The chamber electronics of the crypton calorimeter 
were repaired, and restoration of the CsI calorimeter with 
partial replacement of amplifiers is underway.  
 
SND:  
1.  Spare modules for the trigger were made and tested: 
the logic of the tracks and that of the calorimeter (a stand 
was made for their inspection)  
2. New front-end electronics were made for the first layer 
of the calorimeter and a half of it was mounted on the 
detector up and started operation.  
3. Similar electronics for the second and third layers of 
the calorimeter were developed and are being fabricated 
now.  
4.  A prototype of the waveform registration module for 
the calorimeter was made and used for research on the 
possible time resolution of the calorimeter.  
5. The time resolution of the calorimeter trigger was 
improved almost 3 times through correction of the 
modules of the primary trigger interface.  
  

1.6 X-RAY DETECTORS 
In 2011, development of registration equipment to 

study the dynamics of explosions was conceptualized. 
The existing detector DIMEX has a one-coordinate scale, 
which is a significant limitation in some experiments. 
There are plans to design a multi-coordinate detector, in 
which silicon microstrip structures will be used as 
recording elements. The work on drawing up technical 
specifications for the development and production of 
samples of such structures is underway.    

In 2011, a contract on the supply of the X-ray 
detector OD-3M to the Institute of Crystallography, RAS 
(Moscow) was fulfilled. One more detector of this type 
was installed in beam line 5 of the VEPP-3 SR source 
instead of the detector OD-3, which had been in use there 
for several years.  

In 2011, samples of information boards were made, 
as well as a stand to test them. The boards are intended 
for the detector OD-4, designed for experiments on wide-
angle scattering on SR. Instead of a wire structure, such as 
in OD-3M, a multistage gas electron multiplier (GEM) is 
used in OD-4. This allows, together with a high gas gain 
(over 10,000), making a detector in the form of an arc 
with an arbitrary angular aperture. A lot was done on the 

development of the topology of the motherboard and 
software of the detector.  
   

1.7 OTHER WORKS 
Active participation in the works associated with the 

development of the new data collection system for the 
detector BELLE-II (KEK, Japan) was continued. Twelve 
16-channel shaper-amplifiers boards were made for the 
barrel part of the calorimeter on CsI(Tl) crystals. 

The 2nd version of the collector module for reading 
data from the boards of the driver amplifiers was designed 
and passed to the production department.  
 
 

1.8 MICROSTRUCTURE GASEOUS 
DETECTORS  

 Development of detectors based on gas electron 
multipliers (GEMs) was continued in 2011. The work 
went in several directions:  

1) development of two-phase cryogenic avalanche 
detectors (CRADs) on the basis of thick GEMs 
(THGEMs) for low-background experiments on the 
search for dark matter and registration of coherent 
scattering of neutrinos on nuclei, as well as for medical 
imaging;  

2) study of infrared (IR) scintillations in gaseous and 
liquid Ar at cryogenic temperatures;  

3) modernization of the system for scattered electrons 
in the KEDR experiment; and 

4) participation in collaborations RD51 at CERN on 
the development of micro-structure gas detectors and TPC 
for the International Linear Collider.  

  
1.8.1 Two-phase cryogen avalanche detectors 
(CRADs) on the basis of thick gas electron 
multipliers (THGEMs)  

  
The main objective of this project is development of 

methods for detecting neutrinos and dark matter and 
medical imaging via developing so-called cryogenic 
avalanche detectors (CRADs) based on liquid Ar and Xe, 
i.e. cryogenic detectors with electron avalanche 
amplification that is realized in the detection medium. 
The avalanche amplification is brought into effect by 
means of gas electron multipliers (GEMs), which work in 
dense noble gases at cryogenic temperatures. Such a wide 
range of application of CRADs is based on the GEM 
unique property, which had been revealed in our previous 
projects, of high gains in dense noble gases at cryogenic 
temperatures. GEM-based CRADs may be applied to 
registration of coherent scattering of neutrinos on nuclei 
and search for dark matter with the use of two-phase 
(liquid-gas) Ar and Xe, as well as in positron emission 
tomography (PET) with liquid or two-phase Xe. An 
important goal of the project is to increase the CRAD 
sensitivity in low-background experiments, to the single-
electron counting mode. Besides other means, this will be 
achieved through the use of a combined multiplier that 
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consists of thin and thick GEMs, as well as by optical 
reading from the GEMs with the help of high-power 
Geiger avalanche photodiodes (G-APDs) in the near 
infrared (IR) range, see Fig. 1.8.1. Another aim of the 
project is to develop a real-life CRAD with a volume of 
10 liters, applicable to operation in Ar and Xe. The 
response of the detector to recoils of nuclei will be 
studied; the recoils will be induced by neutron scattering 
and simulate a signal from coherent scattering of 
neutrinos and dark matter. Results of these studies will be 
used in the designing of a 100-liter detector of a volume, 
which will be sufficiently big for full-scale experiments 
on coherent scattering of neutrinos, search for dark 
matter, and PET. The application to medical imaging, 
PET, coherent scattering of neutrinos on nuclei, and 
remote monitoring of nuclear reactors via measuring the 
neutrino flux, may be of considerable commercial interest 
in the field of nuclear non-proliferation.  

The intensive study of the CRADs on the new 
upgraded facility with a cryogenic chamber of a volume 
of 9 liters was continued in 2011.  

Fig. 1.8.1. Scheme and principles of operation of two-
phase cryogenic avalanche detector (CRAD) in Ar. The 
detector is based on thick gas electron multipliers 
(THGEMs) with optical readout using Geiger avalanche 
photodiodes (G-APDs) and intended for low-background 
experiments on registration of coherent scattering of 
neutrinos on nuclei and search for dark matter. 

 
A two-phase THGEM-based CRAD was studied for 

the first time in Xe, both with charge reading and with 
optical reading of signal with the use of Geiger avalanche 
photodiode (G-APD). The two-phase CRAD with an 
active area of 2.5x2.5 cm2 was shown to work stably in 
the two-phase CRAD in Xe: the charge gain was as high 
as 600 with a rather low noise level (a few Hz): see Fig. 
1.8.2. On the other hand, the maximum gain achieved was 
5 times lower than in two-phase Ar.  

 

 
 

Fig. 1.8.2. Gain characteristics of the two-stage THGEM 
in the two-phase CRAD in Xe. The characteristic of a 
three-stage GEM is shown for comparison. 

 
Further studies on optical reading were carried out 

with a combined THGEM/G-APD multiplier in gaseous 
Xe in the near-IR range (to 1,000 nm) at 200 K. Fig. 1.8.3 
(above), in particular, shows the spectrum of infrared 
scintillations in Xe and Ar, as well as the efficiency of 
photon detection with G-APD. Fig. 1.8.3 (bottom) 
presents a typical optical and charge signals from the 
combined THGEM/G-APD multiplier at a charge gain of 
350 and exposure to 60 keV X-rays. At a charge gain of 
350, the optical signal amplitude was 0.07 photoelectrons 
per primary (before the amplification) electron at a G-
APD angle of view of ± 70º. This is an order of 
magnitude lower than the amplitude attained in Ar in a 
two-phase mode with a similar charge gain. The weaker 
optical signal corresponds to smaller overlapping of the 
spectra of IR scintillations and G-APD sensitivity in Xe 
as compared with Ar.  

Thus, it is concluded that the charge gain in the two-
phase CRAD in Xe may be sufficient for PET 
applications. On the other hand, the gain is insufficient for 
the maximum-sensitivity detectors required for low-
background experiments; two-phase CRADs in Ar are 
still more preferable.  

The studies on cryogenic avalanche detectors will be 
continued in 2012 in the following directions:  

- operation of THGEM and combined THGEM/GEM 
multipliers with an active area of 10x10 cm2 in the two-
phase CRAD in Ar and Ar + N2;  

- operation of two-phase THGEM-based CRAD in Ar 
with a liquid layer thickness of 5 cm;  

- study of a two-phase CRAD in Ar with optical 
readout from a THGEM with a G-APD matrix of 3x3 
elements.  
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Fig. 1.8.3. Above: spectra of scintillations in gaseous Ar 
and Xe in the near-IR range and the spectrum of photon 
detection efficiency in the G-APD. Bottom: typical 
optical (upper scan) and charge (lower scan) signals from 

at 200 K at a charge gain of 350 and exposure to X-rays 
of an energy of 60 keV. 

  
  

1.8. 2. Investigation into infrared (IR) 
scintillations in gaseous and liquid Ar at 
cryogenic temperatures  

 
The successful results on optical reading of avalanche 

scintillations in Ar in the combined THEM/GAPD 
multiplier initiated studies on the primary and secondary 
IR scintillations in gaseous and liquid Ar at cryogenic 
temperatures. That resulted in 2011 in the first-time 
measurement of the yield of primary and secondary 
(proportional) scintillations in gaseous and liquid Ar in 
the range of 400 to 1000 nm. A new method for 
measuring the scintillation yield was developed for this 
purpose. This method involves G-APDs sensitive in the 
near infrared region of the spectrum and working in a 

time-resolved photon counting mode. Below are 
presented the results of these studies.  

For gaseous Ar, primary scintillations were proved to 
emit in the near IR range. Their yield (the fast 
component) amounted to 17,000 ±3,000 photons/MeV in 
the range of 690 to 1,000 nm (Fig. 1.8. 4, above). This is 
comparable with the yield of scintillations in the VUV 
range for gaseous Ar and Xe.  

 

 

 
Fig. 1.8.4. Above: scintillation yield in gaseous and liquid 
Ar at cryogenic temperatures vs. electric field; the 
primary scintillation area corresponds to a field <1 
kV/cm. Bottom: reduced yield of the secondary 
scintillations (electroluminescence) vs. reduced electric 
field in the near IR and VUV region. 

 
The yield of primary scintillations (the fast 

component) in liquid Ar was significantly lower (Fig. 
1.8.4, above): 510±90 photons/MeV in the range of 400 to 
1,000 nm. Nevertheless, it is comparable with the light 
yield of fast solid scintillators used in HEP calorimetry.  

There were proportional scintillations 
(electroluminescence) found in the near IR field in 
gaseous Ar (Fig. 1.8.4, bottom). The parameter of 
electroluminescence proportionality (the slope in Fig. 
1.8.4,bottom) at 163 K amounted to 13 photons per 

the combined THGEM/G-APD multiplier in gaseous Xe 
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electron per kV, which is slightly less than in the VUV 
region. However, proportional scintillations can 
significantly increase the light yield in the IR region as 
compared with primary scintillations, up to hundreds of 
thousands of photons per MeV.  

Opposite to gaseous Ar, no proportional scintillations 
were observed in liquid Ar, up to an electric field of 30 
kV/cm.  

 Research on infrared scintillations in noble gases 
will be continued in 2012.  

  
  

1.8.3. Modernization of the system for scattered 
electrons in the KEDR experiment  
 

The system for registration of scattered electrons is 
an essential part of the KEDR experiment and allows 
detecting electrons that are scattered through small angles 
from the collision place. These electrons are a 
characteristic feature of photon-photon interactions and 
their registration and accurate momentum measurement is 
an important physical task.  

For the purpose of attaining ultimate electron-
momentum resolution, which is determined by beam 
parameters in the accelerator, and improving the 
separation of signal from background, each of the eight 
stations of the system was equipped with a detector based 
on a triple GEM with two-coordinate readout. The 
detectors allow measuring the coordinate in the orbital 
plane with a resolution of ~ 0.1mm. In the direction 
perpendicular to the orbital plane, the spatial resolution 
will be ~ 0.25 mm in the area of ± 1 cm from the orbit and 
~ 1 mm in a larger distance. For the required parameters 
to be attained, a special design of the readout plane was 
developed, with a variable angle of the stereo strips. The 
detectors are 125*100 mm to 250*100 mm in size, 
depending on the type of the station.  

During 2010, the system of GEM-based detectors 
(GEM-SRSE) was completely launched and began 
continuous operation in the data acquisition system of 
KEDR. During the season of 2010-2011 (November 2010 
to March 2011), the system was involved in the collection 
of statistics in the energy range of 3.2 GeV to 8 GeV. 
Figs. 1.8.5 and 1.8.6 show the gas amplification factor 
and efficiency of all the 8 detectors of the system in 
dependence on the time since the beginning of the season.  

It is evident that the detectors have operated stably 
for a long time at a high gain of 20,000 to 40,000 and 
efficiency of 95 to 97%, with no signs of breakdown and 
subsequent damage to the structure of the detectors and 
electronics.  
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Fig. 1.8.5. Gas amplification coefficient of the GEM-
SRSE detectors vs. time. 
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Fig. 1.8.6. Efficiency of the GEM-SRSE detectors vs. 
time. 

  
1.8.4. Participation in collaborations  

  
The BINP group of microstructure gas detectors 

participates in the international collaboration RD51 at 
CERN, which is aimed at the development of 
microstructure gas detectors and was formed in 2008. In 
2011, the BINP group continued its participation in this 
collaboration.  

Besides, the group continued its participation in the 
development of the TPC for the International Linear 
Collider (ILC). Currently, the cascaded GEM seems to be 
the most likely candidate for the end registering detector 
of the TPC.  

The work on cryogenic avalanche detectors was 
supported by grants from the federal target program 
"Scientific and scientific-pedagogical staff of innovative 
Russia" (for 2009-2012), Ministry of Education and 
Science Contracts P682 and P980 (for 2009-2013), and 
RF Government grant 11.G34.31.0047 (for 2011-2013).  
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1. 9  EXPERIMENT BELLE 
 
1.9.1.  Main results 

• A method has been developed to take into 
account interference in the decays B±→K±ηc

('), parameters 
of the ηc и ηc' charmonia as well as products of the 
branching fractions have been measured. 

• A model-independent method of the 
measurement of the branching fraction for the decay 
Λc

+→pK-π+ was developed. 
• Charged bottomonium-like states Z(10610) and 

Z(10650) were discovered.  A model considering them as 
four-quark bound systems of   BB* and B*B* mesons, 
respectively. 

• A search for lepton-flavor-violating decays   
τ→l-V0  was completed. 

• A search for  CP-violation was perforemd in the 
decay τ±→K0

Sπ±ντ. 
• A search for lepton-flavor-violating decays τ-→l-

hh' was continued. 
• A new shaper-digitizer in the  VME standard was 

developed and constructed, its characteristics measured. 
• Mechanical and electrical specifications for the 

new  VME crate were developed. 
• Measurements of the light output and non-

uniformity were performed for pure CsI crystals produced 
in Kharkov. 
 
1.9.2.  Data analysis of the Belle experiment 

The BINP group is actively participating in the Belle 
experiment at KEK, Tsukuba, Japan, both in its design 

and construction and maintenance of the world largest 
calorimenter on CsI crystals. In 2010 the Belle detector 
was stopped for an upgrade, also upgraded is the KEKB 
collider. Analysis of the collected data is in progress. 
Study of the ηс and ηс(2S) charmonia in B decays 

A group of BINP scientists has studied properties of 
the  ηс and its excited state ηс(2S). These particles are 
bound states of c and anti-c quarks (so called charmonia). 
Their source was considered to be a B meson decay into 
K meson and charmonium, followed by the charmonium 
decay into hadrons, KSKπ. B meson decays into the same 
final state (KKSKπ), but without the intermediate 
charmonium state, are referred to as the non-resonant 
contribution. interference with which amplitude leads to a 
considerable model error of the measurement of B meson 
and charmonium decays branching product. To decrease 
this model error, the estimation of the interference using 
the 2D fit of cosθ (cosine of the angle between a K meson 
from the B decay and a KS meson) and KSKπ invariant 
mass distributions was performed. The fit results are 
shown in Fig. 1.9.1. The proposed procedure of taking the 
interference into account for the first time contains no 
assumptions about the interference phase or absolute 
value, i.e., is model independent. Results of this study are 
the B meson and charmonium decays branching product 
and the mass and width values of the ηс and ηс(2S) 
mesons. Due to the large data sample size, the results 
have small statistical errors and allow the improvement of 
the corresponding world average values. The results were 
published in journal Physics Letters B. 

a)                         b)  

c)                         d)  

Fig. 1.9.1. Projections of the 2D fit of the cosθ and KSKπ distributions in case of ηс (a, b) и ηс(2S) (c, d) meson decays. 
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Model-independent measurement of the branching 
fraction of   Λc

+→pK-π+ 
The absolute value of the branching fraction of the 

decay Λc
+→pK-π+ is an important quantity for physics of 

heavy quarks since probabilities of the majority of other 
decays of the Λc

+ baryon have been measured relative to 
this mode. The absolute value of this branching fraction, 
(5.0 ± 1.3)%, has a large 26% uncertainty mainly due to 
the theoretical models. The BINP group has developed a 
model-independent method to determine this branching 
fraction based on the selection of the exclusive process  
e+e-→ Λc

+p̅ D̅0 by two different ways: (1) reconstruction 
of  Λc

+ in recoil mass (Fig.1.9.2(а)) and (2)  search for 
this process with Λc

+ detection in the invariant mass of  
pK-π+, e.g.,  D(*)0 reconstruction in recoil mass (Рис.1.9.2 
(b)). The ratio of (2) to (1) gives a seeked for result with 
an uncertainty of about 10% (taking into account 
systematic effects). This analysis is close to completion 
and will be published after its discussion by the 
collaboration. 

 
a) 

 
b) 

 
 

Fig. 1.9.2. (а) Recoil mass of (D0p) in GeV/с2 for the 
process e+e-→ Λc

+p̅ D̅0, D ̅0→ K+π-. A peak in the right 
part is Λc(2625)+. (b) Recoil mass of  (Λc

+p̅) in GeV/с2 for 
the process e+e-→ Λc

+p̅ D̅(*)0, Λc
+→pK-π+. 

 
 

Discovery of exotic  Z(10610) and Z(10650) states 
In 2008 analysis of the data collected by Belle in the 

Υ(5S) region showed that the probabilities of the  
Υ(5S)→Υ(nS)π+π- transitions, where n=1, 2, 3, are almost 
two orders of magnitude larger than expected. By 2010 an 
integrated luminosity larger than 120 fb-1  was collected 
near Υ(5S) and allowed full amplitude analysis of the 
three-body decays  Υ(5S)→Υ(nS)π+π-, n=1, 2, 3. to be 
performed. 

Analysis used completely reconstructed events of 
Υ(5S)→Υ(nS)π+π-, where Υ(nS) was reconstructed by 
Υ(nS)→μ+μ-  decay. Reliable muon identification was 
possible due to the Belle KLM detector. To select a signal 
we plotted the dependence of the invariant mass of the 
muon pair  on MM(π+π-), where MM(π+π-) is a missing 
mass for a pion pair calculated from energy-momentum 
conservation. The corresponding distribution is shown in 
Fig.1.9.3, where a signal of  Υ(5S)→Υ(nS)π+π-, 
Υ(nS)→μ+μ- decays can be seen along the diagonal in the 
regions corresponding to  Υ(nS) mass. 

For  further analysis we selected events satisfying  a  
requirement common for all final states, |MM(π+π-) - 
MM(μ+μ-)| < 150 MeV/c2   and requirement |MM(π+π-) - 
MΥ(nS)| < 50 MeV/c2 to select a signal in the channel 
Υ(5S)→Υ(nS)π+π-. For selected events the two-
dimensional (Dalitz) distribution M2(Υ(nS)π±)max vs. 
M2(π+π-) was plotted. To determine the background 
distribution events in the sidebands 50 MeV/c2 < 
|MM(π+π-) - MΥ(nS)| < 150 MeV/c2  hаve been used. Dalitz 
distributions for signal and background events of the  
decay Υ(5S)→Υ(2S)π+π- are shown in Fig.1.9.4. 

 

Fig. 1.9.3. Dependence M(μ+μ–) vs. MM(π+π–). 
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Fig. 1.9. 4. Dalitz distributions  for background  (а) and signal (b) events in the decay   Υ(5S)→Υ(2S)π+π-. 
 

 
Fig. 1.9.5. Invariant mass distribution of the  Υ(2S)π± system (left) and π+π- system (right) for signal events in the decay  
Υ(5S)→Υ(2S)π+π-. Points – experimental data, the histogram – result of the fit, the shaded histogram shows the 
expected leevel of background events. 
 

A significant background for the processes under 
study comes from  decays  Υ(5S)→μ+μ-γ, in which a 
photon further converts into a e+e- pair. Since tracks have 
small momentum , the Belle electron identification 
efficiency is small. However, such events can be rejected 
by the requirement MM(π+π-) > 0.4 GeV/c2. The 
background in the remaining part of the Dalitz plot  
agrees well with the uniform. One-dimnsional 
distributions over the two-body invariant mass  are shown 
in Fig. 1.9.5. The Dalitz distribution of signal events for 
all three final states was parameterized in the following 
common model: 
AΥππ = AZ1 + AZ2 + Af0 + Af2 + ANR, where AZ1 and AZ2 - 
amplitudes of the  Υ(5S) decay with formation of the 
intermediate Z states, Af0 и Af2 – amplitudes of 
Υ(5S)→Υ(nS)f0(980) and Υ(5S)→Υ(nS)f2(1270) decays, 
respectively, ANR – the amplitude of the non-resonant 
decay. Experimental data were fit to  the combination of 
the signal and background to determine the relative 

phases and contributions of separate quasi-two-body 
amplitudes as well as mass and width of the Z states. In 
the subsequent analysis of the hb(1P) and hb(2P) 
production the ITEP group found that the main 
mechanism of the production of such states is a transition 
with intermediate production of one of these Z states 
Υ(5S)→Zπ±→hbπ+π-. Results of the determination of  the  
parameters of the Z states  are listed in Table 1.9.1. 

The most important result of this work is the first 
observation of charged bottomonium-like states. 
Moreover, the existence of decays Z→Υ(nS)π± makes 
classification of  Z as   two-quark systems impossible. A 
minimal quark content will be that of four quarks. The 
authors suggested to consider  Z(10610) as a system of 
bound B and  B* mesons and   Z(10650) as a system of 
bound B*B* mesons, respectively  Such a model is in 
good agreement with all observed properties of the Z 
states. This work was accepted for publication in journal 
Phys. Rev. Lett. 
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Table 1. Comparison of  the  parameters of the Z states measured in different final states. 

 
 
Studies of τ-lepton decay 

 
Analysis of a search for lepton-flavor-violating 

decays  τ→l-V0, where l=e, μ, and V=ρ0, ω, φ, K*0, anti-
K*0, 10 different decay modes in total, has been 
completed. A data sample for analysis was 854 fb-1 or 
782×106 produced τ-lepton pairs. In all the modes a 
seeked for signal did not exceed an expected background, 
so that upper limits for the corresponding branching 
fractions can be set: B(τ-→e-V0) < (1.8 - 4.8)×10-8, B(τ-
→μ-V0) < (1.2 - 8.4)×10-8 at 95% confidence level. 
These limits are by a factor of 5.7 stricter than in previous  
Belle experiments and are also stricter than those at  
BaBar. The improvement is due to an increase of statistics 
as well as stronger supprerssion of the background 
processes. This work has been published in journal  
Physics Letters B. 

Also completed is a search for CP-violation in  
τ±→K0

Sπ±ντ . Analysis used a data sample of 699 fb-1. 
Using (162.2 ± 0.4)×103 decays τ+→K0

Sπ+ντ and (162.0 ± 
0.4)×103 decays τ-→K0

Sπ-ντ, CP-asymmetry has been 
measured in four bins of invariant mass of the K0

Sπ±-
system (Fig.1.9.6). In all bins the asymmetry is 
compatible with zero with  O(10-3) accuracy allowing to 
set upper limits on the  CP-violation parameter |T(ηS)| < 
0.026 at 95% confidence level, an order of magnitude 
stronger than previously. This work has been published in 
Physical Review Letters. Analysis is in progress to search 
for  lepton-flavor violating decays τ-→l-hh', where l=e, μ, 
h=π±, K±. 

 

 
Fig. 1.9.6. Measured CP-asymmetry. 

 

1.9.3. Detector upgrade 
The upgrade of both the detector (Belle II) and the 

collider to increase the luminosity up to 8×1035 cm-2s-1  is 
in progress. The new experiment will allow a 
measurement of all angles of the unitarity triangle with a 
few percent precision and, perhaps, will give an 
opportunity to go beyond the Standard Model. Besides the 
study of the CP-violation mechanism, a large data sample 
accumulated in this experiment will allow new results on 
physics of B and D mesons, and τ-lepton decay  to be 
obtained. 

Increase of the luminosity and background rate 
imposes new requirements on the detector subsystems. To 
provide efficient calorimeter operation, it has to be 
upgraded. The BINP group participates in the upgrade of 
the calorimeter. It has developed and proposed the 
scheme of the calorimeter upgrade. 
For the barrel part of the calorimeter, the counter 
electronics will be replaced by the scheme with pipeline 
readout followed by the data fit with a known response 
function. Such a procedure allows the determination of 
both the energy and signal arrival time.  Time information 
allows the suppression of the rate of  fake clusters to be 
realized. 

For the end caps, where the background conditions 
are most severe, the first stage includes the electronics 
upgrade and then the replacement of the CsI(Tl) 
scintillation crystals by the crystals of non-activated CsI 
with a smaller decay time. This will allow a 30 times 
improvement of the counter time resolution, and taking 
into account a fit of the signal shape, will provide 
background suppression by a factor of  more than 150. 

In 2011 BINP completed development and 
constructed the first version of the shaper-digitizer 
module in VME standard (Fig.1.9.7). This module will be 
a main unit of the new electronic system. It forms signals 
from counters, performs digitization of the signal shape 
with a frequency of about 2 MHz followed by digital 
processing to reconstruct a pulse height and its arrival 
time.  In addition, the module forms a fast analogous 
signal to be used for a neutral trigger. Compared to the 
previous version, the new module has significantly 
smaller duration of the trigger signal to decrease dead 
time of the neutral trigger during continuous injection.    
The module has an additional option of calibrating 
separately each of 16 channels, an important feature to 
tune and calibrate trigger.   
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Fig. 1.9.7. Module of 16-channel shaper-digitizer in VME 
standard  

 
 

Measurements of shaper-digitizer characteristics 
were performed. Using signals from cosmics a signal 
shape at the digitization input has been measured in detail. 
The shape shown in Fig. 1.9.8(а) corresponds to the 
expected one and a channel-to-channel deviation is less 
than 2%.A unit linearity was measured using a calibrating 
generator. The deviation from linearity does not exceed 
0.3% (Fig.1.9.9). The energy equivalent of incoherent 
noises was 300 keV, while for coherent noise it was 20 
keV. A signal shape for a trigger channel (Fig. 1.9.8(b)) 
corresponds to the expected one, совпадающие с 
ожиданием, adjustment of the transformation coefficients 
was performed.  

12 test modules will be constructed at the beginning 
of 2013. Preparation of stands for module measurement 
and passportization in mass production is in progress.  

Mechanical and electrical specifications for a new 
VME crate were developed. They are chosen in such a 
way that a crate provides operation of 12 shaper-digitizer 
modules without noise increase.  Production of such 
crates started. 

At the next stage of upgrade crystals of pure в 
торцевой части калориметра планируется установить 
кристаллы чистого CsI will be installed at the endcap 
calorimeter. The Kharkov  Institute of Scintillation 
Materials  is considered as a possible supplier of crystals. 
Light output and non-uniformity were measuredf for a set 
of crystals produced in Kharkov. Their parameters are 
consistent with those of the previous set. 50 test crystals 
have been ordered. Tests of radiation hardness are 
planned.  

 
 
 
 
 
 
 

a) 

 
        b)  

 
Fig. 1.9.8. (а) Shape of shaper-digitizer signal. (b) Shape 
of trigger signal. 
        a) 

 
           b) 

 
Fig. 1.9.9. (а) Shaper-digitizer response. (b) Module 
deviation from linearity. 
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1.10 BABAR EXPERIMENT 
 
Experiments with the BABAR detector were carried 

out on the e+e- collider PEP-II at SLAC (USA) since 1999 
to 2008. Processing of data accumulated in the 
experiment is going on. The BABAR collaboration 
includes about 600 physicists representing 72 institutes 
from 12 countries, with 11 BINP members among them. 
In 2011, the collaboration published 29 papers and about 
100 analysis are currently in process.  

The main objectives of the BABAR experiment is to 
study CP violation in decays of B mesons, precise 
measurement of the decays of B and D mesons and τ 
leptons, and search for their rare decays. Although the 
design of the detector and collider were optimized for the 
study of CP asymmetry, this practically did not reduce the 
potential of the experiment in relation to other processes.  

BINP participants of the collaboration are engaged in 
the analysis of data on the measurement of the matrix 
element Vub of the CKM matrix, measurement of cross 
sections for  e+e- annihilation into hadrons using the 
radiative return, and study of two-photon processes with 
registration of scattered electrons.  

The radiative return method was developed by BINP 
physicists and consists in stady of processes with 
emission of hard photon by initial particles, so that the 
rest of energy goes into hadron production at much lower 
energies, down to the production threshold. This allows us 
to study the exclusive processes of e+e- annihilation into 
hadrons with hadron mass ranging from the threshold up 
to 5-6 GeV/c2.    

 

 
Fig.1.10.1 Cross section for e+e- → K+K-π+π- as a function 
of Ec.m., as measured in the process of radiative return on 
the BABAR detector (shaded circles). Direct 
measurement with the DM1 detector is shown with 
unshaded circles. Only statistical errors are shown.  

Analysis of the e+e- → K+K-π+π- and K+K-π0π0 
processes using all data recorded in the BABAR 
experiment was completed and published in 2011. The 
resulting cross section (Fig. 1.10.1) in the region from the 
threshold to Ec.m.= 5GeV is the most precise measurement 
so far. The e+e-→K+K-π0π0 process (Fig.1.10.2) has not 
been studied before.  
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Fig.1.10.2 Cross section for the e+e- → K+K-π+π- process 
as a function of Ec.m., as measured in the process of 
radiative return on the BABAR detector. Only statistical 
errors are shown.  

 
Data sample allows to study in detail the 

intermediate states, such as K*(892)Kπ, KKρ(770), 
K1(1420)Kπ, and φ(1020)ππ, where the pion pair may be 
charged or neutral.  

In the course of the study of the e+e-→K+K-ππ  
reaction, a previously unknown resonance with a mass of 
2175 MeV/c2 was discovered in events in which the K+K- 
pair forms the φ(1020) resonance and π+π- or π0π0 are 
produced from the f0(980) decay. The cross section for the 
e+e-→φ(1020)f0(980) process is shown in Fig.1.10.3.  

The small width of the resonance, around 80 MeV, 
indicates its exotic origin. With that, Y(2175) is observed 
only when the ππ pair forms the f0(980) resonance, which 
itself is a candidate for an exotic four-quark state. The 
existence of the Y(2175) resonance was confirmed in 
experiments with the Belle detector in Japan and on the 
BES in China. Currently, there is no generally accepted 
theoretical interpretation for this state.  

At present, BINP physicists work on the 
measurement of the parameter Vub with higher precision 
and measurement by the radiative return method of cross 

+ - + -
S L, and e+e-→ 

KSK+π-π0 processes.  
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Fig. 1.10.3 Cross section for e+e-→φ(1020)f0(980), as 
measured in the decays to K+K-π+π- final states (shaded 
circles) and K+K-π0π0  (unshaded circles). The solid and 
dashed lines represent the result of fitting with two 
resonances (φ(1680)+Y(2175)) and one (φ(1680)) 
resonance, respectively. The shaded region and the 
dashed curve show the contribution of Y(2175) for the 
two phases of interference.  

  
 

1. 11 PARTICIPATION IN THE ATLAS 
EXPERIMENT AT THE LARGE HADRON 

COLLIDER (LHC) 
 

For the experiments at the Large Hadron Collider, the 
year 2011 became the most successful so far. The 
"Annual Plan" of luminosity integral acquisition (1 
inverse femtobarn) was completed by 17 June. In total, 5 
inverse femtobarn were acquired in 2011, which is 110 
times as much as in 2010. The main physical challenge 
was a search for the Higgs boson. This is a particle, by  
interacting with the field of which other particles acquire 
the mass. Analysis of all collected statistics was prepared 
and reported on December 13 (in just a month after the 
end of data taking). The Standard Model Higgs boson was 
excluded at a confidence level of 95% in the mass ranges 
of 112.9÷115.5, 131÷238, and 251÷466 GeV (see 
Fig.1.11.1). An excess of the number of events over the 
expected background level was observed in the area of 
invariant masses of around 126 GeV. The local 
significance of this excess for the Higgs boson decay 
channels into two photons, four leptons, and two W-
bosons is respectively 2.8, 2.1, and 1.4 σ (standard 
deviations); the significance of a combination of the 
channels is equal to 3.5 σ. However, the global 
significance, i.e. the probability of finding such (or larger) 
fluctuation of the number of background events in the 

wide Higgs boson mass range of 110÷600 GeV is 
estimated as 1.4%, which corresponds to only 2.2 σ. 
Thus, the acquired statistics is not enough to make  
definite conclusion that significant excess of signal over 
the Standard Model background is observed. It is planned 
to collect about 10 inverse femtobarn in 2012. 

 
Fig. 1.11.1 Solid black line: ratio of the combined upper 
limit on the Standard Model Higgs boson production 
cross section to the cross-section expected in the Standard 
Model, as a function of the Higgs boson mass MH. 
Dashed curve: the average expected (from the simulation) 
limit in the absence of signal. Green and yellow bands: 
the corresponding 68% and 95% areas for the expected 
limit. 
 

About 50 papers based on data analysis from the 
ATLAS detector were published in 2011. 
 

 Physicists of the BINP group participated in the data 
collection in the experiment control room (ATLAS point 
1) within the system of liquid-argon calorimeters. The 
work on the monitoring and analysis of data quality and 
calibration of the calorimeters was continued. Since 
spring 2009, in collaboration with the Universities of 
Pittsburgh and Irvine, BINP physicists are searching for 
heavy Majorana neutrinos in the channel with two leptons 
and two jets in the final state in the framework of the left-
right symmetry model. This model can explain the 
nonzero mass of standard light neutrinos (which follows 
from the observation of their oscillations), as well as the 
emergence of asymmetry between matter and antimatter 
(the baryon number B and lepton number L may be 
violated separately provided that B-L remains constant). 

All available statistics  collected in 2010 (34.7 
inverse picobarn) and 2.1 out of 5 inverse femtobarn 
acquired in 2011 were processed.  The number of selected 
events in the data is consistent with the contribution of the 
Standard Model background processes, as expected from 
the simulation. This analysis allows one to exclude a wide 
range of masses of the right boson WR (up to 2.2-2.5 
TeV) and the Majorana neutrino Nl (up to 1.5 TeV), see 
Fig. 1.11.2, which significantly improves the limit that 
was set at the Tevatron (the mass WR> 640 GeV). Further 
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substantial progress requires increasing the energy of 
colliding protons in the LHC, from the current 3.5 TeV to 
the nominal 7 TeV (it is planned in 2014). 

 

 
 

 
Fig. 1.11.2 Expected (from Monte-Carlo simulation) and 
observed 95% C.L. upper limits on the masses of the 
Majorana neutrino (МN) and of the right intermediate 
boson (MWR), for the no-mixing (top) and maximal-
mixing between electron and muon Majorana neutrinos 
(bottom) scenarios. We combined results for leptons of 
the same sign (SS) and opposite sign (OS). 2.1 inverse 
femtobarn of 5 collected in 2011 were processed. 
  

Much work is also done for development of the 
computer infrastructure and software. Data from the 
experiment of this scale (several petabytes of data input 
per year) can be stored and processed only with a well-

coordinated work of many powerful computing clusters 
around the world, using advanced technology of 
distributed computing GRID. 

BINP programmers have made a substantial 
contribution to the creation and development of critical 
services and utilities to manage the distributed computing 
system (ATLAS GRID)–Monitoring of Data Replication 
and Information System. 

The performance of the BINP GRID cluster is being 
improved; the network equipment is being upgraded. 
Cooperation with the NSU and SB RAS computer centers 
is developing. The access to external computing resources 
was implemented via the virtualization technology. 

Since 2007, BINP experts take part in the activities of 
the administration system for experimental data 
collection, which deals with the exploitation and 
development of the computer software for the high-level 
trigger, a system responsible for building and filtering the 
events, and other subsystems of the data acquisition 
system. The equipment consists of about 2,300 servers 
with network support (in total, about 17,000 CPU cores), 
about 100 auxiliary control servers, 50 support servers for 
the control room of the detector ATLAS, as well as many 
other components of the IT infrastructure of the 
experiment. 

Currently, a project of upgrade of the LHC for 
increasing the luminosity by an order of magnitude, up to 
1035 cm-2sec-1, is being developed. In this regard, the 
activity on upgrade of the ATLAS detector for work at 
such luminosity is started. The BINP group takes part in 
an experiment to study the operation of ATLAS liquid-
argon calorimeters at a luminosity of 1035 cm-2sec-1. To 
this end, mini-modules of the calorimeters 
(electromagnetic, hadronic, and forward) have been made 
and placed in a cryostat with liquid argon. The modules 
are irradiated with a 50 GeV extracted proton beam of U-
70 accelerator in Protvino (the beam intensity can be 
varied in a wide range, 107÷1012 particles per second). 
The BINP group is fully responsible for the mini-module 
of the electromagnetic calorimeter and is involved in the 
data collection and analysis. As a result of these beam 
tests, the article was published in NIM. 
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2.1 EXPERIMENTS WITH INTERNAL 
TARGETS 

  
I. In 2011, the first preparation was carried out and 

then an experiment was launched on the new 
measurement of the ratio of cross sections of elastic 
electron/positron scattering on proton: R = σ e+p  / σ e-p . 

It is known that measured R makes it possible to 
determine the contribution of two-photon exchange (TPE) 
to this process. Information on the TPE might explain the 
dramatic difference in the results of recent experiments on 
the measurements of proton form factors, which were 
performed at TJNAF, USA with the help of the 
polarization techniques, and previous (non-polarization) 
measurements, in which the proton form factors were 
determined via analysis of differential cross sections for 
the reaction on the assumption of validity of single-
photon approximation.  

TPE correction inclusion, however, runs into 
difficulties, both of theoretical (there are no correct 
calculations of TPE because excited states of proton in 
intermediate state are difficult to take into account) and 
experimental character. Attempts to determine the TPE 
contribution to the scattering cross-section were taken in 
the 70s. Unfortunately, they were associated with bad 
statistic accuracy of measurement, or angles of scattering 
of electrons/positrons were small (the TPE contribution is 
very small in this case).  

In 2009, BINP carried out measurements of R at an 
energy of positron/electron beams of 1.6 GeV in two 
areas of the e+/e- scattering angle: 16 to 23 and 56 to 75 
degrees. The measurements were performed on VEPP-3. 
A preliminary result was obtained, with accuracy much 
higher than that of the known data.  

It is worth noting that they at TJNAF also conducted 
a similar experiment on the CLAS detector in February 
2011; no details of the results have been reported yet. In 
2012, an analogous experiment was started at the 
accelerator center DESY (Germany) on the storage ring 
DORIS. For this purpose, the newly-established 
collaboration OLYMPUS united the effort of researchers 
of 14 institutions.  

It was scheduled for 2011 to carry out measurements 
on VEPP-3 in a new kinematic area – at a beam energy of 
1 GeV and angles of positron/electron scattering of 67 to 
105 degrees. The expected value of R in this area is 
approximately the same as in the experiment in 2009, in 
the second area of scattering angles (56 to 75 degrees). 
The expected accuracy of the new measurement, 
however, will be approximately twice as high. Fig. 2.1.1 
shows the kinematic ranges of all the mentioned 
experiments in the plane of commonly used parameters: 
four-momentum transfer squared Q2 and virtual photon 
polarization ε.  

 
 
 
 

 

 
Fig. 2.1.1 Kinematic areas of 3 experiments on the 
measurement of cross sections for elastic scattering of 
electrons/positrons on proton R = σ e+p / σ e-p . 
  

A series of works was done for preparation of the 
experiment. A code was created for simulation of elastic 
and inelastic (with emission of a photon) scattering of 
electrons and positrons of VEPP-3 beams on the protons 
of the target, which made it possible to accurately 
calculate the radiative corrections, which are required for 
analysis of experimental results at separation of the TPE 
contribution, with the use of ep-scattering cross sections 
calculated recently by the theorists of the Institute. MC 
simulation of the detector was conducted for elastic 
scattering and for emission of a photon. This simulation 
allowed us to select the optimal configuration of the 
detector (see Fig. 2.1.2). The MA1 and MA2 systems 
register electrons/positrons scattered at angles of about 20 
degrees (recoil protons falling into the LA1 or LA2 
detectors). Events of this sort are used for monitoring of 
luminosity. The MA2 system is also equipped with an 
electromagnetic calorimeter for measurement of the 
energy of scattered electrons/positrons. This will restore 
the full kinematics of the events in which elastic 
scattering is accompanied by emission of a photon and, if 
it falls into one of the calorimeters of the LA1 or LA2 
systems, the recoil proton is registered by the detectors of 
the LA2 system. This class of events will verify the 
predictions from calculations with radiative corrections. 
Finally, electrons/positrons scattered through large angles 
and registered by the LA1 and LA2 systems (in this case, 
recoil protons fall into MA1 or MA2 detectors) give the 
class of events for determination of the TPE contribution.  

In addition, the target was upgraded; its faulty 
elements were repaired; the operation stability was 
adjusted; the target was operated for a long period of 
time; additional cryopumps were installed into the 
pumping system of the experimental straight section; 
calorimeters and their support systems were mounted. 
During the summer shutdown of the complex, the target 
and detector were mounted on the VEPP-3 storage ring. 
Then the equipment was tested and adjusted. At the same 
time, the installation for the Compton back scattering was 
moved from VEPP-4 to VEPP-3 for measurement of the 
energy of electron/positron beams.  
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Fig. 2.1.2. Schematic representation of the particle 
detection systems. 
 
 
 

Statistics collection began in late September, with 
breaks for planned outages and work of SR groups. The 
effectiveness of the collection, measured in the integral of 
the electron/positron beam current at a constant target 
thickness of about 1015 at/cm2, gradually increased. The 
total integral of beam current as on January 21, 2012 was 
61.2 kC or 367 pb-1 (see Fig. 2.1.3). 

Fig. 2.1.4 shows the preliminary results of the 
ongoing experiment on the specified integral luminosity 
(right panel) and previous measurements at an energy of 
1.6 GeV (left panel). In both cases, the radiative 
corrections (taking into account the contribution to R 
from processes with emission of real photons) were made. 
The results of the known measurements of R close to our 
measurements in the kinematic parameters are also 
shown, as well as theoretical predictions by Blunden et al, 
Phys. Rev.C72(2005) 0364612. The integral of luminosity 
of the experiment is expected to reach 600 pb-1.  

 

 
Fig. 2.1.3. Integrals of beam current per shift (histogram) and total integral of beam current vs. time (black solid line). 

 

 
Fig. 2.1.4  Preliminary results on the measurement of R on VEPP-3 vs. ε for the ongoing experiment and the experiment 
in 2009. The known world data are also shown. Curves: theoretical predictions by Blunden et al. 
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3.1. STRONG INTERACTION
Integration by parts: An introduction

A.G. Grozin
Int. J. Mod. Phys. A 26 (2011) 2807–2854

Integration by parts is used to reduce scalar Feynman
integrals to master integrals.

HQET heavy-heavy vertex diagram with two velocities
A.G. Grozin, A.V. Kotikov.
arXiv:1106.3912 [hep-ph]

The one-loop HQET heavy-heavy vertex diagram with
arbitrary powers of all three denominators and arbitrary
residual energies is investigated. Various particular cases
in which the result becomes simpler are considered.

Simultaneous decoupling of bottom and charm quarks
A.G. Grozin, M. Höschele, J. Hoff, M. Steinhauser

J. High Energy Phys. 09 (2011) 066

We compute the decoupling relations for the strong cou-
pling, the light quark masses, the gauge-fixing parameter,
and the light fields in QCD with heavy charm and bottom
quarks to three-loop accuracy taking into account the exact
dependence on mc/mb. The application of a low-energy
theorem allows the extraction of the three-loop effective
Higgs-gluon coupling valid for extensions of the Standard
Model with additional heavy quarks from the decoupling
constant of αs.

DRA method: Powerful tool for the calculation of the
loop integrals.

R. Lee
Proceedings of ACAT2011 conference.

We review the DRA method of the calculation of multiloop
integrals.

Analytic Epsilon Expansions of Master Integrals
Corresponding to Massless Three-Loop Form Factors

and Three-Loop g-2 up to Four-Loop
Transcendentality Weight

R. Lee and V. Smirnov
JHEP 1102 (2011) 102. arXiv: 1010.1334

We evaluate analytically higher terms of the epsilon-
expansion of the three-loop master integrals corresponding
to three-loop quark and gluon form factors and to the three-
loop master integrals contributing to the electron g-2 in
QED up to the transcendentality weight typical to four-loop
calculations, i.e. eight and seven, respectively. The calcu-
lation is based on a combination of a method recently sug-
gested by one of the authors (R.L.) with other techniques:
sector decomposition implemented in FIESTA, the method
of Mellin–Barnes representation, and the PSLQ algorithm.

Application of the DRA method to the calculation of
the four-loop QED-type tadpoles

R. Lee and I. Terekhov
JHEP 1101 (2011) 068. arXiv: 1010.6117

We apply the DRA method to the calculation of the four-
loop ‘QED-type’ tadpoles. For arbitrary space-time dimen-
sionality D the results have the form of multiple convergent
sums. We use these results to obtain the epsilon-expansion
of the integrals around D=3 and D=4.

Master Integrals for Four-Loop Massless Propagators
up to Transcendentality Weight Twelve

R. N. Lee, A. V. Smirnov and V. A. Smirnov
Nucl.Phys. B856 (2012) 95-110. arXiv: 1108.0732

We evaluate a Laurent expansion in dimensional regular-
ization parameter ε = (4− d)/2 of all the master integrals
for four-loop massless propagators up to transcendentality
weight twelve, using a recently developed method of one
of the present coauthors (R.L.) and extending thereby re-
sults by Baikov and Chetyrkin obtained at transcendental-
ity weight seven. We observe only multiple zeta values in
our results. Therefore, we conclude that all the four-loop
massless propagator integrals, with any integer powers of
numerators and propagators, have only multiple zeta values
in their epsilon expansions up to transcendentality weight
twelve.

On Epsilon Expansions of Four-loop Non-planar
Massless Propagator Diagrams

R. N. Lee, A. V. Smirnov and V. A. Smirnov
Eur.Phys.J. C71 (2011) 1708. arXiv: 1103.3409

We evaluate three typical four-loop non-planar massless
propagator diagrams in a Taylor expansion in dimensional
regularization parameter ε = (4− d)/2 up to transcenden-
tality weight twelve, using a recently developed method of
one of the present coauthors (R.L.). We observe only mul-
tiple zeta values in our results.

BFKL equation for the adjoint representation of the
gauge group in the next-to-leading approximation at

N=4 SUSY
V.S. Fadin and L. N. Lipatov

Phys. Lett. B 706 (2012) 470-476. arXiv:1111.0782
[hep-th].

We calculate the eigenvalues of the next-to-leading kernel
for the BFKL equation in the adjoint representation of the
gauge group SU(Nc) in the N=4 supersymmetric Yang-
Mills model. These eigenvalues are used to obtain the high
energy behavior of the remainder function for the 6-point
scattering amplitude with the maximal helicity violation
in the kinematical regions containing the Mandelstam cut
contribution. The leading and next-to-leading singularities
of the corresponding collinear anomalous dimension are
calculated in all orders of perturbation theory. We compare
our result with the known collinear limit and with the re-
cently suggested ansatz for the remainder function in three
loops and obtain the full agreement providing that the nu-
merical parameters in this ansatz are chosen in an appro-
priate way.
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Connection between complete and Möbius forms of
gauge invariant operators

V.S. Fadin, R. Fiore, A.V. Grabovsky and A. Papa
Nucl. Phys. B 856 (2012) 111-124. arXiv:1109.6634

[hep-th].

We study the connection between complete representations
of gauge invariant operators and their Möbius representa-
tions acting in a limited space of functions. The possi-
bility to restore the complete representations from Möbius
forms in the coordinate space is proven and a method of
restoration is worked out. The operators for transition from
the standard BFKL kernel to the quasi-conformal one are
found both in Möbius and total representations.

Quasi-conformal shape of the BFKL kernel and impact
factors for scattering of colourless particles

V.S. Fadin, R. Fiore, A.V. Grabovsky and A. Papa
AIP Conf. Proc. 1350 (2011) 224-227.

The NLO BFKL kernel in the Möbius representation is
transformed to the quasi-conformal shape in theories con-
taining fermions and scalars in arbitrary representations of
the colour group. Corresponding transformations of impact
factors of colourless particles are discussed.

Check of the gluon reggeization condition in the
next-to-leading order: Quark part

M. G. Kozlov, A. V. Reznichenko and V. S. Fadin
Phys. Atom. Nucl. 74 (2011) 758-770 [Yad. Fiz. 74

(2011) 784-796].

The bootstrap condition for gluon production in the multi-
Regge kinematics in the next-to-leading order is consid-
ered. The bootstrap conditions result from the require-
ment of compatibility of the Regge form of QCD ampli-
tudes with the s-channel unitarity and represent non-linear
restraints on the reggeized gluon trajectory and vertices.
Their fulfillment provides the gluon reggeization, i.e. the
Regge form of elastic and inelastic amplitudes. The condi-
tion under consideration remained only one to be checked.
The demonstration of its fulfillment is the last step in the
proof of the gluon reggeization in the next-to-leading ap-
proximation. In this paper this demonstration is presented
for the quark part of the bootstrap condition.

NLO impact-factor for one-gluon production in the
multi-Regge kinematics

M. G. Kozlov, A. V. Reznichenko and V. S. Fadin
Preprint Budker INP 2011-23; accepted by Yad. Fiz.

The one-loop correction to the impact-factor for one-gluon
production at one-reggeon state transition into two-reggeon
t-channel state. This impact-factor is a part of multi-
particle production amplitudes in the multi-Regge kinemat-
ics. The correction under consideration is required for de-
velopment of the theory of Regge and multy-Regge pro-
cesses. In particular, it is necessary for the proof of the

multi-Regge form of production amplitudes in the next-to-
leading logarithmic approximation. It permits one to com-
plete verification of the last unproved bootstrap condition
for the gluon reggeization and to prove in this approxi-
mation validity of the multi-Regge form. All necessary
calculations are described and explicit expressions for the
impact-factors at all possible colour states in the t-channel
are presented.

Check of the gluon reggeization condition in the
next-to-leading order: Gluon part

M. G. Kozlov, A. V. Reznichenko and V. S. Fadin

The last bootstrap condition which fulfillment was not
checked till now is considered. This condition is a neces-
sary part of the proof of the multi-Regge form of the high
energy QCD amplitudes with gluon exchanges in the next-
to-leading logarithmic approximation. The proof is based
on the s-channel unitarity and permits to reproduce sequen-
tially the multi-Regge form of the amplitudes in all orders
of perturbation theory provided that definite nonlinear re-
lations between the reggeon vertices and the gluon Regge
trajectory, which are called bootstrap conditions, are ful-
filled. All these conditions were obtained and fulfillment
of all but one of them was proved before. In this paper
verification of the last unproved condition – bootstrap con-
dition for one-gluon production in the multi-Regge kine-
matics – is performed in the next to leading order. In our
previous paper this verification was done for the fermion
contributions; here the gluon contributions are considered
and the proof of validity of the last bootstrap condition is
completed.

Heavy quark spin structure in Zb resonances
A.E. Bondar, A. Garmash, A.I. Milstein, R. Mizuk, and

M.B. Voloshin.
Phys. Rev. D 84, 054010 (2011).

We discuss the heavy quark spin structure of the recently
observed ”twin” resonances Zb(10610) and Zb(10650), as-
suming that these are mostly of a ”molecular” type, i.e. that
their internal dynamics is dominated by the coupling to me-
son pairs B∗B̄ − BB̄∗ and B∗B̄∗. We find that the state
of the bb̄ pair within the Zb(10610) and Zb(10650) res-
onances is a mixture of a spin-triplet and a spin-singlet of
equal amplitude and with the phase orthogonal between the
two resonances. Such a structure gives rise to specific rela-
tions between observable amplitudes that are in agreement
with the data obtained recently by Belle. We also briefly
discuss possible properties of the isotopically singlet coun-
terparts of the newly found resonances, and also of their C
(G) parity opposites that likely exist in the same mass range
near the open B flavor threshold.

Nucleon polarization in the process e+e− → NN̄ near
threshold

A.E. Bondar, V.F.Dmitriev , A.I. Milstein, V.M.
Strakhovenko.

Phys.Atom.Nucl. 75 (2012) 493-506 [Yad.Fiz. 75 (2012)]
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Physics Letters B 697, 159 (2011).

The process e+e− → NN̄ is studied nearby a threshold
with account for polarizations of all initial and final par-
ticles. The nucleon polarization ζN reveals a strong en-
ergy dependence due to that of the nucleon electromagnetic
form factors GE(Q2) and GM (Q2) caused by the final-
state interaction of nucleons. It is shown that the modulus
of the ratio of these form factors and their relative phase can
be determined by measuring ζN along with the differential
cross section. The polarization degree is analyzed using
Paris NN̄ optical potential for calculation of the form fac-
tors. It turns out that |ζN | is high enough in a rather wide
energy range above the threshold. Being especially high
for longitudinally polarized beams, |ζN | is noticeable even
if both e+e− beams are unpolarized.

3.2. CP NONCONSERVATION
Can CP-violation be observed in heavy-ion collisions?

I.B. Khriplovich, A.S. Rudenko
Can. J. Phys. 89, 63-64 (2011)

We demonstrate that, at least at present, there is no con-
vincing way to detect CP -violation in heavy-ion collisions.

K+
l3γ decays revisited: branching ratios and T -odd

momenta correlations
I.B. Khriplovich, A.S. Rudenko

Phys. Atom. Nucl. 74, 1214-1222 (2011)

We calculate the branching ratios of the K+ →
π0l+νlγ (l = e, µ) decays, and the T -odd triple momenta
correlations ξ = ~q · [~pl × ~pπ]/M3

K , due to the electromag-
netic final state interaction, in these processes. The contri-
butions on the order of ω−1 and ω0 to the corresponding
amplitudes are treated exactly. For the branching ratios,
the corrections on the order of ω are estimated and demon-
strated to be small. We compare the results with those of
other authors. In some cases our results differ considerably
from the previous ones.

K0
l3γ decays: branching ratios and T -odd momenta

correlations
A.S. Rudenko

Phys. Rev. D 84, 016001 (2011)

The branching ratios of the K0 → π−l+νlγ (l = e, µ)
decays, and the T -odd triple momenta correlations ξ =
~q·[~pl×~pπ]/M3

K , due to the electromagnetic final state inter-
action, in these processes are calculated. The contributions
on the order of ω−1 and ω0 to the corresponding amplitudes
are treated exactly. For the branching ratios and T -odd cor-
relation in K0 → π−e+νeγ decay, the corrections on the
order of ω are estimated and demonstrated to be small. The
results for the branching ratios are in good agreement with
the previous ones. The T -odd triple momenta correlations
in K0

l3γ decays are calculated for the first time. The values
of the ξ-odd asymmetry are on the order of 10−3 and 10−2

in the K0 → π−µ+νµγ and K0 → π−e+νeγ decays, re-
spectively.

3.3. QUANTUM ELECTRODYNAMICS
Coulomb effects in the spin-dependent contribution to

the intra-beam scattering rate
V. M. Strakhovenko

Phys.Rev. ST. Accel. Beams, 14(2011)012803

Coulomb effects in the intra-beam scattering are taken into
account in a way providing correct description of the spin-
dependent contribution to the beam loss rate. It allows one
to calculate this rate for polarized e± beams at arbitrar-
ily small values of the ratio δε/ε, characterizing relative
change of the electron energy in the laboratory system dur-
ing scattering event.

Polarized positron production in amorphous targets
V. Strakhovenko

http://indico.ihep.ac.cn/event/2210
Invited talk given at the workshop ”Posipol 2011”, IHEP,

Beijing, China, August 28-30, 2011

Depolarization during polarized positron production in
amorphous targets is considered for the case where the
electromagnetic shower is initiated by circularly polarized
photons. It turns out that depolarization occurs mainly in
bremsstrahlung from created positrons, while their elastic
scattering and Compton scattering of initial photons are not
important.

Pair photoproduction in a constant and homogeneous
electromagnetic field

V.M. Katkov
Nuovo Cimento C, 34, No. 4 (2011) 1-7.

The process of pair photoproduction in an electromagnetic
field of arbitrary configuration is investigated. At high en-
ergy the correction to the standard quasiclassical approx-
imation (SQA) of the process probability has been calcu-
lated. In the region of intermediate photon energies where
SQA is inapplicable the new approximation is used. The
influence of weak electric field on the process in a magnetic
field is considered. In particular, in the presence of this field
the root divergence in the probability of pair creation on the
Landau energy levels is vanished. For smaller photon ener-
gies the low energy approximations have been derived. At
low photon energy the electric field action dominates and
the influence of the magnetic field on the process occurs
because of its interaction with the the magnetic moment of
creating particles.

Pair creation by polarized photons in constant and
homogeneous electromagnetic fields

V.M. Katkov
Book of abstracts of IX International symposium

”RREPS-11”, p.14.
September 12-16, 2011, Egham, United Kingdom.
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The probability of pair creation by a polarized photon in a
constant and homogeneous electromagnetic field of an ar-
bitrary configuration is calculated with using the imaginary
part of the diagonalized polarization operator. Separating
of the photon energy divisions and the main characteris-
tics of the process is the same as for the unpolarized case.
Connected with a polarization state of photon the special
features are considered.

Induced current in the presence of a magnetic flux tube
of small radius

A.I. Milstein and I.S. Terekhov.
Phys. Rev. B 83, 075420 (2011).

The induced current density, corresponding to the massless
Dirac equation in (2+1) dimensions in a magnetic flux tube
of small radius is considered. This problem is important for
graphene. In the case, when an electron can not penetrate
the region of nonzero magnetic field, this current is the odd
periodical function of the magnetic flux. If the region in-
side the magnetic tube is not forbidden for penetration of
electron, the induced current is not a periodical function of
the magnetic flux. However in the limit R → 0, where
R is the radius of magnetic flux tube, this function has the
universal form which is independent of the magnetic field
distribution inside the magnetic tube at fixed value of the
magnetic flux.

Relativistic Coulomb Green’s function in d-dimensions
R.N. Lee, A.I. Milstein and I.S. Terekhov.

ZhETF 140, 236 (2011) [JETP 113, 202 (2011)].

Using the operator method, the Green’s functions of the
Dirac and Klein-Gordon equations in the Coulomb poten-
tial −Zα/r are derived for the arbitrary space dimension-
ality d. Nonrelativistic and quasiclassical asymptotics of
these Green’s functions are considered in detail.

Effective field theories and spin-wave excitations in
helical magnets

A.I.Milstein and O.P. Sushkov.
Phys. Rev B 84, 195138 (2011).

We consider two classes of helical magnets. The first class
has magnetic ordering close to that of an antiferromagnet
and the second class has magnetic ordering close to that
of a ferromagnet. The first case is relevant to cuprate
superconductors and the second case is realized in FeSrO3

and FeCaO3. We derive the effective field theories for
these cases and calculate the corresponding excitation
spectra. We demonstrate that the “hourglass” spin-wave
dispersion observed experimentally in the cuprates is a
fingerprint of the “antiferromagnetic spin spiral state”. We
also show that quantum fluctuations are important for the
“ferromagnetic spin spiral”, as they influence qualitative
features of the spin-wave dispersion.

3.4. GRAVITY
Path integral on the extreme field configurations

V. M. Khatsymovsky.
Intl. J. Mod. Phys. A, Vol. 26, No. 1, pp. 135-148 (2011).

The canonical Hamiltonian path integral measure obeys
certain rule which relates such measure on the paths de-
fined on the whole time axis to the measures on the paths
defined on the regions constituting the time axis. We show
that this ”gluing” rule can be reproduced without referring
to Hamiltonian formalism, by substituting field configura-
tions with arbitrarily fast change of the fields at the bound-
ary points of these regions into action and viewing the path
integral in the sense of generalized function. Now the co-
ordinate along which gluing proceeds can be not only the
time.
The piecewise-flat (simplicial) minisuperspace gravity sys-
tem is considered. Arbitrarily fast change of the (tan-
gential component of) metric between the two 4-simplices
with common 3-face is studied. That is, we generalize
piecewise-flat anzats by allowing tangential metric be func-
tion of the distance from the 3-face in the neighborhood of
this 3-face. The action is non-degenerate (nonsingular) w.
r. t. these additional generalized coordinates. The rule for
gluing the path integral measures on separate 4-simplices
is found. The resulting general expression covers a large
variety of the measures including those usually used in nu-
merical calculations and allows to specify the measure in
some applications.

Attributing sense to some integrals in Regge calculus
V. M. Khatsymovsky.

J. Math. Phys., Vol. 52, No. 022502, pp. 1-14 (2011).

Regge calculus minisuperspace action in the connection
representation has the form in which each term is linear
over some field variable (scale of area-type variable with
sign). We are interested in the result of performing inte-
gration over connections in the path integral (now usual
multiple integral) as function of area tensors even in larger
region considered as independent variables. To find this
function (or distribution), we compute its moments, i. e.
integrals with monomials over area tensors. Calculation
proceeds through intermediate appearance of δ-functions
and integrating them out. Up to a singular part with sup-
port on some discrete set of physically unattainable points,
the function of interest has finite moments. This function
in physical region should therefore exponentially decay at
large areas and it really does being restored from moments.
This gives for gravity a way of defining such nonabsolutely
convergent integral as path integral.

Gravity action on the rapidly varying metrics
V. M. Khatsymovsky.

Gen. Rel. Grav., Vol. 43, No. 11, pp. 3127-3138 (2011).

We consider a four-dimensional simplicial complex and
the minisuperspace general relativity system on it. The
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metric is flat in the most part of the interior of every
4-simplex with exception of a thin layer of thickness ∝ ε
along each three-dimensional face. In this layer the metric
undergoes jump between the two 4-simplices sharing this
face. At ε → 0 this jump would become discontinuity.
However, discontinuity of the (induced on the face) metric
is not allowed in general relativity. Namely, the terms
in the Einstein action tending to infinity at ε → 0 arise.
In the path integral approach, these terms lead to the
pre-exponent factor with δ-functions requiring vanishing
the discontinuities of the induced on the faces metric.
That is, the 4-simplices fit on their common faces. The
other part of the path integral measure corresponds to
the action which is the sum of independent terms over
the 4-simplices. Therefore this part of the path integral
measure is the product of independent measures over the
4-simplices. The result obtained is in accordance with our
previous one obtained from the symmetry considerations.

3.5. ASTROPHYSICS
Quark-mass variation effect on big bang

nucleosynthesis
V.F. Dmitriev, J. Berengut, V.V. Flambaum.

Conference: Nuclear Physics in Astrophysics V, 3-8 April
2011, Eilat, Israel.

We calculate the effect of variation in the light-current
quark mass, mq , on standard big bang nucleosynthesis. A
change in mq at during the era of nucleosynthesis affects
nuclear reaction rates, and hence primordial abundances,
via changes the binding energies of light nuclei. It is found
that a relative variation of ∆mq/mq = 0.016 + 0.005 pro-
vides better agreement between observed primordial abun-
dances and those predicted by theory. This is largely due to
resolution of the existing discrepancies for 7Li. However
this method ignores possible changes in the position of res-
onances in nuclear reactions. The predicted 7Li abundance
has a strong dependence on the cross-section of the reso-
nant reactions 3He (d, p) 4He and t (d, n) 4He. We show
that changes in mq at the time of BBN could shift the po-
sition of these resonances away from the Gamow window
and lead to an increased production of 7Li, exacerbating
the lithium problem.

3.6. NONLINEAR DYNAMICS AND
QUANTUM, CHAOS

Quantum vacuum of strongly nonlinear lattices
O.V.Zhirov, A.S.Pikovsky and D.L.Shepelyansky.

Phys. Rev. E 83, 016202 (2011).

We study the properties of classical and quantum strongly
nonlinear chains by means of extensive numerical simula-
tions. Due to strong nonlinearity, the classical dynamics
of such chains remains chaotic at arbitrarily low energies.
We show that the collective excitations of classical chains

are described by sound waves whose decay rate scales al-
gebraically with the wave number with a generic exponent
value. The properties of the quantum chains are studied
by the quantum Monte Carlo method and it is found that
the low-energy excitations are well described by effective
phonon modes with the sound velocity dependent on an ef-
fective Planck constant. Our results show that at low ener-
gies the quantum effects lead to a suppression of chaos and
drive the system to a quasi-integrable regime of effective
phonon modes.

Wigner crystal in snaked nanochannels
O.V. Zhirov, D.L. Shepelyansky.

e-print: arXiv:1102.1277v1 [cond-mat.mes-hall]
(2011);Eur. Phys. J. B 82, 63-67 (2011).

We study the properties of a Wigner crystal in snaked
nanochannels and show that they are characterized by a
conducting sliding phase at low charge densities and an in-
sulating pinned phase above a critical charge density. The
transition between these phases has a devils staircase struc-
ture typical for the Aubry transition in dynamical maps and
the Frenkel-Kontorova model. We discuss the implications
of this phenomenon for charge density waves in quasi-one-
dimensional organic conductors and for supercapacitors in
nanopore materials.

Conference ECRYS-2011:
Wigner crystal in snaked nanochannels: outlook

O.V. Zhirov, D.L. Shepelyansky.
e-print: arXiv:1110.1812v1 [cond-mat.str-el] (2011);
Proceedings of ECRYS-2011, August 15-27, Cargese,

France.

We study properties of Wigner crystal in snaked nanochan-
nels and show that they are characterized by a conduct-
ing sliding phase at low charge densities and an insulat-
ing pinned phase emerging above a certain critical charge
density. We trace parallels between this model problem
and the Little suggestion for electron transport in organic
molecules. We also show that in presence of periodic po-
tential inside the snaked channel the sliding phase exists
only inside a certain window of electron densities that has
similarities with a pressure dependence of conductivity in
organic conductors. Our studies show emergence of dy-
namical glassy phase in a purely periodic potential in ab-
sence of any disorder that can explain enormously slow
variations of resistivity in organic conductors. Finally we
discuss the KAM concept of superfluidity induced by re-
pulsive Coulomb interaction between electrons. We ar-
gue that the transition from the sliding KAM phase to the
pinned Aubry phase corresponds to the superfluid-insulator
transition.

Classical Versus Quantum Dynamical Chaos:
Sensitivity to External Perturbations, Stability and

Reversibility
Valentin V. Sokolov, Oleg V. Zhirov, Yaroslev A. Kharkov.
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Chaos Theory, “Topics on Chaotic Systems; Selected
Papers from CHAOS2010 International Conference”,

World Scientific, pp. 59-76, (2011).

The extraordinary complexity of classical trajectories of
typical nonlinear systems that manifest stochastic behav-
ior is intimately connected with exponential sensitivity to
small variations of initial conditions and/or weak external
perturbations. In rigorous terms, such classical systems
are characterized by positive algorithmic complexity de-
scribed by the Lyapunov exponent or, alternatively, by the
Kolmogorov-Sinai entropy. The said implies that, in spite
of the fact that, formally, any however complex trajectory
of a perfectly isolated (closed) system is unique and dif-
ferentiable for any certain initial conditions and the mo-
tion is perfectly reversible, it is impractical to treat that sort
of classical systems as closed ones. Inevitably, arbitrary
weak influence of an environment crucially impacts the dy-
namics. This influence, that can be considered as a noise,
rapidly effaces the memory of initial conditions and turns
the motion into an irreversible random process.

In striking contrast, quantum mechanics of classically
chaotic systems exhibit much weaker sensitivity and strong
memory of the initial state. Qualitatively, this crucial dif-
ference could be expected in view of a much simpler struc-
ture of quantum states as compared to the complexity of
random and unpredictable classical trajectories. However
the very notion of trajectories is absent in quantum me-
chanics so that the concept of exponential instability seems
to be irrelevant in this case. The problem of a quantitative
measure of complexity of a quantum state of motion, that is
a very important and nontrivial issue of the theory of quan-
tum dynamical chaos, is the one of our concern. With such
a measure in hand, we would be able to quantitatively ana-
lyze the stability and reversibility of quantum dynamics in
the presence of external noise.

To solve this problem we point out first that individ-
ual classical trajectories are of minor interest if the mo-
tion is chaotic. Properties of all of them are alike in this
case and rather the behavior of their manifolds carries re-
ally valuable information. Therefore the phase-space meth-
ods and,correspondingly, the Liouville form of the classical
mechanics become the most adequate. It is very impor-
tant that, opposite to the classical trajectories, the classical
phase space distribution and the Liouville equation have di-
rect quantum analogs. Hence, the analogy and difference of
classical and quantum dynamics can be traced by compar-
ing the classical (W (c)(I, θ; t)) and quantum (Wigner func-
tion W (I, θ; t)) phase space distributions both expressed in
identical phase-space variables but ruled by different(!) lin-
ear equations.

The paramount property of the classical dynamical chaos
is the exponentially fast structuring of the system’s phase
space on finer and finer scales. On the contrary, degree
of structuring of the corresponding Wigner function is re-
stricted by the quantization of the phase space. This makes
Wigner function more coarse and relatively ”simple” as

compared to its classical counterpart. Fourier analysis af-
fords quite suitable ground for analyzing complexity of a
phase space distribution, that is equally valid in classical
and quantum cases.

We demonstrate that the typical number of Fourier har-
monics is indeed a relevant measure of complexity of states
of motion in both classical as well as quantum cases. This
allowed us to investigate in detail and introduce a quantita-
tive measure of sensitivity to an external noisy environment
and formulate the conditions under which the quantum mo-
tion remains reversible. It turns out that while the mean
number of harmonics of the classical phase-space distri-
bution of a non-integrable system grows with time expo-
nentially during the whole time of the motion, the time of
exponential upgrowth of this number in the case of the cor-
responding quantum Wigner function is restricted only to
the Ehrenfest interval 0 < t < tE - just the interval within
which the Wigner function still satisfies the classical Li-
ouville equation. We showed that the number of harmon-
ics increases beyond this interval algebraically. This fact
gains a crucial importance when the Ehrenfest time is so
short that the exponential regime has no time to show up.
Under this condition the quantum motion turns out to be
quite stable and reversible. Quantitatively, the degree of
reversibility of a chaotic quantum system subject to a per-
sistent noise is characterized by the Purity of the quantum
state at the moment of the time reversion.

Dynamical Quantum Chaos and Suppression of
Quantum Coherence
Valentin V. Sokolov.

Electronic ArXiv of the Third Workshop on Nuclei and
Mesoscopic Physics WNMP11, pp. 1-35, East Lansing,

2011.

In the light of the general problem of the quantum-classical
correspondence principle, mechanisms of decoherence are
discussed with reference to the quantum systems whose dy-
namics is chaotic in the classical limit. Though rapid decay
of phase correlations is an underlying feature of the clas-
sical dynamical chaos, the so called ”quantum chaos” is
not, by itself, capable of destroying the quantum phase co-
herence. Basically, formation of incoherent mixed states is
necessary on some stage of the evolution for decoherence
to appear. Therefore interaction with an environment plays
primary role. We demonstrate and compare the ways the
decoherence phenomenon shows up in the temporal behav-
ior of the relevant quantities like Peres fidelity, Shennon
(information) and von Neumann (correlational) entropies
when the evolution starts from a pure or mixed state. The
time of complete decoherence is estimated. Connection
with the problems of stability and reversibility of quantum
chaotic dynamics is analyzed as well. At last, effects of
decoherence and energy dissipation induced by interaction
with a complicated many-body environment with a weak
disorder are investigated within the framework of a micro-
scopic model based on the general theory of the resonance
scattering.

 
Budker INP annual report 2011  

48



 
 

 

4 

PLASMA PHYSICS 

AND 

CONTROLLED THERMONUCLEAR 

FUSION 

 

 

 

 

 



 
 



 
 

 Plasma Physics 
 

 51 

4.1 EXPERIMENTS ON THE GAS-
DYNAMIC TRAP (GDT) FACILITY 

 
In 2011, two series of experimental studies were 

conducted on the GDT facility, which gave significant 
scientific results. The first series of experiments was 
aimed at improving the longitudinal plasma confinement 
in the gas-dynamic trap with two ambipolar cells on the 
edges. In the course of the second series, heating with 
electron beam was tried for the first time on the GDT 
facility. Besides that, preparatory works for 
commissioning of the system of microwave heating of 
plasma at electron cyclotron resonance frequencies were 
underway. These works are described below in the form 
of three relatively independent parts.  
 
4.1.1  Effect of ambipolar electric fields on 
longitudinal plasma losses in the gas-dynamic 
trap  

This section describes experiments on the 
development of effective ambipolar barriers for 
suppression of longitudinal loss from the gas-dynamic 
trap, namely investigation cells the effect of ambipolar 
electric fields generated in additional end magnetic bottles 
("ambipolar plugs") on the longitudinal confinement of 
plasma in the GDT. This research is a continuation of the 
cycle of works in 2008-2009, when one ambipolar cell 
was used. At that time, with one such cell on one side of 

the GDT, the longitudinal plasma flow from the central 
part of the trap was made about five times as small.  

 
Additional cells–compact magnetic mirrors 

(CMs)–were integrated, one to each side of the GDT 
facility. Two of the CMs (east CM (E-CM) and west CM 
(W-CM)) with independent power supplies of magnetic 
coils were used in these experiments as "ambipolar cells" 
on both sides of the GDT. Fig. 4.1.1 shows the scheme of 
the experiment with the two ambipolar cells, while a 
photo of the GDT with two integrated CMs is presented 
in Fig. 4.1.2.  

The power supply system of the GDT magnetic 
field was upgraded with a capacitor bank in a dedicated 
technology room. 1,000 IR-6-150 capacitors (6 kV, 150 
μF) in sections of 100 items were installed on shelves in 
the capacitor compartment, which gave an additional unit 
with 6 kV capacitor storages of total capacity of 150 mF. 
This unit consists of two independent modules of 500 
capacitors (75 mF) with their own charging systems and 
allows independent creation of magnetic fields in the two 
compact magnetic mirrors (east and west). The charging 
system was able to charge the capacitor banks up to 6   
kV, but for reasons of reliability and service life of the 
capacitors, the recommended voltage is 5.5 kV or less.  

Thanks to the design of both CMs, two focused 
high-power beams of atomic hydrogen or deuterium could 
be injected normally to the axis of the system. In these 
experiments, each ambipolar cell comprised one injector 
of deuterium atoms (see Fig. 4.1.1).  

 
 
 

 
Fig. 4.1.1. Scheme of the experiment with two compact magnetic mirrors. 

 
. 
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Fig. 4.1.2. View of the GDT facility with two compact magnetic mirrors. 
 

For better working conditions of the first wall, a 
few monolayers of titanium are to be sprayed on a 
specially prepared rough inner surface of the chamber just 
before the beginning of the experiment, using a ring-
shaped arc titanium evaporator inside the chamber.  

The first step in the experiments on plasma 
confinement by means of ambipolar barriers was attaining 
steady accumulation of fast ions in the two compact 
magnetic mirrors, which were to serve as ambipolar cells.  

At the initial stage of the experiment, both the 
compact magnetic mirrors were filled with the warm 
flowing "target" plasma from the central chamber of the 
GDT. Typically, the density of the flowing plasma was 
n0≤ 1013 cm-3,  and its electron temperature was 
comparable with that in the central part of the GDT, about 
100  eV. Then, with a delay of 200 μs from the beginning 
of injection of atoms in the central part of the GDT, 
focused beams of deuterium atoms with energy E = 
20÷25 keV, duration 4 ms, and a power of about 0. 5 MW 
were injected into the CMs, one beam to a CM, normally 
to the axis of the system. Ionization of atoms in a CM led 
to formation of plasmoids, consisting of fast deuterium 
ions with strongly anisotropic distribution and density 
several times as large as the density of the background 
isotropic plasma.  

The accumulation of fast ions in the CMs could 
be observed via the growth of electron density. Fig. 4.1.3 
presents the linear density of electrons in modes with and 
without injection of focused atom beams into the CMs. 
These measurements were carried out in the west CM (W-
CM) with the use of a dispersion interferometer. In the 

first approximation, the linear density of hot ions 
corresponds to the linear density of electrons because the 
amount of warm target plasma in the plasmoid area is 
small. Accumulation of fast ions in the second CM (E-
CM) run in a similar way, controlled through attenuation 
of the atom beam and with a diamagnetic probe.  

Fig. 4.1.4 presents the density profile of hot ions in 
the equatorial plane of the west CM, obtained with an 
analyzer of charge-exchange atoms. The profiles were 
constructed for the time interval from 2 ms to 3 ms after 
the start of injection into the compact magnetic mirrors. 
The profiles were normalized to the linear density of fast 
ions, which was calculated from the linear density of 
electrons, which was derived from readings of the 
dispersion interferometer (see Fig. 4.1.3). So obtained 
maximum density of fast ions in the center of the CM was 
1.1х1013 cm-3. 

The increased density of fast anisotropic ions in 
the end CMs led to formation of an ambipolar potential 
"hump" in these plugs, which prevented loss of ions of the 
target plasma from the central part of the GDT.  

The main purpose of the experiments was to 
investigate the CMs as ambipolar plugs for improvement 
of longitudinal confinement. Main attention was paid to 
the measurements of the radial profiles of electron 
temperature and density in the main magnetic bottle of the 
GDT, measurements of longitudinal plasma loss through 
the CMs, and the magnitude of the ambipolar potential 
drop in modes with and without injection of beams of 
atoms into the end compact magnetic mirrors. These 
studies demonstrated ambipolar plasma confinement in 
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the GDT with two ambipolar plugs in a regime of 
moderate plasma parameters, which was proved by a 
substantially smaller density of the warm ion flux from 
the GDT through the CM sections on the east and west 
ends in modes with injection of beams of atoms into the 
CMs than in modes without it. 

 

 
Fig.  4.1.3. Linear density of electrons in the west CMB. 

 

 
Fig. 4.1.4. Density profile of hot ions in the equatorial 
plane of the west CMB. 

 
The main diagnostics means for the degree of 

suppression of the longitudinal loss were a pyroelectric 
bolometer and a grid probe, located next to each other on 
a movable rod. Two identical sets of a bolometer and a 
grid probe were placed in the east and west expanders at a 
point with the mirror ratio Rd =   0.7 (see Fig. 4.1.1). They 
were used in the measurement of the temporal and radial 
dependences of the absolute density of ion flux into the 
expanders. It is worth noting that the bolometer-and-probe 
system could not be installed on the east side on radii near 
the axis of the system since this area was projected on the 
cathode of the arc source of initial plasma.  

Fig. 4.1.5 presents radial profiles of ion flux in the 
west expander in modes with injection of atom beams into 
both the CMs (triangles) and without it (diamonds), i.e. 

with and without creation of a dense anisotropic plasmoid 
in the compact magnetic mirrors (in this case, the W-CM) 
and hence an ambipolar barrier on the way of warm ions 
from the center of the trap. For ease of comparison of the 
results, the radii in this and all subsequent figures are 
given in terms of magnetic flux on the central plane of the 
GDT. One can see from the figure that the ions flux 
through the W-CM got more than 2 times weaker with the 
ambipolar barrier was created in it.  

 
Fig. 4.1.5. Radial profiles of ion flux density measured 
with the grid probe in the expander near the west plasma 
absorber. 

 

 
Fig. 4.1.6. Radial profiles of ion flux density measured 
with the grid probe in the expander near the east plasma 
absorber. 
 

Fig. 4.1.6 shows the same profiles for the east 
expander. The weakening of the flux through the E-CM 
was less, perhaps, because of the gas conditions in the 
east expander, due to the arc plasma source in it.  
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Analyzing the spectrum of longitudinal energies of 
ions leaving the trap through an ambipolar plug, one can 
also measure the maximum value of the ambipolar 
potential in a given magnetic force line. In a natural way 
this value corresponds to the minimum energy of ions, i.e. 
the “shift" of the distribution function relative to the 
origin. The spectrum of longitudinal energies (or the 
longitudinal component of the velocity distribution 
function) of plasma ions leaving the trap through a plug 
was measured with a grid analyzer with scanning of the 
locking voltage. The analyzer was located in the area of 
the expander behind the W-CM. Fig. 4.1.7 shows the 
radial profiles of the plasma ambipolar potential measured 
by this method. Profile (a) corresponds to a mode with 
injection into the CMs; profile (b) is for a mode without 
injection, i.e. a free flux of plasma through the additional 
CMs; profile (c) illustrates the difference in the obtained 
profiles. According to the measurements, when dense 
bunches of hot ions were created in the end magnetic 
mirrors, the magnitude of the ambipolar potential jump in 
the CMs was ~   100 V (see Fig. 4.1.7(c)), which is 
comparable with the electron temperature of the flowing-
out target plasma in this mode.  

The density and temperature of electrons in the 
central plane of the GDT were also measured in these 
experiments, by the method of Thomson laser scattering. 
The radial profile of the target plasma density changed 
with “switching on” the two ambipolar plugs, as shown in 
Fig. 4.1.8. As in the previous figure, profiles (a) and (b) 
correspond to modes with and without injection into the 
CMs, while profile (c) illustrates the difference.  

The electron temperature of the plasma stayed 
virtually unchanged, which can be explained by the fact 
that the local energy balance of the system changed when 
the plasma density increased substantially. For example, 
the injection power remained unaffected during all the 
experiments and was determined by energy of the supply 
systems of the injectors. Therefore, with increasing 
plasma density the heating of the beams, as recalculated 
to ion-electron pair, reduced. On the other hand, an 
increase in the plasma density in a given force line led to 
a growth (up to 2 times on the axis!) of the flux incident 
on the plug, which, even with the ambipolar barriers, 
resulted in equalization of the fluxes, with and without 
ambipolar plugs. This effect was observed in the 
measurement of ion flux through the east CM (see Fig. 
4.1.6). In this case, in some force lines, the flux on the 
probe through the ambipolar plug was even somewhat 
higher than that without the barrier potential.  

However, we demonstrated experimentally that 
plasma density was increasing due to improved 
longitudinal confinement caused by formation of 
ambipolar barriers on the edges, which is a good stepping 
stone for further study of the ambipolar confinement in 
traps of the GDT type.  

Let use these experimental data to estimate the time 
of longitudinal plasma confinement τ|| and the 

confinement parameter nτ|| for particles in the axial region 

in modes with (denoted with * in the equations) and 
without injection of beams into both the CMs.  

From the measurement data shown in Figs. 4.1.5 and 
4.1.6, one can estimate the longitudinal plasma flow from 
the trap near the axis at the moment 7.5 ms in the mode 
without injection (without creating an ambipolar barrier) 
as  

jW(r=0, t=7.5 ms) ≈ jE = j  ≈  0.1 А/cm2 

Here, jW and jE are the warm ion fluxes through the west 
and east CM, respectively. When the ambipolar barriers 
are created in the CMs, according to the measurement 
data, the flux of warm ions near the axis reduced about 
two times on the west side and remained at the same level 
on the east one:  

⋅jW* ≈ j/2,   jE* ≈ j. 

Recall that * denotes parameters of the experiment with 
ambipolar locking.  

 
Fig. 4.1.7. Radial profile of ambipolar potential of plasma 
with (a) and without injection (b) into the CMs of the 
GDT;(c) illustrates the difference in the profiles. 

 

 
Fig. 4.1.8. Radial profile of plasma density in the central 
part of the GDT in modes without (triangles, a) and with 
injection (circles, b) of atom beams into the CMs. Squares 
(c) show the difference in the two profiles.  
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As one can see from Fig. 4.1.8, plasma density in the 
central part of the GDT near the axis increased 2 times 
with the ambipolar locking, i.e.  

⋅n * = 2 n.  

The time of longitudinal confinement on the axial 
force tube can be estimated as the time of outlet of the 
plasma of the density n from a unit volume V of this tube 
in the flows jW  and jE  through the western and eastern 
plugs, respectively:  

nV/τ|| ∝ jW + jE 

Then, for the case without ambipolar blocking (only 
magnetic mirrors),  

τ|| ∝ nV/2j, 

whereas with ambipolar locking,  

τ||* ∝ n*V/(j+j/2) = 4nV/3j = (8/3)⋅ τ|| ≈ 2.7 τ||. 

Thus, with the use of the ambipolar barriers, the time 
of longitudinal confinement of particles in the axial region 
of the GDT increased 2.7 times; τ||* ≈ 2,7 τ||. As for the 
parameter nτ

||
, which illustrates improvement in the 

longitudinal confinement,  

n*τ||* ≈ 5.4⋅nτ||. 

Similar calculations for other radii with subsequent 
averaging over the plasma filament cross section (<...>) 
give the following:  
  

<τ||*> ≈ 1.8 <τ||>  and   <n*τ||*> ≈ 2.9⋅<nτ||>, 

respectively.  
From these comparisons, one can conclude that in 

these experiments with ambipolar plugs of rather 
moderate parameters (the height of the potential hump 
was about the plasma temperature), the longitudinal 
confinement was improved more than 5 times on the axis 
of the facility and almost 3 times on the average over the 
plasma cross section.  

The improved confinement of the target plasma in the 
GDT had a positive effect on the accumulation and 
containment of the population of fast ions in the central 
part of the GDT. From the results of measurements of 
local diamagnetism (MSE) one can get the maximum 
value of the relative plasma pressure βmax = 0.45 and the 
maximum density of fast ions at the stop point nf max ≈ 
4⋅1014 cm-3 (for the average ion energy <Ef>=10 keV). 
These values are record ones for a GDT with an injection 
power of 4.5 MW (6 heating injectors in the central part).  

To further investigate the influence of the effect of 
ambipolar locking on the parameters of plasma confined 
in the GDT, it was decided to increase the magnetic field 
in the central part of the GDT from 2.95 to 3.35 kG. The 
increase in magnetic field led to more pronounced results, 
demonstrating an augment in the plasma parameters due 
to the use of two ambipolar barriers. Fig. 4.1.9 shows the 
time dependence of the linear plasma density in the 

central plane of the GDT according to the data of 
dispersion interferometer for a mode with high magnetic 
field. Upper curve (1): with injection of atom beams into 
both CMs; lower curve (2): without injection.  

One can see from the figure that in this mode the 
injection of beams into the CMs, i.e. creation of 
ambipolar barriers, led to a significant increase in the 
density (the linear density increased almost 2 times!). The 
growth of the plasma density in this regime was limited 
by the developing MHD instability, as evidenced by 
plasma oscillations after 8 ms in the scale of Fig. 4.1.9. 

 
Fig. 4.1.9. Time dependence of the linear plasma density 
in the central plane of the GDT for a mode with high 
magnetic field. (1) with injection into both CMs and (2) 
without injection.  
 

In modes with high magnetic field, the influence of 
the ambipolar potential on the maximum parameters of 
plasma density and temperature in the central part of the 
GDT demonstrated itself more clearly. According to 
Thomson scattering measurement, in a steady regime with 
high magnetic field and ambipolar plugs, the electron 
temperature on the axis at the time t = 8 ms was 
Te

* = 138 ± 3.5 eV at the density n*
 = (2.2 ± 0.2)⋅1013cm-3. 

For comparison, at the same magnetic field value but 
without ambipolar locking (without injection of beams 
into the end CMs) the temperature was much lower: 
Te = 109 ± 9 eV and the density was more than 2 times 
lower: n = (0.95 ± 0.04)⋅1013cm-3. 

Thus, in a mode with high magnetic field we 
managed to demonstrate a significant increase in the 
density and temperature due to the longitudinal 
confinement improvement with two ambipolar plugs in 
the form of end CMs and perpendicular injection of 
atomic beams into them.  

To investigate the effectiveness of each of the 
ambipolar plugs we conducted special experiments with 
injection of beams, i.e. creation of an ambipolar barrier, 
into either the eastern or western CM. The results of these 
studies are presented in Fig. 4.1.10. As one can see, both 
the CMs had approximately the same efficiency and gave 
a half of the contribution to improvement of the 
confinement.  
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Fig. 4.1.10. Comparison of the effectiveness of the east 
and west CMs via the linear time dependence of plasma 
density <nl> in the central plane of the GDT for modes 
with high magnetic field:  
1 - injection of beams into both CMs (blue curve);  
2 - injection of beam only into the east CM (red curve);  
3 - injection of beam only into the west CM (black line);  
4 - without injection of beams into the CMs (purple).  

 
 

Examination of oscillations of the plasma potential 
and magnetic field in the region of ion cyclotron 
frequencies showed no Alfven ion-cyclotron instability in 
these modes. This instability was observed earlier in 
experiments on the GDT with one compact magnetic 
bottle. This is due to the lower parameters of ion 
plasmoids in the CMs in these experiments and a 
threshold character of development of this 
microinstability.  

In conclusion of the section, we present the main 
results obtained during the presented cycle of works:  

-        two end compact magnetic mirrors (CMs) were 
manufactured and installed on the GDT, with 
perpendicular injection of high-energy beams of hydrogen 
or deuterium atoms into them;  
-        accumulation and confinement of bunches of fast 
ions of a mean energy of 10-15 keV and a density several 
times as large as that of flowing target plasma were 
experimentally demonstrated;  
-        we demonstrated that two ambipolar barriers created 
in the compact magnetic mirrors on both sides of the GDT 
improve the longitudinal confinement. We observed a 
two-fold increase in the plasma density on the axis in the 
central part of the GDT, a decrease in the longitudinal 
loss, and a noticeable augment in the electron 
temperature. As a result, the parameter nτ|| increased more 
than 5 times relative to the mode with no ambipolar plugs.  
 
 
 

4.1.2  Results of first experiments on plasma 
heating with electron beam on the GDT facility  
 

High-power electron beams injected into the trap 
from behind-plug areas along the magnetic field play an 
important role in the experimental studies on the GDT 
and next-generation facilities on its basis. In this case, the 
electron beams have two functions:  

1)      additional heating of the electron component of 
plasma and 

2)     control of the radial profile of the electric 
potential of plasma, which is necessary to overcome the 
effect of MHD instabilities on the confinement of 
particles and energy.  

Successful implementation of these functions 
requires determination of the following:  

1)   the possibility of injection of electron beam of a 
megawatt-range power through the plug unit, with a high 
degree of beam compression;  

2)   the range of densities of ion flux from the plasma, 
in which the electron beam generator can operate safely.  

The solution to these problems was the main motive 
of the first series of experiments on electron beam 
injection into the GDT, which were held in late 2011.  

An electron gun was developed for beam formation. 
The gun is schematically illustrated in Fig. 4.1.11. The 
LaB6 cathode of 20 mm in diameter was heated by the 
electron beam from an additional "minor electron gun" 
with an electron energy of 1.5 keV. Such a two-stage 
scheme allowed us to minimize the power of heating of 
the main cathode unit and use air cooling. The anode was 
made as a molybdenum grid with a thickness of 0.5 mm 
and 37 hexagonally-ordered holes of 2.4 mm in diameter. 
The total area of the holes was 1.67 cm2.  The cathode 
was closed with a molybdenum mask of respective form. 
The electron gun is shown in Fig. 4.1.12.  

 

 
Fig. 4.1.11. Schematic representation of the electron gun 
developed for experiments on the GDT. 
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Fig. 4.1.12. Photo of the electron gun, prepared for 
installation on the GDT: view from the anode. 

 
During the experiments on the GDT, parameters of 

the electron gun were as follows: the anode voltage was 
40 kV; the beam current was 10 A; the duration of 
operation was 0.3 ms.  

The electron gun was installed in one of the end 
expansion tanks of the GDT, as shown in Fig. 4.1.13. 

At the initial stage of the experiment, the 
electron beam was injected in a mode without plasma 
generation, the residual gas pressure in the GDT not 
exceeding 3⋅10-5 Pa. The beam current and energy were 
recorded with a movable collecting calorimeter installed 

inside the trap near the opposite mirrors unit. The 
magnitude of magnetic field in the electron gun could be 
varied by means of a special coil mounted on the 
expansion tank. The measurements showed that for a 
beam compression degree in the range Kegun= 60 ÷ 120 
(Kegun is the ratio of magnetic field in the plug to that in 
the anode gun area) the beam is transported into the trap 
without loss and detected by the collecting calorimeter.  
              To study the interaction of beam with plasma, we 
implemented a "decay" mode, in which the plasma 
generator filled the trap with warm plasma in 4 ms. The 
generator was located in the expansion tank opposite to 
the electron gun. Then the plasma flowed freely from the 
trap, its density decreasing exponentially with time. 
Switching the electron gun on at different moments of the 
outflow, one could inject electrons into the plasma of the 
density n = 0 ÷ 3⋅1013 cm-3; the electron temperature of 
the plasma was several electron volts.  

Fig. 4.1.14 shows a typical shape of signal pulse 
from the diamagnetic probe located in the central plane of 
the GDT facility. The amplitude of the signal pulse is 
proportional to the total energy of the plasma column. 
One can see from the measurements that the plasma 
energy increases linearly during all the time of electron 
beam injection and no steady state of plasma heating with 
the beam is achieved.  

Fig. 4.1.15 shows the main result of this series of 
measurements, i.e. the dependence of the diamagnetic 
signal amplitude (energy transmitted by the beam to the 
plasma) on the degree of beam compression in the plug 
Kegun.. 

 

 
Fig. 4.1.13. Schematic representation of the GDT with the electron gun and a movable collect for with mounted 
calorimeter for measuring electron beam parameters. 
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Fig. 4.1.14. Shape of signal pulse from the diamagnetic 
probe located in the central plane of the GDT. The pulse 
amplitude is proportional to the total energy content of the 
plasma. 

 
Fig. 4.1.15. Diamagnetic signal amplitude (energy 
transmitted by the beam to the plasma) vs. degree of beam 
compression in the plug Kegun. 
 

One can see that at Kegun = 85 ÷ 120 the energy 
transferred by the beam to the plasma remains unchanged. 
Thus we conclude that in this range of compression 
degree, the beam is freely transported into the trap and 
interacts with the plasma. When Kegun < 85, the density of 
the ion flux on the anode exceeds 15 mA/cm2, which is 
the limit of reliable operation of the electron gun. The 
operation duration was reduced and restricted by 
breakdowns. Increase in the electron temperature was 
measured with a Langmuir probe and a laser-scattering 
system. The measurement results agree well with the 
scaling obtained in previous years on a number of pulse 
facilities with electron beam injection into plasma (Fig. 
4.1.16). In a separate series of experiments with injection 
of atom beams it was shown that the electron beam does 
not affect confinement of hot ions.  

 
 

 

 
Fig. 4.1.16. Scaling of the dependence of electron 
temperature increase on specific energy content of the 
beam, obtained earlier on a number of pulsed facilities 
with electron beam injection into plasma. The round spot 
corresponds to the result of the experiment on the GDT 
facility. 
  

Thus, the results of first experiments with electron 
beam injection on the GDT facility allow the following 
conclusions:  

•        the possibility of electron beam injection 
through a magnetic plug with a compression ratio of up to 
Kegun = 120 to the plasma of the GDT was demonstrated;  

•        the electron gun was shown to operate reliably 
at densities of plasma ion flux to the anode 0  <  ji  < 15 
mA/cm2; 

•        the energy content of plasma is increasing 
linearly throughout the time of electron beam injection. In 
so doing, in the range 80 < Kegun <120, the energy 
transferred from the beam to the plasma does not depend 
on the degree of beam compression in the plug; 

•         the electron beam injection does not affect 
confinement of hot ions.  
 
4.1.3 Development of the system for ECR 
heating of plasma in the gas-dynamic trap 
(GDT)  

In 2011, BINP SB RAS together with Gycom Ltd. 
(Nizhny Novgorod) and the Institute of Applied Physics 
(IAP RAS) (Nizhny Novgorod) were actively working on 
the construction of the system for ECR heating of plasma 
on the GDT facility. Commissioning of the system and 
first experiments are planned for 2012. Below the results 
of the various stages of preparation and commissioning of 
the ECR heating system are presented.  

During the initial phase of the project, two gyrotron 
modules were commissioned and tested and their 
performance was measured on the bench at Gycom Ltd. 
(Nizhny Novgorod). They were demonstrated to be able 
to reach the rated 450 kW at a radiation frequency of 54.4 
GHz and a HVPS voltage of 70 kV. Precise 
measurements of individual phase characteristics of 
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microwave radiation on the output of the gyrotrons were 
performed. The measurement results were later on used in 
the design and manufacture of mirrors of quasioptical 
filters.  

BINP together with the Institute of Applied Physics 
(Nizhny Novgorod) created a code for calculation of the 
propagation and absorption of electromagnetic radiation 
in an axially symmetric magnetic trap. Later on, this 
numerical code was used for numerical modeling of input 
of microwave radiation into plasma and its absorption in 
the area of plug units, where there are zones of electron 
cyclotron resonance.  

The initial stage of the designing of elements for 
microwave plasma heating involved calculations to 
optimize the process of wave penetration into the plasma, 
wave propagation to the region of cyclotron resonance, 
and absorption of microwave power by the GDT plasma. 
A numerical modeling was perfromed for a wide range of 
plasma densities and microwave beam launching angles 
relative to the axis of symmetry of the plasma column. 
Fig. 4.1.17 shows an example of results of such 
calculations; above: separation of captured and 
uncaptured rays depending on the launching angle at a 
plasma density of 1.5⋅1019 m-3; bottom: rays launched at 
an angle of 55o for a set of plasma densities in the range 
N0= 0.5÷2.5·1019m-3. 

 

 
 

 
Fig. 4.1.17. Above: geometrical-optics rays for a set of 
launching angles of 15o to 70o at a plasma density of 

1.5⋅1019 m-3. Bottom: rays launched at an angle of 55o at 
plasma densities N0 = 0.5÷2.5·1019m-3. 

 
It is important to note that the power of microwave 

radiation introduced with the captured rays is absorbed 
with an efficiency of 100%. The simulation shows that the 
rays can be captured at a wide range of plasma densities 
for different radial density profiles corresponding to 
different experimental conditions. The most important 
results are summarized in Fig. 4.1.18, where the diagram 
"launching angle vs. plasma density" shows areas 
corresponding to captured beams. We examined three 
possible positions of the last mirror in the system for 
radiation injection into the plasma (see the inset in Fig. 
4.1.18). In the course of optimization of the input device, 
we chose position 1 and a launching angle of 54°. These 
parameters allow efficient injection of radiation into a 
plasma of a density of 0.5÷2.5⋅1019m-3 with launching 
angles of 50÷55 °. 

 

 
 

Fig. 4.1.18. Areas of efficient capture of beams in the 
diagram "launching angle vs. plasma density" for three 
positions of the last mirror of the system for radiation 
injection into the plasma. Position 1 was selected for the 
design.  
  
  

Fig. 4.1.19 shows an example of the calculated 
spatial profiles that describe the density of absorbed 
power Q(r) and Q(z) in the (r,z) coordinates for 
parameters corresponding to Fig.  4.1.18. 10 geometrical-
optics rays with launching angles of 50° to 55° were 
chosen for simulation of absorption of the quasi-optical 
beam being formed. The results of the calculations predict 
rather flat and broad radial density profiles of absorbed 
power with good localization (∼ 4 cm) in the longitudinal 
direction. The lower graph in Fig.4.1.19 illustrates 
absorbed power vs. electron velocity Q(v||). From this 
dependence it follows that in this scenario power is 
absorbed mainly by thermal electrons.  
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Fig. 4.1.19. Density profiles of absorbed power: (a) radial, (b) longitudinal, for a set of 10 rays with angles of 50° to 

55° and the plasma density N0 = 1.5·1019m-3, (c) absorbed power density as a function of the electron velocity normalized 
to their thermal velocity

 Teu υυ= /||   
 

  
 

Fig. 4.1.20. 3D model of the GDT facility with the system of microwave heating (left). One of the units for microwave 
power input into the GDT facility (right). 
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The main conclusions from the numerical simulation 
can be summarized as follows:  

1. It was shown that beams of microwave radiation 
with a frequency of 54.5 GHz injected at angles of 50° to 
55° into the plasma near the plug units from the trap side 
can be efficiently captured and completely absorbed at the 
plasma density N0 = 0.5÷2.5·1019 m-3. These data form a 
basis for designing a system for ECR heating of plasma in 
the GDT.  

2. The results of the calculations predict rather flat 
and broad radial density profiles of absorbed power with 
good localization (∼ 4 cm) in the longitudinal direction  

3. The chosen scenario of radiation injection into 
the plasma predicts radiation absorption mainly by 
thermal electrons.  

The simulation and electrodynamic calculations 
performed in collaboration with the Institute of Applied 
Physics resulted in a statement of work for designing a 
system for microwave beam generation, transport, and 
injection into the plasma of the GDT facility.  

The designing of all elements of the microwave 
heating system for the GDT facility were completed in 
July 2011. Holders and devices for adjustment of the 
waveguide lines were also designed, as well as the end 
elements of the GDT central vacuum chamber with 
windows for microwave radiation entry and movable 
valves with pneumatic actuators for protection of the 
windows during the application of titanium film preparing 
the first wall for the working pulse of the facility.  

Fig. 4.1.20 shows a 3D model of the GDT facility 
with the system of microwave heating. The gyrotron 
modules with quasi-optical filters are arranged in a 
specialized room above the facility. Via the waveguides 
and waveguide corners, beams of microwave radiation are 
brought to the end parts of the magnetic trap, where the 
cyclotron resonance zones are located. Waveguide 
corners closest to the GDT facility contain a special 
system of mirrors, which allows microwave radiation 
polarization optimal for input into the plasma. Fig. 4.1.20 
(right) shows the unit for input of microwave radiation 
beams into the plasma.  

The preparation of the specialized room for the 
gyrotron modules and their mounting were completed by 
the end of 2011. The room was redecorated; the cryogenic 
magnets of the gyrotrons were installed and prepared for 
testing; all the electrical, vacuum, and gas connections 
were made; pipelines for process water and gaseous 
helium discharged from the cryogenic magnets were 
mounted; the mains were checked; the Ethernet line to the 
local network of the GDT system for control and data 
collection was mounted. The insulating vacuum volumes 
of the cryogenic magnets were pumped out.  
Fig. 4.1.21 presents a photograph of the completely ready 
room at the stage of adjustment of the cryogenic magnets 
for gyrotron modules. Fig. 4.1.22 shows a photograph of 
one of the mounted cryogenic magnets, prepared for 
testing and installation of the gyrotrons. 
 

 
Fig. 4.1.21.  Adjustment of the cryogenic magnets for the 
gyrotron modules. 

 

 
Fig. 4.1.22. Photo of one of the mounted cryogenic 
magnets, prepared for testing and installation of the 
gyrotrons. 

 
For testing of the gyrotrons and conduction of the 

initial phase of experiments on the microwave heating of 
plasma, we fabricated a pilot version of the high-voltage 
power supply. Its schematic diagram is shown in Fig. 
4.1.23. 
 The pilot version of high-voltage modulator has the 
following characteristics: output voltage of 70 kV, load 
current of up to 25 A, pulse duration of 300 μs, and 
repetition rate of 1/1 min. 
 The dimensions of the high-voltage modulator are 
800*800*2000 mm. Its weight is about 200 kg. The 
modulator is set up as an LC line, which is connected to a 
step-up high-voltage transformer via a thyristor switch. 
Output voltage stabilization is performed by a set of zinc 
oxide varistors connected to the secondary winding of the 
transformer. The number of switched-on varistors is 
regulated by a scheme for step-wise stabilization of the 
output pulsed voltage with a step of 500 V. In case of 
breakdown of the load, the modulator is switched off till 
the end of the current pulse. The modulator was mounted 
and tested on a dummy load. Fig. 4.1.24 shows the pilot 
version of the high-voltage modulator in the course of 
testing. 
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Fig. 4.1.23.  Schematic diagram of the pilot version of the high-voltage modulator for powering the gyrotrons with 
operation duration of 300 microseconds. 

 

Fig.4.1.24. Testing of the pilot version of the high-voltage 
modulator. 

 
With the pilot version of the high-voltage modulator 

we will be able to test the gyrotrons and start the first 
phase of experiments on ECR heating of plasma in the 
GDT. Then the pilot version will be replaced with a 
permanent modulator. 

Fig. 4.1.25 presents a schematic diagram of a 
permanent high-voltage modulator with the following 
characteristics: output voltage of 70 kV, load current of 
up to 25 A at a pulse duration of up to 5 ms, and 
repetition rate of up to 1/1 min. Its dimensions are 
600*1000* 000 mm and its weight is 800 kg. The 
modulator is set up as a capacitor energy storage circuit 
with IGBT transistor switch and output voltage 
stabilization via a set of series-connected varistors. The 
number of switched-on varistors is regulated by the circuit 
for step-wise stabilization of the output voltage in pulse 

with a step of about 500 V. The modulator consists of 15 
series-connected sections charged to a voltage of about 6 
kV. Each section contains six series-parallel K75-28 
capacitors (100 μF/3000 V). Switching the capacitor 
voltage on the load is performed with BUP314D 
transistor switches connected in series. The capacitors are 
charged from two sealed lead accumulators (12 V/7 Ah) 
with energy sufficient for 200 to 300 pulses of the 
modulator. In case of breakdown in the load, the 
modulator is switched off till the end of the current pulse. 
Besides that, the modulator is turned off at a microwave 
breakdown in the output window of a gyrotron or in the 
waveguide tract. 

 
Fig. 4.1.25. Schematic diagram of the permanent high-
voltage modulator with an operation duration of 5 ms for 
power supply to the gyrotrons. 
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All units of a separate section of the modulator were 

modeled and tested in an operation mode. The design 
documentation was drawn for the section and the 
modulator as a whole. The mounting, testing, and 
adjustment of the separate section version (see Fig. 
4.1.26) are underway. 

 

 

Fig. 4.1.26. Photo of a section of the permanent high-
voltage modulator in the process of adjustment. 

By the end of 2011, the functionality of separate 
components of the microwave heating of plasma was 
verified on the GDT facility. The cryogenic magnets were 
first to be tested. At a current of 60 A, we attained the 
magnetic induction value B ≈ 2.1 T in the area of the 
gyrotron cavity, which agrees well with the rating values. 
It is worth noting that the cryogenic magnets were 
produced over 20 years ago and not exploited since the 
time of initial tests. Then the vacuum conditions inside 
the gyrotron were checked, as well as the operability of 
the ion pump, intended to maintain the working vacuum. 
The operating current of the ion pump was shown to be 
100 microamperes or less, which indicates that vacuum 
conditions inside the gyrotron comply with the 
specification. At the present time, the switching-on of the 
gyrotrons and their testing with the pilot version of the 
high-voltage modulator are underway. 

 

 

 
 
 
 
 
 

4.2 GOL-3 FACILITY 

4.2.1 General description and operation 
regimes of GOL-3 

 
GOL-3 is the unique electro-physical facility 

intended for studies of physics of fast collective plasma 
heating by a high-current relativistic electron beam of 
microsecond duration and for studies of physics of 
multiple-mirror confinement of high-temperature plasma 
in corrugated magnetic field. The main feature of plasma 
behavior in the facility is the key role of collective and 
non-linear processes. Scientific program of 2011 was 
targeted to several specific tasks of physics and 
technology of multiple-mirror confinement systems for a 
high-temperature plasma. Development of experimental 
base was continued in 2011 in parallel with experiments 
under scientific programs. New advances in a technology 
of generation of long-pulse electron beams with the 
plasma emitter were achieved. The diagnostic complex of 
GOL-3 was improved with several new diagnostics that 
will be described later in the text. 

The 12-meter-long solenoid consists of 103 coils with 
an independent feed. In the regular multimirror 
configuration the magnetic field has 52 corrugation 
periods (cells of multimirror system) with 22 cm length, 
the field in maxima is 4.8 T, and in minima is 3.2 T. The 
mirror ratio of the corrugated field is 1.5. This means that 
the operating mode of GOL-3 corresponds to a "moderate 
corrugation regime". The solenoid terminates in single 
magnetic mirrors with the field of 8-9 T. The exit unit 
consists of the plasma creation system and exit expander 
tank with the end beam collector. Magnetic field strength 
decreases to 0.05 T at the collector surface reducing 
thereby specific heat flux at the surface. Metals therefore 
can be used as the material for the collector plate. 

Typical experimental scenario is the following. 
Several gas-puff valves create required axial deuterium 
density distribution in a metal vacuum chamber Ø10 cm, 
placed inside the solenoid. Then a special linear discharge 
creates a start plasma with length-averaged density of 
(1÷30)·1020 m-3 and temperature ~2 eV. After that the 
relativistic electron beam is injected into this plasma with 
the following parameters in a standard regime: electron 
energy is ~0.8 MeV, current is ~25 kA, duration is ~12 
μs, energy content is ~120 kJ, the beam diameter is ~4.1 
cm (this value corresponds to 3.2 T magnetic field as in 
minima of corrugated magnetic field). Such a beam is 
formed in a slit relativistic diode of the beam generator U-
2 and then it is transformed to a circular shape and 
compressed by a magnetic system of U-2. As a result of 
collective heating the plasma gets ion temperature 2÷3 
keV (in the hottest part of the plasma column). Use of the 
multiple-mirror confinement scheme (the corrugated 
magnetic field) allows to confine the hot plasma much 
longer, than in a simple solenoidal trap. 
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 4.2.2 Measurements of fast localized 
fluctuations in plasma density  

 
Plasma fluctuations at scales much less than 

characteristic plasma size play a crucial role in anomalous 
loses of particle and energy of hot plasma across the 
confining magnetic field. Understanding of mechanisms 
of such anomalous transport is a key problem for a fusion 
reactor based on toroidal magnetic systems. On the 
contrary, in magnetic mirror confinement systems plasma 
fluctuations can play positive role both by reducing axial 
loses and by increasing  plasma heating efficiency. 
Previous experiments on the GOL-3 device showed that 
plasma axial thermal conductivity decreases more than 
three orders of magnitude due to plasma turbulence driven 
during plasma heating process. Besides, it was stated that 
ion heating by hot plasma electrons occurred much faster 
than binary collision times. The likeliest mechanism of 
such fast ion heating involves plasma density fluctuations 
as a key element, as it follows from measurements.  All 
this makes diagnostics of plasma density fluctuations in 
multiple-mirror trap GOL-3 extremely important. 

Large scale plasma density fluctuations driven by 
relativistic electron beam during plasma heating were 
observed previously at GOL-3 with the use of 
multichannel Thomson scattering. These measurements 
were done on shot by-shot basis and required large 
number of plasma discharges. Upgrade of the Thomson 
scattering system in 2010 season made two measurements 
of plasma density and temperature during a single 
discharge possible.  It was achieved with the use of two 
independent master oscillators that shared common path 
through the output gain sections of the laser system. As 
the result the laser system produces two output pulses 
with the following parameters: λ = 1054 nm, energy per 
pulse 10-20 J, pulse duration 20-40 ns, time delay 
between pulses 60-150 ns.  

In the presented experiments Thomson scattering 
system has been modified for observation of plasma 
density profile. Measurements were performed at 8 spatial 
locations within 9 cm section across the plasma chamber 
and cover the entire plasma diameter. The measurements 
were aimed at observation of fast local dynamics of 
plasma density during injection of the electron beam into 
plasma. As the result fast (60-90 ns) plasma density 
fluctuations were detected. Typical plasma density profile 
with fast variation of density is shown in Fig. 4.2.1 (a) in 
contrast to a profile without such fast variations (b). 

Analysis of obtained data shows with high 
confidence that random fast localized density fluctuations 
are observed. The future experiments will be aimed at 
specifying the mechanisms for observed localized density 
fluctuations. Such a dynamics of plasma density profiles 
might be associated with direct consequence of strong 
Langmuir turbulence as a wave collapse or can be 
produced by inhomogeneous plasma heating due to 
filamentation of the electron beam. The local dynamics of 
plasma density might also evidence of occurrence of the 

above-mentioned fast ion heating mechanism driven by 
relaxation of flows of plasmas heated in local mirror traps 
of the multi mirror GOL-3 device. 

 
  

a  

 
 

b  

 
Fig. 4.2.1. Plasma density profiles for shots: a) with fast 
variations at -1.9 and 0.6 cm; b) without density variation 
recorded. The time interval between two profiles is less 
than 100 ns. 

 

 4.2.3 Studies of a sub-THz plasma radiation  
 
The energy transfer from an electron beam to the 

plasma during its heating is based on the pumping of 
strong Langmuir turbulence by the beam that leads to the 
absorption of energy of plasma oscillations by electrons 
and to the suppression of electron heat transport along the 
magnetic field. At the same time high energy density of 
plasma oscillations also leads to generation of 
electromagnetic radiation from plasma in a wide 
frequency range, extending from the vicinity of the 
plasma frequency to twice this value. The possibility of 
such generation of radiation was predicted in the middle 
of last century by theory. It also was observed in 
astrophysics. Hence by studying a structure and dynamics 
of the emission spectrum of microwave radiation from the 
plasma, it is possible to obtain information about the 
beam-plasma interaction, as well as the processes that 
accompany the relaxation of the electron beam in plasma. 

Radiometric diagnostics with the quasi-optical 
elements on the basis of the anisotropic selective surfaces 
were developed in 2009-2010 for registration of 
microwave radiation from the plasma in the vicinity of the 
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double plasma frequency. Using these diagnostics we 
found that the detectable electromagnetic radiation is 
present only at the stage of intense plasma heating which 
suggests that generation of the detected electromagnetic 
radiation is not directly caused by cyclotron motion of 
electrons, and being the plasma process. 

Experiments were continued in 2011 to study 
emission of electromagnetic radiation from the plasma 
during injection of relativistic electron beam. The 
radiation was detected by using a spectrally-selective 4-
channel quasioptical system, as well as broadband 
detectors and a calorimeter. The 4-channel spectroscopic 
system was equipped with new quasioptical elements that 
use isotropic selective surfaces. The filters had out-of-
band transmission at -60 dB level. Spatial regularities of 
the radiation and the radiation spectrum were studied (see 
Fig. 4.2.2-4). In the experiments with the plasma density 
of (1.5÷3)⋅1020 m-3 the linear plasma frequency lies in the 
range of 120÷170 GHz. Dependence on the longitudinal 
coordinate was measured with single-channel mobile 
broadband detectors tuned to the first and the second 
harmonic of the plasma frequency. As can be seen the 
axial distribution of the radiation near ωp and 2ωp has a 
maximum near the point of beam injection into plasma. 
The maximum output power measured in the experiments 
at the plasma frequency reaches ~5 kW/cm3 and at double 
plasma frequency it is ~1 kW/cm3 (at coordinate z = 
83cm). Assuming that generation of the radiation near 
double plasma frequency is due to the merge of two 
plasmons, such power may occur in plasma with electron 
temperature ~1 keV if energy density of plasma waves 
reaches W/nT ~ 0.1 that is consistent with previous studies 
of plasma heating with relativistic electron beams.  
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Fig. 4.2.2. Distribution of the radiated sub-THz energy 
per pulse (top) and the plasma pressure (bottom) along the 
device during the plasma heating phase at the 

GOL-3. 
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Fig. 4.2.3. Dynamics of the plasma radiation power in 
different spectral ranges. 
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Fig. 4.2.4. Spectrum of sub-THz emission from GOL-3 at 
ne = (1.5÷3)⋅1020 m-3 (averaged over  the pulse duration). 

 

4.2.4 Investigation of azimuthal rotation of 
plasma 

 
Magnetic activity of the plasma was studied with the 

help of multichannel set of compact detectors measuring 
azimuthal component of magnetic field in the central part 
of vacuum chamber. Due to the freezing-in of the 
magnetic field into the plasma these results correspond to 
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oscillations of the effective magnetic boundary of the 
plasma. 

Complex structure of the azimuthal distribution of the 
magnetic surface was observed. Modes with m = 1, 2 and 
4 were found to be the most significant. Mode m = 1 has 
the largest amplitude of about 2 mm. This disturbance 
corresponds to the off-axis shift of the whole plasma 
column. Significant level of the first magnetic mode in 
common with the symmetric optical radiation of the 
plasma at the stage of its heating allows assuming the 
conversion of a co-axial current structure into a helical 
one. This process corresponds to the tearing instability 
predicted previously in numerical simulations. Evolution 
of spatial structure to the higher modes (i.e. current 
filamentation) with 3÷4 μs timescale was also found (Fig. 
4.2.5). 

Plasma rotation with the angular velocity of up to ω ~ 
106 s-1 corresponding to the E×B drift in plasma with 
potential ~ 1 kV was observed (Fig. 4.2.6). At the stage of 
plasma cooling rotation decelerates to ω < 105÷104 s-1.  
Periphery of the plasma rotates with constant velocity 
ω ~ 105 s-1 in most experiments. Therefore during the 
injection of the relativistic electron beam and immediately 
after this stage the sheared rotation with the shift of 
nearby layers of up to φ ~ 4π occurs. 
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Fig. 4.2.5. Azimuthal modes in shots PL10630 (a) и 
PL10647 (b) with different plasma density. Black colour 
corresponds to the maximal amplitude of a selected mode. 
Injection of the relativistic electron beam begins in  t = 50 
μs. Shift to higher spatial modes during the injection (50-
60 μs) is observed. 
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Fig. 4.2.6. Amplitude Am and phase φm of azimuthal 
modes of effective current boundary. Shots PL10630 (a) 
and PL10647 (b). Labels (1) and (2) mark corresponding 
mode numbers. Phases of m = 1 и m = 2 modes are shifted 
by one turn (2π rad) for better plot perception. 

 
The explanation of these events based on theory of 

the reconnection of magnetic field lines was supposed 
spposing analogy with the magnetic dynamo in 
astrophysics. Theoretical estimation shows that the 
filamentation of the current layers in GOL-3 for ω ~ 106 s-

1 occurs in t ~ 3  μs; agreeing well with experimental 
results. This effect agrees well with the magnetic events 
on the stage of plasma cooling observed previously. 
 
4.2.5 The interferometer based on CO2 laser  
 

Interferometry is a traditional method of measuring 
the plasma density in plasma physics. Its methods are 
constantly being improved, taking into account 
parameters of the experiments conducted, determining of 
which are on the one hand, the density of the plasma, its 
dynamics and dimensions, and the other is a spectrum of 
vibrations of structural elements of a device. Since the 
inception of the GOL-3, and up to date on the device two-
pass scheme of the Michelson interferometer is used. 

In order to improve temporal resolution and increased 
sensitivity of the method existing two interferometers 
were substantially upgraded. CO2 lasers (λ = 10.6 μm) as 
a radiation source and fast (~ 1 ns) HgCdTe detectors 
developed in ISP SB RAS were applied in them. The 
scheme of the interferometer is shown in Fig.4.2.7. The 
key elements of the CO2 interferometer are calibration 
and remote control of the initial phase, which achieved by 
moving the mirror in the reference arm. As an example, 
Fig.4.2.8. shows raw interferograms obtained by these 
interferometers that were preset with different initial 
phases. 
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Fig. 4.2.7. Schematic diagram of the interferometer. 
Designations are the following. 1 is CO2 laser, 2 is BaF2 

beam splitter, 3 ÷ 5 are mirrors, 6 is piezoelectric-
positioned mirror, 7 is  the plasma chamber with ZnSe 
windows, 8 is the plasma, 9 is the dielectric frame, 10 is 
BaF2 lens, 11 is HgCdTe photodiode, 12 are base 
suspension rods, 13 are laser supports. 
 
 

 

 
Fig. 4.2.8. Typical interferograms reflecting the dynamics 
of the plasma density in two cross-sections of GOL-3 
corrugated trap: a) z = 0.8 m, b) z = 9 m. 

 

4.2.6 Neutral Particle Analyzer 
 
The Neutral Particle Analyzer with novel design was 

developed for investigations of fast ions population in 
GOL-3 facility (fig.4.2.9). The analyzer is capable to 
measure energy distribution of charge-exchange neutrals 
leaving plasma in a wide range of energies – from several 
hundreds of eV up to tens of  keV, that allow to study 
both thermal component and population of fast ions in 

plasma. The analyzer also separates and measures 
simultaneously atoms of hydrogen and deuterium that 
open possibilities for special experiments for study of fuel 
efficiency, longitudinal transport, mass dependence of ion 
confinement, etc. 

Main parts of analyzer are a vacuum chassis, a 
stripping target with an electrostatic lens, a magnet-
separator, a mass-separating capacitor, an ion detection 
unit, and a built-in calibration source. The magnet-
separator represents C-shaped yoke with permanent 
NdFeB magnets. The magnet dimensions are 130×90×100 
mm. Shape of magnet poles is optimized for focusing of 
the ions in two dimensions (horizontal and vertical) onto 
the detector array. After passing through the magnet ions 
travel in the transverse electric field of the capacitor that 
separates ions by masses. Distance between the capacitor 
plates is 15 mm, operation voltage is 8 kV.  The shape of 
the plates is designed for constant deflection angle of ions 
with different energies in the capacitor. Analyzer is 
equipped by the built-in miniature ion source that allows 
performing in-situ calibration of sensitivity and 
instrumental functions of registration channels. 
Channeltrons with high dynamic range and output current 
are used for ion detection. The channeltrons may operate 
both in count and current mode and provide temporal 
resolution up to 10 μs. 

Two analyzers were mounted on the plasma facilities 
MST (University of Wisconsin in Madison, USA) and C-
2 (Tri Alpha Energy, USA). One example of the 
measurement of fast ions dynamics in the MST facility is 
shown in fig. 4.2.10. Neutral beam injection system 
operating at this facility creates population of fast ions 
with energies up to Einj = 23.4 keV. After injection these 
fast ions are slowing down in the plasma and the high-
energy cutoff of the ion distribution function shifts to 
lower energies. Fast ions with energy less then 10 keV are 
rapidly lost and don’t confine in plasma. Magnetic 
reconnections that are shown by dashed lines in fig. 
4.2.10 cause strong redistribution of plasma with partial 
or full loss of fast ions. Results of these measurements are 
in agreement with predictions of Monte-Carlo simulations 
of ion dynamics in the plasma. 

 

 
 

Fig. 4.2.9. Neutral particle analyzer 
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Fig. 4.2.10. Dynamics of fast ion population in the MST 
facility; (a) Neutral beam power density; (b) magnetic 
fluctuations with m = 0,  m = 1, n = 5,6 tearing; (c) raw 
signals of 10 hydrogen channels of the analyzer. Dashed 
lines indicate two moments of strong magnetic 
reconnections. 
 

4.2.7 Compact neutron detector with digital n-γ 
discrimination  

 
In the experimental study of parameters of hot 

plasma ion component there is a need of efficient neutron 
detection with reliable discrimination of gamma radiation. 
Neutron detectors based on organic scintillators are 
usually used for this purpose. Shape of the scintillation 
pulse depends on type of incident fast particles. The fast 
neutron spectrometer based on single stilbene scintillator 
was developed for recording of long-pulse emission of 
neutrons from the plasma with sub-thermonuclear 
parameters using the data acquisition board ADC12500 
with the sampling frequency of 500 MHz and the 
accuracy of 12 bits, with the ability to process scintillation 
pulse shapes in real time by a built-in high-speed digital 
processing unit. 

The main task of the diagnostic is continuous 
recording of intense flux of fast (1-15 MeV) neutrons 
with the ability of gamma-ray discrimination by a pulse 
shape and correct processing of superimposed events. The 
difference of the developed method from traditional 
solutions with analog n-γ discrimination circuits and 
digital post-proceesing methods is the use of computing 
power of built-in real time FPGA-based streaming data 
processing unit. Analysis of shape of each scintillation 
pulse gives the value of its "fast" and "slow" components, 
as well as the arrival time. Stream processing of 
scintillation pulses increases by two orders the continuous 
recording time for a constant amount of on-board 
memory, and reduces the bandwidth requirements of 
communication with a control computer. 

Due to the possibility to modify firmware of the 
processing unit, the detector can be flexibly and promptly 
adjusted for a wide range of tasks. In particular, similar 
detector was used to determine the shape of a neutron 
pulse of a borehole neutron generator in stroboscopic 
mode. Electronics for the detector is designed and 
manufactured in BINP. 

Results of calibration of the neutron detector using 
radionuclide 252Cf source, as well as the source of 
monoenergetic neutrons from deuterium accelerator tube 
shown that good discrimination of gamma-rays starting 
from neutron energy threshold of 0.3 MeV and the energy 
resolution of less than 10% for neutron energies 2.45 
MeV are achieved – see Fig. 4.2.11. 
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Fig. 4.2.11. Achieved degree of separation of neutrons 
and gammas for a pulsed generator of DD neutrons (2.45 
MeV). Each dot with coordinates “fast” and “slow” 
corresponds to individual particle. (a) Data was measured 
during operation of the generator with two branches of 
which the lower corresponds to neutrons, and the upper 
corresponds to gamma rays. (b) Data was measured 
between pulses with only gamma-rays from the induced 
radioactivity left. 
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4.2.8 Development of methods for modeling 
diode systems with plasma electrodes 

 
Development of methods for the numerical 

simulation of systems with open-emitting plasma 
boundaries was continued in 2011. Impact of a high-
power plasma flow from the trap to the beam source and 
to its electron-optical characteristics should be considered 
in the design of sources of high-power electron beams 
intended for plasma heating in open magnetic traps. 
Algorithms for computation of shape of plasma 
boundaries in the low-temperature approximation of 
uniform emission from the surface were developed earlier 
for modeling of diodes with plasma electrodes. To 
account effects of thermal and directional movement of 
the plasma flow to characteristics of a diode, the problem 
of potential distribution in the gap between cathode and 
anode plasmas was solved and the results were applied in 
the computer code POISSON-2 for simulation of beam 
formation in systems with plasma emitters. The model 
also takes into account restriction of the emission fluxes 
orificing by the cathode and the anode apertures, leading 
to heterogeneity of emission of the plasma surface. 
Formation of an electron beamlet from a single cathode 
aperture of a plasma-cathode-based multiaperture source 
was simulated in the axisymmetric approximation. 
Conditions of the electron beam formation at the source 
with the design parameters (100 kV, 1 kA, 100 
microseconds or more) were determined with features that 
allow 100-fold compression of the beam by guiding 
magnetic field, see Fig. 4.2.12. In the numerical 
simulation of the diode exposed by the incident plasma 
flow a lossless motion of particles accelerated in the diode 
gap through the cathode and anode apertures without 
leaking to metal electrodes of the diode was achieved. As 
was shown by earlier experiments, losses of current to 
diode surfaces are some of the reasons that limit duration 
of the beam. 

 

 
Fig. 4.2.12. Simulation of an electron beamlet in a single 
diode aperture. The left side is the cathode with a cathode 
plasma, the right one is the anode with a stream of 
plasma. Diameter of the cathode aperture is of 3 mm, 
anode one is 4.4 mm, the diode gap is 12 mm, the voltage 
is 100 kV, the electron current density averaged over the 
cathode aperture is 63 A/cm2, the ion current density at 
the anode is ~1 A/cm 2, the diode current is 1.1 kA. The 
maximum pitch angle of electrons is ~0.07 rad. The 
magnetic field is 0.05 T. 

 
 

The next expected step is further development of the 
numerical model taking into account impact ionization 
processes in the working and residual gas in the diode 
gap. Influence of the distribution function of electrons and 
ions in the cathode and anode plasmas on the optics of the 
diode will be studied also. 

 

4.2.9 Transportation of an intense 
submillisecond electron beam in a magnetic 
field of mirror configuration   

 
The existing scheme of plasma heating in an open 

trap with a high-power long-pulse electron beam provides 
location of the beam injector in the output expander with 
a magnetic field Bout ~ 0.1 T or less. Formed in this field, 
the beam is transported further into a plasma chamber of 
the trap with the field Bin ≈ 5 T. Thus, when injected into 
the plasma, the beam must pass through a magnetic mirror 
with the mirror ratio R = Bin / Bout, which imposes 
corresponding restrictions on the starting pitch-angles of 
the beam. In 2011, as a part of the program on plasma 
heating with a submillisecond electron beam in GOL-3 a 
series of experiments was carried out to study the 
possibility of transportation of intense e-beam obtained in 
the source with a plasma emitter and multiple-aperture 
diode electron optical system (EOS) through the magnetic 
mirror with R ≈ 50. 

The work was done with a test bench beam source 
operated at accelerating voltage of 32 kV. The source was 
basically the same in design as the source installed in 
GOL-3. Beam pulse duration (limited by capabilities of 
high-voltage modulator) was about 0.25 ms. Layout of the 
bench experiments is shown in Fig.4.2.13.  

According to the scenario of the experiment, quasi-
uniform magnetic field of 0.02 - 0.04 T was formed at 
EOS place. At the same time the field of CSF was varied 
from shot to shot. Accordingly, the mirror ratio R was 
varied also from 5 to 70. The beam current passing 
through the magnetic mirror was registered with the 
Faraday cup. A fraction of the beam electrons with large 
pitch angles reflected back from the mirror was registered 
as an additional current deposition on the anode electrode. 
The sum of the current to Faraday cup and current 
deposition to the anode with a good accuracy corresponds 
to the beam emission current. With increasing mirror ratio 
a rapid growth of the current to the anode occurs. This 
gradually leads to a shortening of the beam pulse, and 
then to the diode shorting. A typical diagram of currents 
versus R with the magnetic field value at EOS of 0.025 T 
is shown in Fig. 4.2.15. 

The experiments demonstrated that the electron 
beam, formed in the multiaperture diode with arc plasma 
cathode at accelerating voltage U = 32 kV, with the 
emission current Ie ≈ 60 A and pulse duration of 0.25 ms 
is transported with virtually no loss in the increasing 
magnetic field through the magnetic mirror with ratio 
R > 50. 
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Fig. 4.2.13.  Layout of the experiment: 1 – plasma emitter; 2 – multi-aperture EOS; 3 – Faraday cup; 4,5 – magnetic 
field coils. 
 
 

 
 
Fig. 4.2.14. Multiaperture diode-type EOS, view from the 
anode side (beam transport tube is removed). 
 

 
Fig. 4.2.15. Current to Faraday cup IFC and current 
deposited on the anode Ia (multiplied by 10) versus mirror 
ratio R. 

4.2.10 Summary 
 

Experiments aimed at the development of a physical 
knowledge base for a mutimirror-trap-based fusion 
reactor are continued at the multimirror trap GOL-3. 
Physical data quality is improved both due to 
improvements of diagnostic equipment and due to 
dedicated experimental runs. New plasma heating 
technologies are developing in order to improve plasma 
parameters. Development of analytical and numerical 
models of plasma in GOL-3 is in progress. Applied 
research contracted by outer organizations was carried 
out.
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4.3 PLASMA THEORY 
 
4.3.1 Nonneutral plasmas 

 
The study of different transport regimes and 

descriptions of possible wave modes are important 
problems of the nonneutral plasma theory. 

  The trapped particle diocotron mode (TPDM) 
theory is presented in [Yu.A. Tsidulko, T.J. Hilsabeck, 
and T.M. O'Neil, Physics of Plasmas, 18, 084505 (2011)], 
where in contrast with the previous theory [T.J. Hilsabeck 
and T.M. O'Neil, Phys. Plasmas, 10, 3492 (2003)], the 
collisional and collisionless particle exchanges between 
trapped and passing particle populations are consistently 
taken into account. The corrected equation for TPDM 
perturbations is derived. In particular, it eliminates the 
"fast modes" predicted by the previous theory. 

  In some regimes of the neoclassic transport of 
nonneutral and quasineutral  plasmas, the particles 
populating superbanana orbits yield the main contribution 
to the transport. The superbanana orbits contain parts 
where the particle dynamics is similar to the trapped 
particle dynamics and the parts where it is similar to the 
passing one. In the typical for nonneutral plasmas case, 
such orbits arise because of external field perturbations 
breaking the axial symmetry of the separatrix separating 
the passing and trapped particles. The theory describing 
the enhanced nonneutral plasma transport caused by the 
separatrix symmetry violation is presented in the papers 
[D.H.E. Dubin, C.F. Drisccoll, and Yu.A. Tsidulko, 
Phys.Rev.Lett., 105, 185003 (2010), D.H.E. Dubin, Yu.A. 
Tsidulko, Physics of Plasmas, 18, 062114 (2011)]. In 
particular, the plateau regime is studied where the 
diffusion and mobility do not depend on the collision rate. 
This regime takes place when the collisional energy 
change is negligible during the azimuthal drift time, while 
the collision rate is sufficient to distribution function 
relaxation in the parts of the orbits where the particle 
dynamics is close to the passing one. The effect of 
separatrix symmetry breaking on the damping rate of the 
trapped particle diocotron modes is also considered. The 
experimental verification of the theory is presented in 
[A.A. Kabantsev, D.H.E. Dubin, C.F. Drisccoll, and 
Yu.A. Tsidulko, Phys.Rev.Lett., 105, 205001 (2010)]. 
The results of the theory can be important for the 
problems of quasineutral plasma confinement, in 
particular, in stellarators. 
 
4.3.2  Plasma surface interaction theory 

A theoretical investigations of dust particles size 
distribution produced by brittle destruction under 
assumption of self-similarity are finished in 2011 year. It 
is shown that the value of distribution exponent points to 
type of destruction: surface or volumetric. 

A theoretical investigations of elastic stress in 
non-uniformly heated solid. The elastic stress results in 
formation of large-scale cracks and production of dust 
particles. 

4.3.3 Theory of plasma wakefield acceleration 
 
Proton driven plasma wakefield acceleration has 

recently been proposed as a means of generating high 
energy electron beams. 

In search of testing possibilities for this scheme, 
different options for a demonstration experiment with the 
CERN PS beam are considered. A possible magnetic 
compression of the PS bunches and resulting electric 
fields in the plasma are analyzed. Self-modulation of the 
proton bunch for different plasma densities and lengths is 
studied. It is found that the latter option offers interesting 
possibilities for a first experiment. 

A high energy particle beam propagating in a 
uniform plasma is subject to the transverse two-stream 
instability that first transforms the beam into the train of 
microbunches and then quickly destroys that train by 
transverse wakefields. By the proper longitudinal 
inhomogeneity of the plasma density, it is possible to stop 
the instability action at the stage of microbunches and 
form the bunch train that can resonantly excite plasma 
wakefields over a long distance. 

It is demonstrated that the performance of the self-
modulated proton driver plasma wakefield accelerator is 
strongly affected by the reduced phase velocity of the 
plasma wave. Using analytical theory and particle-in-cell 
simulations, we show that the reduction is largest during 
the linear stage of self-modulation. As the instability 
nonlinearly saturates, the phase velocity approaches that 
of the driver. The deleterious effects of the wake’s 
dynamics on the maximum energy gain of accelerated 
electrons can be avoided using side-injections of 
electrons, or by controlling the wake’s phase velocity by 
smooth plasma density gradients. 

The plasma wakefield amplitudes which could be 
achieved via the modulation of a long proton bunch are 
investigated. We find that in the limit of long bunches 
compared to the plasma wavelength, the strength of the 
accelerating fields is directly proportional to the number 
of particles in the drive bunch and inversely proportional 
to the square of the transverse bunch size. The scaling 
laws were tested and verified in detailed simulations using 
parameters of existing proton accelerators, and large 
electric fields were achieved, reaching 1 GV/m for LHC 
bunches. Energy gains for test electrons beyond 6 TeV 
were found in this case. 

A unified model of electron penetration into linear 
plasma wakefields is formulated and studied. The 
optimum angle for side injection of electrons is found. At 
smaller angles, all electrons are reflected radially. At 
larger angles, electrons enter the wakefield with 
superfluous transverse momentum that is unfavorable for 
trapping. Separation of incident electrons into penetrated 
and reflected fractions occur in the outer region of the 
wakefield at some “reflection” radius that depends on the 
electron energy. 

A new PWFA experiment, motivated by the very 
large energy carried by collider proton bunches, is 
planned at CERN. First experiments will use a long 
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(12cm) proton bunch from the SPS ring(450 GeV). The 
wakefields will result from the modulation of the proton 
bunch by a transverse twostream instability. Numerical 
simulations indicate that the peak accelerating gradient 
exceeds 100 MV/m. The wakefields will be sampled by a 
co-injected, low energy (~ 10 MeV) electron bunch. The 
plasma will be 5-10 meters long, with an electron density 
near 7e14 particles per cubic centimeter. Various methods 
to seed the instability are investigated, among which: a 
cut bunch with a fast rising leading edge, a preceding 
short electron bunch, and a short laser pulse for fast 
ionization. Diagnostics are developed to measure the 
bunch current modulation, the electrons energy gain and 
the wakefields themselves. The long-term goal is to 
accelerate a trailing electron bunch from a few GeVs to 
more than 500 GeV in a single plasma cell. 

 
4.4 BEAM INJECTORS OF HYDROGEN 

ATOMS AND IONS 
 
4.4.1 Beam Injectors of Hydrogen Atoms 

 
For plasma heating in tokamak COMPASS-D 

(Institute of plasma physics, Prague, Czech Rep.) two 
300kW neutral beam injectors with 40keV hydrogen 
atoms energy and 300ms pulse duration were 
commisioned, the required parameters were achieved. Ion 
sources are based on RF discharge plasma emitters. 

For accelerating facility RHIC (Brookhaven Nat. 
Lab., NY, USA) two atomic injectors with particle energy 
up to 10keV, beam current up to 4.5A, 0.5ms pulse 
duration and 1Hz operating frequency were launched. 
Because of the required high current density and small 
angle divergence, the formation system was assembled 
from 0.4mm thick molybdenum grids with high 
adjustment accuracy. Ion sources are based on arc-
discharge plasma emitters. 

 
4.4.2 Development of powerful continuous 
injector of beam of fast hydrogen atoms 

 
Works under the project of powerful continuous 

injector of beam of fast hydrogen atoms with 500-1000 
keV energy on the basis of negative ions are continued. 
Detailed designing of the basic elements of an injector 
comes to the end. Prototype of a source of negative ions 
of hydrogen is manufactured. Experimental test stand for 
acceleration of hydrogen negative ion beam with current 
~5 A to energy 120 keV is prepared. 
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5.1  WORK OF VEPP-2000 WITH  
ROUND BEAMS 

 
Let us remind shortly the scheme and working 

principle of VEPP-2000 (Fig.  5.1). The complex consists 
of an injection part (ILU–B-3M), booster BEP (maximal 
energy of operation is 825 MeV now) and the VEPP-2000 
ring (detectors SND and CMD-2 are installed in two 
interaction points, beams are focused with 
superconducting solenoids). The main ring works in 
round beam mode that supposes observance of the 
following conditions: 
 

1. angular momentum ' 'yM x z xz= −  conservation 

2. small and equal β -functions at interaction pont 
* *
x zβ β=  

3. equal emittances of two betatron modes x zε ε=  

4. equal betatron tunes x zν ν=  

5. small fractional parts of betatron tunes above an integer 
resonance { } 0.1ν =  

 
Because the VEPP-2000 energy changes in a wide 

range during long working time, the need of closed orbit 
correction as well as tuning optics of the storage ring 
arises inevitably. It is especially true for VEPP-2000 — 
the ring’s magnets work at strong saturation. The main 
task for the VEPP-2000 closed orbit correction is its 
minimal deviation from magnetic axes of chosen 
elements. After correction of closed orbit one can 

remember beam position in all BPM and use these data 
for further orbit revisions. We use 16 CCD cameras (they 
detect synchrotron radiation of electrons and positrons 
from dipole magnets) as BPM in VEPP-2000 ring, and 
also 4 pickups. CCD cameras are not fixed tightly, so 
their position is changed from time to time. Hence to 
correct the orbit by using data from CCD we need to 
make regular calibrations. 

The procedure of tuning the ring consists of 
several stages. The first one is correcting the closed orbit 
(CO): we obtain CO response matrices in pickups to the 
variation of quads’ gradients, by using SVD analysis we 
compute orbit deviation in lenses, then we know currents 
in correctors to adjust CO. This procedure requires 2–3 
iterations, each takes about 10 minutes. Then we 
minimize currents in correctors. As a result it is possible 
to achieve the CO accuracy of about 0.5 mm. 

The second stage of tuning is adjustment of optical 
functions. One of the main problems during commission 
and regular work of an accelerator is the detection and 
correction of errors in linear magnetic structure of a 
machine. The procedure begins from accumulation of 
response matrices in pickups and CCD cameras on the 
variation of dipole correctors. By help of SVD analysis 
we compute a working model, and then we correct 
currents in quads and solenoids. One iteration takes about 
60 minutes, the whole procedure requires 3–4 iterations. 
As a result we get smooth beam sizes, projected 
β -function at IP, and zero dispersion function outside 

achromats (Fig. 5.1.2, Fig. 5.1.3 ). 
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Fig.  5.1.1  Scheme of VEPP-2000 complex. 
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Fig. 5.1.2. The result of correcting optical functions. 

 

 
Fig. 5.1.3. Dispersion function is zero outside achromats. 
 

 
Fig. 5.1.4. Beam sizes in VEPP-2000 ring. 

 

The last stage of the ring tuning is compensation of 
coupling by using families of skew quads to the level of 
< 0.003. Independent control of working optics is made 
by measurements of beam sizes: at low currents without 
beam-beam effects the beam sizes should be equal to 
projected ones. In Fig. 5.1.4 the “natural” sizes at low 
beam currents (< 1 mA) are shown, one can see good 
agreement we get after optics correction. 

The importance of adjusting the optical functions is 
demonstrated by the Fig. 5.1.5. As the correction 
procedure takes so long time we did it sometimes only. 
As a result optical functions and achromats were 
distorted, the luminosity was low. One can see essential 
increase in luminosity after all the corrections have been 
made. 
 

 
Fig. 5.1.5 Specific luminosity vs. ξ  parameter at 

900 MeV. 

 
Fig. 5.1.6.  Schemes of round beam. 

 
There exists several variants of work with round 

beam (Fig. 5.1.6); they differ from each other by polarity 
of solenoids. 

In “Möbius” scheme the working point is far 
from coupling resonance, this can be interesting from the 
non-linear dynamic point of view (tunes are near to other 
non-linear resonances). However, this scheme has much 
smaller dynamic aperture (Fig. 5.1.7, Fig. 5.1.8), therefore 
we abandoned its practical use, and the ring works near 
the coupling resonance. 
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Fig. 5.1.7. Dynamic aperture simulation of flat and double 
möbius beams in SAD code. 
 

 
Fig. 5.1.8. Loss of kicked beam measured in pickups. 

 
 

 
 

Fig. 5.1.9. Life time of 20 mA positron beam vs. working 
tune. 
 

During practical work it is important to take into 
account the influence of high-order resonances on beam 
dynamics in ring.  

Fig. 5.1.9  shows effect of high-order machine 
resonances, beam life time goes down considerably. 

The situation is much more complicated with a 
presence of colliding beam ( F ig. 5.1.10), the resonances
 of higher order appear. 
This means the working point should be kept far from all 
these resonances with good accuracy. 

 

 
 

Fig. 5.1.10. Threshold current vs. working point. 
 

Let us shortly describe the history of VEPP-2000 work 
in 2011. At the beginning of January we have tried 
“möbius” scheme of round beams. From January to mid-
June there was luminosity accumulation in the energy 
range of 500–1000 MeV. The new season began with the 
replacement of inflector plates: old plates were made of 
stainless steel with μ  slightly different from 1 that could 

adversely affect while working at low energy, the plates 
were replaced with copper ones. Then we carried out 
modification of vacuum chamber to input laser light from 
the system of energy calibration based on Compton 
backscattering. After all these activities with vacuum 
chamber it was needed to make degassing in so-called 
“warm” optics. In late November vacuum chamber 
damage occurred, after that we repaired bellows, and then 
got vacuum and degassing again. New Year began from 
input of CMD-3 field and calibrating energy on φ -meson 

with SND detector. 
Fig. 5.1.11 shows the luminosity in various seasons, 

depending on beam energy. One can see, that in the 
2009–2010 season the luminosity catastrophically went 
down. But in present season we solved some technical 
problems and achieved greater luminosity with the rise of 
energy. One of the possibilities to increase the luminosity 
at low energies is varying β -function at IP. We obtained 

projected energy of 1 GeV, and at 825 MeV there were 
best shifts with accumulation of 580 nb-1 in a day. 

Progress at high energy was achieved due to several 
improvements in BEP and VEPP-2000. We modified 
sextupoles of BEP and increased BUMP power supply. 
This allowed us to raise practical energy of boosting the 
beam up to 825 MeV, but this seems to be a limit of BEP 
at its present state, hence we planned program of booster 
ring modernization to work with the beam at 1 GeV. The 
speedup of VEPP-2000 solenoids was made: there was a 
lag in solenoids’ current during energy rise, therefore 
working point shifted to some resonances and we lost the 
beam. To fix this situation the program correction was 
made to the management of solenoids’ currents. This 
allowed us to boost the beams to high energy. 
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Fig. 5.1.11. Luminosity vs. energy. 

 

 
Fig. 5.1.12. Luminosity measurement based on beam sizes. 

 
Luminosity measurements on VEPP-2000 are carried 

out since 2007 using data from detectors. However, these 
measurements are slow enough and have big statistical 
error, fluctuate and are not always convenient for tuning 
the accelerator. As alternative method the independent 
measurement of luminosity based on beam sizes was 
implemented. To calculate the luminosity one should 
know sizes and intensities of colliding beams at IP. Even 
in a machine with one ring the sizes of electron and 
positron beams are different due to beam-beam effects: 

dynamical emittance ε  and *β  depend on current of 

counter beam. And besides linear effects there exists 
stochastic emittance growth by machine and nonlinear 
resonances, generated by beam-beam effects. This makes 
impossible to predict the dependence of luminosity on 
beam current in the case of strong colliding bunches. 

The measurement of beam sizes directly at IP is 
technically impossible. However, the ring has 16 points to 
measure beam sizes with CCD cameras by synchrotron 
radiation from bending magnets: 8 points for each beam. 
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In the absence of counter beam the ring’s optics is well 
known, transport matrixes between measuring points are 
known too, so all sizes can be reduced to one azimuth for 
comparison and analysis. Beam-beam effects change 
emittances of beams, as well as distort the focusing, but 
this perturbation is localized at IP, therefore all transport 
matrixes outside the IP remain the same. 

Calculation of beam sizes and luminosity is made 
with such assumptions: 
1. Optics of unperturbed ring is known including transport 
matrixes, dispersion function and momentum spread in 
the beam. 
2.  Two arcs between IPs remain identical each other, 
mirror symmetry is preserved. 
3.  Optics is uncoupled, so we can use independent 2×2 
transport matrixes. 

The described method of measuring the luminosity 
works fine in VEPP-2000 complex (Fig. 5.1.12). Besides 
the luminosity the code allows us to get some other beam 
parameters and track their change in time. 

Data obtained with method are in good agreement 
with data from detectors (Fig. 5.1.13). 

 

 
Fig. 5.1.13 Luminosity vs. ξ  parameter 

 
Fig. 5.1.14  and Fig. 5.1.15 show success in 

luminosity accumulation in 2010–2011 season. 
 

 
Fig. 5.1.14. Luminosity in 2010–2011. 

 
 

 
Fig. 5.1.15. Specific luminosity vs. ξ  parameter. 

 
Together with the team of SND detector there is a 

preparation to energy calibration based on Compton 
backscattering. 

 

 
 

Fig. 5.1.16. Modification of vacuum chamber for 
Compton backscattering method. 
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5.2 VEPP-4 ACCELERATOR COMPLEX 
 
The VEPP-4 acceleration complex is a unique 

facility for experiments with colliding electron-positron 
beams of high energy. The complex includes the 
"Positron" injector, multifunctional storage ring VEPP-3, 
and electron-positron collider VEPP-4M with the 
universal magnetic detector KEDR. The main purpose of 
VEPP-4M is the experimental study of the properties of 
elementary particles, resonance parameters, and cross 
sections for electron-positron annihilation.  
  
5.2.1 Allocation of operation time  

  
In 2011, HEP experiments with the KEDR detector 

were continued on the electron-positron collider VEPP-
4M but with a smaller share of the operation time of the 
complex, due to the closedown of the detector for 
scheduled maintenance since March 23. The following 
experiments were prepared and conducted:  
• two scans in the region of 2E = 3.1 ÷ 3.7 GeV for 
the measurement of the parameter R, with the total 
integral ∫ Ldt ~ 1.4 pb-1 ;  
• acquisition of ∫ Ldt ~ 2.1 pb on the ψ (2s)-
meson; and 
• trial operation at the beam energy E = 3.5 GeV. 
The integral luminosity ∫Ldt ~ 0.16 pb-1 was acquired in 
two weeks. 

There were also conducted experiments with SR 
beams extracted from the VEPP-3 and VEPP-4M storage 
rings. A series of experiments was carried out on VEPP-
4M with a beam of high-energy γ quanta produced via 
conversion on the internal target ("extracted beam").  

Besides that, some experimental time on VEPP-3 
was allocated for the DEUTERON experiment with the 
internal target.  

A number of experiments on the modernization of 
the VEPP-4M collider were performed:  
• tuning of the RF system for operation at high 
energy (over 2 GeV);  
• tests of the longitudinal feedback system at the 
beam energy E= 3.5 GeV;  
• experiments with traversal feedback at the beam 
energy E=3.5 GeV for generation of the maximum 
possible electron and positron currents.  

The time of the complex was distributed mainly 
between the HEP experiments with the KEDR detector 
(14.8 %) and experiments using synchrotron radiation 
(20.7% on VEPP-3 + 2.8% on VEPP-4M), as well as the 
DEUTERON experiment on VEPP-3 (17.3%). Regular 
preventive maintenance (2.6%) was performed weekly. 
Time losses due to failures (6.2%) and repair were caused 
by the large amount, complexity, and wear and tear of the 
equipment, most of which has been operated for decades.  

 
 

5.2.2 High-Energy Physics  
  
In 2011, experiments on high energy physics with 

the KEDR detector were continued. Currently, the main 
experiment is the measurement of the cross section of e+e- 
annihilation into hadrons in a wide range of energy of 1.8 
GeV to 8 GeV in the center-of-mass frame (the energy of 
particle beams is 0.9 GeV to 4 GeV). Besides that, a 
scanning of the ψ (2s)-meson was performed.  

The cross section for e+e- annihilation into hadrons is 
usually characterized by the parameter R, the ratio of this 
cross section to the calculated cross section for 
annihilation into muons. The R value is one of the most 
important characteristics of the physics of quarks, which 
determines, among other things, the magnitude of the 
hadronic contribution to the muon anomalous magnetic 
moment and renormalization of the electromagnetic 
coupling constant. Measurement of R in the range of 5 to 
7 GeV in the center-of-mass frame seems to be the most 
interesting. This interval had been studied previously only 
in experiments with the detectors MARK-I and Crystal 
Ball. However, the results of MARK-I are now 
considered erroneous, and the result of Crystal Ball has 
not been published in journals, so there are no reliable 
data included in the PDG.  

In 2011, within the framework of measurement of R, 
collection of statistics was carried out in the beam energy 
range of 0.9 to 1.5 GeV. The monitoring of the beam 
parameters during the scanning was provided by the 
system for measuring beam energy and energy spread 

photons. There were also conducted several high-
precision measurements of beam energy by the resonance 

In this experiment, the main problem is the 
luminosity, which is significantly decreasing with 
reducing beam energy; theoretical calculations give 
L ~ E4 dependence. In addition, since VEPP-4M was not 
planned to be used at such low energies, there arise 
problems contributing to the loss of luminosity. In 
particular, at low energy, the negative influence of the 
collective effects of beam dynamics and collision effects 
increases significantly, which reduces the ultimate beam 
currents.  

Fig. 5.2.2 shows the luminosity measured during 
2011 vs. beam energy in comparison with the theoretical 
curve Lcalc = Lmax = 1.85GeV·(E/1.85GeV)4. As one can 
see in the figure, the maximum luminosity is mostly in 
good agreement with the theoretical curve.  

The main results of the HEP experiments are the 
improved value of the ψ (2s)-meson mass, measured with 
the world’s best precision, and the limit to the magnitude 
of narrow resonances in the region of 2E = 1.85 ÷ 3.1 
GeV.  

-1 

from the Compton back scattering (CBS) of laser 

depolarization method, for calibration of the CBS system.  
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Fig. 5.2.2. Measured and calculated luminosity vs. beam 
energy.  

 5.2.3 Operation of VEPP-4 at energy  
E = 3.5 ÷ 4 GeV  

  
Fig. 5.2.3 presents VEPP-4M energy vs. time in one 

of the typical high-energy runs of the accelerator.  
The maximum luminosity, reached at the energy E = 

3.5 GeV, amounted to Lmax = 3.7·1030 cm-2 sec-1 with the 
average luminosity L

αυ
 = 2.5·1030cm-2 sec-1. Both the 

values are limited by currents that can be stored in the 
VEPP-3 booster.  

 

 
Fig. 5.2.3. Energy of the VEPP-4M collider vs. time 
during a month.  

 
VEPP-4M will be used as an SR source at the energy 

E = 3.5 ÷ 4 GeV; the maximum achievable beam current 
in the accelerator is therefore an important value, 
similarly to operation for luminosity. For the purpose of 
suppressing coherent instabilities, which hamper increase 
in beam current at high energy, the traverse feedback 
system (FB) was tested in the season of 2011. This 
technique had earlier proved to be effective at accelerator 
operation at energy injection from VEPP-3. The FB is the 
same efficient at beam acceleration in VEPP-4M and 
allows attaining a bunch current of up to 30 mA (Fig. 
5.2.4). There is a reasonable hope of a total current of 50 
to 60 mA in four bunches sequentially injected at 
operation for luminosity in the mode of "two е- bunches 
per two е+ bunches."  

 

 
Fig. 5.2.4. Beam current per bunch on VEPP-4M vs. time 
during a month.  

 
5.2.4 DEUTERON experiment on VEPP-3  

  
Measuring the ratio of elastic scattering of 

electrons/positrons on a proton (R) allows one to 
determine the contribution of two-photon exchange (TPE) 
to the process. The necessity of taking the TPE into 
account was caused by a contradiction revealed in the 
measurements of the proton electromagnetic form factors. 
In 2009, R was measured on the VEPP-3 storage ring 
with a record precision. R measurements in another 
kinematic region (Fig. 5.2.5) started in 2011. This will 
make the precision two times better. The planned integral 
of luminosity, over 60 kilocoulombs, was acquired by the 
beginning of 2012 (Fig. 5.2.6).  

  
Fig. 5.2.5. Cycle of statistics collection in the 
DEUTERON experiment. The beam lifetime is 
determined by the interaction with the internal target 
(hydrogen jet).  

 

  
Fig. 5.2.6. Acquisition of luminosity on VEPP-3 in the 
DEUTERON experiment.  

 

FB on 
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5.2.5 Extracted beam on VEPP-4M  
  
Calibration of various systems of particle detectors 

for accelerators planned and under construction requires 
fluxes of γ quanta and electrons of known properties. 
Such beams are produced on VEPP-4M via scattering of 
electrons on either residual gas or a tungsten converter 
specially introduced into the vacuum chamber of the 
accelerator. The arising secondary particles come through 
a collimator into the equipped experimental hall (Fig. 
5.2.7). The rated parameters of the beams of γ quanta and 
electrons are presented in Table. 5.2.1.  

  
Table 5.2.1. Parameters of extracted beams of γ 

quanta and electrons  

  electrons  γ quanta  

Energy, GeV  0.1 ÷ 3.0  0.1 ÷ 3.0  

,%
Ε
Εσ   0.5 ÷ 5.0  ~ 1  

Intensity, Hz  10 ÷ 1 000  1 000  

Coordinate  
resolution, mm  

0.5  -  

  
  
In the spring of 2011, the FARICH prototype for the 

COMET experiment (JPARC, Japan) were tested on the 
extracted beam. Both the experiments are to be continued 
in 2012.  

5.2.6 Summer maintenance works on the 
VEPP-4 complex  

  
The scheduled maintenance closedown since the 1st 

of June was used for numerous works, including those 
requiring opening the vacuum chamber of VEPP-4M. 

Below are listed fulfilled works on the upgrade of 
VEPP-4:  

1. Hydraulic tests ("Positron").  
2. Change of the windows and mirrors in the system 

for optical diagnostics of beam in the technical section of 
VEPP-4M.  

3. Opening of the linear accelerator and repair of the 
tuning system.  

4. Replacement of the SR absorber in insert "S" of 
VEPP-4M.  

5. Installation of a mobile converter in the 
experimental section of VEPP-4M (for extracted beams).  

6. Installation of a lens unit in the beam line from 
VEPP-3 to VEPP-4M.  

7. Upgrade of the beam diagnostics system in the 
beam line from VEPP-3 to VEPP-4M.  

8. Repair of the cavities of VEPP-4M.  
9. Replacement of the thermal stabilization of the 

cavities of VEPP-4M.  
10. Modernization of the adjustment units of the four 

magnets in semiring S.  
11. Air conditioning of the room for surge 

generators.  
12. Elimination of the VEPP-4M aperture limitation 

in pickup SRP4.  
  

  

  
Fig.5.2.7. Extracted beam on VEPP-4M.  

  
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 
 
 
 
 
 

future Super-C  τ factory and scintillation crystals for the 
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5.3 INJECTION COMPLEX  
 
A lot was done in 2011 for the commissioning of the 

linear accelerator of positrons on the VEPP-5 injection 
complex. In particular, the accelerating structures of the 
positron linac were tested at high RF power (see Fig. 
5.3.1), and the system for removal of electrons from the 
positron beam was fabricated and installed on the 
accelerator (see Fig. 5.3.2). The stored beam current 
sensor was mounted on the damping ring (see Fig. 5.3.3). 
  

 

 
Fig. 5.3.1. Positron linac on the injection complex.  

 
The positron linear accelerator was the last missing 

piece in the new injection complex. This complex is able 
to simultaneously provide a plenty of electrons and 
positrons for the BINP electron-positron colliders VEPP-
2000 and VEPP-4M. Operation of these large facilities is 
required for the Institute basic research program on High 
Energy Physics. The injection complex of VEPP-5 has no 
analogues in Russia and is comparable with the world's 
best similar facilities. Moreover, its individual 
components and subsystems have record parameters, with 
no analogues in the world.  
 

 
Fig. 5.3.2. Element of the system for removal of electrons 
from the positron beam.  

 
Fig. 5.3.3. Stored beam current sensor of the damping 
ring before installation on the ring.  

  
The installation of the equipment for the electron and 

positron beam transport lines (Fig. 5.3.4) on the VEPP-
2000 (Fig. 5.3. 6) and VEPP-4M (Fig. 5.3.5) colliders was 
continued in 2011. In particular, the main cable routes 
ensuring operation of the beam lines were laid and the 
main elements of these beam lines were mounted. 
 

 
Fig. 5.3.4. Descent of beams in the tunnels for the beam 
transport lines of the injection complex.  
 

 
Fig. 5.3.5. View of the beam transport line on VEPP-4M.  
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Fig. 5.3.6. View of the beam transport line on  

VEPP-2000.  
 

5.4  LINEAR INDUCTION 
ACCELERATOR LIA-2 

 
The linear induction accelerator LIA-2 was installed 

and commissioned on the internal prove ground of 
VNIITF (Snezhinsk) in 2011 (see Figs. 5.4.1 and 5.4. 2). 

 

 
Fig. 5.4.1. View of the accelerator LIA-2 on the internal 
prove ground at VNIITF.  

 

Fig. 5.4.2. View of the pulsed high-voltage power supply 
for LIA-2. 

The linear induction accelerator LIA-2 was designed 
and manufactured by BINP in 2007-2010 as a prototype 
injector for a 20 MeV large induction accelerator intended 
for a promising new-generation radiographic complex.  

 The new machine is developed with the aim to 
achieve the highest possible beam quality, which will 
reduce the maximum transverse dimension of electron 
beam on the conversion target.  

 
Fig. 5.4.3. Image and corresponding intensity profile of 
the tungsten target, recorded with LIA-2 in a standard 
setting of explosion experiment. The period of the target 
is 1 mm on the left and 3 mm on the right.  

  
As a result, the beam size on the target was 1.5 mm at 

an energy of 2 MeV, current of 2 kA, and duration of 180 
ns (full width at half maximum). The obtained parameters 
makes it possible to use LIA-2 as an independent 
radiographic facility with a transmission capability of up 
to 90 mm of lead equivalent and transverse diameter of X-
ray source of 1.5 mm or less (full width at half 
maximum). Currently, LIA-2 operates as part of the 
radiographic complex in the main area of research at 
VNIITF. Fig. 5.4.3 shows the 0.5 mm maximum spatial 
resolution of the radiographic system based on the LIA-2.  

 
 
5.5  ELECTRON BEAM WELDING  

 
Works on the improvement of promising electron 

beam welding units developed and manufactured by 
BINP were continued in 2011. An experimental electron 
gun with indirectly-heated tungsten cathode was 
manufactured and successfully tested. Based on this 
experience, a prototype gun was created. An experimental 
bench for adjustment of subsystems of the electron-beam 
welder was created and put into operation. In fact, the 
bench is a universal electron beam welder with a vacuum 
volume of 0.3 m3 (see Figs. 5.5.1 and 5.5. 2).  

We developed the scheme and fabricated the 
electronics of a unit for checking the weld seam for 
inhomogeneity of scattering and/or reflection of electrons 
and subsequent precise (from results of observation) 
aiming of electron beam at the seam during the welding 
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process. Fig. 5.5.3 shows the result of test welding of a 
stainless tube on the bench.  

 
Fig. 5.5.1. Inside view of the experimental bench for 
adjustment of the electron-beam welder subsystems.  

 

 
 

Fig. 5.5.2. Assembling the electron gun on the bench.  
 
 
 

 
Fig. 5.5.3. Sample that was welded on the bench.  

 
 

5.6  PRODUCTION OF QUADRUPOLE 
LENSES FOR NSLS-II 

Brookhaven National Laboratory in the United 
States is currently constructing the NSLS-II source of 
synchrotron radiation. BINP had designed and 
manufactured quadrupole lenses of several types for the 
NSLS-II main ring. Lens parameters are presented in 
Table 5.6.1.  

Table 5.6.1.Parameters of the NSLS-II quadrupole lenses. 

Parameter  
Unit  Types 

9801 and 
9802  

Types 
9804 and 

9807  

Amount    30/30  30/30  

Aperture 
radius  

mm  33  33  

Yoke length  m  0.217  0.415  

Magnetic field 
gradient 

T/m  11  20.2  

Magnetic field 
integral  

T  2.8  8.8  

Ampere-turns  kA  4.9  9.0  

 
Below is given the quantity of lenses that were 

already produced. 
Type 9801: 25 of 30; type 9802: 24 of 30; type 

9804: 24 of 30; type 9807: 21 of 30. One can see the 
lenses in Fig. 5.6.1.  

The measured harmonics of the fields of the 
completed NSLS-II quadrupoles in comparison with those 
of quadrupoles of a few SR sources are presented in Fig. 
5.6.2. The vertical axis is the amplitude of harmonics 
relative to the fundamental one in the units of 10-4, and 
abbreviated names of SR sources and the years of their 
commissioning are laid off in the horizontal axis. For all 
the quadrupoles, the measurement results were scaled to 
75 % of the aperture and averaged over all the types of 
lenses. One standard deviation from the mean value is laid 
off as an error. 
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Fig. 5.6.1 NSLS-II quadrupole lenses. 

 

Fig. 5.6.2. Measured quality of the field of the NSLS-II quadrupoles as compared with other synchrotron radiation 
sources. The vertical axis is the amplitude of the harmonics relative to the main harmonic in the units of 10-4. 

 
 

 
 

   under
construction
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5.7 ELECTRON COOLING SYSTEM 
In 2011 the activities for the assembling of the 

electron cooler for the COSY synchrotron (Germany) 
have been continius. An electrostatic accelerator of 34 
high-voltage sections was assembled. Its testing 
resulted in a voltage of 1 MeV; joint operation of the 
electronic components of the sections was checked; 
Zig-Bee communication with the high-voltage sections 
was checked. Power transfer to the high-voltage 
sections was carried out using a cascade transformer. It 
was assembled, commissioned, and the power of about 
10 kW was transferred in the electrostatic accelerator.  

The new electron gun and collector with the Wien 
filter were tested on a purpose-designed "gun-
collector" stand (see Fig. 5.7.1). The electron gun with 
four sectors is intended for experimental measurements 
of the transverse beam shape along the beam transport 
line and cooling section. A dedicated collector was 
designed and manufactured to be the electron beam 

dump. Its parameters were investigated experimentally 
on the "gun-collector" stand. During the experiments, 
losses currents at the level of 10-5 and better, down to 
10-6, were attained. The HV terminal electronics, which 
were subsequently installed on the electrostatic 
accelerator, were adjusted on the stand.  

During the commissioning, all the magnetic 
elements were assembled, installed, and powered. 
Magnetic field distributions were measured with a set 
of sensors along the trajectory of electrons. A beam 
with a current of 200 mA and energy of 60 kV was 
transmitted along the magnetic system.  

The tests are to be completed at the beginning of 
2012, and then the electronic cooling system will be 
delivered to Germany. The first tests demonstrated 
operation of the electron gun with creation of four 
spatially-separated electron beams. The beam size and 
shape changing along the magnetic system was 
measured using beam position monitors.  

 
  

                           
Fig. 5.7.1 "Gun-collector" stand, 4-electrode gun, and collector with the Wien filter (from left to right).  

 

      
Fig. 5.7.2 Photos of the hall for testing the electron cooling system at 2 MW in early 2011 and November 2011.  
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5.8 ACCELERATOR MASS 
SPECTROMETER 

 
Accelerator Mass Spectrometer (AMS) is intended 

for high-sensitivity analysis of isotopic composition of 
carbon. The content of radioactive carbon isotope of 14 
amu in modern objects (plants and animals) is about 10-12 

relative to the main isotope. When the object is dying out, 
the amount of radiocarbon is decreasing by half every 
5730 years. The AMS sensitivity is restricted by the 
background of “foreign” ions that have passed through all 
the selection stages of the analyzer. Ions of close masses, 
12C, 13C, 14N, and 16O, make the basis of the background 
flow. The processes of scattering, ionization, electron 
capture, and energy change, when ions exchange their 
charges in the electric field at interaction with the residual 
gas and walls of the vacuum equipment, reduce the 
selection capacity. The concept of the AMS, which was 
created by BINP, incorporates additional features for 
reducing the ion background. Tests conducted in 2011 
showed the possibility of attaining a background of down 
to 10-15, which corresponds to the age of more than 50 
thousand years. First measurements of field samples were 
made: sediments of lakes Shira and Teletskoye, old trees 
dated by their annual rings, archaeological finds, and so 
on.  
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Fig. 5.8.1 Spectrum of present-day wood and pure 
graphite sample, in which С14 had already decayed and 
there was only low contamination background. The 
spectrum was normalized to the input current of С12. 

 
 

5.9 ION BEAM LIFETIME IN THE 
PRESENCE OF ELECTRONS IN ITS 

ORBIT 
 
Experiments with strong modulation of electron 

energy were conducted on a facility of the Institute of 
Modern Physics, Lanzhou, China. To this end, BINP 
created a system for rapid modulation of electron beam 
energy. The system was installed on the electron cooling 
system at the Institute of Modern Physics (Lanzhou, 
China). An interesting phenomenon of abrupt shortening 
of ion beam lifetime at strong deviation of electron energy 
from the cooling optimum was revealed.  

One can see from the figure that the ion beam 
lifetime exceeds 2000 seconds at small modulation, while 
at a 400 V modulation the lifetime decreases to 150 
seconds! This phenomenon supports the view that this is 
development of coherent fluctuations in the ion beam. 
The first phenomena of this kind occurred on the 
CELSIUS facility and were called "electron heating". The 
phenomenon may significantly restrict ion beam 
parameters and its full understanding is important for the 
NICA project.  
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Fig. 5.9.1. Ion beam lifetime.  
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5.10 VACUUM SYSTEMS 
 
5.10.1 Secondary emission and electron clouds 
 

In 2011, BINP designed an experimental setup for 
laboratory creation and study of the behavior of electron 
clouds in the presence of magnetic field, for the following 
reasons:  

- lack absence of experimental data on the interaction 
of low-energy electrons with a solid surface in the 
presence of strong magnetic fields.  

- implementation of a relatively simple method of 
laboratory creation of electron clouds in laboratory 
conditions and study of their dynamics.  

- investigation into the effect of charge exchange in a 
metal oxide layer on the yield of secondary electrons.  

The experimental setup is shown in Fig. 5.10.1. All 
the main elements (C - thermo-cathode, M - modulator, D 
- diaphragm (grounded), BM1 - first beam monitor (a 
cylinder with adjustable potential capacity), Drift - drift 
cylinder with adjustable potential, BM2 - second beam 
monitor with adjustable potential, S - sample to study 
(grounded through a current meter)) are located in one 
line, along the lines of the magnetic field inside the 

relative arrangement of the elements.  
 

 
Fig. 5.10.1. Experimental setup.  

  

A pulse measurement technique with a time 
resolution of about 3 ns was implemented on this facility. 
Matched coaxial lines were laid to the modulator, beam 
monitors, and sample. A beam of primary electrons 2 ÷ 
100 ns long was created via application of a voltage pulse 
to the modulator. The energy of primary electrons was 
determined by the potential of the cathode.  

 
Table 5.10.1. Size of the components and their relative 
positions.  

Component 

(from right 
to left) 

Inner 
diameter  

[mm] 

Length  

[mm] 

Distance to the 
component on the 

right  
[mm] 

С -  0.25 
M 0.5 2 3 
D 4.5 1 1 

BM1 4 10 0 
Drift tube 7 325 1 

BM2 7 59 2÷3 (to the sample) 
 
After the interaction of the primary electrons with the 

sample, there arise secondary (mainly low-energy) 
electrons, the living space of which is limited by their 
movement only along the magnetic field lines, the 
negative potential of the cathode, and finally the sample 
surface. Thus, the electron cloud can dissipate only on the 
sample surface. How quickly this happens depends on the 
coefficient of effective reflection of secondary electrons 
from the sample surface. This parameter, which is 
important for predicting formation of electron cloud in 
accelerators, is extremely difficult to determine by direct 
measurements because of the complexities in managing 
electron flows of energy of 1 eV or less.  

In 2011, a trial run of the setup was performed with 
the "warm" solenoid for a maximum field of 350 Gs. Fig. 
5.10.2 shows typical time dependences of the currents of 
the monitors (Ibm1 and Ibm 2) and sample (Is).  
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Fig.5.10.2. Currents of beam monitors Ibm1 & Ibm2 and the sample under study. 

superconducting solenoid. Table 5.10.1 shows sizes and 
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The coefficient of secondary electron emission can be 
defined for this method in two ways at least (see the left-
hand graphs in Fig. 5.10. 2): 
 

1.      
∫

∫
=

pulsenegativefirstover

BM

pulsepositivefirstover

BM

onlyBM
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dttI

SEY
)(

)(
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2

2  

 
The integral in the denominator is equal to the charge 

of the primary electrons (the integral over the first pulse 
of the BM2 current, which corresponds to the entry of 
primary electrons into BM2). The integral in the 
numerator is equal to the charge of the cloud of secondary 
electrons (the current pulse at the time of departure of the 
secondary electrons from BM2).  
2. 

∫ ∫

∫
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Here, the charge in the pulse of primary electrons is 

determined via subtraction of the charge flowing through 
the sample during the interaction of the electrons with the 
surface from the charge of the secondary electron cloud. 
Fig. 5.10.3 shows the measured dependence of the 
secondary emission coefficient on the energy of primary 
electrons for a copper sample. 

 

 
Fig. 5.10.3. Secondary emission coefficient of copper.  

  
The right-hand graphs in Fig. 5.10.2 show a long-

term dynamics of the electron cloud. One can see that the 
electrons "live" in a free state for a rather long time. This 
indicates high reflectivity of secondary electrons from the 
metal surface. To determine actual values of the reflection 
coefficient it is necessary to compare the experimental 

dynamics in this configuration.  

First experiments showed that the main obstacle to 
precise measurements is the fact that the control pulse of 
the modulator excites a high-frequency electromagnetic 
field. Next year, the thermo-cathode is planned to be 
replaced with a photocathode with a semiconductor RF 
laser. This will make the electromagnetic interference 
lower by order of magnitude and reduce the heat load. 
Besides, the measurement structure can be placed in a 
superconducting solenoid for experiments in a magnetic 
field of up to 13T.  

 
 

5.10.2 Examination of the effectiveness of 
supersonic washing of aluminum chambers 
 

The degree of cleanness of the surface of parts before 
assembly significantly affects the ultimate pressure. 

 

 
a) Hand cleaning with gasoline and alcohol. 

 
b) Ultrasonic cleaning. Detergent NGL 17.40, T = 50 °C. 

 

 
c) Oxide film was removed with a scraper immediately 

before the measurement of the spectrum. 
 

Fig. 5.10.4. Fluorescence spectra at Ee=2kV. 
 

data with a computer simulation of the electron cloud 
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In 2011, under a contract on the designing and 
manufacturing of vacuum chambers for the positron ring 
of the Super B Factory at KEK, the effectiveness of 
ultrasonic cleaning of articles of aluminum alloy 6063 in 
various solutions was examined by fluorescence spectra 
recorded with an electron microscope with the option of 
electron-probe X-ray fluorescence (EP-XRF) analysis 
(lab. 8-2). The electron energy was chosen somewhat 
higher than the excitation line of aluminum, i.e. its 
intensity was several times smaller than the intensity of 
the lines of the light elements in the superficial layers 
(mainly carbon and oxygen) for samples manually 
cleaned with alcohol. As expected, in this mode, the 
relative intensity of the carbon line proved to be very 
sensitive to the degree of surface cleaning. 

Fig. 5.10.4 shows examples of the spectra. The 
sample which was manually washed with alcohol (Fig. 
5.10.4a) demonstrates a pronounced dominance of the 
carbon peak. The best cleaning can be achieved via 
chemical etching or mechanical treatment of the surface 
with subsequent washing in the NGL 17.40 solution (Fig. 
5.10.4b). The relative content of carbon after ultrasonic 
washing with the same detergent is almost the same as 
after the ideal method of cleaning: mechanical removal of 
the oxide with a scraper immediately right before placing 
the sample in the electron microscope chamber (Fig. 
5.10.4c). In total, there were made more than 30 records 
of fluorescence spectra for samples with different 
histories of mechanical and chemical surface treatment. 
The main results are presented in Table 5.10.2.  

 

 
 

Table 5.10.2. Main results of surface treatment of the 
samples of Al alloy 6063. Numbers in the green cells 
indicate the time in minutes before the sample was placed 
in the chamber of the electron microscope after the last 
treatment.  

5.10.3 Vacuum system of the NSLS-II booster 
 

During the designing of the vacuum system of the 
NSLS-II booster, the following tasks were accomplished:  

- SR influence on the tolrance of the vacuum 
chambers.  

The synchrotron radiation has a power of about 44 
W/m (maximum in the defocusing magnets), which leads 
to uneven heating of the chamber in the place of 
incidence, by 60 degrees Celsius (Δ T = 62 °C). With this 
non-uniform heating, the chamber undergoes mechanical 
stresses of about 114.5 MPa, while the acceptable limit is 
150 MPa.  

- Desorption under the SR exposure.  
The calculations showed that, despite the pulsed 

mode of booster operation (the SR-intensity duty cycle is 
1/7 with a repetition frequency of 2 Hz), desorption of gas 
under the SR influence will exceed the thermal 
desorption. The structure of the vacuum system was 
determined from the calculations of the dynamic pressure.  

The residual gas pressure after accumulation of a 
current integral of about 1 A•h should be no worse than 

(72 pumps in total) from Gamma Vacuum with a 
pumping rate of 45 l/s, spaced by 2.3 meters on average.  

The production of vacuum chambers for the bending 
sections, DC septum, and injection and extraction pulsed 
septa was completed. The technology for brazing of the 
BUMP chambers was developed.  

All the vacuum elements were subjected to heating 

l•Torr/sec); recording the spectra of residual gases; and 
determination of the coefficient of thermal gas liberation 

residual gas spectrum.  
 

 
 

5.10.5. Spectrum of residual gases after heating. 
 
 
 
 

10-7 Torr. The vacuum will be provided by ions pumps 

and vacuum tests: check for leaks (leakage below 10-10 

(below 10-12 l•Torr/sec/cm2). Fig. 10.1.5 shows a typical 
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5.10.4 Bellows units for the XFEL accelerator 
structure 
 

In 2011, the designing and manufacturing of vacuum 
components for the XFEL continued. Over 3,000 
elements of varying difficulty are to be fabricated and 
assembled. High requirements to the inner surface and 
geometry of the vacuum chambers made it necessary to 
develop new technologies. The most challenging process, 
in terms of technology, was the electrodeposition of 
uniform copper layer on the inner surface of the bellows 
units that are intended for operation in liquid helium for 
the XFEL linear accelerator. Joint work with EP2 and 
implementation of technological ideas of the 
electroplating department of EP2 resulted in a coating 
uniformity of 1.2 or better (ratio of thicknesses at the crest 
and inside of the bellows corrugation) with a high degree 
of coating quality reproducibility. Fig. 5.10.6 shows 
prototype expansion units. There are plans for year 2012 
to launch small-scale production and manufacture 850 
expansion units of this type. 

 

 
 

Fig. 5.10.6. Bellows units for the XFEL accelerator 
structure.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

5.11 WORKS ON THE ELECTRON-

PHYSICS 
 

In 2011 two works were performing. 
First, during approximately the last decade we begun 

to feel a kind of discomfort due to shortness in the 
description in the tutorial by D.V. Pestrikov “Lectures on 
coherent oscillations” (NSU, 1996) of the coherent beam-
beam instabilities. These lacks have been removed in 
2011 in the tutorial written by N.S. Dikansky, D.V. 
Pestrikov. Coherent oscillations of colliding bunches. 
Apart from careful and systematic descriptions of the 
coherent beam-beam instabilities in storage rings this 
tutorial helps students to improve their ability in solving 
such problems and to improve their knowledge in 
practical use of many standard as well as more peculiar 
techniques of the theory of the linear coherent 
oscillations. We carefully studied specific features of the 
Landau damping of the coherent oscillations of colliding 
bunches; using a rigid bunch model we described resonant 
cures of the coherent beam-beam ocsillations; besides, we 
discussed specific features of the coherent oscillations of 
the colliding bunches with the compensation if their 
beam-beam kicks.  

In the second publication we have studied a decrease 
in the strengths of the coherent beam-beam resonances 
with an increase in the lengths of the colliding bunches. 
Due to the phase averaging effect the increments of small 
coherent oscillations of the bunches of a finite length can 
be decreased up to 80% compared to their value, 
calculated for short bunches. The phase averaging 
reduction factor is larger the larger is the multipole 
number of the betatron coherent oscillations. For the 
bunches with flat cross section the waist in the vertical 
bunch envelope results in the hourglass amplifications of 
the increments of the coherent oscillations provided the 
lengths of colliding bunches are large. Since the collider 
luminosity decreases with an increase of the bunch length 
in the region, where the bunch length exceeds beta-
function at the interaction point, the calculations for this 
parameter region may have only an academic worth. 

In addition to the suppression of the oscillation 
increments in the phase-averaging region, the phase 
averaging effect for coherent oscillations is accompanied 
by excitations of the bunch synchro-betatron oscillation 
modes and by the coupling of the sychro-betatron modes. 
These two effects, generally, increase the widths of the 
stopbands of coherent beam-beam oscillations near the 
beam-beam resonances. Therefore, although the coherent 
beam-beam instability becomes weaker the net of the 
stopbands near the resonances becomes more densely 
compared to that, calculated for short bunches. 

In general, the main features of the phase averaging 
effect for coherent beam-beam oscillations are found to be 
very similar to those, which were found for the incoherent 
ones. 
 

POSITRON FACTORIES AND BEAM 
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5.12 MAGNETS FOR THE KEK SUPER-B 
 

In the frameworks of KEK and INP collaboration the 
testing and update of pulse magnet for KEK Super-B 
conversion system were performed. This work includes 
update of control and computing of magnet supply 
system. Also the control and monitoring system of 
vacuum in the magnet chamber was improved. Works 
aimed the resource test and update the operation of 
magnet jointly with near-placed electron-positron 
converter. 

In the frameworks of contract between INP, KEK and 
Toyota Tshusho, production of  magnets-correctors KEK 
Super-B was started. During 2011 were performed stages 
of design and magnets prototype production. Mass 
production of whole magnets number (290 units) is 
started. Magnets include two types correctors - vertical 
and horizontal with apertures 290 mm and 280 mm. 

 

 
 

5.12.1. Conversion magnet of positron system. 
 

 
 

5.12.2. Winding of magnet-corrector coil. 
 

 
 

5.13 NSLS-II BOOSTER 
Introduction  

In May 2010, a contract was signed on the creation 
of the booster for the NSLS-II synchrotron, which is now 
constructed at Brookhaven National Laboratory (BNL), 
USA. The customer received the Preliminary Design in 
September 2010, and in January 2011 the customer was 
submitted the Final Design. In July 2011, the customer 
accepted the first serialized products. The booster should 
be assembled at the customer’s site no later than July 
2012. Acceptance of the booster operating with the 
required parameters is scheduled for February 2013.  

BINP shall design and fabricate the magnetic, 
vacuum, extraction-injection, and diagnostics systems and 
power supplies and develop the control system. The RF 
system shall come from BNL. In addition, BINP shall 
participate in the assembly and testing of the booster at 
the BNL site. BINP shall also be responsible for 
commissioning of the booster and attainment of the 
required beam parameters.  

  
Table 5.13.1. Rated parameters of the NSLS-II booster.  

Perimeter  158.4 m   
Injection energy, rated/minimum 200 MeV/170 MeV  
Extraction energy, 
rated/maximum                3 GeV/3.15 GeV  

Repetition rate  1 or 2 Hz  
RF frequency  499.68 MHz ± 10 kHz 
Horizontal emittance at 3 GeV  <40 nm*rad  
Pulse spread at extraction <0.1%  
Charge (long-pulse mode/ 
single-pulse mode)  > 10 nC/0.5 nC  

Efficiency of charge transfer 
from the linac to the main ring  > 75%  

Operation hours per year  6, 000 hours  

Unscheduled shutdown time  0.4%  
(24 hours per year)  

 
 

 
Fig. 5.13.1. Structural functions of one quarter of the 
booster.  
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Fig.5.13.2. 3D integration of models from numerous designers. Extraction gap. 10 meters of the entire booster length 
(158 meters). 

 
 

 
Fig.5.13.3 3D model of the entire NSLS-II booster. 

 
 

5.13.1 Design  
 Designing of the entire booster and its components 

began in July 2010. Preliminary drawings were developed 
by September 2010 and  presented to the customer at the 
PDR (Preliminary Design Review). The designing of the 
main elements of the booster was completed by the Final 
Design Review (FDR) in February 2011, and after 
approval by the customer the drawings were handed over 
to the production department. In spring 2011, the main 
effort was focused on the agreement of the injection and 
extraction gaps with the BNL representatives, which 
resulted in the creation of agreed 3D models, which were 
submitted to the customer in May 2011. Last booster units 
were designed and handed over to the production 
department in August, after which the activity was aimed 

at completing the 3D model of the booster as a whole. 
The customer received the model in October 2011. 
Because of the large volume of work and tight deadlines, 
more than thirty members of the designing department 
were involved, which required integration of structures 
developed by different designers in one big project.  

 
5.13.2 Magnetic system  

The magnetic system includes 60 dipoles of two 
types, 24 quadrupoles, 16 sextupoles, and 39 bending 
magnets of three types. The dipole magnets have 
quadrupole and sextupole components. For the required 
field quality parameters to be attained, the dipole magnets 
were designed with special edge chamfers (Fig.5.13.4). 
All stamps were designed and manufactured by the BINP 
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production department. The accuracy of the plates made 
was 15 microns or better, and in some types of plates it 
was better than 5 microns. All the quadrupoles, 
sextupoles, and bending magnets and half of the dipoles 
were made in 2011.  

 

 
 

Fig.5.13.4. Final variant of the 3D chamfer on the BD 
dipole.  

 

 
 

Fig.5.13.5. BNL Director Advisor on the project Satochi 
Ozaki inspecting the first serialized magnets. 

 

 
 

Fig.5.13.6. Two additional benches with rotating coils 
were constructed for the measurements of the quadrupoles 
and sextupoles.  

 
 
 
 

 
 

 
 

Fig.5.13.7. For magnetic measurements of the dipoles 
(above), BNL provided a laser tracker and ¼'' 
nonmagnetic corner reflectors, which were mounted on 
carriages with Hall sensors for the BD and BF dipoles 
(below). This allowed referring the magnetic 
measurement maps to the fiducials of the dipoles with 
accuracy better than 20 microns.  

 
  

5.13.3 Vacuum system  
  
The residual gas pressure after accumulation of a 

current integral of about 1 A*h should be 10-7 Torr or 
better. Ion pumps (72 pumps in total with an average 
spacing of 2.3 meters) create vacuum with a pump speed 
of 45 l/s.  

A number of important tasks were accomplished:  
a) the influence of eddy currents on the desorption of 

gases (the effect is insignificant since the eddy currents 
heat the chamber by 3 °C);  

b) the effect of SR on the stability of the vacuum 
chambers. Synchrotron radiation has a power of about 44 
W/m (maximum in the defocusing magnets), which leads 
to uneven heating of the chamber in the place of incidence 
(by 60 °C; ΔТ = 62 °C). As a result, the chamber 
undergoes mechanical stresses of about 114.5 MPa, while 
150 MPa is maximally admissible;  

c) the influence of SR on the desorption of gases. 
Calculations showed that, despite the pulsed mode of 
booster operation (duty cycle as to the SR intensity is 1/7 
at a repetition frequency of 2 Hz), the SR-determined 
desorption of gas will exceed the thermal desorption. 
Fig.10.8. shows an example of calculation for one of the 
straight sections.  
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All vacuum elements were subjected to heating and 
vacuum tests (leakage test (leakage less than 10-10 
l*Torr/sec), residual gas spectra measurement, and 
determination of the coefficient of thermal gas outgassing 
(10-12 l*Torr/sec/cm2 or less)).  

In 2011, about 100 of the 150 meters were completed 
(Fig.5.13.9.). A brazing technology for chambers with 
webbings for the bump magnets was developed 
(Fig.5.13.10).  

 
Fig.5.13.8. Pressure distribution as caused only by 
thermal desorption and in SR presence.  

  

  
 

Fig.5.13.9. Completed vacuum chambers. Each is 
intended for two dipoles and has a pickup.  

  
 

5.13.4 Diagnostics  
                                           
In 2011, BINP staff fulfilled the main work on the 

development and manufacture of electrostatic pickups, 
betatron frequency measurement system, and means of 
optical diagnostics of beam (phosphor sensors and SR 
output ports).  

Development of the electrostatic pickups was based 
on calculations involving both approximate analytical 
formulas and numerical simulation of electromagnetic 
fields. The pickup electrodes with vacuum inputs were 
taken from the MPF Products. In 2011, BINP produced 
the cases of the pickups and performed assembling and 
vacuum and electrical measurements.  

 
 

Beam diagnostics in the NSLS-II booster will be 
performed with the following equipment:  

Device  Beam parameters to 
measure  Quantity  

Electrostatic 
pickups  

Beam orbit and structure 
functions                37  

DCCT  Average beam current and 
lifetime  1  

FCT  Beam current distribution 
over bunches 1  

Phosphor 
sensors  

Single-flight beam 
image  6  

SR output  
ports  

Transverse  
dimensions of beam        2  

Frequency 
measurement 
system  

Betatron  
frequencies  1  

  
The betatron frequency measurement system, which 

includes electronics for excitation of beam oscillations 
and processing of signals, a pickup and a kicker on strip 
lines, as well as software, was completely developed and 
manufactured by BINP. The system parameters allow one 
to measure beam betatron frequencies during beam 
acceleration in the booster; the measurement accuracy is 
0.0005 or better; one measurement takes about 1 ms. The 
prototype of the system was tested with beam on VEPP-3.  

  

 
 

 
Fig.5.13.10. Cases of the pickups (above) and an 
assembled pickup on a girder (below).  
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Fig.5.13.11. Strip pickup (above) and electronics of the 
betatron frequency measurement system (below).  

  
 The phosphor sensors and SR output ports were 

designed by BINP. The phosphor screens are introduced 
into the vacuum chamber with a remotely controlled 
pneumatic actuator. High-accuracy adjustment of the 
mirrors that direct the output SR beam to the sensor is 
performed by electromechanical actuators. The light is 
registered with CCD cameras Prosilica GC1290. The 
units of mirrors for SR output were subjected to heating 
and vacuum tests. The phosphor sensors are around 70% 
ready now. The average beam current transducer Bergoz 
DCCT and fast beam current transducer Bergoz FCT were 
purchased for measuring the beam current intensity. BNL 
measured the characteristics of the beam current 
transducers. 

 
 
5.13.5 Assembly of the modules of the booster 
ring at the BINP site 

  
The regular part of the booster ring is supplied in the 

form of girder assemblies. A girder is a 500х300 mm 
rectangular steel profile with walls 16 mm thick and 
integrated components that provide the required rigidity, 
high-accuracy positioning, and fixation of the magnetic 
elements and girder assembly as a whole. The girders are 
produced based on BINP drawings at the pilot plant of the 
branch of ITAM SB RAS. A girder assembly consists of 
the magnetic elements set in the design position on the 
girder with the inserted vacuum chamber with pickups.  

In December, pedestals for girder assemblies for all 
four arcs and five girder assemblies were dispatched to 
BNL. 

 5.13.6 Power Supplies 
 Power supplies for the dipole magnets (BF and BD) 

were made by Danfysik under BINP supervision. By the 
end of 2011, the production was completed and tests were 
started. BINP designed, fabricated, and tested a power 
supply providing the "1-cos" current shape at a frequency 
of 1 to 2 Hz and a maximum current of 750 A 
(Fig.5.13.12.). This power supply will be used for 
dynamical tests of the dipole magnets. 

56 power supplies (6A/60V) for the steering and 
sextupole magnets in the format of 19" crates (8 power 
supply channels per crate) were designed and 
manufactured (see Fig.5.13.13).  

3 power supplies (200A/200V) were designed and 
manufactured for the quadrupole magnets (Fig.5.13.14), 
as well as a source (500A/12V) for the DC "septum 
magnet" (Fig.5.13.13).  

Generators for the pulsed "septum magnets" and 
"bump magnets" with pulse currents of up to 10 kA were 
designed and manufactured.  

  

 
Fig.5.13.12. Power supplies for the BD dipole magnets 
(above). Power supply for dynamic tests at the BINP site 
(below).  
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Fig.5.13.13. Power supply for the DC "septum magnet".  

 

  

 
Fig.5.13.14. Power supplies for the quadrupole magnets 
(above). Power supplies for the corrector and sextupole 
magnets (below).  

 

5.13.7 Injection-extraction system  
Injection into the booster and extraction are 

performed in a single turn in the horizontal plane. A train, 
which is 300 nsec long and contains up to 150 bunches, is 
injected from the linac. Injection into the booster and 
extraction are realized with pulsed "septum magnets" and 
ferrite kickers, which are located outside the vacuum. The 
magnets have embedded thin-walled vacuum chambers of 
stainless steel, and the kickers contain ceramic vacuum 
chambers.  

Single-shot injection into the booster is performed 
with a pulsed "septum magnet" and two ferrite kickers. 
The beam can be accumulated in the booster. To this end, 
there are two extra kickers installed in the injection 
section. The four kickers deflect the orbit of the 
circulating beam in such a way that the distance between 
the injected and circulating beams at the injection azimuth 
is minimal. The kickers are set up as modules. At the 
inlet, those are four freestanding modules with their own 
power supply. At the exit they are four successive 
modules powered from two sources.  

Extraction from the booster involves the four "bump 
magnets", extraction ferrite kicker, pulsed septum, and C-
shaped "septum magnet" with a constant field.  

The "bump magnets" slowly, in 0.75 ms, bring the 
beam to the knife of the pulsed magnet, and the kicker 
kicks the beam into the aperture of the pulsed septum and 
further into the "DC septum."  

All above elements were manufactured by BINP in 
2011 and their testing was begun.  

This system is characterized by quite stringent 
requirements to field stability in the magnets. For the 
extraction kicker, the amplitude instability and field 
inhomogeneity on a shelf 300 nsec long should not 
exceed ± 0.2%. For the pulsed and DC septums, the field 
stability should be no worse than ± 0.02%.  

A dedicated stand was created for measurement of 
the pulsed elements–"bump magnets", "septum magnets", 
and kickers (Fig.5.13.15.).  

 

 
 

Fig.5.13.15. Stand for pulsed magnetic measurements.  



 
 

 Electron-Positron Colliders 
 

 99 

The extraction "septum magnet" was measured 
(Fig.5.13.16.) and field stability was tested at operation 
from an actual 2 Hz generator, which showed that 
requirements to stability were met and magnetic field 
characteristics complied with the technical requirements. 
Magnetic measurements of the injection "septum magnet" 
are underway (Fig.5.13.17).  

 

 
 

Fig.5.13.16. Extraction "septum magnet" with the vacuum 
chamber (top view).  

 

 
 

Fig.5.13.17. Injection "septum magnet" on the 
measurement stand.  

 
 
Measurements of the "bump magnets" were 

performed using the vacuum chamber model. 
Measurements of the "bump magnets" with real vacuum 
chambers are coming. Two of the chambers are ready to 
date (Fig.5.13.18).  

It was the first time when BINP manufactured ferrite 
kickers with built-in ceramic vacuum chambers. For the 
beam image currents to get closed, the inside of the 
chamber was coated with titanium nitride strips 4 μm 
thick and 3.5 mm wide (Fig.5.13.19).  

Actually, there is no accelerator on which the 
extremely tough requirements to field stability in the 
kickers have been met. Typically, this is a level of about 
1%. So, now they on the stand are intensely working on 
adjustment of the measurement systems and power 
supplies to achieve the required parameters (Fig.5.13.18).  

 
 

 
 

 
Fig.5.13.18. Thin-wall vacuum chamber with webbings 
for the "bump magnet" and the "bump magnet" on the 
measurement stand (above). Pulsed power generator for 
the "bump magnets "(below).  

  

 

 
Fig.5.13.19. Ceramic vacuum chamber with the strip 
coating.  
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Fig.5.13.20. Ferrite kicker without the chamber and 
modulator on the measurement stand (below). Charger 
unit of the modulator kicker (above).  

  
 
5.13.8 Control system  

  
Functionally, the booster control system is divided 

into several parts: 
- the booster magnetic system controls provide 

circulation of the injected and accelerated beams in the 
synchrotron ring; 

- the pulsed magnets controls provide injection at the 
energy of 200 MeV and extraction of the accelerated 
beam at the energy of 3 GeV; 

- the vacuum controls ensure maintenance of 
required vacuum in the booster ring; 

- the beam diagnostics monitoring system allows the 
measurement of various parameters of the beam; 

- the interlocks monitoring system supports safe and 
reliable operation of the power supplies, ramping and 
pulsed magnetic elements of the booster; 

- the timing system provides mutual synchronization 
of all subsystems of the booster during the acceleration 
cycle, as well as lock the accelerated beam to the beam 
that circulates in the main ring of NSLS-II. 

The booster control system is based on EPICS to be 
compatible with the NSLS-II main ring control system. In 
addition to the electronics of well-known suppliers 
(Agilent, ISC, GE, IBM, Emerson, and Allen Bradley), 
electronic modules designed by BNL is used: a PSC-PSI 
set for power supplies distributed control and a controller 
for processing signals from the pickup stations. The 
control system integrates various bus types: VME, cPCI, 
Euromechanics chassis, and PLC.  

To provide the required stability of the 
injection/extraction pulsed systems, it is supposed to use 
BINP-designed ADCs: 200 MHz ADC200 and the signal 

Communication and synchronization of the 
processors, controllers, and various devices of the control 
system are carried out through 1Gb Ethernet, as well as 
through optical lines with a capacity of up to 125 
MBytes/sec. A block diagram of the computers and 
electronics of the booster control system is shown in 
Fig.5.13.21. 

The final design of the control system was completed 
in late 2010 – early 2011: the composition and quantity of 
computers and electronics modules were determined; then 
the hardware was purchased. Technical specifications for 
the power supply controllers (PSC-PSI) and all the details 
of the vacuum controls were determined.  

During 2011, a stand for creation and testing of 
software was assembled at BINP. The stand comprises a 
full set of equipment included in the control system 
(Fig.5.13.22). The development of engineering screens for 
the power supplies testing is underway in parallel with the 
developing and testing of the firmware for the power 
supply controllers.  

The first set of PLCs for control of the vacuum 
system of the beam transportation line from the linac to 
the booster (Fig.5.13.23) was assembled, tested, and 
shipped to BNL by the end of 2011. 

 
 
 
 
 
 
 
 
 
 
 
 

integrator VsDC3.  



 
 

 Electron-Positron Colliders 
 

 101 

 
 

Fig.5.13.21. Block diagram of the control system of the NSLS-II booster. 
 
 

 

 
 

Fig.5.13.22 Equipment for control of the power supplies. 

 

Fig.5.13.23 Chassis with PLCs to control the vacuum of 
the beam transport line from the linac to the booster. 

The following works on the software for the booster 
control were underway in 2011: development of EPICS 
databases for power supplies control and timing, 
development of engineering screens for the power 
supplies testing, creation of programs to work with the 
beam diagnostics electronics, development of the vacuum 
system control software. 
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6.1. INTRODUCTION 
  
The shared-use Siberian Synchrotron and Terahertz 

radiation Center (SSTRC) has been operating for more 
than thirty years on the basis of facilities and laboratories 
of the Institute of Nuclear Physics SB RAS.  

The synchrotron radiation (SR) activity includes 
works on SR beams from the VEPP-3 and VEPP-4 
storage rings, as well as the designing and development of 
systems for SR generation for Russian and foreign 
centers.  

Another direction, associated with terahertz 
radiation, includes works with the use of radiation from 
Novosibirsk free electron laser (FEL) (in the range of 
110-240 μm and 40-120 μm), as well as further 
development of Novosibirsk FEL and participation in 
international projects on this topic.                

Besides that, undergraduate and graduate students 
are taught and trained at the center.  

In 2011, 2028 hours were allocated for work on SR 
beams from VEPP-3 (1220 hours in 2010) and 180 hours 
for work on SR beams from VEPP-4 (294 hours in 2010). 
10 stations on 7 SR extraction beam lines of the VEPP-3 
storage ring and 2 SR stations on VEPP-4 were involved 
in experiments.  

In 2011, Novosibirsk FEL worked for users for 
about 1000 hours. One of the two main tasks in 2011 was 
the organization of regular work at six user stations. The 
second task was the preparation for the commissioning of 
the third stage of Novosibirsk FEL.  

Research groups from more than 50 institutes and 
other organizations carried out works at the stations.  

  
 

6.2. WORK ON SR FROM VEPP-3 
  
6.2.1. Station "Explosion (Extreme states of 
matter)" 

 The station "Explosion (Extreme states of matter)" 
is intended for registration of transmitted radiation and 
small-angle X-ray scattering (SAXS) for investigation 
into detonation and shock-wave processes.  

Participating organizations:  
Lavrentyev Institute of Hydrodynamics. SB RAS, 
Novosibirsk; Russian Federal Nuclear Center "All-
Russian Research Institute of Technical Physics 
(VNIITF)", Snezhinsk; Institute of Solid State Chemistry 
and Mechanochemistry SB RAS, Novosibirsk; Budker 
Institute of Nuclear Physics SB RAS, Novosibirsk.  

In 2011, the work was carried out with financial 
support under the following projects: SB RAS Integration 
project № 11; RAS Presidium comprehensive research 
program № 2-9 "Thermophysics and mechanics of 
extreme energy effects and the physics of strongly 

compressed matter"; RFBR 08-03-00588-a; and RFBR 
10-08-00859-a.  

Examples of activity  
Study of the dynamics of formation of condensed-

phase nanoparticles during detonation of new TATB-
based explosives at VEPP-3 SR station "Explosion" by the 
method of high-speed small-angle scattering  

There were conducted experiments on SR-SAXS 
registration at detonation of high explosives (HE) on the 
basis of 1,3,5-triamino-2,4,6-trinitrobenzene (TATB) with 
additions of graphite and nanodiamonds.  

Analysis of data on graphite-containing TATB 
indicates presence of nanoparticles, presumably of 
graphite, of ~ 4-5 nm in size, registered immediately 
behind the detonation front. Comparison of the SAXS 
signals from TATB and TATB/graphite mixtures shows 
that condensation of carbon in the TATB detonation 
products occurs into the graphite phase. The size of 
nanodiamonds registered is ~ 2 nm or less. One may 
assume that larger nanodiamonds fail (burn) in the 
explosion products. For mixtures of TATB with 
nanodiamonds, there is registered a SAXS signal from 
ultra-dispersed nanodiamonds (UDD) introduced into the 
charge. The signal from condensed nanoparticles at 
detonation of TATB is small as compared with the signal 
from the introduced UDD.  

The size of scattering particles was derived from 
SAXS signals by an original technique using a special 
software package. The particles were assumed to be 
spherical and uniformly distributed in a homogeneous 
medium. The obtained and calibrated evolution of the 
particle size in experiments with samples of 
TATB/graphite and TATB/UDD is shown in Fig.6.2.1, 
where time t=0 corresponds to the passage of the 
detonation front. Fig.6.2.2 presents graphs of variation in 
the SAXS flow integrated over all angles for the same 
high explosives. One can see from the graphs that the 
introduction of nanodiamonds of ~ 5 nm in size 
(produced via explosion) does not lead to a marked 
increase in the size of the nanoparticles behind the 
detonation front. Parameters behind the detonation front 
in TATB do not contribute to increase in the size of 
particles already introduced.  

Data on the dynamics of the integrated SAXS 
(Fig.6.2.2, below) also show that the integrated SAXS 
signal is proportional to the initial amount of introduced 
UDD, i.e. the amount of carbon nanoparticles condensed 
during the explosion (in the diamond form) is small as 
compared to that of the introduced particles.  

There were also obtained the dynamics of the 
condensed-carbon particle size at detonation of BTF. The 
size of particles behind the detonation front is as large as 
70 nm. The absence of hydrogen in BTF leads to a higher 
temperature in the detonation front.  
Fig.6.2.3 presents data on the growth of the size of 
condensed nanoparticles at detonation of TATB, 
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TG50/50, and BTF. The particle size for BTF is an order 
of magnitude greater than that for TG50/50, which may 
be explained with the above-mentioned increase in the 
temperature in the detonation front. Other factors leading 
to such a significant increase in condensed nanoparticles 
require further study. It should be noted that a size of ~ 70 
nm is the upper limit of our experimental setting, thus the 
final particle size may be larger. The presence of large 
particles in the products of BTF detonation has been 
noted earlier.  

 

 
Fig. 6.2.1. Variation in the size of condensed-carbon 
nanoparticles at detonation of mixtures of TATB with 
additives of graphite (above) and UDD (below). TAG96/4 
denotes a mixture of 96% of TATB and 4% of graphite 
by weight. 
 
 
 
 
 
 
 
 

 

 
Fig. 6.2.2. Integrated SAXS vs. time for mixtures of 
TATB/graphite (above) and TATB/UDD (below). The 
zero time corresponds to the passage of the detonation 
front. 

 

 

 
 
Fig. 6.2.3. Data on the growth of the size of condensed 
nanoparticles at detonation of TATB, TG50/50, and BTF.  
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6.2.2. Station “LIGA-technology and X-ray 

lithography”  
The station is intended for experiments on X-ray 

lithography in thick resistive layers for production of 
microstructures, including X-ray masks.  

Participating organizations:  
Budker Institute of Nuclear Physics SB RAS, 
Novosibirsk; Institute of Cytology and Genetics SB RAS, 
Novosibirsk; Institute of Solid State Chemistry and 
Mechanochemistry SB RAS, Novosibirsk; Institute of 
Automation and Electrometry SB RAS, Novosibirsk; 
Vorozhtsov Institute of Organic Chemistry SB RAS, 
Novosibirsk.  

In 2011, the work was carried out with the financial 
support under the following projects: SB RAS 
interdisciplinary integration project № 55 "X-ray LIGA 
technology for synthesis of 3D diffraction structures"; 
state contract № 16.513.11.3135 dated October 21, 2011 
"Development of an experimental model of new-
generation bioanalytical complex based on micro/nano 
fluid systems"; and State contact № OK-12-R-VK/2011 
dated August 29, 2011 "X-ray microlithographer".  

Within the framework of State contact OK-12-R-
VK/2011 dated August 29, 2011, the equipment and 
software of the station "LIGA" was upgraded for the 
implementation of the X-ray microlithographer.  

  
Examples of work  
Development of technology for synthesis of 3D 

optical structures 
A fundamentally new method of production of 3D 

microstructured structure-selective metal film grid 
elements for the IR and THz ranges was developed and 
implemented. It is based on a combination of formation of 
microstructures in thick polymer films (10-1000 μm) by 
means of X-ray lithography and chemical deposition of 
metallic silver on the entire surface of the polymer.  

Deep X-ray lithography with sample scanning with a 
pattern in SR beam was used for creation of through 
microstructures in mylar films 10 microns thick and 
40x40 mm PMMA sheets 1 mm thick. They at ISSCM 
SB RAS conducted chemical deposition of silver from a 
solution on a three-dimensional surface of a PMMA grid 
structure (Fig.6.2.4). So produced three-dimensional 
metallized films were tested as terahertz radiation filters. 
These three-dimensional films turned out to have 
properties close to those of thick metal grids and be an 
example of a new type of optical elements.  

  

 
Fig. 6.2.4. Above: 3D silver film grid filters for terahertz 
radiation on a PMMA microstructured substrate 1 mm 
thick. Below: measured spectral dependence of the pass-
band of these filters. LIGA master molds for replication 
of intraocular diffractive refractive lenses.  

 

 
 

Fig. 6.2.5 SEM photo of an X-ray lithography replica in 
PMMA. The depth of the relief structures is 5 to 25 
microns. The thickness of the solid resistive PMMA layer 
on a silicon substrate is 50 microns.  
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 An important application area in diffractive optics is 
the formation of metal microstructure matrices for 
replication of polymer diffractive elements. Bifocal 
diffractive refracting intraocular lenses are an example of 
diffractive elements in demand. A joint project with the 
IAE SB RAS was aimed at the development of 
lithographic techniques of making microstructured relief 
surfaces of optical quality and the processes of formation 
of master molds for replication of lenses. In 2011, BINP 
was developing the following LIGA technologies: X-ray 
lithography and electro-nickel plating–for replication of 
relief microstructures of intraocular lenses.  

 

 
 

Fig. 6.2.6. Radial profiles of different replicas made using 
axisymmetric rotation under X-rays and measured by 
different methods.  
 

3D continuous optical surfaces with smooth-wall 
microrelief were obtained for the first time by means of 
dynamic axisymmetric lithography in a quasi-solid 
PMMA layer formed of 950PMMA resist with a narrow 
distribution of molecular weights, in contrast to a sheet 
polymer. The X-ray lithography replicas presented in 
Fig.6.2.5 and Fig.6.2.6 were made via rotation of a 
substrate relative to a mask, the axis of rotation being 
adjusted. In so doing, in the radial coordinates the resist 
gets a dose D proportional to the angle φ of the arc in the 
transparent zone of the mask, with a coefficient 
determined by equation (6.2)1, and the profile depth z is 
determined by function (6.2)2 of the rate of development 
of the polymer layer v, which is measured as a 
characteristic one for PMMA resist, in the form of 
equation (6.2)3, and the time of development τ.  

)()( rkrD ϕ=     

∫∫∏ −− ⋅⋅= dzdeeItk zdii λλμ λμλμ )()( )(        (6.2)1 

where It is the exposure dose, involving parameters of the 
synchrotron radiation source and exposure time; μi(λ) and 
μ(λ) are tabulated spectral linear absorption coefficients 
of the materials and media with a thickness di located in 
the SR beam before and after the resist layer, 
respectively; z is the coordinate directed into the resist. 

BAkrz ϕτντ ==)(                                        (6.2)2 

where A and B are empirical constants,  
BAD=ν                                                 (6.2)3 

 
Both the characteristic parameters of PMMA 

and profiles of the replicas made by the method of 
dynamic axially symmetric X-ray lithography were 
measured with varying doses and times of exposure. 
Thus, a basic function of process parameters was 
developed for simulation and design of any profile 
of relief lenses, including multifocal intraocular 
ones.  

 

 
 

 
 

Fig. 6.2.7 Nickel galvanic master mold for replication of 
polymeric intraocular lenses (right: relief surface at high 
magnification of the scanning electron microscope).  
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Since forming is a mass-tech method of manufacture 
of polymer products, a galvanic bath for nickelizing of X-
ray lithography replicas and production of nickel forms 
was designed and fabricated. The electroforming process 
was optimized as to the current density and design of the 
anode and cathode for manufacturing thick flat nickel 
forms with minimal internal stresses at an average nickel 
deposition rate of about 1 μm/min. Thanks to the weak 
adhesion of the gold electroplated substrate to polymers, a 
polymer replica can be easily separated from the nickel 
mold. The nickel mold surface, also of gold, simplifies 
the process of separation of polymer product (Fig.6.2.7).  

The made replicas of PMMA and nickel relief lenses 
have the quality of optically clean surfaces with a 
roughness Ra = 10 ÷ 30 nm (Fig.6.2.8).  

 

 
Fig. 6.2.8 Nickel mold surface for relief lens, scanned 
with the WLI microinterferometer. The surface roughness 
measured as the mean square deviation of the profile is 
about 10 nm.  
 

6.2.3. Stations "Anomalous Scattering" and 

"Precision Diffractometry"  
 The station "Anomalous scattering" is intended for 

precision studies of the structure of polycrystalline 
materials by the methods of X-ray diffractometry with 
high angular resolution.  

Experiments performed:  
Mesostructured materials;  
Oxygen-conducting materials based on strontium 

cobaltites;  
Oxygen-accumulating materials based on cobaltites 

of rare earth metals;  
Catalysts for carbon-dioxide conversion of methane 

on the basis of Fe3Al intermetallides;  
Catalysts based on nanosized gold.  
The station "Precision diffractometry" is intended for 

studies of changes in the structure of polycrystalline 
materials under effect of high temperature and reacting 
media by the methods of time-resolved X-ray diffraction.  

Materials studied:  
Oxygen-conducting materials based on strontium 

cobaltites;  

Oxygen-accumulating materials based on cobaltites 
of rare earth metals;  

Catalysts for carbon-dioxide conversion of methane 
on the basis of Fe3Al intermetallides;  

Selective adsorbents of ammonia;  
Cobalt-containing catalysts for the Fischer-Tropsch 

processes;  
Iron-cobalt catalysts for synthesis of multiwalled 

carbon nanotubes;  
Copper-nickel catalysts for synthesis of nitrogen-

containing carbon nanofibers.  
Participating organizations:  

Boreskov Institute of Catalysis SB RAS; Nikolaev 
Institute of Inorganic Chemistry SB RAS; Institute of 
Solid State Chemistry and Mechanochemistry SB RAS;  
Tomsk Polytechnic University.  
  

Some studies were conducted with a complex of 
methods involving experiments at both stations. For 
example, catalysts for carbon-dioxide conversion of 
methane on the basis of intermetallides of nickel-
aluminum and iron-aluminum were studied at the station 
"Anomalous Scattering" before and after the reactions, 
whereas in situ experiments on changes in the phase 
composition and structure of catalysts under reaction 
conditions were carried out at the station "Precision 
Diffractometry". Iron-cobalt catalysts for synthesis of 
carbon nanotubes were subjected to a similar study.  
  

Examples of works performed  
Selective sorbents of ammonia  
Development of absorption refrigeration machines 

with ammonia as the working fluid is a promising 
direction in energy-efficient technology. The operating 
temperature range, efficiency, and output of ammonia 
absorption refrigerating machines are directly dependent 
on the choice of sorbent. The perfect ammonia sorbent 
should have a low reactivation temperature, high dynamic 
capacity in a given range of temperatures and pressures, 
and thermal and mechanical stability. Traditional 
adsorbents (activated carbons and carbon fibers) and 
chemisorbents of ammonia (inorganic salts) do not meet 
both these requirements and therefore may not be the best 
option for any specific application of absorption 

synthesis of new sorption materials with properties that 
provide the most efficient operation of refrigeration units 
is a pressing task. "Salt in a porous matrix" composites 
(SPMC) are promising materials for use in absorption 
refrigerating machines since the use of inorganic salt 
gives the principal possibility of creating a material of 
high sorption capacity and low temperature of 
reactivation, whereas the porous matrix prevents 
aggregation of the salt in the process of ammonia 
absorption and helps to improve the sorption dynamics.  

refrigerating machines.    In  this    connection



 
 
 
Budker INP annual report 2011  
 

 110 

They at Boreskov Institute of Catalysis SB RAS 
have for a long time worked on the exploration of 
selective sorbents of water on the basis of alkaline-earth 
metal chlorides in a porous matrix. Since the physical 
characteristics of molecules of ammonia NH3 and water 
H2O are similar, it was suggested to use chlorides of 
calcium, strontium and barium to create SPMC for 
absorption of ammonia.  

It is known from literature that chlorides of alkaline-
earth metals absorb ammonia to form complexes of one, 
two, four and eight ammonias. As regards composite 
absorbers of water and methanol vapor, there is a known 
effect of changing sorption properties of the salt when it 
is placed into the pores of matrix. So, the influence of the 
carrier matrix on the sorption properties of the salt is 
likely to show in reactions with ammonia. Consequently, 
the sorption equilibrium of SPMC with ammonia requires 
a detailed study not only with absorption and 
thermodynamic methods but with structural ones too.  

SPMC were studied by the X-ray diffraction 
methods on synchrotron radiation at the station "Precision 
diffractometry” with the use of the one-coordinate 
detector OD-3M-350 and X-ray reactor cell XRK-900 
made by Anton Paar, Austria. The reactor cell allows X-
ray measurements of sample in a reaction medium in the 
range from room temperature to 900ºC and pressures 
from 10-2 mbar to 10 bar. Fig.6.2.9 presents the results of 
the experiment on changes in the phase composition of 
calcium chloride in a γ-Al2O3 porous matrix. The 
absorption was performed at a pressure of 1.6 bar and 
room temperature, and desorption at T=100ºC and 
atmospheric pressure. It can be seen that in the course of 
absorption and desorption the system goes through a 
series of reversible reactions. During the reaction, there 
was registered a short-lived phase of a complex of four 
ammonias. This was has not been registered earlier with 
X-rays.  

The experiment was also carried out with barium 
chloride in various matrices. At a pressure of ammonia of 
~ 5 bar, a BaCl2· 8NH3 phase of unknown structure was 
registered. Fig.6.2.10 presents X-ray photographs of 
barium chloride sample on vermiculite under normal 
conditions and in ammonia under pressure. The structure 
of the complex is being found out now.  
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Fig. 6.2.9 Change in the phase composition of calcium 
chloride in the course of absorption (above) and  
desorption (below) of ammonia.  
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Fig. 6.2.10. X-ray photographs of barium chloride on 
vermiculite under normal conditions (blue) and at a 
pressure of ammonia of about 5 bar (red).  
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Cobalt-containing catalysts for the Fischer-Tropsch 
processes  

Catalytic synthesis of olefins (double-bond 
hydrocarbons), liquid hydrocarbons, and ceresins 
(hydrocarbons with long branched chains) from 
hydrogen-enriched synthesis gas (a mixture of hydrogen 
and carbon monoxide in different proportions) produced 
from natural and associated gas is most effective with 
cobalt-containing catalysts. This work was aimed at the 
study of how the preparation method effects the anion 
composition and structure of hydroxide precursors of Co-
Al catalysts and their catalytic properties in the Fischer-
Tropsch synthesis reactions. The dynamics of changes in 
the composition and structure of hydroxide precursors of 
Co-Al catalysts in the processes of heat treatment and 
subsequent activation by various physicochemical 
methods, including X-ray diffraction in situ with the use 
of synchrotron radiation, were studied. Precursor 
compounds that were obtained by deposition of cobalt 
cations on γ- and δ-Аl2О3 at conditions of hydrolysis of 
urea, have a structure of the hydrotalcite type and contain 
nitrate, carbonate and hydroxyl groups were shown to 
transform under heat treatment in an inert environment 
into oxide compounds of the spinel structure, Со3-хАlxO4 
(0<x<2). Hydrogen activation of oxide precursor leads to 
formation of particles of metallic cobalt through the 
intermediate formation of cobalt(II)-aluminum oxide 
phase. High activity and selectivity for C5+ hydrocarbons 
in the reactions of the Fischer-Tropsch synthesis is typical 
to this catalyst.  

The X-ray diffraction study was carried out at the 
station "Precision Diffractometry". It reproduces all the 
main stages of preparation and activation of catalyst, 
except for the stage of deposition from solutions and the 
Fischer-Tropsch reaction itself. It was necessary to obtain 
particles of metallic cobalt or cobalt-aluminum alloy of 5 
nm or less to provide large specific surface area of the 
active component of catalyst. The heating of the precursor 
in an inert atmosphere and the temperature increase 
during the reduction of cobalt from oxide were carried out 
slowly, at a rate of 2ºC/min or less. In the course of the 
heating, there arose and disappeared an intermediate 
phase of unknown composition. In the resulting series of 
X-ray patterns one can see how the phase composition of 
the precursor changes during the heating to 250 ºC in the 
inert atmosphere and with subsequent reduction in the 
atmosphere of pure hydrogen with temperature increasing 
from the room one to 650ºC. There are observed 
intermediate phases of cobalt-aluminum oxides 
(Al)Co3O4 and CoO, as well as the final metal state of 
cobalt-aluminum nanoparticles.  

 
 
 
 
 

 
Fig. 6.2.11. X-ray patterns of the aluminum-cobalt 
catalyst during the activation process in the inert 
atmosphere (above) and reduction in hydrogen (below).  

  
Ascertainment of the composition–structure–oxygen-

ion conductivity relationship in the class of cobaltites 
RBaCo4O7+δ (R=Y, Dy-Lu, δ~0, δ~1.5) 

 Compounds RBaCo4O7+δ (R=Y, Dy-Lu) have a 
unique ability to absorb and release oxygen. With their 
hexagonal close-packed structure, these oxides can absorb 
and release up to 1.5 formula units of oxygen at a 
relatively low temperature (300 to 400ºC). Little is known 
on the structural changes occurring at their oxygen 
saturation. The only experimental determination of the 
structure was carried out by the results of exposure of 
YBaCo4O8.1 to high-resolution neutron and synchrotron 
radiation. It was shown that, entering the structure, extra 
oxygen ions associate with cobalt ions. As a result, half of 
cobalt ions in triangular layers acquire octahedral 
coordination, and there arise zigzag chains of cobalt 
octahedra and tetrahedrons that remain from the previous 
structure. It is not known yet if the proposed structure 
model will fit cobaltites with rare-earth cations of other 
sizes Yb and Lu and fully oxygenated compounds.  

They at the Institute of Inorganic Chemistry SB RAS 
have synthesized polycrystalline samples of RBaCo4O7+δ 
and maximumally saturated them with oxygen using a 
special technique and developed a technique of 
equilibrium saturation with oxygen. Judging by 
preliminary X-ray examinations, structural changes in 
rare earth elements of different sizes at 
sorption/desorption of oxygen may run in different ways.  

Unknown
phase

Precursor
Excipient

Excipient Excipient
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To solve the task set it was necessary to study ex situ 
and in situ the structural transformation of oxygenated 
polycrystalline samples RBaCo4O7+δ (R=Y, Dy, Lu) with 
rare earth cations of different sizes at heating in air by the 
diffraction method with SR application.  

It was found that the nature of structural changes at 
oxygen saturation is strongly dependent on the size of the 
rare-earth ion. In a compound with YBaCo4O7+δ the 
transition between the phases with x=0 and x=1.4-1.5 
occurs abruptly, the structural symmetry changing from 
orthorhombic to hexagonal. Whereas in LuBaCo4O7+ the 
transformation goes through an intermediate phase and 
does not lead to a change in the symmetry of the 
structure, and the unit cell parameters vary in directions 
that are opposite to those observed for the yttrium sample.  

Fig.6.2.12 presents X-ray patterns of the 
YBaCo4O7+δ (a) and LuBaCo4O7+δ (b) samples under 
heating from room temperature to 500ºC.  
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Fig. 6.2.12. Fragments of X-ray patterns of the 
YBaCo4O7+δ and LuBaCo4O7+δ samples during heating. 
Phase transition caused by the loss of oxygen.  

  

Change in the phase composition of the Ni-Cu 
catalyst at growth of nitrogen-containing carbon 
nanofibers  

Selective synthesis of carbon nanotubes (CNT) and 
nanofibers (CNF) of a given structure type and certain 
physical and chemical properties is an important area of 
nanotechnology in relation to a wide range of possible 
practical applications of such materials to chemistry, 
materials science, nanoelectronics, medicine, etc. 
Particular attention is paid to fine regulation of physical 
and chemical properties of carbon composites for 
purposeful synthesis of functional materials with desired 
characteristics. Modification of the carbon structure with 
heteroatoms (N, B, F, and Si) or decoration of carbon 
material with metals (Pt, Pd, Fe, Co, Ti, etc) is among the 
possible approaches.  

Among the various methods of synthesis of nitrogen-
containing carbon nanotubes (N-CNT) and nanofibers (N-
CNF) (arc, laser ablation, and substitution of carbon 
atoms in the initial materials), the catalytic method is of a 
special interest, because of the relatively low temperature 
of the process and cost of the product, as well as its 
availability for large-scale production. Decomposition of 
carbon-containing compounds is performed with metals 
of the iron subgroup (Fe, Co, Ni) and their alloys as 
catalysts. 

Now there is a conventional model of the formation 
of CNT and CNF on metal catalysts. It includes the 
following main steps: (1) decomposition of precursor 
molecules on the catalyst surface with formation of 
adsorbed carbon atoms, (2) diffusion of carbon atoms 
through a catalyst particle, and (3) formation of a nucleus 
and growth of a carbon tube or fiber.  

There remains a rather ambiguous issue of the state 
of carbon on the surface of the catalyst particle and in the 
structure of the metal during the diffusion of carbon from 
the faces on which the decomposition of the precursor 
molecules occurs to the places of segregation of carbon 
atoms. It has been supposed that dissolution of carbon 
atoms in the volume of the catalyst particle is 
accompanied by formation of carbide. On the other hand, 
several studies have questioned the participation of 
carbides in the synthesis of CNF, assuming that the 
decomposition of carbon-containing precursors is 
accompanied by dissolution of carbon in the metal 
particle without formation of carbide.  

Changes in the Ni-Cu catalyst in the course of 
decomposition of the C2H4/NH3 mixture have been 
investigated ex situ earlier. It was shown that formation of 
N-CNF on the catalyst particle goes through the stage of 
formation of a supersaturated solid solution of carbon and 
nitrogen in a nickel-enriched alloy «NiCuxCyNz», which 
results in the lattice parameter of the alloy increasing to 
abnormally high values  a=0.3616 - 0.3706 nm without 
destruction of its cubic structure. It is important that the 
formation of the «NiCuxCyNz» phase and its presence in 
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the system lasts for a period that is optimal for the 
synthesis for production of N-CNF with maximum 
nitrogen content in the material and maximum values of 
texture parameters.  

This work was the first in situ study of the change in 
the state of Ni-Cu catalyst during the growth of N-CNF at 
decomposition of ethylene-ammonia mixture.  

The phase composition of the initial Ni-Cu catalyst 
is represented by two metallic phases–a nickel-based 
alloy Ni0.87Cu0.13 (a = 03536 ± 00003 nm) and copper-
based alloy Cu0.93Ni0.07 (а = 0.3609 ± 00003 nm). While 
the catalyst is being heated up to 550ºC in the reactor cell 
in stream of hydrogen, the reflections shift towards 
smaller angles due to thermal expansion. No other 
changes in the state of the catalyst are observed at this 
stage of the experiment.  

Significant changes in the structure of the Ni-Cu 
catalyst after decomposition of the 75%CH4/25%NH3 

mixture were observed earlier with the application of ex 
situ XFA. With the reaction going for 15 minutes, no 
maximums corresponding to the Ni-enriched alloy were 
detected. At the same time, in the X-ray patterns there 
was observed formation of a phase with an increased fcc 
lattice parameter а = 0.3621÷0.3628 nm, which exceeds 
the lattice parameter of pure copper (аCu = 0.3615 nm 
(ICDD PDF-2 #4-836) by an amount Δa = 0.0006÷0.0013 
nm. The use of the anomalous scattering effect in addition 
to the usual method of X-ray diffractometry revealed that 
the phase with the increased fcc lattice parameter is 
nickel-based alloy «NiCuxCyNz», which forms at the 
initial stage of the reaction and exists for 15 minutes to 3 
hours, depending on the temperature of the process. It 
was also noted that the Cu-enriched phase undergoes 
significant changes eventually.  

Fig.6.2.13 (above) shows diffraction patterns of the 
Ni-Cu catalyst, which were produced in situ in the course 
of decomposition of the 75%C2H4/25%NH3 mixture at 
550 º C in the high-temperature X-ray reactor cell. From 
the first minutes of the reaction, there is observed a shift 
of the reflection relating to the Ni-enriched alloy towards 
smaller angles. The alloy lattice parameter increases, 
respectively. Over a period of 15 minutes of the reaction, 
the parameter raises from 0.3567 nm to 0.3585 nm. The 
position of the reflection related to the Cu-enriched alloy, 
in turn, does not change during the reaction. It is known 
that increase in the lattice parameter of a metal catalyst 
with growth of carbon materials is associated with the 
dissolution of carbon in the catalyst particle. In this case, 
on the basis of reference data, an increase in the lattice 
parameter by 0.0018 nm corresponds to a dissolution of ~ 
2.5 at.% C.  

With the cooling of the reactor cell in the stream of 
the reaction mixture, in the zone of 550 to 460°C the 
reflection of the Ni-enriched alloy continues shifting 
towards smaller angles, Fig.6.2.13 (below). This may be 
due to the ongoing saturation of the catalyst particles with 

carbon and nitrogen. At a temperature of 460 to 440° C, 
there is a significant change in the diffraction pattern–one 
more reflection, with a parameter of ~ 0.3635, nm can be 
seen in the X-ray pattern. With further cooling of the 
catalyst, its phase composition is no longer changing.  

 
Fig. 6.2.13. Variation in the state of the Ni-Cu catalyst 
under the reaction conditions (above) and in the course of 
the cooling (below).  

 
This experiment allows one to accurately determine 

the state of the Ni-Cu catalyst in the growth of N-CNF 
during the decomposition of the ethylene-ammonia 
mixture. When the reaction goes at 550° C, the catalyst is 
a two-phase system similar to the original state: Ni-
enriched alloy and Cu-enriched alloy. In the course of 
reaction, carbon is being dissolved in the Ni-enriched 
alloy, the lattice parameter of the alloy simultaneously 
increasing by 0.018 Å. The Cu-enriched alloy seems to be 
not involved in the reaction since the reflections related to 
this phase remain unchanged during the process. This 
state of the catalyst remains at cooling in the stream of the 
reaction mixture to 440-460 °C. There is an abrupt change 
in the state of the catalyst at a temperature of 440-460 °C. 
It is still biphasic, but the Ni-enriched phase changes its 

Diffraction Angle 2Θ, degrees
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parameter a lot because of the anomalous absorption of 
carbon and nitrogen, and the reflections of this phase 
completely overlap the reflections present in the sample 
of the phase initially enriched with Cu. This new state of 
the catalyst, denoted as the «NiCuxCyNz» phase, has a 
lattice parameter of 0.3635 nm, which is by 0.020 nm 
higher than the lattice parameter of pure Cu (0.3615 nm at 
this temperature). This significant increase in the 
parameter indicates that at this temperature, a large 
amount of carbon is being dissolved (> 15 at.%C). The 
data obtained allow one to conclude that the formation of 
carbon nanofibers during the decomposition of 
ethylene/ammonia mixture goes through the stage of 
carbon dissolution in the catalyst particle, but without 
formation of metal carbide.  

 
Study of the active component of the Fe-Co catalysts 

for growth of multiwalled carbon nanotubes  
In this case they used FeCo/CaCO3 catalysts, with 

the active ingredient based on iron and/or cobalt and 
calcium carbonate as a carrier  that were obtained by the 
Pechini method. The FeCo/CaCO3 catalyst allows 
production of multiwall carbon nanotubes (MCNT) with 
an average diameter of 22 nm, a yield of more than 20 g/g 
of the catalyst in 30 minutes of synthesis at a temperature 
of 670 ºC and a low content of impurities of amorphous 
carbon and metals.  

Experimental data allow one to interpret the phase 
composition of the initial catalyst as a mixture of fine 
phases (8-10 nm from analysis of the coherent scattering 
area (CSA)) of calcium carbonate (in the lime form) and 
spinel-structure iron&calcium/cobalt oxides. When the 
catalyst is being heated (30 ºC per minute) in a nitrogen 
stream (99% purity, 1.5 mL/sec), the interplanar distances 
are increasing due to the thermal expansion. At T~600 ºC, 
calcium carbonate decomposes to calcium oxide. When 
the sample is hold at a temperature of 670 ºC, there is 
observed a further change in the phase composition of the 
catalyst. With this method of catalyst preparation 
(polymerized complex precursors), there remains 
amorphous carbon in the volume of catalyst, and this 
amorphous carbon is able to reduce oxides of the metal. 
In addition, at this temperature, the system starts being 
agglomerated. Upon comparison of the experimental 
diffraction pattern of the catalyst heated up to 670 ºC and 
kept at this temperature for 10 minutes with theoretical 
diffraction patterns at normal temperature, a conclusion 
was made that the system consists of a mixture of oxides 
of different types based on iron, calcium and cobalt of 
various composition. It should be noted that the 
agglomeration starts at temperatures below the 
temperature of the reaction (the oxide phase CSA size 
calculated from corresponding reflections is 25-30 nm, 
and that of the metal phase is about 50 nm).  

Upon the hold-up of the catalyst, feeding of ethylene 
was started. The growth of carbon nanotubes leads to a 

sharp increase in the volume of the system and 
displacement of the sample surface with respect to the X-
ray beam, which results in a drastic distortion of the 
pattern and reduction in the intensity of the signals. 
Therefore diffraction patterns obtained before the sharp 
decrease in the background line were the most 
informative.  

With the feeding of ethylene the researchers 
observed a further reduction of iron and cobalt oxides and 
formation of Fe-Co alloy. A detailed analysis of the peaks 
of the metal alloy, iron and cobalt oxide, and calcium 
oxide lets one to assert that there is no intermediate 
phases in the transition from the Co-Fe oxides to the 
metal alloy as the increase in the content of the reduced 
metals in the system stops almost simultaneously with the 
end of reduction of the metal oxides. The observed slight 
increase in the metal content may be due to the 
agglomeration of small metal particles unobservable 
because of instrumental limitations.  

  
Fig. 6.2.14. Variation in the phase composition of the 
catalyst for synthesis of MCNT in the course of the 
reaction.  

  
Complete reduction of the cobalt oxides is evidenced 

by the formation of alloy particles. Cobalt may be present 
either in a pure form (there are peaks typical to a face-
centered lattice of cobalt) or in an alloyed form. 
Diffraction patterns of pure iron and an alloy particle can 
be distinguished only by the lattice parameter, which is 
distorted because of the high temperature, but the absence 
of cobalt reflections is sufficient for confirmation of the 
alloy particle existence. In addition, the alloy peaks 
gradually shift towards smaller angles (i.e. larger lattice 
parameters), which can be interpreted as saturation of the 
metal particle with carbon, in agreement with most 
today’s theoretical mechanisms of growth of carbon 
nanotubes. The subsequent drop in the saturation of the 
metals (decrease in the lattice parameter of the alloy) may 
be interpreted as encapsulation of most metal particles 
because there are no changes in the average size and 
relative content of the particles.  
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To verify the idea of encapsulation of the metal, it 
was decided to raise the ethylene content in the reaction 
mixture up to 50% and hence increase the supersaturation 
of the metal particles and reduce the radius of the critical 
nucleus of carbon nanotube. No diminution in the alloy 
lattice parameter was observed, which may confirm the 
hypothesis formulated above.  

Thus, we can assert that the reduction processes (and 
hence the subsequent agglomeration) of the alloy and its 
saturation (and supersaturation) with carbon go in 
parallel, and the ratio of their speeds can affect the final 
distribution of nanotubes by diameter. Moreover, the ratio 
of the specific quantities of carbon required for triggering 
a sharp increase in the volume corresponds approximately 
to the square root of the ethylene pressure ratio in these 
experiments. This fact suggests that the experiments are 
performed beyond the diffusion regions of reduction of 
the metal and decomposition of ethylene on its surface.  

 

 
Fig. 6.2.15. Dynamics of reduction of the alloy at 
different flow rates of ethylene.  
  
 
6.2.4 Station "X-ray fluorescence elemental 

analysis"  
The station is intended for determination of the 

elemental composition of samples of various origin 
(geological rocks, biological tissues, aerosols, etc.) by the 
method of X-ray spectral fluorescence elemental analysis 
using synchrotron radiation (SR XFA). The elemental 
analysis can be performed both in a local mode and in a 
scanning one.  

Participating organizations:  
Nikolaev Institute of Inorganic Chemistry SB RAS, 
Novosibirsk; Sobolev Institute of Geology and 
Mineralogy SB RAS, Novosibirsk; Institute of Chemical 
Kinetics and Combustion SB RAS, Novosibirsk; Budker 
Institute of Nuclear Physics, Novosibirsk; Limnological 
Institute, Irkutsk.  

Topics of work in 2011:  

Application of synchrotron radiation X-ray 
fluorescence analysis to the study of bottom sediments of 
proglacial lake for reconstruction of the dynamics of the 
glacier of Chersky mountain (the Baikal Mountains, 
Eastern Siberia) over the past 160 years  

The dynamics of the glacier of Chersky mountain in 
the Baikal Mountains were reconstructed from the 
elemental composition of bottom sediments of proglacial 
lake Gitara. The scheme of the study area is shown in 
Fig.6.2.16. The X-ray fluorescence analysis was 
performed via continuous scanning of an undeformed wet 
core. The work was done with the use of the equipment of 
the shared-use SCSTR under state contract 
16.552.11.7044. The dynamics of the glacier were 
determined from the level of terrigenous elements supply 
with melt water ice to the proglacial lake. We separate 
five episodes (~ 1880, 1905, 1918, 1950, and since 1968 
to present) of major advances in the glacier over the past 
160 years.  

The purpose of this work was to reconstruct the 
response of the glaciers of Baikal area (on the example of 
the glacier of Chersky mountain) to climate variations 
over last 160 years from a detailed study of the elemental 
composition of the bottom sediments of proglacial lake 
Gitara. The records of this period include important 
climatic alterations, such as the transition from the little 
ice age (LIA) to the present warming (PW) and the 
beginning of active human influence on the global 
climate.  

The elemental composition of the core was studied at 
the Siberian center of SR, with the use of X-ray spectral 
fluorescence analysis via total scanning of an undeformed 
wet core in beams of synchrotron radiation ("SR XFA 
scan") with increments of 1 mm. The SR XFA station is 
equipped with a special scanning device. A sample can be 
moved by a distance of up to 400 mm, normally to the 
incident monochromatic radiation (and the direction of 
detection of characteristic fluorescence radiation). The 
minimum scanning step is 0.1 mm. In addition, the 
software applied allows one to check the presence of SR 
beam and recollect the spectrum in case of re-storage of 
the electron beam in the ring. The mechanical precision of 
the scanner was tested with a displacement gage 
(Burleigh Instruments, Inc.) with a resolution of 0.1 
microns. The scanner deviates the position of the sample 
displacement from the actual position recorded by the 
gage. It is clear that the deviation does not exceed 100 μm 
throughout the 200 mm scan interval. This accuracy is 
quite acceptable for paleoclimatic studies. The spectra 
were processed with the program AXIL. Concentrations 
of the rock-forming elements K, Ca, Ti, Mn, and Fe and 
rare and scattered elements Ni, Cu, Zn, As, Br, Rb, Sr, Y, 
Zr, Nb, Mo, Ba, La, and Ce were found The water content 
in the sediment was determined by drying at 60 ºC. The 
data were processed by the statistical method of factor 
analysis.  
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Fig. 6.2.16. Layout of the area of study.  

 
The following main groups of elements that describe 

changes in the study area over the past 160 years can be 
marked out: the group reflecting the intensity of chemical 
weathering of the rocks and soils of the drainage basin of 
lake Gitara (Ca, Ti, V, Fe, Mn, Cu and Sr); the group 
associated with the organic autochthonous component of 
the lake (K, Br, and U); and the group marking the 
processes of physical weathering, in particular, surges of 
the glacier (Y, Th, Ga, Rb, Zr, Nb and the Rb/Sr ratio). 
The elemental composition variation along the core is 
shown in Fig.6.2.17.  

  
 

 
Fig. 6.2.17. Elemental composition variation along the 
core. The elements were grouped by the method of factor 
analysis (Factor 1-4). Gray rectangles: changes in the 
intensity of accumulation of the elements of each factor 
group. The element contents are given in normalized 
values between 0 and 1.  
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These data allow one to mark out five episodes when 
the glacier came into motion (~ 1880, 1905, 1918, 1950, 
and from 1968 to present) and the period of increasing 
intensity of chemical weathering of the drainage basin of 
the lake since 1930 to the present, with a peak around 
year 1960.  

 
Distribution of chemical elements in the sediments of 

geothermal lakes in the caldera of volcano Uzon  
In 2011, works were carried out under RFBR grant 

№ 11-05-00655 and integration project №10.  
A core of peat from Vydrinskoe bog was scanned for 

revealing horizons of abnormal concentrations of Zn and 
Cu for further study of the forms of compounds with S by 
means of electron microscope. These studies revealed 
clusters of micron-scale sulphides of Zn and Cu in peat 
horizons of 8000 to 11000 years (the early Holocene). 
Pelletes were subjected to SR XFA for interpretation of 
the absolute distribution of the elements of the K-Zr (Mo) 
group in the peat core and standard samples with the 
silicate and organic matrix (SBMP; SBMT).  

Within the framework of integration project # 10, 
sediments of geothermal lakes of the caldera of volcano 
Uzon (Kamchatka) were sampled and scanned by the SR 
XFA method. The aim was to study the distribution of 
chemical elements by nuclear-geophysical methods, 
analyze the periodicities and reconstruct the paleoclimatic 
and physico-chemical conditions of formation.  

The scanning was performed in 1 mm increments. 
The relative distribution of element concentrations in the 
sediment cores was determined. There are plans to 
analyze the samples by the method of atomic absorption 
in order to determine the absolute values of 
concentrations of the elements. The upper graph presents 
the distribution of the most pronounced chemical 
elements in the core of sediments of lake Vosmyoerka, 
obtained by SR XFA in 1 mm increments. The lower plot 
shows the distribution of As and Fe in a section of the 
sediment of the same interval, 1 mm increment, by SR 
XFA.  

One can see that the relative concentration of the 
main elements (Sr, Y, Zr, and Mo) varies insignificantly 
throughout the study interval of the sediment core. Thus, 
one can hardly determine any changes in the physical and 
chemical conditions of formation of the sediment from 
the distribution of these elements in the sediment core, 
while the concentrations of As and Fe are continually 
changing, which can tell about variation in the 
physicochemical conditions of formation of the bottom 
sediments.  

There are plans to perform statistical analysis of 
these data to identify patterns and periodicities, if any.  

The works were carried out by members of the 
Institute of Geology and Mineralogy (IGM) SB RAS, 
Novosibirsk.  

 

 
Fig.6.2.18  

 
Fig. 6.2.19  

 
 

6.2.5 Station "Diffractometry with hard X-rays"  
Diffractometry in the hard X-rays. The station is 

intended for in situ diffraction studies at high pressures 
and high and low temperatures, as well as in the course of 
chemical reactions.  

Participating organizations:  
Institute of Solid State Chemistry and Mechanochemistry 
SB RAS, Institute of Geology and Mineralogy SB RAS,  
Institute of Inorganic Chemistry SB RAS, Institute of 
Catalysis SB RAS.  

New equipment at the station:  
A compact cell with a diaphragm actuator for 

pressurizing and resistive heating (DiaCell, England); the 
diameter of the working area of the anvils is 0.8 mm; the 
attainable parameters are 900 °C and 200 kbar. With the 
cell one can study minerals in conditions similar to those 
arising in the Earth's crust as deeply as 100 km.  

The station was involved in the performance of the 
following integration and RFBR projects:  

RFBR grant № 10-05-00483 "Structural evolution of 
Ca/Na zeolites and their microporous heterosilicate 
analogues at high pressure" (under the guidance of senior 
researcher of the Institute of Geology and Mineralogy SB 
RAS U.V. Seretkin);  

RFBR grant № 11-05-01121 "Dynamics of lattice of 
microporous minerals at their interaction with aqueous 
medium at high pressure" (under the guidance of senior 
researcher of the Institute of Geology and Mineralogy SB 
RAS S.V. Goryainov)  
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SB RAS project on cooperation with outside 
organizations № 138 "Creating the fundamental 
principals of the effect of activation on the regulation of 
interaction of hard metals and their compounds with 
metal melts, aimed at creation of functional materials of a 
given structure and properties" (under the guidance of 
RAS member N.Z. Lyakhov). 

  
Examples of the works:  
 1) In situ diffractometry (400о

С, 20 kbar) of 
formation of a high-pressure water-containing phase 
(lawsonite) in the CaО-Al2O3- SiO2-H2O system  

The method of diffraction survey was successfully 
tested in a high-pressure resistive-heating cell Helios 
DiaCell on the example of the study of the reaction 
"laumontite → lawsonite+quartz", which marks the 
transition from zeolite facies to the blue shale facies 
during metamorphism.  

Lawsonite is one of few water silicates that are stable 
up to 1000 °C and 100 kbar and thus a probable carrier of 
water into the mantle. The reaction of its formation during 
decomposition of laumontite zeolite was first investigated 
in situ at 400 о

С and 20 kbar, which corresponds to 
conditions of subduction wedge of the oceanic 
lithosphere. Powder diffraction measurements were 
carried out on the 4th SR beam line of VEPP-3 (λ = 
0.3685Å) with a detector image-plate MAR345. 
Fig.6.2.20. presents Debye patterns of the initial mineral 
laumontite (a) and products of its decomposition at 400о

С 
and 20 kbar (b). The main phase here is lawsonite, and its 
texturing is clearly manifested in the lenticular shape of 
the Debye reflections.  

 
Fig. 2.6.20. Debye patterns of (a) laumontite at 0 kbar and 
(b) a mixture of phases resulting from its decomposition 
at 400о

С and 20 kbar.  
 
2) Phase transition in natural (Mg, Fe)-cordierite at 

45 kbar  
Powder diffraction measurements of natural 

cordierite compressed in an aqueous medium in a high-
pressure chamber were performed with the aim of 
structural interpretation of the previously observed 
anomalous shifts in framework modes at a pressure of 
about 50 kbar. They found a twist at 44-50 kbar in the 
pressure dependence of the lattice parameters of 
cordierite (Fig.6.2.21), which confirms the presence of a 
phase transition. More precise determination of the 

structure at 44 and 50 kbar indicates a redistribution of 
water molecules within the structural channels, 
apparently, due to the deformation of the channel-forming 
sixfold (Si,Al)O4 tetrahedral rings. Since the total 
population of water positions is not increasing, the 
detected phase transition cannot be associated with 
hydration of the channels under the influence of the 
penetrating aquatic environment. The obtained structural 
data confirm the earlier findings of Raman spectroscopic 
studies that this transition marks a change in the 
compression mechanism from dominant shrinkage to 
deformation of framework structural units in ring silicates 
in the region of 50 kbar.  

  
Fig. 6.2.21. Diffraction patterns of natural cordierite 
under compression in aquatic environment. The vertical 
dotted lines mark the position of the peaks at 44-50 kbar, 
where regular compression is violated due to the phase 
transition.  

 
3) Compressibility of natural stilbite and stellerite in 

aquatic environment  
The investigation of compressibility of natural 

zeolites stilbite and stellerite in water up to 60 kbar was 
aimed at the study of the effect of pressure-induced 
hydration on the elasticity of microporous 
aluminosilicates. The compression regularity violation 
associated with the hydration of the structure cavities is 
more clearly seen in stellerite, while not leading to phase 
transition. This distinguishes the behavior of these 
minerals from the previously studied group of fibrous 
zeolites, where superhydration results in significant 
structural deformation and volume surges.  

In situ diffraction studies of interaction of copper 
with indium, tin and their eutectic alloy  

The processes of interaction of solid and liquid 
metals are widely used in industry: soldering, welding, 
liquid-phase sintering, and mechanochemical alloying. 
Such interaction is often accompanied by formation of 
intermetallic compounds. There are two basic 
mechanisms of these processes. The first is diffusion, due 
to which atoms of one kind penetrate into a layer of 
another substance and chemical compounds arise in the 
boundary layer. The second mechanism is dissolution of 
the solid component or reaction product in the liquid 

b
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component and formation of crystallites either on the 
boundary between the solid and liquid phases or near the 
boundary of the liquid phase. Numerous researchers used 
different approaches to the study of the processes of 
chemical interaction of a massive solid metal with a metal 
melt. Most studies were conducted by microscopical 
methods on contact zone sections after cooling of sample. 
The aim of this study was to investigate the interaction on 
mechanocomposite powders. Mechanocomposites have 
large specific surface area, and their phase composition 
may be non-equilibrium.  

At a temperature of 350 °C or less, the Cu-Sn system 
may contain four phases: solid copper-based solution; ε-
phase, also denoted as the Cu3Sn intermetallide; η-phase, 
also denoted as Cu6Sn5 intermetallide; and tin.  

Mechanocomposites of copper with tin and copper 
with indium were prepared with different composition 
and time of mechanical activation. A preliminary analysis 
of diffraction patterns showed that mechanocomposites 
having 12 wt.% of tin and subjected to mechanical 
activation at 20g for 2 and 4 minutes consist of three 
phases: copper, tin, and η-bronze. One can assume that 
mechanocomposite particles are a copper nucleus covered 
with tin; η-phase formed at the interface between the 
copper and tin. Diffraction patterns from 
mechanocomposites of copper with tin and copper with 
indium subjected to mechanical activation at 60g for 20 
minutes consisted of copper peaks, expanded and shifted 
towards small angles of diffraction. Thus, the sample was 
a metastable supersaturated solid solution of tin or indium 
in copper.  

The test samples were prepared via co-rolling of 
mechanocomposite powder and tin foil. Tin is quite 
plastic and foil 50 microns thick can easily be rolled from 
it. A mechanocomposite powder portion of a weight 
resulting in a total composition corresponding to the ε-
phase was evenly distributed inside a foil strip. After that, 
the foil was folded and spread flat between rollers to a 
thickness of 70-100 microns. Then, again, the foil was 
folded several times, and rolled to a thickness of 70-100 
microns. The procedure was repeated 4-5 times. At the 
final stage, the resulting foil thickness was 50-70 microns. 
Samples to study were cut out of the foil. The samples 
were heated in two ways: (1) the temperature was raised 
to a temperature 5 °C below the melting temperature in 
the corresponding system and was maintained until the 
end of the interaction, (2) the temperature was raised 
rapidly to a temperature 5 °C above the melting 
temperature in the corresponding system and was 
maintained until the completion of the interaction.  

At temperature below the temperature of liquid 
phase formation, the interaction in the copper-tin system 
can occur only via diffusion. Namely diffusion leads to 
the formation of the two phases (ε-phase and the η-phase) 
that can exist under these conditions. The diffusion 
mechanism is also corroborated by the form of the 

diffraction patterns. Even rings and the absence of major 
reflections are also explained by diffusion processes 
during the formation of intermetallic compounds. One can 
see from the results of the diffraction studies that the 
formation of intermetallic compounds of copper and tin is 
much slower when a metastable solid solution of tin in 
copper is used. Tin atoms, replacing the copper atoms in 
the crystal lattice, distort it. This results in a slower 
movement of the vacancies and, hence, reduces the rate of 
diffusion.  

The processes of interaction of the copper-based 
mechanocomposites with liquid tin are almost identical, 
which may be explained by the fact that the reaction 
product–η-phase–dissolves in the liquid tin and 
crystallizes in the boundary area.  

The processes of interaction of copper-indium 
mechanocomposite and tin differ substantially. Heating 
up to 220 °C and subsequent exposure for 4 hours did not 
lead to a change in the phase composition–the solid 
solution of indium in copper and tin. With the 
temperature increasing up to 235 °C (the melting point of 
tin is 232 °C) and exposure for 0.5 hour there occurs a 
radical change in the diffraction pattern. Tin becomes 
liquid, there arises intermetallide of the η-phase type and 
diffraction peaks from the copper phase disappear.  

These effects can be applied to the development of 
technology and solders for low-temperature and 
thermosetting soldering.  
 
 

6.2.6 Station "X-ray microscopy and 

tomography"  
 The station "X-ray microscopy and tomography" is 

intended for the study of three-dimensional structure of 
samples with high spatial resolution.  

Topics of works in 2011:  
•Distribution of minerals in rocks obtained by the 

XCT method.  
•Obtaining data on the microstructure of samples of 

high explosives and propellants by XCT with high spatial 
resolution.  

•Control of the quality of X-ray masks for LIGA 
technology.  

•Examination of archaeological finds by the non-
destructive method of XCT.  

Participating organizations:  
Budker Institute of Nuclear Physics SB RAS, 
Novosibirsk; Sobolev Institute of Geology and 
Mineralogy SB RAS, Novosibirsk; Lavrentyev Institute 
of Hydrodynamics SB RAS, Novosibirsk; Institute of 
Chemical Kinetics and Combustion SB RAS, 
Novosibirsk; Institute of Archaeology and Ethnography 
SB RAS, Novosibirsk.  

The works were carried out in the framework of:  
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1. RFBR grant № 09-05-00985-a "Zonal-sectorial 
structure of diamonds from kimberlite fields in Yakutia as 
reflection of the evolution of their formation"; 

2. SB RAS Interdisciplinary Integration Project № 
51 "Environmental influence on the morphology, real 
structure and isotopic composition of carbon diamond"; 

3. SB RAS Project № 24 "Unknown pages in the 
history and culture of ancient civilizations in I century BC 
to 1 century AD (the Han Empire, Parthia, the Roman 
Empire, and the Hun Empire) by the results of 
interdisciplinary research of archaeological finds from the 
"Royal" tombs of Northern Mongolia". 

Computerized X-ray tomography (CXT) makes it 
possible, in many cases, to optimize geological studies to 
determine the mineral (phase) composition and structural-
textural features of rocks and industrial ores. The method 
is attractive with its non-destructiveness, simplicity of 
recording, and absence of the stage of preparation of 
objects (cutting, manufacturing of polished thin sections, 
spraying, etc.). That makes CXT a very popular 
instrument for the study of unique geological objects.  

 

  
Fig. 6.2.22 (Left) distribution of minerals in uraniferous 

  
Fig.6.2.22 presents virtual slices of rock samples 

obtained by CXT with a spatial resolution of 100 microns. 
It is clear that minerals with different X-ray absorption 
coefficients have contrasting borders, which gives clear 
distribution of minerals in the sample.  

Our setup allows obtaining three-dimensional 
distribution of inhomogeneities in visibly-opaque high-
energy materials (HEM) with a spatial resolution of 3-4 
microns. The high sensitivity of our X-ray microscope to 
phase changes in radiation transmitted through object 
under study allows visualization of small density 
variations in an HEM volume. This feature is very 
important as HEMs are usually organic compounds, 
which are faint in X-rays.  

A study of microinhomogeneities in a solid 
propellant under different conditions of crystallization is 
shown in Fig.6.2.23. The size and density of the 
inhomogeneities affect the resistance to detonation and 
combustion of the propellant.  

  
Fig. 6.2.23 Samples of HEMs based on FTDO/DNP 
mixture, obtained at different temperatures of 
crystallization.  

 
Successful development of X-ray lithography 

methods of manufacturing of deep microstructures 
implies testing of the quality of manufactured X-ray 
masks. Traditional methods of visual inspection (optical 
and electron microscopy) can only control the topology of 
the picture and appearance of the X-ray masks but do not 
provide information on the thickness, density, porosity 
and defectiveness of the X-ray absorbing coating. That is 
why the method of micron-resolution X-ray introscopy 
became a popular technique of rapid quality control of 

 

 
Fig. 6.2.24 Golden X-ray mask images obtained by 

  
Fig.6.2.24 shows golden X-ray mask images 

obtained with a scanning electron microscope and a 
magnifier on asymmetrically cut crystals. One can see 
that though electron microscopy has a higher spatial 
resolution than that the X-ray images obtained, it gives 
information only on the surface of the objects. Images of 
defects hidden in the depths of the absorbing layer can be 
obtained only with analysis of micro-images in the X-ray 
range.  

In some cases, when the investigated archaeological 
finds are too big for our installation (more than 45 mm), 
we make use of the tomograph on the basis of the low-
dose digital X-ray machine "Siberia", designed and 
created at BINP.  

An interesting example of such research is the study 
of an archaeological find – a clay sculpture of the head of 
an ancient man (Fig.6.2.25). A three-dimensional image 
with a spatial resolution of 1 mm was restored from 360 

masks produced at Budker Institute.  

rock; (right) distribution of minerals in  diamond - bearing  
rock.  

scanning electron microscopy (a) and X-ray microscopy (b).  
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projections. One can see that the sculpture was based on a 
ram's skull, not a man’s head as initially anticipated. 
Detailed study of the tomographic slices allows one to 
trace the sequence of modeling.  

 

 
 

Fig. 6.2.25 Clay head photo (above) and a three-
dimensional X-ray image of the head, obtained in the 
course of tomographic survey (below).  

  
  

6.2.7. Station "Diffraction movie"  
The station is intended for the X-ray diffraction 

study of the structural and phase transformations in solids 
in the course of chemical reactions by the methods of X-
ray diffractometry. Upon the installation of the two-
coordinate detector MarCCD the station is also used for 
research by the method of single-crystal diffraction and 
hence small amounts of substances can be investigated, as 
well as samples with a pronounced texture.  

 
 

Participating organizations:  
Boreskov Institute of Catalysis SB RAS, Novosibirsk;  
Nikolaev Institute of Inorganic Chemistry SB RAS, 
Novosibirsk; Institute of Hydrocarbons Processing SB 
RAS, Omsk; Institute of Solid State Chemistry and 
Mechanochemistry SB RAS, Novosibirsk.  

  
Topics of works in 2011:  
 
Investigation into decomposition of silver oxalate in 

a mesoporous matrix  
Mesoporous structures of the SBA-15 or MCM-41 

type are a hexagonal packing of long cylindrical cavities 
of up to tens of nanometers in diameter in a SiO2matrix. 
These cavities are of interest as carriers of catalysts 
resulting from decomposition of precursors. It is therefore 
important to establish how and where metal particles arise 
at this preparation method. Decomposition of silver 
oxalate was chosen to be a model system. This system is 
convenient because the decomposition process goes at 
relatively low temperatures and only silver is formed. 
Mesoporous structures yield a typical triplet in the small 
angle area, its position determined by such structural 
parameter as the distance between the centers of the 
pores.  

Experiments were carried out at the station 
"Diffraction movie" on beam line 5 "b" in the small angle 
area and at the station on beam line 6 "b" in the large 
angle zone.  

A change in the diffraction patterns in the small 
angle area is shown in Fig.6.2.26. Decomposition of 
silver oxalate is accompanied by decrease in the intensity 
of the first peak of the hexagonal structure and increase in 
the small-angle scattering. The first is presumably due to 
the diminution in the contrast because of the exit of silver 
heavy atoms from the pores, and the second is caused by 
formation of silver particles outside the channels.  

The same process was investigated via diffraction in 
large angles. Dynamics of the diffraction patterns at 
growing temperature are shown in Fig.6.2.27a. It was 
found that the peak Ag (111) can be divided into two 
components–a broad peak and a narrow one 
(Fig.6.2.27b). This fact is interpreted as the existence of 
two classes of silver particles: with coherent scattering 
areas (CSAs) of ~ 270 A and ~ 2500 A. When the 
temperature reaches 280 °C, the CSA size increases to 
550 A and 10000 A, respectively (Fig.6.2.28).  

Based on these results an assumption was made that 
part of the silver forming in the course of decomposition 
of silver oxalate diffuses outside the channels of SBA-15 
with formation of large metal particles, while some part 
remains in the channels, so the increase in the particle 
size is limited.  
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Fig. 6.2.26. Dynamics of the peaks in the small angle area 
at temperature growth.  

 
 
 

 
Fig. 6.2.27 (a) Dynamics of diffraction patterns in the 
large angle area, (b) the broad and narrow components of 
the peak Ag(111).  

  

 

 
Fig. 6.2.28. Increase in the CSA size for the two types of 
Ag particles at temperature growth.  
 

6.2.8. Station "EXAFS spectroscopy"  
The station is intended for the study of the structure 

of local environment of atoms of a certain chemical 
element (the coordination number and interatomic 
distances). Depending on the applied methodology, the 
objects of analysis are the volume, surface, or surface 
layers.  

Over 150 samples were investigated and more than 
450 spectra were recorded at the EXAFS spectroscopy 
station in 2011. Over 40 publications were submitted and 
accepted for publication, including articles in peer-
reviewed journals (over 10), articles in conference 
proceedings, and abstracts of conferences.  

Participating organizations:  
Institute of Catalysis SB RAS (Novosibirsk); Institute of 
Inorganic Chemistry SB RAS (Novosibirsk); Institute of 
Chemical Physics RAS (Moscow); Institute of General 
and Inorganic Chemistry RAS (Moscow); Rostov State 
University (Rostov); Institute of Organoelement 
Compounds RAS (Moscow); Institute of Petrochemical 
Synthesis RAS (Moscow); Institute of Hydrocarbons 
Processing SB RAS (Omsk); Saratov State University 
(Saratov); Institute of Chemical Kinetics and Combustion 

b



 
 

 SR and FEL Research 
 

 123 

SB RAS (Novosibirsk); Institute of Solid State Chemistry 
and Mechanochemistry SB RAS (Novosibirsk); 
Limnological Institute of SB RAS (Irkutsk); Hahn-
Meitner-Institut (Berlin, Germany); Institute for 
Semiconductor Physics SB RAS (Novosibirsk); Institute 
of Coal Chemistry and Materials Science SB RAS 
(Kemerovo); Institute of Physical Chemistry and 
Electrochemistry RAS (Moscow); Institute of Geology 
and Mineralogy SB RAS (Novosibirsk); Institute of Metal 
Physics UB RAS (Ekaterinburg); Udmurt State 
University (Izhevsk); Physico-Technical Institute UB 
RAS (Izhevsk); Max-Planck-Institut für Kohlenforschung 
(Germany); Institute of High Temperature Processes & 
Chemical Engineering (Patras, Greece); Institute of 
Chemistry: Humboldt University (Berlin, Germany); 
Ohldenburg University (Ohlden burg, Germany); Åbo 
Akademi University (Turku, Finland); University of Oulu 
(Oulu, Finland); Centro de Nanociencias y 
Nanotecnologia (UNAM, Ensenada, BC, Mexico); 
Instituto de Ciencia de Materiales de Sevilla (Spain); 
Centro Mixto CSIC-Universidad de Sevilla (Spain).  

The works were carried out under RFBR projects 09-
03-00369а, 09-03-00346а, 09-03-00780а, 08-03-00823а, 
09-03-90424-Ukr_f_a,  09-03-00089a, 09-03-00133а, 09-
03-00328а,  AF-08 0391758a, 08-03-92502-NCNLa, 09-
03-00514а, 09-05-98019а, 08-02-00404а, 09-03-00780а, 
09-03-00346а, 09-03-00540а, 09-03-01013а, DGAPA- 
PAPIIT - IN 1207063, FASI (contract 02.513.11.3203), 
RAS Presidium (contracts 20, 21, 24). 

Main directions and summary of the works in 
2011:  

Development of techniques for the study of complex 
ultradiluted and multicomponent nanosystems  

New capabilities of fluorescence XAFS spectroscopy 
with the use of multi-element detection system for the 
study of various nanoscale systems were shown. Energy-
resolved registration of XAFS spectra by the fluorescence 
yield allows one to study samples with extremely low 
concentrations (less than 0.1%) and nanosystems of 
complex composition. The detector and the software were 
tried in the studies of the state of elements in "living" 
systems of microbial communities and nanostructured 
multicomponent Au-Pd catalysts.  

The method of fluorescence XAFS spectroscopy and 
a 9-element communication processor were applied to the 
study of "living" systems of microbial communities from 
hydrothermal vents in the rift zone of Lake Baikal. 

Researchers have recently got interested in unique 
microbial communities in the hydrothermal vents of 
Barguzin Depression (the rift zone of Lake Baykal). 
These communities, consisting of various types and 
classes of microorganisms, including cyanobacteria, form 
dense microbial mats 1 to 5 cm thick on the water surface. 
Microbial communities are a convenient model for 
investigation into the early ecosystem and processes of 
mineral formation. The XFA method had earlier showed 

living microbial mats to accumulate several elements; in 
particular, content of germanium was found to be 
unusually high (~10-50 ppm). Because of methodological 
limitations, these objects are difficult to study by other SR 
methods. Of course, a direct structural study of the state 
and forms of stabilization of germanium would be very 
useful for understanding of the mechanisms of Ge 
accumulation. Such a study by XAFS, however, became 
possible only with the development of the unique 9-
element communication processor with high-speed digital 
spectrometric channel and software.  

The technique of fluorescence XAFS spectroscopy 
as applied to "living" systems was developed. A XAFS 
structural study of the status and characteristics of 
germanium stabilization in "living" microbial 
communities from hydrothermal sources of Barguzin 
depression was conducted. This approach was shown to 
be promising; it was found from analysis of the XANES 
and EXAFS data that germanium has a distorted oxygen 
environment. There may be various stabilized "living" 
forms of a complex structure differing crucially from 
inorganic oxide and carbonate forms.  

Application of fluorescent XAFS Spectroscopy and 
9-element communication processor to the investigation 
into low-percentage nanosized Au-Pd catalysts  

New techniques for processing of natural raw 
materials from renewable resources are being actively 
developed today in the field of catalysis. Rational use of 
natural sugars and their selective heterogeneous oxidation 
into multifunctional organic acids is a topical task. These 
acids are in high demand in medicine and food industry 
and produced mainly via the expensive biotechnological 
method. Heterogeneous catalysts based on nanosized Au 
and Pd are expected to significantly improve the process 
efficiency and reduce the expenses. For example, a 
supported low-percentage catalytic nanosystem of Au-
Pd/Al2O3-ZrO2, (Au/Pd =5/1) has given a significant 
increase in the selectivity. Structural information obtained 
by the XAFS method is necessary for design of optimal 
catalysts with desired structural and functional properties. 
Such a study was impossible earlier because of the low 
concentration of supported Me and a significant 
background contribution from the "heavy" ZrO2 matrix of 
the support. The use of the 9-element communication 
processor with high-speed digital spectrometric channel 
and software made it possible to obtain reliable 
information on bimetallic Au-Pd catalysts.  

The technique of fluorescence XAFS spectroscopy 
as applied to low-percentage systems on "heavy" matrices 
was developed. A XAFS structural study of the state and 
characteristics of stabilization of Au and Pd in nanosized 
heterogeneous catalysts for oxidation of sugars was 
performed. This approach was shown to be promising. It 
was found that in the system there forms a Pd-Au nano-
alloy, which is responsible for the high selectivity of the 
catalyst. Variants of structural models were examined.  
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Fig. 6.2.29. Application of fluorescence XAFS spectroscopy and the 9-element communication processor to the study of 
"living" systems of microbial communities from hydrothermal vents in the rift zone of Lake Baikal. 

 
 

 
 

Fig. 6.2.30. Application of fluorescent XAFS spectroscopy and 9-element communication processor to the study of 
nanosized low-percentage Au-Pd catalysts.  

  
 

Study of model multicomponent nanostructured 
catalysts for conversion of industrially important 
substrates  

The methods of XAFS, XFA, and TEM were applied 
to the study of a model system of Cu-Cr-Fe, which is 
promising for the process of steam conversion of CO. 
This catalyst is a metastable disordered partially hydrated 
oxide Fe3+ promoted with ions of chromium (~ 9 at.%) 
and copper (4 to 7 at.%). The activity of the catalyst in the 
reaction of steam conversion of CO at low (less than 
350°C) temperatures is much higher than the activity of 
the known Fe-containing catalysts. The results of the 
study suggest that copper cations in the initial samples are 
in the Cu2+ state in a tetragonally-distorted octahedral 
environment, while in a CO steam conversion reaction at 

temperatures below 350 °C they are in the reduced state, 
in the form of ultrafine (less than 2 nm) particles of 
metallic Сu0. These particles define the high activity of 
the catalyst at temperatures below 350 °C.  

The methods of XANES spectroscopy, EXAFS 
spectroscopy, electron microscopy, ICP elemental 
analysis, and X-ray diffraction were applied to a 
comprehensive study of bimetallic Pd-M (M = Co, Ni, 
Zn, Ag, Ce) palladium-containing nanoparticles produced 
from initial complexes of Pd(OOCMe)2M(OH2) (M = Ni 
(II), Co (II), Zn (II)) and Pd(OOCMe)4Ag2(HOOCMe)2. 
The structure and morphology of the bimetallic 
nanoparticles as well as the electronic state of the metal 
atoms have been studied. The catalytic properties of the 
bimetallic nanoparticles have been investigated in 
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comparison with the standard supported catalyst Pd/SiO2 
on the example of the reactions of catalytic 
decomposition of hydrazine and reduction of U(VI) to 
U(IV) with hydrazine and formic acid. The catalytic 
activity of Pd-Ni nanoparticles was found to exceed by 
far that of the standard supported catalyst Pd/SiO2 with 
the same number of palladium atoms, while Pd-Co, Pd-Zn 
and Pd-Ag nanoparticles do not catalyze the reactions 
studied. Possible structural models were examined in 
detail.  

Study of spatially correlated nanostructures and 
nanocomposite thin films on semiconductor compounds of 
the isoelectronic series of germanium  

It is known that materials based on germanium and 
compounds of its isoelectronic series (Ge, GaAs, Zn (S) 
Se, etc.) are traditionally used in various fields of 
engineering and electronics. Nanoscale structures based 
on them have also recently come into wide use. This has 
led to the development of techniques (especially 
epitaxial) which allow production of orderly-arranged 
nanoobjects, e.g. quantum dots of Ge on the surface of 
single-crystal Si and GaAs and other semiconductor 
materials. The interest in nanocomposites based on 
dielectric matrices of semiconductors is also increasingly 
growing. Such structures can not only prevent charge 
transfer among individual quantum dots due to spatial 
separation of elements but also protect them from external 
influences. The use of matrix isolation makes it possible 
to significantly reduce the efficiency of recombination of 
excitons and electron-hole pairs on surface defects and 
defects of the semiconductor, thus enhancing the quantum 
yield of luminescence when nanocomposites are used in 
photovoltaic devices and opening up broad prospects for 
design of nanoelectronics elements (diodes and new-
generation switches) based on such systems.  

The methods of EXAFS, SEM, AFM, TEM, and 
XFA were applied to the studies of nanostructures based 
on Ge, ZnS, and ZnSe, produced by thermal evaporation 
of material in vacuum onto porous Al2O3 substrates. The 
synthesis was performed with varying modes of 
evaporation, condensation temperatures, and sizes of the 
pores of the substrate. General laws and mechanisms of 
the nanostructure formation were investigated, as well as 
their resistance to thermal treatment. It was shown that 
the geometrical arrangement and size of Ge nanofibers, 
consisting of small amorphous entities and nanostructures 
of ZnSe and ZnS, reproduces the porous structure of the 
template matrixes. It was revealed that smaller structures 
are highly reactive and annealing leads either to a change 
in the degree of crystallization or to phase transitions not 
typical to massive systems.  

The methods of EXAFS, XPS, and XFA were 
applied to the study of promising semiconductor materials 
based on bulk compounds of Ga2Se3, GaAs and 
nanostructures of gallium arsenide. Powders of bulk 
Ga2Se3 and GaAs were prepared by grinding of 

monocrystals; filamentary nanostructures of GaAs were 
obtained by thermal evaporation of the material on porous 
film of Al2O3. For bulk Ga2Se3 and GaAs  it was shown 
that the structural data (interatomic distances and 
coordination numbers) agree well with the results of 
calculations of the structure from crystallographic 
parameters. The stoichiometry and atomic state of the 
samples were certified by XPS and XFA. It was found 
that filamentary nanostructures have a more disordered 
local structure as compared with bulk materials and are of 
nonstoichiometric composition.  

Complex investigations into low-percentage (starting 
from ~ 1%) noble-metal nanostructured catalysts of new 
generation  

The methods of XAFS (XANES/EXAFS) 
spectroscopy, XPS, and TEM were applied to the 
exploration of stabilization and state of Pd in low-
percentage mono- and bimetallic palladium catalysts 
supported by oxide carriers. It was shown that the state of 
palladium oxide nanostructures formed on the surface of 
the support can be purposely varied from almost 
atomically dispersed to PdO nanoparticles. Possible 
variants of structural models were examined.  

Currently, supported palladium catalyst nanosystems 
are widely used for processing of industrially important 
substances, e.g. for industrial carbon dioxide reforming of 
methane to synthesis gas by the membrane technology, as 
well as for neutralization of automotive emissions and 
industrial waste gases. The experiments were conducted 
with model low-percentage (~1%) catalysts Pd/Al2O3 and 
Pd-Mn/TiO2, prepared by incipient wetting impregnation 
from aqueous solutions of palladium nitrate and 
palladium chloride and by the sol-gel method from 
bimetallic acetate precursor complexes. It was found that 
palladium in the samples was mostly in the form of ions 
Pd(2+) in immediate square-planar oxygen environment. 

of the method. The role of the second metal in the 
stabilization of the active ingredient was shown for the 
bimetallic catalysts. A detailed complex analysis of the 
structural data allows one to suggest formation of a 
defective nanophase of palladium oxide nucleation in the 
intermediates (at the stage of gel), this nanophase 
consisting both of residues (fragments) of the initial 
complexes of Pd-Mn, as well as PdO nanoparticles. 
Whereas in the resulting products (heterometallic 
nanocomposite catalysts) produced on the basis of 
heterobimetallic carboxylate complexes of palladium 
there goes formation of a highly dispersed palladium 
oxide nanophase stabilized on the oxide support TiO2. It 
should be noted that possible distortions of the local 
structure (as compared with the reference massive PdO) 
of these nanoparticles are apparently associated with both 
the size effects and the influence of ions of the second 
metal, Mn. Defective surface nanophases MnOx have 
been found, though apparently most manganese ions 

No metallic phase of PdO was found within the precision 
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penetrate into the subsurface structure of anatase. In so 
doing, isolated ions localized by their defects get 
stabilized and a complex interaction nanophase MnOx-
TiOу forms.  

The methods of XAFS spectroscopy, electron 
microscopy, X-ray diffraction, X-ray photoelectron 
spectroscopy and elemental analysis were applied to the 
study of the characteristics of the state of the atoms of 
platinum and palladium in intermediate compounds and 
products (heterometallic nanoclusters and nanomaterials) 
resulting from thermal and redox transformations of 
initial complexes of palladium and platinum (promising 
precursors of catalytic systems). Platinum and palladium 
were found to exist in the initial complexes solely in the 
form of ions Pt(2+) and Pd(2+). Whereas after heat 
treatment in air, there forms a complex phase (metal + 
oxide) on the part of platinum and a highly dispersed 
oxide phase on the part of palladium. At soft reduction 
processing in hydrogen, there form mostly metallic 
platinum and palladium nanoparticles. It should be noted 
that no alloys seem to form (or the contribution of this 
phase is very small). Possible structural models were 
considered in detail.  

Study of promising catalysts for processing of 
products of biomass fermentation into high-quality 
components of bio-diesel and bio-fuel  

The methods of XAFS, XPS, XFA, HRTEM were 
applied to the study of the structural features of the active 
component of promising catalytic nanosystems Ta(W)-
Re/Al2O3, which are used for the production of alkane 
and alkene fractions С4-С12+–high-quality components of 
biofuels–from products of fermentation of renewable 
biomass. Even by most optimistic forecasts, organic fuel 
will be widely used for internal combustion engines until 
the beginning of the next century. That is why much 
attention is now paid to the search for alternative (non-
related to oil sources) high-efficiency ways of 
development of the world energetics and petrochemicals 
on the basis of renewable resources. Conversion of 
renewable biomass into energy is one of the possible 
ways because fermentation products (ethanol, butanol, 
izopentanol, glycerine, etc.) can serve as fuel 
components, both in pure form and after catalytic 
processing, which provides more efficient and quality fuel 
components for bio-fuel.  

Initial samples of catalysts were prepared by the sol-
gel method from a variety of mono- and bimetallic 
complexes of precursors, via their deposition on the oxide 
carrier γ-Al2O3. No substantial signs of formation of 
mixed Ta(W)-O-Re oxide phases were detected. It was 
well established, however, that in these systems the active 
components strongly interact with the Al2O3 support, with 
formation of distorted oxide nanostructures: Ta(W)Ox, 
Ta(W)-O-Al, ReOy, and (ReO3)ads-O-Al. It was found for 
the Ta(W)-Re systems that rhenium predominantly takes 
the form of Re(7+), whereas tantalum and tungsten 

mostly the form of Me(5+). It was also found that the 
local environment of catalysts produced from bimetallic 
precursors has some differences from that of samples 
synthesized from mono-complexes. The genesis of the 
catalytic systems under study, the state of the metals (Ta, 
W, and Re) and the local environment were described in 
detail; the relationship between the structure and catalytic 
properties was shown. Possible variants of structural 
models were examined. The data of all the methods are in 
good agreement with each other.  

They at IGIC RAS synthesized for the first time a 
series of new bimetallic PdM compounds (m-OOCMe) 
4L (M = Ni, Co, Zn, Mn; REE L = MeCN) with a 
structure of the type shown in Fig.6.2.31. Methods for 
selective synthesis of nanoparticles of any of the species 
below were perfected at EXAFS spectroscopy station.  

A notable area of energy development is the creation 
of portable autonomous power supplies, including fuel 
cells and compact high-performance hydrogen generators 
on Rh/TiO2 catalysts.  

  
Fig. 6.2.31. Some of bimetallic PdZn nanoparticles are 
promising catalysts for processing of nuclear fuel and 
radioactive waste.  

 
 It was shown for the first time that the most 

effective catalysts comprise rhodium in the form of metal 
nanoparticles decorated with the carrier, as shown in Fig. 
6.2.32. The activity of rhodium is caused by the 
appearance of a positive charge on the metal particles. 
With results obtained, the life of such sources can be 
extended.  

Associated petroleum gases can be processed into 
more valuable products at the place of crude oil 
extraction, which makes the transportation of oil products 
more cost-effective. For instance, acetylene in associated 
petroleum gases can be hydrogenated to ethylene, which 
is a more valuable chemical raw material. Such solutions 
stimulate development of bimetallic Pd/Ga2O3 catalysts. It 
was shown for the first time that their activity is 
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determined by the formation of palladium-gallium alloy 
on the surface of palladium. The obtained results may be 
useful in development of catalysts of higher efficiency.  

 

 
Fig. 6.2.32.  

 
 

6.3 WORK ON SR BEAMS FROM 
VEPP-4M 

 

6.3.1 Development of methodological support 

for the metrological station "Cosmos"  
They at the station "Cosmos" were working on 

calibration of the spectral sensitivity of silicon 
photodiodes of the FDUK-100UV and AXUV-100Al 
types. The calibration was carried out in the spectral 
range of 80-1200 eV with an accuracy of 2%. In addition, 
a study of the radiation resistance of the CCD matrix was 
done. These works resulted in the creation of 
methodological support to the station, which will be 
followed by certification of the methods developed. 
Furthermore, earlier designed technique for measuring the 
power of EUV radiation (80-120 eV) for the purposes of 
projection lithography was certified (certificate 113-
01.00249-2011 dated October 20, 2011).  
  

 
Fig. 6.3.1. White SR beam passes through a couple of mirrors and a filter and gets into the matrix. The calculations are 
verified via measurements of the power of quasi-monochromatic beam with a reference detector (these measurements 
are performed at a low current in the storage ring).  

 
 
 
Examination of the radiation resistance of the 

CCD matrix  
A 1x1 mm portion of the matrix was irradiated 

with the SR beam, which passed through the filter and 
mirrors of total external reflection (Fig.6.3.1). The SR 
spectral power coming on the matrix is shown in 
Fig.6.3.2.  

The degradation results in the increasing dark 
current in the matrix area exposed to the radiation 
(Fig.6.3.3).  

  
 
 
 
 
 
 

 

 
 

Fig. 6.3.2. Vertical: the spectral radiation power (W/eV) into 
an aperture of 1 mm2 at the station "Cosmos" (30 meters to 
the point of emission; the storage ring current is 1 mA; the 
energy is 1800 eV). The filter: 1 micron of Cu + 10 microns 
of Al.  
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Fig. 6.3.3. Increase in the dark current in the matrix 
area as a function of the irradiation dose.  

  

6.4 WORK WITH BEAMS OF 
TERAHERTZ RADIATION 

  
6 .4.1 Novosibirsk terahertz free electron 

laser  
Novosibirsk free electron laser (FEL) is still a 

terahertz radiation source of world’s highest power. 
The maximum average radiation power attained at a 
repetition rate frequency of 11.2 MHz is 500 Watts. In 
2011, Novosibirsk FEL worked for users for about 
1000 hours. In the standard mode of operation for 
users, at a repetition frequency of 5.6 MHz the average 
radiation power on the workstations depended on the 
wavelength and tuning of the accelerating system and 
was about 100 Watts. The FEL radiation is linearly 
polarized and fully spatially coherent; the wavelength 
is tunable in the range of 40 - 240 μm; the relative 
spectral width is less than 1% (full width at half 
maximum); the pulse duration is less than 100 ps (full 
width at half maximum).  

In 2011, works on the FEL were carried out by 
members of Budker Institute of Nuclear Physics SB 
RAS, Institute of Chemical Kinetics and Combustion 
SB RAS, Institute of Cytology and Genetics SB RAS, 
Institute of Inorganic Chemistry SB RAS, Rzhanov 
Institute of Semiconductor Physics SB RAS, Institute 
of Theoretical and Applied Mechanics, Design and 
Technological Institute of Scientific Instrument, and 
Scientific-Technological Center of Unique 
Instrumentation RAS (Moscow), as well as teachers, 
students and graduates of Novosibirsk State University 
and Novosibirsk State Technical University.  

The main tasks in 2011 were the organization of 
regular work at the six user workstations and 
preparation to the commissioning of the third stage of 
Novosibirsk FEL.  

  

6.4.2 Examples of experiments with THz radiation 

beams 
Investigation into nonthermal effects of electromagnetic 

radiation on living systems of different levels of organization  
Experiments on nonthermal effects of electromagnetic 

radiation on living systems of different levels of 
organization were continued. A special cuvet was made for 
exposure of biological samples to the radiation of the 
terahertz free electron laser (Fig.6.4.1).  

 

 
Fig. 6.4.1. Thz radiation transparent cuvet for exposure of 
objects. 1 - PP film 40 microns thick; 2 - Insert 40 microns 
thick.  

 
 
The sample was placed between two stretched 

polypropylene films 40 microns thick. The cuvet volume 
was 50 ml with a distance between the films of 25 mm and a 
cuvet diameter of 50 mm. The beam cross section in the 
plane of the cuvet was an elongated ellipse. There was a 
special mechanism rotating the cuvet for the purpose of 
uniform exposure of sample. The axis of rotation passed 
through the edge of the ellipse.  

Temperature of liquid samples at absorption of 
terahertz radiation was monitored with a highly sensitive 
imager TKVr SVIT101, produced by the Institute of 
Semiconductor Physics SB RAS, with a sensitivity of 0.027 
o
С or better.  The imager allows dynamic registration of 

changes in temperature fields.  
  
Determination of minimum reacting doses for different 

genosensors in dependence on time and power of irradiation 
For correct interpretation of the effect of THz radiation 

on living objects is necessary to ensure uniform irradiation 
throughout the liquid sample volume with the sample 
temperature maintained within narrow limits. The 
characteristic length of absorption of terahertz radiation by 
water is about 50 microns. The cross section of the radiation 
beam in the plane of the sample is an elongated ellipse. That 
is why the above cuvet was used in the experiments. Since 
the volume of liquid sample in the cuvet remained 
unchanged and the temperature of the sample was to be 
maintained constant in all experiments, the average power 
density also remained unchanged. They varied the dose, 
changing the time of irradiation. The average power density 
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was 1.4 W/cm2. The exposure time was 5, 10, and 15 
minutes. The dose was 420 J cm2, 840 J/cm, and 1260 
J/cm2, respectively  

At this stage of determination of terahertz 
radiation doses, the subjects of investigation were 
genosensor structures (E.coli/pKatG-gfp), which are 
sensitive to oxidative stress and were created on the 
basis of the catalase gene promoter. The theoretical 
possibility of involvement of a gene of response to 
oxidative stress caused by terahertz radiation has been 
shown earlier on the example of the Dps gene promoter 
(E.coli/pDps-gfp genosensor).    

Involvement of genes maintaining homeostasis of 
transition metals associated with the control of redox 
reactions in E.coli cells in response to terahertz 
radiation was tested using the newly created 
genosensor structure based on the copA gene promoter.  

Genosensor cells were irradiated as described 
above. The intensity of fluorescence of Gfp protein was 
determined with a flatbed fluorimeter. A series of 
experiments was carried out with exposure of cells of 
the E.coli/pKatG-gfp genosensor to terahertz radiation 
at wavelengths of 130 microns, 150 microns and 200 
microns. Fig. 6.4.2 shows the level of fluorescence of 
the Gfp protein in the genosensor cells after a single 
exposure to terahertz radiation with a power density of 
1.4 W/cm2 and a wavelength of 130 microns during 15 
minutes, as well as the level of fluorescence of the Gfp 
protein in the same cells induced by hydrogen peroxide 
of different concentrations (positive control). The 
values of fluorescence intensity in cells not exposed to 
any effects (negative control) were subtracted from the 
values of the experiment and positive control.  

 

 
Fig. 6.4.2. Fluorescence of the Gfp protein in cells of 
the E.coli/pKatG-gfp genosensor as a result of 
exposure to terahertz radiation with a wavelength of 
130 microns for 15 min. Negative control: non-
irradiated cells. Positive control: induction with 
hydrogen peroxide H2O2.  

  
Irradiation with terahertz radiation for 15 minutes 

at all above wavelengths results in induction of 
expression of the Gfp protein in cells of the 
E.coli/pKatG-gfp genosensor, whereas irradiation for 5 
and 10 minutes gives no strongly pronounced response 
in the form of increased fluorescence intensity.  

Cells of the E.coli/pKatG-gfp genosensor were shown 
to react similarly both to the presence of hydrogen peroxide 
in different concentrations and to terahertz radiation, the 
response of cells to terahertz radiation developing a little 
later though with significantly higher fluorescence intensity. 
It should be noted that different clones have different 
baseline fluorescence and different levels of response to the 
induction of Gfp synthesis with hydrogen peroxide. The 
number of cells in each image was approximately the same 
for each time slice, which indicates increase in the Gfp 
synthesis in cells of the E.coli/pKatG-gfp genosensor. Cells 
of the genosensor singly exposed to terahertz radiation keep 
producing Gfp for five hours, which corresponds to 
approximately eight life cycles.  

 Assessment of overall metabolic distress in organisms 
Escherichia coli, Chlorella vulgaris, and Daphnia magna 
under THz radiation  

To estimate the total metabolic distress of organisms 
under the influence of THz radiation we selected a three-
component test system consisting of organisms of different 
trophic levels. The test system consisted of prokaryotic and 
eukaryotic organisms that grow well in laboratory conditions 
and have high sensitivity to the most widespread 
environmental pollutants.  

 Composition of the test system  
Escherichia coli belongs to the prokaryotes, 

heterotrophs. We used strain DH5 alpha, which is widely 
applied as a sanitary-indicative organism (Fig.6.4.3, A).  

Chlorella vulgaris is referred to the lower plants, 
eukaryotes, autotrophs, producers (Fig.6.4.3, B). It is used at 
numerous laboratories around the world, hence there is an 
available global data bank on it.  

Daphnia magna relates to the entomostracans, 
Cladocerae (Fig.6.4.3, C). This organism is frequently used 
for bioassays.     

The test samples were exposed to radiation in the above 
mentioned cuvet with THz-transparent polypropylene 
windows (Fig.6.4.1). The thickness of the irradiated liquid 
layer was 40 microns for Es cherichia coli and Chlorella 
vulgaris. For the case of Daphnia magna the inter-plate 
thickness was increased to 800 microns in accordance with 
the size of the object; 4 to 5 Daphnia magna individuals 
were placed in the cuvet at a time. The irradiation lasted for 
1 hour. The temperature was maintained in accordance with 
Table 6.4.1 due to changes in the average radiation power.  
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Fig. 6.4.3 Morphology of the test organisms used in the 
experiment: Escherichia coli (A), Chlorella vulgaris 
(B), and Daphnia magna (C); the arrow shows a 
concentration of Daphnia magna adults in the culture 
vessel.  
 

Table 6.4.1. Temperature regimes in the experiment. 

Object  Temperature, °C  

Escherichia coli  36 ± 2 ºC  

Chlorella vulgaris  28 ± 2 ºC  

Daphnia magna  21 ± 2 ºC  

  

 All the experiments were carried out in triple 
repetition and with observation of sterility rules.  

The influence of THz radiation on E.coli was 
calculated from the variation in the number of colonies 
that grew on the Luria-Bertani agar in the control and 

irradiated samples. In the experiments with Chlorella 
vulgaris, the optical density of the cell suspension before 
and after exposure to THz radiation was taken into account. 
In the experiments with Daphnia magna, the number of 
individuals that survived after being in the experimental 
cuvet was analyzed. Individuals that were not exposed to 
terahertz radiation were taken as control ones.  

For comparability of the outcome, a toxicity index of 
the factor to estimate (TIF) was calculated from the test 
results:  

TIF = TFE/TFC,  
where TFE is the value of the test function to register in 

the experiment and TFC is that for the control samples. The 
TIF value varies from 0 to M, M being any positive quantity.  

Formalization of the procedure for comparison of the 
results obtained was realized via the toxicity scale developed 
by R.R. Kabirov. The TIF mean value was used as a 
generalized criterion for TIF values obtained in different 
experiments. The index of toxicity for each solution to 
investigate and its toxicity class were determined from the 
resulting average value:  

TIFav= (TIF1 + TIF2 + TIF3)/3  
where TIFav is the average value of the index of 

toxicity; TIF1, TIF2 and TIF3 are the toxicity indexes 
calculated for Escherichia coli, Chlorella vulgaris, and 
Daphnia magna, respectively. 

  
Results of the experiments  
Exposure of Escherichia coli cells to terahertz radiation 

resulted in stimulation of growth shown by the increase in 
the number of colonies (Table 6.4.2 and Fig. 6.4.4).  

Experiments with Chlorella vulgaris demonstrated a 
significant increase in the optical density of cell suspension 
of the irradiated sample in comparison with the control ones 
(Table 6.4.3 and Fig. 6.4.5), which indicates a stimulating 
effect of THz radiation on the culture of Chlorella vulgaris.  

In all experiments with Daphnia magna there was 
observed a partial loss of the individuals (Table 6.4.4 and 
Fig. 6.4.6).  

Table 6.4.2. Quantity of Escherichia coli colonies. 

 Quantity, CFU/ml  

Control  9.5*107±5% 

Experiment  1.1*108±5% 

 
Table 6.4.3. Optical density of the Chlorella vulgaris 

culture before and after irradiation. 

 Optical density, relative units.  

Control  0.325 ± 15%  

Experiment  0.715 ± 15%  
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Fig. 6.4.4 Evolution of the Escherichia coli quantity 

 

 

Fig. 6.4.5 Variation in the optical density of the 
Chlorella vulgaris culture in the control and 

 

Table 6.4.4. Number of Daphnia magna 
individuals before and after irradiation.  

 
Number of surviving 

individuals  

Control  30 of 30  

Experiment  24 of 30  

  

 
Fig. 6.4.6  Evolution of the Daphnia magna quantity 
(%) in the control and experimental samples.  

  
Table 6.4.5 presents the values of the toxicity 

index of factor to estimate (TIF), calculated as 

described above. One can see from Table 6.4.5 that the 
average value of TIF was 1.4.  

  
Table 6.4.5. TIF values and the class of the toxicity of 

samples. 

TIF 
for 
E. 

Coli  

TIF for 
C. 

vulgaris  

TIF for 
D. 

Magna  

Total 
toxicity  

ABILITY  
(TIFav)  

Class of 
toxicity  

 

1.2  2.2  0.8  1.4  
VI  

stimulation  

  
Thus, the effect of THz radiation on metabolic stress in 

organisms of different trophic levels was tested on a 
standard test system. It was shown that radiation in this 
range does not inhibit the process of reproduction of test 
organisms. Moreover, in the case of E. coli and C. Vulgaris 
there was observed a stimulatory effect of the radiation on 
the organisms.  
  
 

6.4.3 Third stage of Novosibirsk FEL  
The second stage of the free electron laser (FEL) was 

constructed for moving towards higher frequencies in the 
terahertz frequency range. For creation of a free-electron 
laser operating in the frequency range of 3 - 8 THz, the 
world's first energy recovery linac (ERL) with two tracks 
was built and commissioned.  The electron beam passes 4 
times through the high-frequency resonators of the ERL. 
The build-up of the third stage of Novosibirsk FEL (10 - 50 
THz) is underway.  

The full-scale ERL uses the same RF accelerating 
structure as the first-stage ERL but is situated, in contrast to 
the latter, in a horizontal plane (see Fig.6.4.7). Thus, 
construction of one ERL does not require removal of the 
other one. The mode of operation is set via just a switching 
of the bending magnets.  

The second-stage FEL is located on the second track of 
the ERL. The average power of its radiation is 0.5 kW, and 
the wavelength can be tuned from 40 to 80 microns. The 
average power of radiation of the first-stage and the second-
stage FELs exceeds by far that of similar foreign 
installations. A high-power near-IR FEL for the wavelength 
range of 6 - 30 microns (the third-stage FEL) is to be 
mounted on the last track (40 MeV) of the ERL. 

The magnet/vacuum system of the third stage of the 
FEL is located on the third and fourth tracks of the ERL. It 
consists of 10 bending magnets and 7 large and 26 small 
magnetic quadrupole lenses. Besides, it comprises vacuum 
chambers with ion pumps, electron beam position monitors, 
vacuum valves, and units for extraction of synchrotron 
radiation.  

caused by THz radiation. Left - contrlol, right - exp.  

experimental samples. Left - contr., right - exp.  
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Fig.  6.4.7 General view of the magnetic system of the ERL.  

 
Table 6.4.6   Main parameters of the undulators.  

Material  Gap, cm  B, kG  Period dw, cm  K  Number of periods  N, pcs  

Neodymium-  
iron-boron  

2.5-6.0  5.2-0.8  6  3.1-0.5  33  3  

 
Along the ERL there should be placed focusing 

elements for transportation of electron beam, 
quadrupole lenses in this case. For an electron beam 
with a sufficiently large energy spread to arrive at the 
dump after passing through the system of undulators 
there should be a sizeable aperture at places with non-
zero dispersion. In our system, we use two types of 
lenses, with apertures of 110 mm and 170 mm (the 
inscribed circle diameter).  

For want of space in the accelerator room and 
need for access to all elements of the magnet-vacuum 
system, all elements of the latter are suspended from 
horizontal beams laid across the long hall of the 
accelerator.  

Some elements are attached to the main beams 
through intermediate suspensions with devices for fine 
adjustment of their position.  

The small bending magnets and the upper halves 
of the large quadrupole lenses were mounted the first. 
Then the small quadrupole lenses were placed on the 
aluminum supports as shown in Fig.6.4.9. 

  

 
 

Fig. 6.4.9 Small quadrupole lenses (in the foreground, 
right) and the small bending magnets (in the 
background)  

The vacuum system of the separate tracks of the ERL 
consists of the vacuum chambers of the bends, arranged 
symmetrically left and right; the vacuum chambers of the 
four straightforward sections; and the vacuum chamber of 
the bypass. Pumping is provided by eight ion pumps. Most 
of the vacuum chambers are made of aluminum, which has 
high thermal conductivity, is easy to process, and thus 
provides good cooling of the vacuum chambers. Besides, the 
atomic number of aluminum is relatively small, i.e. the 
average energy of the bremsstrahlung is reduced, and 
aluminum does not form radioactive substances under 
irradiation.  

The apertures of the vacuum chambers were chosen 
with due account for the calculated envelope of electron 
beam and maximization of the energy acceptance of the 
ERL.  

The vacuum chambers of the bends were made as 
boxes with water-cooled walls. Special tubes were designed, 
ordered and produced for the vacuum chambers of the 
straightforward sections. These tubes have a square outer 
cross-section, a central channel of 82 mm in diameter and 
water-cooling channels of 8 mm in diameter in the corners 
of the square. The tubes serve as distributed collimators for 
electron-beam. The undulators are installed in a box-like 
chamber. The vacuum system includes 25 capacitive sensors 
for determination of electron beam position and 10 units for 
observation of synchrotron radiation.  

To improve the degree of electron bunching and reduce 
the power incident on the mirrors of the optical resonator of 
the third-stage FEL, it was proposed to modify the electron 
extraction by means of an optical klystron with a radiator 
placed in its buncher. Parameters of the undulators are 
presented in Table 6.4.6.  

The magnetic units are mounted on the top and bottom 
supports of undulator. The supports, in turn, are fixed with 
driving screws attached to the frame. Rotating the screws, 
one can adjust the working gap of undulator and, hence, the 
amplitude of its field. All units of the undulators (except for 
purchased mechanical components) were made at the 
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experimental production of BINP. All the three 
undulators have been assembled by now (see Fig. 
6.4.10).  

 

 
Fig. 6.4.10 Assembling one of the three undulators of 
the third stage.  

 
In addition, a station with a partially transparent 

mirror and a spectrometer was constructed for 
continuous measurement of the radiation spectrum.  

 
 

6.4.4 Results of 2011 and plans for 2012  
 
Main results of work in 2011:  
Regular work was provided for the users of the 

first-stage FEL (wavelengths of 110-240 microns) and 
the second-stage FEL (wavelengths of 40-80 microns).  

Construction of new stations was continued. A 
station was created for continuous measurement of 
radiation spectrum.  

The assembly, commissioning and alignment of 
the elements of the four-track ERL for the third-stage 
FEL were completed.  

Plans for 2012:  
1. Commissioning of the four-track ERL.  
2. Further work on the creation of the new 

stations.  
3. Continuing designing and manufacture of 

components of the test stand of the RF injector.  
4. Ongoing work of the user stations.  
5. Magnetic measurements and correction of the 

magnetic field of the undulators of the third-stage FEL.  
 

6.5 DESIGN AND DEVELOPMENT OF 
SPECIALIZED GENERATORS OF SR 

  
In 2011, work continued on the development and 

production of various cryogenic superconducting 

magnet systems for generation of synchrotron radiation.  
A 7-pole prototype of the magnetic system of the 7.5 T 

multipole wiggler (Fig.6.5.1) with a magnetic gap of 26 mm 
and period of 200 mm for the CAMD-LSU storage ring 
(USA) was manufactured and successfully tested in 
February 2011. The fabrication of the full-size 15-pole 
magnetic system is underway. This wiggler has an extremely 
high stored energy of magnetic field: 800 kJ. This imposes 
specific requirements both on the system of coil protection 
at a quench and on the mechanical resistance of the copper 
liner to the influence of ponderomotive forces. The wiggler 
is planned to be mounted and commissioned directly on the 
CAMD-LSU storage ring in September 2012.  

 

  
Fig. 6.5.1 Exterior view of the 7-pole prototype of the 7.5 T 
multipole superconducting wiggler for the LSU-CAMD 
storage ring (USA) before placement in the immersion 
cryostat.  

  
In October 2011, a unique 119-pole superconducting 

wiggler with a working field of 2.1 T and a period length of 
30 mm (Fig.6.5.2) was put into operation on the ALBA-
CELLS SR source (Spain). The pole gap and the beam 
aperture are 12.6 mm and 8.5 mm, respectively. The total 
power of radiation in a horizontal angle of 2 mrad is about 
16 kW at an electron beam current of 0.4 A and energy of 3 
GeV. The wiggler was tested successfully with a 3 GeV 
electron beam. An X-ray beam of high brightness was 
extracted into the beamline to the experimental station 
"Powder diffraction". With an emittance of the ALBA-
CELLS SR source of less than 5 nanometers and a 
maximum electron current of 0.4 A, the brightness of this 
beam will be among the highest in the world for 5-50 keV 
photons of continuous spectrum. For photon energies below 
5 keV the radiation spectrum is of the undulator character.  
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Fig. 6.5.2 T superconducting 119-pole wiggler on the 
ALBA-CELLS storage ring (Spain).  

  
The full-size magnet system of the 63-pole 

wiggler (Fig.6.5.3) with a period of 51 mm, magnetic 
field of 4.0 T, and 15.2 mm pole gap for the Australian 
Synchrotron storage ring (Melbourne) was 
manufactured and successfully tested in an immersion 
cryostat in November 2011. An own cryostat for the 
wiggler is being fabricated now. The completed 
wiggler is to be tested in May 2012 and installed and 
commissioned directly on the Australian Synchrotron 
storage ring in July 2012.  

 

  
Fig. 6.5.3 Assembling the superconducting 63-pole 
magnet with a field of 4.0 T and a period of 51 mm for 
the Australian Synchrotron storage ring (Melbourne). 

 
Along with new superconducting wigglers, 

insertion devices put into operation in recent years and 
working at various SR centers are becoming objects of 
increasing interest. For instance, the latest 
commissioned wiggler (ALBA-CELLS, Spain) allowed 
finding a few successful technical solutions, which led 
to a significant decrease in the liquid helium 
consumption and improved the general reliability of the 
cryostat. That is why, with the very first opportunity, 
they carried out a corresponding upgrade of some 
already existing wigglers. In particular, new-design 

copper liners (Fig.6.5.4) were installed on two wigglers with 
fields of 3.5 T and 4.3 T, which have operated on the DLS 
storage ring (England) since 2006 and 2009, respectively. In 
addition, the scheme of cooling of special adapters on these 
two wigglers and a wiggler with a field of 3.6 T, operating 
since 2009 on the LNLS storage ring (Brazil), was upgraded. 
These adapters ensure smooth transition between the 
vacuum chamber and copper liners of the wigglers. These 
changes improved significantly the performance of the 
existing cryostats without substantial material expenses.  

Another problem, associated the 7.5 T 21-pole wiggler 
operating since 2007 on the Siberia-2 storage ring at 
Kurchatov Institute in Moscow, was eliminated in 
November 2011. The problem was in mechanical instability 
of the copper liner in case of quench. This wiggler has a 
very high magnetic field (7.5 T) and large stored field 
energy (520 kJ), which, in case of quench, resulted in 
mechanical deformation of the copper liner due to the action 
of ponderomotive forces. The problem was solved via a 
significant optimization and modification of the design of 
the liner. The point is that the liner, which is a copper 
chamber of elliptic cross section, should meet rather 
contradictory requirements. On the one hand, the liner, 
which is actually designed to protect the vessel with liquid 
helium from heating because of the electron beam 
electromagnetic field, should have good electrical and 
thermal conductivity. On the other hand, the liner should 
have low electrical conductivity, since at a superconductivity 
quench there occurs an abrupt change in the magnetic field 
penetrating the walls of the liner, which induces currents and 
hence ponderomotive forces, which deform this liner. 
Additional calculations were performed and an optimal form 
of the liner cross section was found, corresponding to both 
requirements. Testing of the upgraded liner showed 
correctness of design selected.  

  
Fig. 6.5.4 Installing the new liner on the 3.5 T multipole 
wiggler on the Diamond Light Source storage ring 
(England).  

6.6 CONFERENCES, MEETINGS, AND 
SEMINARS 

 The fourth school of young specialists in synchrotron 
radiation was held at Budker Institute of Nuclear Physics SB 
RAS (BINP) on 10 to 13 October 2011. The School was 
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traditionally organized by BINP (Siberian Center for 
Synchrotron and Terahertz radiation).  

The first such school was held at BINP in 1984, 
the second and third in 1985 and 1987. After a long 
break, this tradition was resumed in 2008.  

School 2011 was attended by about sixty young 
scientists, including about fifteen people from various 
cities of Russia (mainly from Tomsk, as well as from 
Omsk, Yekaterinburg, and Irkutsk), the rest from 
Novosibirsk institutes, BINP among them. 
Unfortunately, a certain loss of interest in the SR 
School is observed – as few as 60 participants this year 
(100, 120, and 80 participants in 2008, 2009, and 2010, 
correspondingly), and even fewer people attended the 
lectures.  
This school was combined with the third roving 
Russian-German seminar, which is held every year in 
different countries. In 2011 it was held in Russia, the 
cities of Moscow and Yekaterinburg preceding 
Novosibirsk. Ten young professionals from Germany 
and another ten from Russia participated in this 
seminar, which resulted in some amendments to the 
traditional program of the SR School. For example, all 
lectures of the first day were given by leading 
specialists in English.  

As to the rest, the School traditionally covered the 
main areas of research on synchrotron radiation: small-
angle diffraction, EXAFS, elemental analysis, LIGA 
technology, metrology, SR theory, and generation and 
application of terahertz radiation. As always, non-
resident participants of the School were given an 
opportunity to get acquainted with the equipment of the 
Siberian SR center through introductory practice at its 
stations.  
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Introduction  
 

BINP activity in the field of radio physics and 
electronics is concentrated mostly at the Radiophysics 
Laboratory. The main research area of the Laboratory is 
associated with the development and research of 
radiophysics systems for accelerators and charged particle 
storage rings, which in turn, are developed by the Institute 
in accordance with the government programs "Colliding 
beams", "High Energy Physics", ''Synchrotron radiation'', 
"Microwave Physics", and "Plasma Physics".  

Under these programs, the Laboratory staff is 
engaged in the development of diverse electronic 
equipment: power, control, and diagnostics systems and 
computer control systems; RF accelerating systems and 
sources of RF and microwave energy.  The Laboratory 
researches the behavior of charged particle beams in 
interaction with accelerating systems and other elements, 
and investigates components of accelerators and charged 
particle storage rings. It is obvious that the main results of 
the Laboratory activity are part of the common results of 
research and work carried out on the existing complexes: 
VEPP-4, VEPP-2000, FEL, and the Injection Complex, as 
well as the works on plasma physics.  

Due their universality, some of the developments by 
the Laboratory became the basis for instruments and/or 
devices of an independent scientific or technological 
value. Some products are more or less used in works in 
other research areas of the Institute and performance of 
contracts with Russian and/or foreign research centers in 
the U.S., Germany, Switzerland, Japan, China, and South 
Korea.  

 It should be noted that year 2011 was  particularly 
intense for the Laboratory 6 staff  due to the huge amount 
of work on contracts with COSY (Germany),  Brookhaven 

 Below are some brief results of the works conducted 
by the Laboratory in 2011, as well as guidelines for works 
to be continued in the future.  
 

7.1 POWER SUPPLIES FOR 
ELECTROPHYSICAL INSTALLATIONS 

  
7.1.1. Stabilized current sources  
  

Development of stabilized current sources for various 
electrophysical installations and their individual 
components is one of the main objectives of the Radio 
Physics Laboratory. Devices of this class include, first of 
all, DC sources for electromagnets of charged particle 
storage rings. The output current of such sources varies 
from a few amperes to tens of kiloamperes, which 
corresponds to an output power of tens of watts to 
hundreds of kilowatts and a few megawatts. Current 
sources, as a rule, are adjustable in a wide current range 
and have high accuracy of regulation and stabilization 
(error of 0.01% or less). Current sources are complex 

electrophysical devices with computer control, 
monitoring, testing, and a complex system of interlocks 
and internal control devices. There are no analogues 
produced by the Russian industry.  

 Because of the long-term operation of power 
supplies and measuring equipment on physical facilities 
(accelerators and/or charged particle storage rings), the 
electronics becomes physically obsolete and loses its 
once best options. This inevitably leads to higher 
operating costs and forced stands of the complexes, 
which has to be taken into account at planning research 
works and finance.  
  

•       The long-term work on the upgrade of the 
electronics of the precise sources (the IST series) for 
feeding electromagnets was continued in 2011. Those are 
devices of a power of 50kW, 100kW, and 200kW, with 
thyristor control and a channel for ripple suppression. The 
sources are controlled by built-in single-channel 20-bit 
DACs (CEAC121). Current is measured with non-contact 
current transformers (DCCTs). Five stabilized current 
sources were upgraded in 2011. The upgrade included 
replacement of the electronics, intra-cabinet cabling, and 
capacitor banks. 18 sets of control electronics for the 
stabilized current sources were produced and adjusted, 
which provides modernization of a few sources of the IST 
series and 13 sources of the B-1000 type (1000 A, 20 V).  

•        A circuit for load current reverse was 
developed for IST current sources intended to power 
magnets of the K-500 beam line. Since the K-500 beam 
line is to transport both electrons and positrons from the 
injection complex to VEPP-2000 and VEPP-4, current 
polarity in the magnets is to be reversable. In 2011, the 
current reverse circuits were mounted in the power 
supplies of the K-500 beam line, as well as the power 
supply of the BEP magnetic system. 

•        Four modified power supplies of the IST series 
with an output current of up to 400 A and power of up to 
200 kW were adjusted and put into operation in 2011. 
The thyristor rectifiers of these current sources are made 
by the Low-Voltage Equipment Plant (Rasskazovo, 
Tambov region) and contain control and current 
stabilization electronics designed and manufactured by 
BINP. The sources are used in the electron cooling 
installation developed by BINP for COSY.   The 
modernization and operation of the main power supplies 
of BEP and VEPP-2000 was continued. Those are 
devices of the megawatt power range with current as high 
as 10 kA.  

•        The production of a number of original power 
supplies for electromagnets for the NSLS-II booster 
accelerator (BNL, USA) was completed in 2011. The 
booster can work at a repetition rate of up to 2 Hz, which 
imposes rather unique requirements on the power 
supplies. Along with high requirements to the current 
stabilization accuracy, the power supplies should have 
good dynamic characteristics. In particular, the time of 
current rise from the minimum to the nominal value 
should be 0.26 seconds or less for all the power supplies. 

National Laboratory (USA), KAERI (Korea), TAE (USA), 
etc.  
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The total number of power supplies developed and 

shows the basic parameters of the Lab 6 power supplies 
for NSLS-II.  

•        In 2011, the development and manufacture of 
precision current sources with an output of 10 kW, made 
with about 20 kHz power conversion, was continued. In 
particular, new high-precision four-quadrant power 
supplies of the HF-500 type (500A/12V) were developed 
and manufactured. The power supplies are to be delivered 
to BNL, USA (2 pcs.), and KAERI, Korea (4 pcs.).  

•       The development was completed and full-scale 
tests begun of a high-power (with an output current of 800 
A and a maximum voltage of 400 V) precision arbitrary-
shape current source. Such current sources are required 
for powering dipole magnets of synchrotrons and booster 
accelerators operated at a repetition frequency of 1-2 Hz.  

•        A significant amount of high-precision current 
sources for correctors was manufactured under a number 
of contracts. In particular, there were fabricated over 160 
current sources of the MPS-6 type (output current of up 
to 6A), over 25 current sources of the MPS-20 type 
(output current of up to 20 A), and up to ten two-channel 
units of the SR-20-30 type (current stabilizers based on 
shunting of the coils of the magnets).  

•        Over 20 channels of precision current sources 
of the UM-1, UM-3, and UM-10 types with output 
currents of 1 A, 3 A, and 10 A, respectively, were made 
and put into operation. The sources are installed on the 
FEL, ELS, and LIA accelerator complexes.  

 

 
Table 7.1.1  
Power supply  Number Max. current, 

A 
Max voltage, 

V 
Max  power, 

W 
BR-QF  1 157 207 32.496 
BR-QD  1 85 49 4.200 
BR-QG  1 126 73.2 9.22 9 
BR-SXV  8 18 17.4 2.507 
BR-SXH  8 18 17.4 2.507 
BR-Corr  32 7 8.8 1.963 
DC-septum  1 400 15 6.000 

 
 

7.2. HV SOURCES OF STABILIZED DC 
VOLTAGE 

  
The Laboratory has successfully developed HV 

sources of stabilized DC voltage for a wide range of 
power:  

•        tens of watts, for powering of electrostatic 
devices for deflection or focusing charged particle beams;  

•        hundreds of watts to tens of kilowatts, for 
powering of various high-voltage "direct action" 
accelerators; 

•        hundreds of kilowatts, for high-voltage 
powering of ion sources and atom injectors.  

The high-voltage power supplies have high stability 
and accuracy of regulation; they are protected against 
short circuits and breakdowns.  
  
7.2.1. High-voltage sources for atom injectors 
for diagnostics and heating of plasma in plasma 
installations  

  
Designing and manufacture of powerful high-voltage 

sources for atom injectors for particle diagnostics and 
heating of plasma in experimental plasma installations 

remains one of the important activities of the Laboratory. 
In particular, in 2011 the Laboratory: 

•     put into operation two high-voltage power 
supplies (40kV/15A/300ms) for the "heating" 
injectors for the Compass-D tokamak (Prague, Czech 
Republic), each consisting of 12 series-connected RF 
rectifiers fed from 12 controllable 10 kHz inverters.  

•      continued the development and manufacture 
of individual units of the high-voltage power supply 
for the high-power injector of negative ions, under a 
contract with TAE. The power supply has the 
following parameters: U(out)= - 660 kV, I(out)= 10 
А, Т (pulse) = 100 sec and consists of six series-
connected high-voltage rectifiers with an output 
voltage -110 kV, placed in one volume filled with 
insulating gas. Regulated AC voltage (2 kHz, 3 kW) 
is applied to these rectifiers from voltage inverters 
with a frequency of 2 kHz and output power of 500 
kW each. The voltage inverters are now being 
developed by the Laboratory.  

•        The Laboratory is making a high-voltage 
source (-120 kV, 100 mA) for a stand of the source of 
negative ions at TAE, the U.S. The high-voltage 
source consists of a cascade generator and a regulable 
voltage inverter of high (20 kHz) frequency.  
  
 

manufactured for the booster magnets is over 50. Table7.1 
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7.2.2. High-voltage power supplies for electron 
accelerating tubes  

  
The development, improvement, and manufacture of 

components and assemblies of high-voltage power 
supplies for electron accelerating tubes were continued in 
2011:  

•  elements of cascade generator (push-pull voltage 
multiplier) are used in the manufacture of high-voltage 
power supplies for the electron tube for a FEL and 
accelerating tube for a electron beam welder (EBW) for a 
beam current of up to 100 mA. The output voltage of the 
FEL high-voltage power supply is up to -300 kV and the 
EBW one is up to - 60 kV.  

•  a high-voltage rectifier with an output voltage of 
up to - 60 kV and a semiconductor high- frequency 
converter (20 kHz) were designed and manufactured for a 
high-power (up to 60 kW) EBW.  

• a high-power (40 kW) resonance high-frequency 
converter (25 kHz) was developed for feeding an 
accelerating tube with a voltage of up to 2 MW for the 
electron cooling installation for the COSY accelerator, 
Germany.  

•  for recovery of the injector of electrons at KAERI 
(Korea), works were carried out on the reconstruction of 
the high-voltage power supply (-300 kV, 15 kW). A new 
adjustable low-frequency (500 Hz) resonance voltage 
inverter was made; preventive maintenance works were 
conducted for the -300 kV high-voltage rectifier.  

  
One of the most complicated works in 2011 was the 

completion of the fabrication and the start of experiments 
on the electron cooling installation for COSY, Germany. 
A "high-voltage tower", creating an adjustable stabilized 
voltage of up to -2 MV, consists of cascade-connected 
high-voltage transformers. Auxiliary windings of the 
transformers are used for generation of variable current in 
solenoids, which are at corresponding high potentials. 
"The high-voltage tower" is a complex mix of power, 
control, and measurement electronics. A 15 kW collector 
is used as the electron beam dump of the electron cooling 
installation. An original voltage source of up to 15 kW at 
a high-voltage potential of -2 MV was designed and 
manufactured for generation of regulated voltage on the 
collector (1 - 5 kV).  
 
7.2.3. Switch-mode power supplies for 
electromagnets of accelerator complexes  

  
 Production of a large number of pulse current 

generators was continued in 2011.In particular, 75 pulse-
mode power supplies of the GID-25 type were made for 
the K-500 beam transport line. One radio rack comprises 
eight generators of the GID-25 type, automated control 
units, and two 4-channel units for rapid measurement of 
output current. All eight generators, placed in one rack, 
are powered from a common AC/DC 24V power supply.  

Original pulse current generators MIG-100 were 
designed and manufactured for pulse-mode power supply 
of the focusing system of the linear pulse accelerator 
(LIA). Generators MIG-100 are capable of generating 
current pulses with an amplitude up to 800A. One radio 
rack comprises six generators. The system is equipped 
with computer control units and output pulse current 
meters.  

 
 

7.3 DEVELOPMENT OF MEASUREMENT 
SYSTEMS AND AUTOMATION OF 

PHYSICAL EXPERIMENTS 
  
The Laboratory participates in the following works 

on automation of facilities, stands, and large physics 
complexes:  

 • development and delivery of completed systems 
(control, monitoring, diagnostics, and computer systems) 
with subsequent participation in the adaptation of the 
systems to the physical facilities;  

• development of elements of control, monitoring, 
and timing of power systems with subsequent complex 
delivery of these systems to accelerators and charged 
particle storage rings and study of their effect on the 
complex as a whole;  

• delivery of individual standardized modules 
(CAMAC, VME, VISHNYA, Euromechanics) to existing 
or new installations and test facilities;  

• development of new approaches, techniques, and, 
as a result, new devices that allow solving experimental 
tasks at a new level;  

• upgrade of existing systems for automation, control, 
and diagnostics on existing physics facilities; 

• repair and maintenance of several thousands of 
electronics units and entire systems developed by the 
Laboratory and being in use.  

  
Equipment developed and manufactured by BINP is 

widely used not only at SB RAS, but also in many 
scientific organizations in Russia and abroad. Main results 
in 2011:  

control system for the linear induction accelerator for 
pulsed radiography, which allowed conduction of first 
experiments with real objects;  

•       creation of the required hardware and software 
for a wide range of measurements of BINP-produced 
magnetic elements for the NSLS-II booster: dipole 
magnets, quadrupole and sextupole lenses, kickers, 
bumps, and septum magnets. To this end,  

-one more Hall measurement system was 
manufactured and launched on the stand of EP-1;  

- the second system for measurement of the multipole 
components of magnetic lenses was made; the system has 
very high accuracy parameters;  

•      commissioning at VNIITF  (Snezhinsk)  of  the 
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- electronics for measurement of pulsed magnets of 
the NSLS-II booster was designed, manufactured, and 
adapted;  

- equipment for measurement of the kickers for 
injection/extraction on NSLS-II was constructed and put 
into operation;  

- the system for measurement of pulse parameters of 
the dipole magnets of the NSLS-II booster was prepared 
for work; 

 - the stand for magnetic measurements for the COSY 
cooler was fabricated and put into operation. 

• Fabrication, adjustment, and putting into operation 
of about 150 various units with the CAN-BUS interface 
for the systems for control and monitoring of electro 
physical installations. A detailed description of the 
modules is available on the site of the Laboratory. It 
should be noted that devices of this family are widely 
used in contract works. In recent years, more than half of 
the produced modules (a total of 1100 pieces) together 
with various power supplies and measurement and control 
systems were delivered under Russian and foreign 
contracts.  

• Designing and manufacture of a required amount of 
high-precision digital integrators VSDC-3, intended to 
measure instantaneous values and shapes of pulsed 
magnetic fields. 

• Modernization of waveform recorders ADC - 
200ME. The new modules are intended for the monitoring 
and control systems of the NSLS-II booster. 

• Adjustment and putting into operation of a set of 
electronics modules for powering and controlling the 
electron gun of the ion cooler (COSY). 

• Designing and implementation of a wireless 
communication CAN channel for control of the electron 
gun of the ion cooler (COSY) 

• Manufacture and commissioning of two versions 
(manually- and computer-controlled) electronics for the 
magnetic field adjustment system in the solenoid of the 
ion cooler (COSY) 

• Participation in the development and 
implementation of the control system for the NSLS-II 
booster. The thermal switch inquiry system and cross-
boxes for the vacuum control system and monitoring and 
security devices were designed and manufactured. 
Operation with the Allen-Bradley PLC was mastered; a 
set of software was written for testing of the components 
of the control system of the NSLS-II booster. 

• Work on the creation of the control system for the 
four-track FEL was prolongated. 

• Installation and commissioning of the new 
modulator of the electron gun of the FEL injector. The 
modulator has unique parameters: a pulse duration of 1 
ns, an amplitude of 0 to 120V at a load of 25 Ohms, and a 
repetition rate of 0 to 90 MHz. 

• Tests of the new timer (90 MHz) for the modulator 
of the injector gun. 

• Continuation of the implementation of up-to-date 
intelligent controllers in control systems of physics 
facilities. One more batch of controllers and CAN-

Ethernet gateways for various installations of the Institute 
was fabricated. 

• Completion of the replacement of obsolete 
equipment of the power control systems of the main 
magnetic elements of the VEPP-4 storage ring. For this 
purpose, a high-precision (0.002%) interpolating DAC 
with the MIL-STD-1553B interface was developed. The 
module software and hardware are compatible with the 
previous outdated design, which made it possible to keep 
the existing software of the control systems of the 
complex unchanged. 
       • Continuation of the development of a new power 
supply for electron beam welders with an option of 
indirect heating of cathode with electron beam. The aim is 
to create a cathode design with a significantly increased 
lifetime. 

• System for joint search and electron beam aiming 
for the electron beam welder at EP-1. Modernization of 
the system to improve welding technology at the stand of 
laboratory 5-1 was continued. 

• Conduction of real-condition tests of the two-
channel precision current meter (a resolution of 2 to 3 fA) 
for ionization chambers. The meter is intended for 
experiments using synchrotron radiation. The results 
obtained allowed proceeding to the development of a 
production sample of the meter. 

• Start of development of the time interval generator 
module for equipping numerous pulse systems of the K-
500 beam line. 

• Completion of the development of the system for 
monitoring of main parameters of the heat pump used in 
the cooling system of the accelerator complex. 

• Fabrication and commissioning of the new 
electronics for the pickups of the VEPP-2000 complex. 

• Development and fabrication of the new electronics 
for orbit measurement on the VEPP-3 complex. 

• Fabrication and adjustment of electronics for the 
pickups of the electron cooling installation for the COSY 
accelerator. 

• Development of the prototype unit for signal 
processing in the betatron frequency measurement system 
of the NSLS-II booster. Tests were performed on the 
VEPP-3 storage ring; relevant corrections were made and 
fabrication of a working system for NSLS-II started. 
       • Construction of a new automated high-precision 
stand for measurement of parameters of pickups. 
Parameters of the first batch of 7 pickups for the NSLS-II 
booster were measured. Parameters were also measured 
on a special stand for 3-strip sensors for the booster 
NSLS-II. 

• New unit for matching and fast protection of the 
modulator of the klystron 5045 (the Injection Complex) 
for replacement of obsolete units, which were developed 
about 15 years ago. 

• Development of a switch for powering of vacuum 
getter-ion. A prototype (50A/30V) was made. 

• 12 capacitance and 12 upgraded ultrasonic 
hydrostatic sensors were developed and fabricated for the 
University of Montana (USA). 10 capacitance hydrostatic 
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sensors were made for KEK (Japan). Collaboration on the 
technical support to the hydrostatic system of monitoring 
of magnetic elements on the Tevatron accelerator (FNL, 
USA) was continued. The hydrostatic systems created by 
BINP Lab. 6-0 have operated at FNL for more than 10 
years. 
       • Designing and manufacture of a prototype 
semiconductor RF generator with the option of amplitude 
modulation of an output 4 MHz voltage for powering the 
plasma emitter of the ion source of the diagnostic atom 
injector. The prototype, which provides an output power 
of 10 kW, was tested in operation in the atom injector. 
The development of a semiconductor RF generator with 
an output power of up to 20 kW was continued. 

• A filament power supply with an emission pulse 
current of up to 2 kA. The power consumed from the 
current source is up to 2 kW in the continuous mode. A 
typical feature of the source is that the filament current 
rises within a few minutes (an adjustable parameter) with 
continuous monitoring of operation. 
       • Fabrication of 30 electrical drives of the ESHD-5 
type for the stepper motors of VEPP-5. 
       • Automation of another two ovens for the gluing 
area of  work EP-2. 

 
The technical maintenance of earlier made electronic 
systems and their components in use at facilities at and 
beyond the Institute was continued. 

 
 

 
Table 7.3.2  Family of devices with the CAN - BUS interface  
 
Name  Brief description 
CANDAC16  16-channel, 16-bit DAC; 8-bit input and output registers 
CANADC40  40-channel, 24-bit ADC (class 0.03%); 8-bit input and output registers 
CDAC20  
CEDAC20  

20-bit DAC; 5-channel, 24-bit ADC (class 0.003%); 8-bit input and output registers (VISHNYA and 
Euromechanics) 

CEAC 51  20-bit DAC; 5-channel, 24-bit ADC (class 0.003%); 8-bit input and output registers (Euromechanics 
3U) 

CAC208  
CEAC208  

8-channel, 16-bit DAC; 20-channel, 24-bit ADC (class 0.003%); 8-bit input and output registers 
(VISHNYA and Euromechanics) 

CEAC124  4-channel, 16-bit DAC; 12-channel, 24-bit ADC (class 0.003%); 4-bit input and output registers 
(Euromechanics 3U) 

CEAC121  1-channel, 16-bit DAC; 12-channel, 24-bit ADC (class 0.003%); 4-bit input and output registers 
(Euromechanics 3U); for control of fast sources 

CEAD20  20/40-channel, 24-bit ADC (class 0.003%); 4-bit input and output registers (Euromechanics 3U) 
CGVI8  8-channel, 16-bit delayed pulse oscillator; 8-bit input and output registers 
CPKS8  8-channel,16-bit code-duty factor converter 
SLIO24  CANbus interface: 24-bit bidirectional bus, built-in card 
CKVCH  Commutator of RF signals 8-1, 2*(4-1) 4*(2-1) 
CANIPP  CANbus interface: 2 branches of the BPM type 
CANIVA  16-channel vacuum meter (current of ion pump) 
CURVV  Universal input/output register (2 input and 4 output registers of 8 bits) 
CIR8  Recorder of discrete signals (interrupt register, BSI, input/output registers) 
CAC168  8-channel, 16-bit DAC; 16-channel, 24-bit ADC (class 0.03%); input and output registers; built-in card 
CAN-DDS  CAN-DDS module: divider of input clock frequency with remotely tunable fractional coefficient 
CAN- 
ADC3212  

For closing the feedback loop in the thermal adjustment scheme of RF cavities. 

CANGW  Ethernet-CAN/RS485 gateway 
VME-CAN  VME-CAN interface 
CEDIO_A  Multi-port input/output register 
GZI-CAN  4-channel generator of delayed pulses, 80 ns - 10.28 μs 
VSDC2  Module for precision measurement of magnetic fields by the induction method, 2 channels 
IVI1811  Time interval meter with a resolution of 0.5 ns 
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7.4 RESEARCH RELATED TO 
MODELING AND SOLUTION TO 

ELECTROSTATIC AND 
ELECTRODYNAMIC PROBLEMS OF 

ACCELERATOR PHYSICS 
 

      In 2011, the Laboratory continued calculating and 
designing elements of accelerators, both for the Institute 
and under international contracts. In so doing, the 
computational methods and software were developed and 
modernized for calculation, designing and computer 
modeling of the dynamics of charged particle beams, 
including the following: 

• Under a contract on the creation of a powerful 
source of neutral particles, the final optimization of 
magnetic field in a plasma charge-exchange target was 
carried out; electron fluxes on the chamber walls were 
estimated; the final version of the magnetic system was 
passed to the designing department. 

• Under the contract on the creation of a high-voltage 
installation for electron cooling (COSY), the Laboratory 
continued its work on the electron gun and collector. 
Stand measurements of the design were carried out; 
comparison of the data showed good agreement between 
the calculated and measured parameters. 

• Works on the software for calculation of 
electrostatic and magnetostatic fields and electron and ion 
guns were continued. The pre- and post-processors in the 
software UltraSAM were significantly improved; errors 
revealed were eliminated. 

Under the contract on the development of a prototype 
injector of high-energy atom beam based on a source of 
negative ions, the Laboratory carried out numerical 
simulation, including the following: 

1. As part of the designing of a prototype atom 
injector with one "driver": 

- calculation and optimization of the field of the 
plasma expander with peripheral permanent multipole 
magnets; 

- calculation and optimization of the field of the 
magnetic filter of the plasma electrode; 

- calculation and optimization of the deflecting 
magnet of the ion-optical system; 

- calculation of electric fields in the ion-optical 
system of the prototype atom injector with one driver and 
"single-aperture extending"; 

- calculation of the trajectories of accelerated 
negative ions and co-accelerated electrons. 

2. Similar calculations for the prototype high-voltage 
high-power atom injector with four drivers and a beam 
current of 1.5 A. 

3. Calculations of beam passage from the ion source 
through the bending magnets and the accelerator for the 
prototype with four drivers and a 1.5A beam. 

- Going on development of the Laboratory site 
http://www.inp.nsk.su/activity/automation/index.ru.shtml. 
This site should contribute to fuller and better use of 
developments by the Laboratory. For this purpose, 

operation manuals (application notes) were added to 
descriptions of various modules. The site is updated 
regularly. 

 
7.5 EQUIPMENT OF THE 

ACCELERATING STATIONS OF THE 
COLLIDER COMPLEX NICA 

 
The collider is designed for experiments with gold 

nuclei at energy of 1 GeV/n to 4.5 GeV/ n. The number of 
particles in each beam is 6.3·109 at an energy of 1 GeV/n 
and 5.5·1010 at an energy of 4.5 GeV. The number of 
particles can be considered depending linearly on the 
energy. The beam current is 0.4 A at an energy of 4.5 
GeV/n. The particle revolution frequency varies 
depending on the energy the experiment is conducted at, 
from 522 kHz to 587 kHz (12.45%). Each beam in the 
collider is moving in its own ring, which is a strong-
focusing accelerator with a critical energy of 7.1 GeV/n. 
The distance between the axes of the vacuum chambers of 
each ring is 320 mm, and the diameter of their aperture is 
100 mm in the places of location of the accelerating 
stations.  

There should be four types of accelerating stations in 
each ring of the collider. The first type is a barrier station, 
which can be used for accumulation and acceleration of 
particles at energy of 600 MeV/n to 4.5 GeV/n. This 
station is to generate a sequence of accelerating and 
decelerating voltage pulses for ions. Depending on the 
particle energy, the pulse repetition frequency ranges 
from 473 kHz to 587 kHz. The pulse duration is 1/12 of 
the ion orbital period in the ring of the collider. The 
voltage of the pulses is 5 kV. The shift in time between 
the accelerating and decelerating pulses is 1/2 of the 
orbital period of particles in the ring. Ions are injected 
into the ring between accelerating and decelerating pulses, 
whereas particles are accumulated between decelerating 
and accelerating pulses. Accumulation is to be 
accompanied by electron or stochastic cooling.  

The barrier station is a coaxial line filled with rings 
of amorphous iron type 5 TM. The line length is 0.9 m. 
Voltages from the sources are applied to the rings with the 
use of the switch transistors DRF1201. These voltages 
form a sequence of +5 kV, 0 V, -5 kV, 0V of a respective 
duration on the open part of the coaxial line. In the break 
of the vacuum chamber of each ring there is a cylindrical 
ceramic insulator. The open parts of the coaxial line are 
connected to the break.  

For gold ions to be accelerated in the energy range of 
600 MeV/n to 4.5 GeV/n, there has to be a pulsed 
accelerating station (zero-type accelerating station) 
operating together with the barrier system. This station is 
similar in design to the barrier system. The pulsed 
accelerating station should create "meander"-like voltage 
with a frequency of ion circulation in the accelerator and a 
voltage of ± 300 V. This ensures an ion acceleration rate 
of 120 eV/n per turn and ion acceleration of 4 GeV/n in 
about 70 seconds. The beginning of the accelerating 
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"meander" voltage pulse should be in the middle of the 
decelerating voltage pulse of the barrier station.  

The barrier station and the pulsed accelerating 
station are located on the same base 2000 mm long 
(Fig.7.5.1). A heating cable is wound on the parts of the 
accelerator vacuum chamber that are located under the 
coaxial lines of the barrier and pulsed accelerating 
stations. There should be thermal insulation between the 
cable and the inner cylinders of the coaxial lines of 
stations. The heating cable is used for heating the vacuum 
chamber during the preparation of the required vacuum. 
The barrier and pulsed accelerating stations have a 
common vacuum pump MRN250.  

At the ends of the vacuum chamber, which passes 
through the barrier station and pulsed accelerating station, 
there are two vacuum gates.  

The second station creates a harmonic voltage at the 
24th harmonic of the particle revolution frequency in the 
accelerator. The maximum accelerating voltage that can 
be created by one station is 25 kV. Each ring of the 
collider is to comprise four such stations, which can 
create an accelerating voltage of 100 kV.  

The third stations operate at the 72nd harmonic of 
the ion revolution frequency. The maximum accelerating 
voltage of one of these stations is 125 kV. Each ring 
comprises eight stations. The accelerating voltage in each 
ring is up to 1 MV at this frequency.  

All the stations are equipped with mechanical 
contactors of the accelerating gaps with a response time 
of 0.1 ÷ 0.2 seconds.  

  

 

                              
 

                             
   

Fig. 7.5.1: Dimensions of the cavities of RF systems 1 and 0 for the lower and upper rings of the NICA collider: 1 – 
cavities, 2 – vacuum pumps, 3 – bases.  

 
The acceleration systems work as follows. During 

injection of particles into the ring, the mechanical 
contactors of the accelerating gaps of the barrier and pulse 
stations are opened, and the gaps of the rest stations are 
closed with mechanical contactors. Voltage is applied 
only to the barrier station. Once the required ion current 
has been accumulated, the ions are accelerated up to the 
energy of the experiment. For this purpose, in accordance 
with the desired rate of acceleration, voltage on the pulsed 

accelerating voltage station is switched on; the frequency 
of the pulse voltages of the barrier and pulsed accelerating 
voltage stations is increased; the fields in the magnetic 
systems of the accelerator ring are magnified. If the ion 
energy reaches the energy of the experiment, increase in 
the accelerating voltage frequency and magnetic fields is 
stopped; voltages on the barrier and pulsed accelerating 
voltage stations are switched off. Once the ion beam 
uniformly fills the entire accelerator, the mechanical 
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contactors short-circuit the accelerating gaps of the barrier 
station and pulse acceleration voltage station. After that, 
the electron or stochastic cooling is to reduce the energy 
spread of ions to such a value that the ions can be 
intercepted into twenty-four bunches. Then, the 
mechanical contactors of the accelerating stations of the 
24th and 72nd harmonics are to open the accelerating 
gaps. Before that, the RF cavities of these stations should 
be tuned so that after opening the natural frequencies of 
the RF cavities of the second stations are tuned to a 
frequency located midway between the 24th and 25th 
harmonics of the revolution frequency of the ions, and the 
cavities of the third stations tuned to a frequency located 
midway between the 72nd and 73rd harmonics. In 
addition, the parasitic resonances of the accelerating 
cavities due to the connected tubes GU-92A should be 
pre-tuned so that their resonant frequencies are located in 
the middle of the harmonics of the revolution frequencies. 
Such tunings provide minimum increments for coherent 
synchrotron oscillations.  

After that, voltage at the stations of the second type 
is slowly increased; the continuous beam is divided into 
24 bunches; voltage at the stations of the 72nd harmonic 
is increased for reduction of the bunch length to the 
desired value (σ = 0.6 m). In this state, the RF systems of 
the collider are ready for experiments with colliding 
beams.  

 
7.5.1 Cavities of RF system 2 (the 24th 
harmonic), NICA 
  

High-frequency systems 2 are completely identical for 
the top and bottom rings of the NICA collider. The main 
parameters of one RF system are listed in Table 7.5.1.  

Each RF system will consist of 4 cavities arranged in 
pairs. Each pair will be located on a common base. 
Dimensions of a two-cavity assembly for the upper and 
lower rings are shown in Figs. 7.5.2 and 7.5.3.  

Calculation of the first higher monopole modes of 
cavity shows that the minimum width of the accelerating 
gap and its symmetrical arrangement can significantly 
reduce their influence on the beam. 

  A multipactor discharge in the RF cavity of system 2 
was simulated with the code MPS, which determined the 

areas in which a discharge may occur at voltages on the 
cavity of 2 to 4 kV and 5 to 8 kV. The central tubes of the 
coaxial electrodes will be coated with TiN, which will 
reduce the risk of a multipactor discharge.  

 
Table 7.5.1  Parameters of RF system 2. 

Parameter  Value  

Revolution frequency  522 ÷ 587 kHz  

Operation harmonic 
namber 

24  

Operation frequency  12.528 ÷ 14.088 MHz  

Full voltage  100 kV  

Beam current  0.4 A  

Number of cavities  4  

Voltage on one cavity  25 kV  

  
Parameters of the fundamental mode of cavity are 
presented in Table 7.5.2.  

  
Table 7.5.2  Parameters of the cavity of RF system 2. 

Parameter  Value  

Operation frequency  12.528 ÷ 14.088 MHz  

Operation frequency 
tuning  range ~ 1.9 MHz  

Characteristic impedance  15.4 ÷ 17.3 Ohm  

Basic Q (QSLANS · 0.8)  3, 570 ÷ 3, 750  

Shunt resistance  54.8 ÷ 65.0 kOhm  

Accelerating voltage  25 kV  

Beam current  0 4 A  

Power of RF losses in 
cavity 5.7 ÷ 4.8 kW  

  

    
Fig.7.5.2. Overall dimensions of the RF cavities of system 2 for the  bottom ring of the NICA collider: 1, 6 – racks of 
the air-cooling system of the generators; 2, 3, 4, 5 - RF generators, 7, 8 - vacuum pumps, 9, 10 - bases. 
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Fig.7.5.3. Overall dimensions of the RF cavities of system 2 for the upper ring of the NICA collider: 1, 6 – racks of the 
air-cooling system of the generators; 2, 3, 4, 5 - RF generators, 7, 8 - vacuum pumps, 9, 10 - bases. 

 
7.5.2 Cavity of RF system 3  
(the 72nd harmonic), NICA 
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Fig.7.5.4 Schematic drawing of cavity of RF system 3  

 
 The revolution frequency range of 522÷587 kHz 

corresponds to ion energies of 600÷4500 MeV or 
velocities β=0.877÷0.985. The cavity is tuned to the 72nd 
harmonic of revolution frequency (37.584÷42.264 MHz) 
via variation of the capacitor of the accelerating gap. The 
four capacitor segments, placed symmetrically in azimuth 
around the capacitor of the accelerating gap, are 
synchronously moving in the radial direction. The 
mechanical adjustment displacement is 8.4 mm. Cavity 
characteristics in Table 3 are given for the two extreme 
values of β. The effective impedances are also presented 
(with due account of the transit factor).  

Bunches in the collider are of the length 
σ(rms)=0.6m. The envelope of the harmonic spectrum of 
the bunch current is shown in Fig. 7.5.5. The value of the 
envelope of the beam current harmonics at the higher-
mode frequencies of the cavity in Table 7.5.4 is less than 
10-7 А. Consequently, their influence on the excitation of 
coherent synchrotron oscillation modes can be neglected.  

Table 7.5.5 presents characteristics of off-axis 
modes. Because of the mirror symmetry of the cavity, 
these modes have negligible impedances. The influence of 
symmetry violation was modeled via displacement of the 
capacitor segments in parallel to the axis. The effective 

characteristic impedances (ρoff-axis) for a displacement of 1 
mm are written in columns 4 and 8.  

 
Table 7.5.3  Parameters of cavity of RF system 3.  

Parameter  
Value (β = 0.877 ÷ 

0.985)  

Operating frequency  37.584÷4.264 MHz  

Operating frequency tuning 
range 

~4.7 MHz (~12%)  

Characteristic impedance  36.853÷42.51624 Ohm  

Basic Q (QSLANS·0.8) 5, 494÷5, 816  

Shunt resistance  252÷304 Ohms  

Maximum accelerating voltage  125 kV  

Maximum beam current  0.4 A  

Maximum power of RF losses 
(РSLANS/0.8) 

38.6 ÷ 32.1 kW  

Dimensions: diameter/length 
with a 15 mm wall thickness 

520/750 mm  

   

 
Fig. 7.5.5 Envelope of the harmonic spectrum  of  the 
beam current. 
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Table 7.5.4  Characteristics of monopole modes of cavity 

β = 0.877  β = 0.985  
Number  

F, MHz  ρ, Ohm  
R, 

kOhm 
Q  F, MHz  ρ, Ohm  R, kOhm  Q  

A  37.58339  36.853  252.1  6, 868  42.51624  41.86  304  7, 270  

2  439.1537  0.239  1.5  6, 082  448.8326  0.157  2.0  12, 580  

3  452.8919  0.077  1.1  13, 881  461.5183  1.419  5.4  3, 800  

4  533.7109  10.112  60  5, 938  508.6281  6.31  36  5, 697  

5  852.0069  2.369  39  16, 412  845.7928  3.98  65.6  16, 490  

  
     

Table 7.5.5  Characteristics of monopole off-axis modes of cavity 

β = 0.877  β = 0.985  
Number  

F, MHz  ρ, ohm  Ρoff-axis,, Ohm  Q  F, MHz  ρ, ohm  Ρoff-axis, Ohm  Q  

A  47.10234  1. 4 · 10-16  5.2 · 10-4  7,876  59.0437  7 · 10-17  1.2 · 10-4  8,860  

2  440.8700  2.6 · 10-19  0.066  6,402  449.4788  1 · 10-14  7.5 · 10-3  16,404  

3  453.4763  4 · 10-20  0.021  12,344  469.7503  2 · 10-13  0.124  3,023  

4  825.7762  6 · 10-16  4 · 10- 7  11,441  790.6847  7 · 10-12  8 · 10-8  12,339  

5  901.5797  5 · 10-19  6 · 10- 4  26,879  900.2089  3 · 10-19  5 · 10- 4  29,087  
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7.5.3 Water-cooling system  
 
There are water-cooling channels laid in the walls of 

individual parts of the cavity. The maximum RF power 
losses on the surface of these parts (see Fig.7.5.5) are 
shown in Table 7.5.6.  
 
Table 7.5.6. Maximum RF power losses (PSLANS/0.8)  
 

Name of cavity parts (see 
Fig.7.5.4) 

Maximum RF power losses, 
kW  

  

Shell  5.2  

Wall  2.3 × 2 = 4.6  

Electrode 
=tube+disk+cylinder  

12.5 × 2 = 25  

Segments of tuners  0.91 × 4 = 3.7  

Entire cavity  38.6  

 
 
7.5.4 Multipactor discharge  

 
Simulation with the code SLANS.  

No multipactor discharge occurs in the accelerating gap.  
A discharge arises in the volume of the cavity under 

the following conditions:  
 
Table 7.5.7.  

Accelerating voltage  
MV  

Secondary emission 
coefficient 

0.08  1.3  

0.10  1.5  

0.12  1.8  

0.14  2.5  

0.16  3.0  

0. 18  3.5  
 
 
7.5.5 Suppression of multipactor discharge  

 
Items 1, 2 and 3 below were modeled with the code 

ASRTRA; item 4 with the code SLANS; items 5 and 6 
were not modeled. The effectiveness of multipactor 
discharge suppression by methods corresponding to items 
5 and 6 was confirmed experimentally on the cavities of 
VEPP.  

1. A TE mode at 1117 MHz suppresses the 
multipactor discharge, but this requires 4.2·108 W 
(mp2.1.in)  

2.  A symmetric mode at 47.2 MHz has almost no 
effect (mp2.2.in).  

3.  A symmetric higher mode at 453 MHz also has 
little effect on the multipactor (mp2.3.in).  

4. Grooves on the central electrode slightly increase 
the secondary emission coefficient. Practically no 
suppression.  

5.  A ring at a high potential around the central core 
of 234 mm in diameter and a tube of 10 mm. The distance 
from the center of the axis is 177 mm. The power of RF 
losses is 400 Wt. Air- or water-cooling of the ring is 
required.  

6. Coating of the inner surfaces of cavity (electrode 
and walls) with titanium nitride in a special chamber.  
 
 
 
7.5.6 Cavity design  
 

Fig. 7.5.7 shows the technical solutions in the design 
of individual units of the cavity.  
 
 

7.6 RF INJECTOR OF THE  
MICROTRON-RECUPERATOR 

 
The RF injector of the microtron-recuperator consists 

of an accelerating cavity for a frequency of 90 MHz with 
built-in controllable hot cathode. The RF injector is to 
replace the static injector installed on the microtron and 
allow attaining a record average beam current of 100 mA 
at injection into the microtron.  

All the works associated with the manufacture of the 
RF injector by the experimental production department of 
BINP were completed in 2011. For the purpose of 
production of high vacuum, the cavity of the RF injector 
was baked out in a vacuum oven. Then the RF injector 
was mounted in the 11th building, where a test stand is 
now being created for it.  

The tests include the training of the cavity at high RF 
power for attaining of high accelerating gradient. Then, 
once the hot cathode unit is installed in the cavity, tests 
with beam will be conducted.  

At this point, the test stand is almost finished. The 
test stand includes, besides the cavity, a 100 kW RF 
generator on the tube GU-101A. The RF generator was 
assembled and tested at a dummy RF load. A 100-meter 
feeder connecting the generator with the cavity was made. 
The water-cooling system and the vacuum one were 
connected and tested. Control racks for the hot cathode 
were made and tested in various operation modes. The 
beam diagnostics system was created and installed on the 
stand. The connection and adjustment of the RF generator 
control rack are underway now.  
Works on the stand are scheduled for 2012.  
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Fig.7.5.7. Arrangement of the cavity of station 3. 1 - RF generator on the tube GU-92A, 2 - tune-out of parasitic 
resonance frequency; 3 – play-free mechanism for retuning of the main operation frequency, 4 – mechanism for electric 
short-circuiting of the accelerating gap, 5 - vacuum gate valve, 6 - water-cooled loop for RF power input, 7 – branch 
pipe of ion pump, 8 - bellows assembly of the mechanism for short-circuiting of the accelerating gap.  

 
 

7.7 DEVELOPMENT OF RF SYSTEM FOR 
HIGH-POWER CONTINUOUS INJECTOR 

OF BEAMS OF FAST HYDROGEN 
ATOMS 

 
The Institute is working on the project of a high-

power continuous injector of beams of fast hydrogen 
atoms with energies of 500÷1000 keV on the basis of 
negative ions. The project is based on separate formation 
and acceleration of beam of negative ions. Four RF-
discharge emitters are used as a plasma source. An RF 
system was designed for supply of the emitters.  

The system consists of four independent generators. 
The output stages of the generators are made on the 
tetrodes 4CW 50.000E (EIMAC USA); the pre-
amplification stages are made on the transistors 
IXZ2210N50L. The output stage and the pre-stage are 
mounted in a 800x800x2100 mm cabinet of the 
"Euromechanics" standard. 

The generators are controlled from one 
600x800x2100 mm control rack of the "Euromechanics" 
standard. The rack comprises the control system for the 
generators, four modulators, power supply for the control 
grids of tetrodes, AC voltage distribution units, a cross-
box, and an industrial computer.  
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The main parameters of the system are as follows:  

Operation frequency  4 ± 3.5% MHz 

Power at load  4 x 40 = 160 kW  

Mode  Continuous  

DC voltage across the "antenna" 
relative to the platform  

120 kV  

DC voltage across the platform 
relative to the "ground"  

880 kV  

Power consumed by the anode 
source from the 220/380 mains 

400 kVA  

Power consumed by the control 
rack from the 220/380 mains 

15 kVA  

Flow of deionized water cooling 
the tetrode 4CW50.000E  

4 x 40 = 160 l/min  

 
The control system for the generators controls 

switching the generator on/off, protection of the tetrodes 
and power supplies at emergency operation, processing of 
analog signals, conversion of the analog signal levels to 
pass them to the ADC, and protection of personnel against 
electric shock.  

The modulators ensure automatic tuning of the 
oscillator frequency and stabilization of the amplitude of 
RF voltage across the "antenna" of each channel. The 
oscillator frequency is retuned during an RF pulse so that 
the RF voltages on the control grid and anode of the 
tetrode are always opposite in phase. As a result, the 
resonance tuning of the anode circuit is maintained. The 
amplitude stabilization system also maintains a set RF 
pulse shape when the loss resistance in the plasma varies, 
as well as compensating for the influence of the power 
supply ripple. 

The power supply of the control grids supplies bias 
voltage to the tetrodes. 

By a command from the control unit, the AC voltage 
distribution unit provides 220/380 mains supply to the 
corresponding user. 

The “cross box" and industrial computer perform 
timing and acquisition of data on the parameters of the 
system. 
  The anodes and screen grids of the generators are fed 
from a common source of high voltage power. The source 
is mounted in cabinets of the "Euromechanics" standard, 

The output isolation transformer provides transfer of 
RF power to the antenna at a potential of 120 kV. The 
magnetic circuit of the transformer is composed of 56 
ferrite (200 VNP) rings of 110x180x20 mm dimensions. 
The ferrites are produced by Neva-Ferrit (St. Petersburg). 
The transformer is placed in a tank of 700 mm in diameter 
and 870 mm in height, filled with SF6 gas. The secondary 

winding of the transformer has a center tap, which allows 
one to connect the antenna symmetrically and thus reduce 
parasitic radiation of RF power into the environment. The 
RF power from the transformer is transferred by a 
balanced shielded feeder. 

The RF system of the experimental stand for 
acceleration of beam of negative hydrogen ions with a 
current of up to 1.5 A to an energy of 120 keV is a single 
channel of generator with a full-scale high-voltage power 
source. Elements of this system are now being fabricated 
by the pilot production department of BINP. 

 
7.8 NEW 174 MHZ RF SYSTEM FOR THE 
STORAGE RING OF THE ELECTRON-

POSITRON BOOSTER (BEP) 
 
The laboratory is working to create a new RF system 

for the storage ring of the electron-positron booster 
(BEP), which is the injector of the accelerator complex 
VEPP-2000. The new RF system will increase the energy 
of particles in the BEP from 0.9 to 1 GeV. The RF system 
operates at a frequency of 174 MHz (the 13th harmonic of 
the BEP revolution frequency) and consists of an 
accelerating cavity, RF power generator, and control 
system. The accelerating cavity of coaxial type for a 
maximum voltage of 120 kV has mechanisms for fine 
tuning of the fundamental and higher-order modes. The 
tetrode GU-92A is installed in the output stage of the RF 
generator with a maximum power of 20 kW. The pre-
stages of the generator are made on transistors. The 
control system adjusts the amplitude and phase of the 
accelerating voltage and ensures synchronization at filling 
of the separatrices of the storage ring. 

The design and technological study of the enclosure 
and central coaxial inserts of the cavity were finished in 
2011. Preparation for their manufacture was begun. 
The power input for the cavity was made and its RF 
measurements were carried out. Designing of the feeder 
line connecting the generator with the cavity was begun. 
The output stage of the generator was fabricated and 
assembled; the systems for powering and cooling the 
stage are equipped with purchased products. New units of 
the control system are being fabricated and adjusted (part 
of electronics of the old RF system will be used in the 
control system). 

 
7.9 PASSIVE SINGLE-MODE CAVITY 

FOR 816 MHZ 
 
In May 2011, BINP concluded a contract with the 

National Center for Synchrotron Radiation of China in 
Hefei (Hefei Light Source (HLS)) for the development 
and manufacture of a passive single-mode cavity for 816 
MHz. This cavity will be used in the storage ring for 
increasing the bunch length. This will reduce the 
"Touschek effect" and increase the beam lifetime. The 
cavity operates at the fourth harmonic of the accelerating 
RF power. The cavity will be excited with the beam itself. 

connected in a line. The overall size of  the  source  is 
2700x800x2100 mm. 
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The required voltage level on the cavity is regulated via 
tuning the cavity out of the RF harmonic. A 3D modeling 
of the cavity was performed. An optimal form to meet the 
requirements to the fundamental and higher modes, as 
stated in the contract, was selected. The basic parameters 
of the operation mode and impedances of the high modes 
of the cavity to a frequency of 5 GHz were calculated. 
The cavity design was developed and optimal 
manufacturing techniques were chosen. The drawings 
were prepared for transfer to the production department. 

 
 

7.10 ASSEMBLY AND TESTING OF THE 
RF GENERATOR FOR THE FEDERAL 

STATE UNITARY ENTERPRISE 
"RUSSIAN FEDERAL NUCLEAR 

CENTER-VNIIEF" (SAROV) 
 

In accordance with the contract with the Federal State 
Unitary Enterprise "Russian Federal Nuclear Center-
VNIIEF" (Sarov), BINP produced an RF generator of a 
continuous power of 180 kW at 100 MHz and sent it to 
the customer in July 2011. The equipment set includes an 
RF power amplifier, 100 kW dummy load, amplifier 
power supplies, and control system. Before shipment, the 
RF generator was tested at a rated power of 180 kW on a 
BINP stand. 

In December 2011, a laboratory 6.2 team of 6 
specialists traveled to Sarov to complete the work under 
the contract. Within 3 weeks, the BINP specialists 
unpacked, assembled, and tested the equipment at a 
maximum dummy load power of 100 kW. The tests were 
performed successfully; there was no criticism from the 
customer. 

 
 

7.11 FURTHER DEVELOPMENT OF RF 
SYSTEM OF THE VEPP-4  

STORAGE RING 
 
For the purpose of raising the VEPP-4 energy to 4.2 

GeV and above, works were carried out on the 
improvement of the reliability of the RF system of the 
storage ring. In 2011, the production department EP-1 
finalized revision of the 181.8 MHz accelerating cavity, 
which was not installed in the storage ring earlier. All the 
units of the cavity were tuned, and its basic parameters 
were measured. One of the cavities, which was in an 
emergency state, was withdrawn from the technological 
gap of the VEPP-4 storage ring and replaced with the new 
cavity (Fig.7.11.1). 

The cavity has vacuum gates on both sides. The 
cavity was warmed up with the gates closed, and a 2·10-8 
Torr vacuum was attained. Then the cavity was connected 
through a coaxial feeder to the distribution waveguide. 
 Simultaneously, the RF generator and cabinets for bias 
rectifiers for 5 kV and 50 kV were inspected and tuned. 

The RF generator was switched on for all five cavities 
installed in the technical gap. The total voltage was raised 
to 2.5 MW. The power of the generator was 65 kW. 
Currently, the RF training of the new cavity for 
multipactor suppression is underway. The removed cavity 
was passed to EP-1 for improvement. 

 

     
 

Fig.7.11.1 New 181.8 MHz cavity in the gap of the 
VEPP-4 storage ring. 
 

 
7.12 UPGRADING THE RF SYSTEM OF 

THE MICROTRON FOR THE FEL 
 

Works on the upgrade of the RF generator for the 
microtron for the FEL were continued. The tubes 
GU101A were gradually replaced with the tubes TN781 
made by TALES. It was found that at operation of the 
output stage, consisting of two tubes GU101A and two 
tubes TN781, the cascade gets self-excited at a frequency 
of 800 MHz, which leads to destruction of the tubes 
TN781. According to the results of tests, a number of 
changes in the design of the stage were made for 
prevention of both self-excitation and destruction of 
tubes. The work will be continued as soon as new tubes 
TN781 arrive.  
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8. 1 DEVELOPMENT OF THE MODEL 
RANGE AND IMPROVE OF OPERATING 

CHARACTERISTIC OF ELV 
ACCELERATORS 

 

supervisions of accelerators being delivered earlier. In 
2011 the greatest quantity of accelerators were supplied to 
the customers: there are 17. In present report new ELV 
accelerators of up to 100 kW power and of 0.8 to 1.5 
MeV range energy are presented. The principle tendency 
of development of modern industrial accelerators as well 
as growth of the efficiency at the expense of adaptation to 
existing technological processes and more close 
integration with living auxiliary equipment are described. 
The experiments with extraction of electron beam into air 
at the laboratory stand equipped by ELV-6 accelerator 
were continued. The main part of the experiments was 
devoted to nanopowder production. 

Radiochemical technologies with the use of electron 
accelerators as ionizing radiation sources were generally 
developed in the early sixties. By recent, they had 
strongly consolidated in world industrial production and, 
thereby, confirmed their efficiency as well as their 
uniqueness. The technological processes with the use of 
electron beams for polymer radiation modification, 
stimulation or initiation of chemical reactions, smoke 
purification, waste waters treatment, grain disinfection, 

etc., are widely used in modern industry. A lot of 
accelerators are installed and operated in different science 
and research centers and applied-research laboratories. 
That leads to growth of radiation-modified goods 
production and development of new matters and 
technologies, where electron beams are used to obtain 
new and, sometimes, unique properties. 

Budker Institute of Nuclear Physics (BINP) of 
Siberian Branch of Russian Academy of Sciences is one 
of the world leaders in the development, design, 
manufacture and application of electron accelerators of 
different series (such as DC accelerators of continuous 
action based on high-voltage rectifier, high-frequency 
accelerators, pulsed accelerators), the accelerated electron 
energy and power of which are much more. ELV-series 
accelerators are some of them. Their compact size and 
high functional quality allowed BINP to stand as a 
leading institution at industrial accelerators market as in 
Russia and abroad.  

ELV-series DC accelerators of continuos action 
based upon high-voltage rectifier, which are recently 
produced by BINP, exceed maximum power range of 
separate accelerator from 20 to 100 kW and accelerated 
electron energy from 0.3 to 2.5 MeV (see Table 8.1.1 and 
Fig. 8.1.1). The accelerators meant for environmental 
purpuses have a power up to 400 kW at maximum beam 
current up to 0.5 A.  

 

 
 

 
 
 

Fig.8.1.1. Character dimension of ELV-series accelerators ELV-0.5, ELV-4, ELV-6 and ELV-8 accelerators. 
 

In 2011, the Institute deliveried ELV  accelerators  to 
the customers and carried out  the  contracts 
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ELV-series DC accelerators of continuos action 
based upon high-voltage rectifier, which are recently 
produced by BINP, exceed maximum power range of 
separate accelerator from 20 to 100 kW and accelerated 
electron energy from 0.3 to 2.5 MeV (see Table 8.1.1 and 
Fig. 8.1.1). The accelerators meant for environmental 
purpuses have a power up to 400 kW at maximum beam 
current up to 0.5 A.  

 
Table 8.1.1 

 Energy 
range 
MeV 

Beam 
power 
kW 

Max. beam 
current, 
mA 

ELV mini 0.2…0.4 20 50 
ELV-0,5 0.4…0.7 25 40 
ELV-1 0.4…0.8 25 40 
ELV-2 0.8…1.5 20 25 
ELV-3 0.5…0.7 50 100 
ELV-4 1.0…1.5 50 40 
ELV-6 0.8…1.2 100 100 
ELV-6М 0.75…1.0 160 200 
ELV-8 1.0…2.5 100 50 
PHAKEL 
(Flame) 

0.5…0.8 500 800 

ELV-12 0.8…1.0 400 400 
 

Hard market conditions and growing demands for 
modified materials forms the industrial manufacturers 
needs in more powerful and effective electron 
accelerators enabling to increase the volume of 
production without compound and expensive inputs for 
change all equipment. Table 8.1.2 shows accelerator 
parameters of last 38 contracts. The part of these 
accelerators were already delivered, the rest are prepared 
to be supplied. 

 
Table 8.1.2  

Max. Electron 
energy, MeV 

Max. Beam 
power,  kW 

Accelerator qty 

1  100 11 
1 70 1 
1.5 100 14 

2.5 100 10 
2.5 50 1 

0.7 20 1 (mobile) 

 
As it is shown in Table 8.1.2 the needed accelerators 

are distributed enough evenly starting from 1 MeV energy 
in accordance with maximum energy. Most of them are of 
100 kW power. That is why, at present, the development 
of ELV model range goes towards increase of accelerators 
power within the range of 1.0 to 1.5 MeV. Earlier, only 
ELV-6 accelerator had maximum required power of 1.2 
MeV.  

At the same time weigh and overall dimensions had 
been also changed. Those accelerators designed in new 

dimension type extend power and energy range of more 
structure ELV-6 models enabling the following:  

− production of more powerful electron beams, 
which accurately satisfy existing production needs, taking 
into account present and new industrial technologies; 

− modification and/or replacement of accelerator 
equipment without changing the existing technological 
auxiliaries such as rewinding lines, takeup &payoff units, 
etc.   

To solve those problems the design of cascade 
generator has been changed. The changes were made in 
primary winding with parallel inductive coupling to 
enhance heat sink as well as in connection circuit inside 
high-voltage rectifying section column. In previous 
models sequential connection circuit (Fig. 8.1.2a) was 
used and rectifying sections had been assembled in 
accordance with voltage doubling scheme. 

 

 
Fig. 8.1.2. Rectifying section schemes. The use of series-
parallel switching (Fig. 8.1.2b) when each capacitor in a 
section is charged through correspondent diode of its own 
or neighbouring section enables to get more high-current 
column. 

 
At series connection the voltage pulse form at 

capacitors corresponds to half wave rectification mode. At 
series-parallel connection it corresponds to full-wave 
rectification mode. Series-parallel diagram is similar to 
Gratz connection, but it provides the same protection of 
high-voltage rectifier elements (coils, diodes and 
capacitors) from overvoltage at gas or vacuum insulation 
breakdowns as doubler one. The parameters of new 
accelerators are (Fig. 8.1.3) are shown in Table 8.1.3. 
 
Table 8.1.3 

Accelerator ELV 
4-1 

ELV  
4-1.2 

ELV  
4-1.5 

Maximum energy, 
MeV 

1 1,2 1,5 

Maximum beam 
current, мА 

100 83 70 

Beam power, kW 100 100 100 
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Together with manufacture of the accelerators 
mentioned above the mobile accelerators were developed. 
Fig. 4 shows the accelerator of 20 kW power and with up 
to 30 mA maximum beam current which was produced in 
cooperation with “EbTech” company (Republic of 
Korea). This accelerator is placed inside the trailer 
together with radiation protection. The main purpose of 
these accelerators is treatment of local pollutions.  
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Fig. 8.1.3. Structure and dimensions of ELV4-1.2 
accelerators. 

 

 
Fig. 8.1.4. Mobile accelerator ELV. 

 
Another important direction in development of 

accelerators is adaptation of accelerator complexes to 
present technological equipment and their integration with 
industrial technologies. So, to increase production 
efficiency in accordance with the customers needs, the 
scanning and beam extraction systems were modified. 
The length of extraction window was increased from 1600 
mm up to 2000 mm (See. Fig. 8.1.5). This enabled to 
irradiate two and more types of products. 

 
Fig.8.1.5.  Modification of extraction window. 

 
Other examples of integration allowing 

improvements in productive efficiency are information-
measuring complex on visualization of accelerator current 
parameters and technological irradiation process 
(Fig.8.1.6) and under-beam transportation system 
developed in BINP. 

 

 
Fig.8.1.6. Parameters of accelerator ELV operation: 

ELV-8 accelerator 
Complex P5 

Electron energy, MeV –> 1.15 
Beam current, mA –> 29 

Speed, m/min –> 180 
Residue of loaded cable at P5 -> -1404(-7) 

 
The construction of under-beam transportation 

system is shown in Fig. 8.1.7. It consists of 2 drums, one 
of which is driven and second one is driving and it is 
controlled by accelerator control system. This reduces the 
risk of stretching of irradiated products and prevents 
reduction of cable insulation diameter. 

Recently, BINP holds leading positions among 
companies manufacturing irradiation equipment for 
industrial purposes. Considerable quantity of accelerators 
are installed and operated in different scientific centers, 
industry laboratories and production areas. Many 
companies using the accelerators of other manufacturers 
are purchasing ELV series accelerators. Gained 
experience of development and operation of ELV series 
accelerators enables to propose the customers the 
accelerators with parameters, which are no worse and in 
many respects exceed than the best world samples. 
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Fig.8.1.7. Under-beam transportation system. 

 
 

8.1.1  Stand based on industrial ELV-6 
accelerator with extraction of focused electron 
beam into air 

 
ELV-6 accelerator with extraction of focused 

electron beam into air (electron energy 1,4 MeV) was 
used for testing of electron beam technologies in gaseous 
medium at air pressure. One of the directions of this 
testing was production of nanopowders by means of 
starting material evaporation method with the use of 
electron beam as an energy source. Over the evaporating 
material the flow of transporting gas arises. Depending on 
nanopowder composition being obtained, an air or inert 
gas are used as a transporting gas. The aerosol flow with 
nanoparticles, which is formed like this, is transported to 
nanoparticles collector at the filter. By means of similar 
method, not only compact and homogeneous 
nanoparticles had been obtained, but also there was got 
more complex formations, in particular, carbon nanotubes 
and nanohorns. Nanohorns achieved record big sizes up to 
300 nm. Also, metal nanoparticles in silicon and silicon 
oxide coatings were obtained. 

 

 
Fig. 8.1.8.  Nanohorns produced by means of electron 
beam evaporation in inert gas medium at air pressure. 

 

Other direction of our investigations was forming of 
coating on metallic substrate for different purposes. 
Beginning from 2009, the corrosion-resistant thick 
coatings were obtained by means of facing of tantalum 
and niobium powders onto titanic substrate. In that case, 
an advantage of the use of electron beam with electron 
energy within MeV range is in its high capacity to 
penetrate into powder materials and in capability to form 
homogeneous layers of alloys with fusion temperature up 
to 3000°C. 

 
8.1.2 Nanoconstructions for medicine 

 
In the beginning of 2006, the efforts to find medical 

application of superdispersed powders obtained by means 
of evaporation at ELV-accelerator had been taken. As 
soon as nanodimensional constructions enabling to 
visualize, in-vivo, the distribution of a temperature, 
oxygen, ferment and inflammatory processes activity the 
kinetically stable complexes of paramagnetic rare-earth 
ions and gel latex containing superdispersed 
ferromagnetics were proposed and investigated together 
with Nikolaev Institute of Inorganic Chemistry (NIIC) 
and Institute of Experimental Veterinary Science of 
Russian Academy Agricultural Sciences (IEVSRAAS). 
The highly sensitive NMR-thermoprobes were fluorine 
and lanthanide phosphoprous-containing complexes, the 
sensitivity of which was specified by the presence of 
lower lanthanide excited state partially settled at a room 
temperature and causing the thermosensitive 
paramagnetic shift of frequencies of NMR fluorine, 
hydrogen and phosphorus atoms belonging to a molecule 
of complex former. By means of combined analysis of 
lanthanide-induced paramagnetic increases of speeds of 
spin-lattice relaxation and lanthanide-induced shifts (LIS) 
in NMR spectra of the ligand nucleus the formation and 
the structure in a solution of a number of kinetically stable 
complexes of lanthanides (Ln) was studied. In-vitro, 
NMR investigation of thermodynamic of complex 
formation, stoichiometry and molecular structure of 
paramagnetic multiligand Ln complexes with porphyrins 
anions (Fig. 8.1.9), β-diketones (L), nitrate groups  and 
ditiofosfina-mi (i - DBDTF) ftorhinolinom, as well as 
electroneutral phenanthroline, 2.2-bipiridil (2.2-bipy) and 
crown ethers in solution was carried out.  

By example of LIS temperature dependence study 
(Fig.8.1.9) of Ln double-deck complexes with porphyrins, 
taking into account rotation of phenylic fragments of 
tetra-phenylic porphyrin anions, it was shown their use as 
nanodimensional thermal sensor NMR in solutions 
(minimum size being perpendicular to porphyrin anion 
plate is ~1.1 nm). The correlation between the growth of 
atomic number of cation Ln and increase of energy barrier 
of phenylic fragments rotation (ΔН+

+ = 48 (5) and 66 (7) 
kJ/mole correspondingly for Dy and Lu) was found. It is 
one of demonstrations of lantide compression leading to 
decrease of interplanar spacing between porphyrin anions 



 
 

 Beam Technologies 
 

 159 

and growth of steric barrier at increase on Ln atomic 
number. 

 
Δ , MD 

 
1/Т, К-1 

 
Fig. 8.1.9.  Dependence of chemical shifts difference in 
500 1

orthos–endo atoms of anion porphyrin phenyl ring in the 
complexes [DyH(oep)(tpp)] from backward temperature. 
 

 
SHIFT, MD 

 
Fig 8.1.10. Temperature dependence of paramagnetic 
lanthanide-induced shifts in 200 МHz 1

Н NMR spectra of 
complex cations [Eu (ПТА)2 (18-crown-6)]+ relative to 
corresponding protons of diamagnetic cation [La(ПТА)2 
(18- crown -6)]+ ; solution CDCL3 

 
The temperature dependences of LIS for СН2 

molecules of macro-cycle 18-crown-6 complexes 
indicating about possibility of their use as NMP-TSR 
(Fig.8.1.10) were also obtained. By means of NMR 
method the forming of kinetically stable Ln complexes 
with ethylenediaminetetraacetic acid (EDTA) in water 
solutions within pD range from 1.6 up to 8 was found out. 
During the study of temperature dependence of 
paramagnetic chemical shifts and possibility, in vitro, to 
use the complexes as NMR thermal sensors in water 
solutions the linear dependence of paramagnetic chemical 
shifts at ligand nuclei of Ln complexes on backward 
temperature was found out (Fig.8.1.10). 

It is shown that in spite of complications conditioned 
by intra- and intermolecular dynamics, related problems 
of the study of stability, molecular structure, dynamics 

and magnetochemistry features of complex compounds 
4f-elements may be successfully solved by means of 
NMR methods. For complexes of Pr, Ho and Dy there 
were found the conditions enabled to show in vitro the 
possibility to use thermal sensors as subnanodimensional 
NMR in water solutions (Fig.8.1.11). 

 
Fig. 8.1.11. Dependence of difference of 1

Н NMR spectra 
for different groups СН2 of complexes [HoEDTA] on 1/Т; 
solution – Н2О, рН=1.6 

 
As a result of investigations it was shown that 

complexes Ln with EDTA may be used as NMR thermal 
sensors to solve thermometric problems in liquid, polymer 
and gel mediums as with the help of series NMR 
spectrometers and by means of magnetic-resonance 
micro-tomographs.  
In cooperation with Nikolaev Institute of Inorganic 
Chemistry (NIIC) and Institute of Experimental 
Veterinary Science of Russian Academy of Agricultural 
Sciences (IEVSRAAS) the possibility to visualize boron 
distribution in animal organisms by means of NMR 
tomography was studied. In vivo, the sensitivity of NMR 
boron detection of about 300 mkg/g (in case of injection 
of microlatex boron preparation “magnicon”) was 
achieved. 

Preparation “magnicon” developed in BINP SIB 
RAS contains, also, ferromagnetic powder. Its particles 
create magnetic field gradient observed in NMR upon the 
changes of speeds of proton relaxation. 

To determine concentration of ferromagnetic 
particles in vivo in BINP the quantum magnetometer with 
laser pumping of paramagnetic rubidium-87 vapors was 
designed. The methodology of gastric diseases 
diagnostics with the use of magnetic particles suspension 
was proposed. 

The method of obtaining the insoluble colloid basic 
bismuth sulfanilic salicylate, the perspective gastric 
radiopaque substance was developed. 

As the perspective carcinotropic contrasting matters 
for PET cancer diagnostics the radioactive halogenated 
pyrimidines synthesized by the laboratory of radiation 
chemistry in the Institute of Chemical Biology and 

investigated.  
Fundamental Medicine of SB RAS had been 

МHz   Н NMR spectra between orthos-exo and 
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Accumulation of Br-77 and tritium-containing 
pyrimidine in mammary cellula of a mouse after its 
onetime injection into organism (in case of presence or 
absence of steroid hormones stimulation) was studied. 
After one-time nucleotide injection the activity 
accumulations continue during 45 minutes. Also, the 
bromodeoxyuridine accumulation rates (Fig. 8.1.12) were 
found. 

 
Fig. 8.1.12. Deoxyuridine accumulation rates relative 
unit: derivative of function. 

 
In cooperation with the Institute of Experimental 

Veterinary Science the factors having an influence upon 
radioimmunity of collection salmonellae strain were 
studied. Antiradiation activity of chlortetracyclinum 
antibiotic was found out. By means of magnetic powders 
treated by bacterial DNA fragments, we succeeded in 
transforming of kalanchoe cells and achieving the 
agribacterial octopine secretion. To inject genetic make-
up into the cell by means of magnetic powders the special 

been designed. 
 
 

8.2   ILU ACCELERATORS AND THEIR 
APPLICATIONS 

8.2.1  Accelerator supplies 
 

Since 1983 the ILU accelerators are supplied for the 
industrial facilities and for the research establishments. 
The reliability and technical level of these machines is 
confirmed by the new supplies. 

During the year of 2001 the accelerator ILU-10 with 
energy up to 5 MeV and power up to 50 kW was 
manufactured, mounted and tested in the BINP and then 
was disassembled, shipped and again assembled in 
Kazakhstan. This machine will work in the industrial line 
for sterilization of medical goods in the Park for Nuclear 
Technologies, city of Kurchatov, Kazakhstan. 

The testing of the new 10 MeV 100 kW ILU-14 
machine was continued during this year. The parameters 
achieved in BINP are as following: 

Energy 7.5 MeV, pulse beam current of 560 mA, 
pulse repetition frequency 10 Hz, average beam current of 
2.7 mA, beam power 20 kW 

Energy 10 MeV, pulse beam current of 320 mA, 
pulse repetition frequency 25 Hz, average beam current of 
3.8 mA, beam power 38 kW 

The maximum beam power was restricted by the 
existing radiation shielding of the facility in BINP. By the 
end of 2012 the ILU-14 machine was shipped and 
mounted in the specially build bunker with the adequate 
radiation shield in the Federal Medical Biophysical 
Center named by A.I. Burnazyan, Moscow. The testing 
will be continued. 

The new convertor for X-rays generation was 
specially designed for use with the ILU-14 machine. It 
was manufactured in 2011, its working energy is 7.5 MeV 
and working beam power up to 100 kW. 

 
8.2.2  Modernization of the ILU machines 

 
The new beam scanning and control system was 

developed in 2011. This system has the independent 
control and power supply. It permitted to improve the 
stability of beam scanning and decrease the dose variation 
in the irradiation zone. 

The new modulators’ synchronization system was 
developed especially for ILU-14 machine to decrease the 
load inequality between the 3 phases of the feeding net. 

 
8.2.3 New technologies development 

 
The research works were performed to develop the 

radiation-thermal synthesis of complex oxide compounds. 
The perovskite-like compounds for membrans were 
sintered under the Interdisciplinary Project of Siberian 
Branch №82 “Oxide permeability of the massive and 
deposited membranes based on perovskites with mixed 
conductivity”. 

The pilot works on radiation-thermal sintering of the 
fuel elements cells were carried out in collaboration with 
Boreskov Institute of Catalysis, Novosibirsk. 

The research activities in radiation treatment of the 
oil products were carried out under the Integration Project 
№5 of the Siberian Branch Presidium. The work was 
carried out in collaboration with Institute of Solid State 
Chemistry and Mechanochemistry, Novosibirsk, and 
Institute of Oil Chemistry, Tomsk. 

The goudron irradiation was carried out to investigate 
the possibilities of its processing into more useful 
products. The modeling of this processes was performed 
using the various modeling materials(paraffin, other 
hydrocarbons, unsaturated hydrocarbons). 

The test irradiations to study the radioresistivity of  
the microbes were carried out.   

Various medical goods were subjected to electron 
beam treatment on the contract basis. The works were 
carried out on the ILU-6 and ILU-10 accelerators.  

permanent magnet with 3.5 Tesla/cm field gradient had 
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9.1 STATUS OF BNCT PROJECT 
 
A promising approach in the treatment of several 

malignancies, primarily intractable brain tumors and 
melanomas, is the boron neutron capture therapy (BNCT). 
The method is based on the selective accumulation of 
non-toxic non-radioactive 10B isotope in tumor and 
subsequent irradiation with epithermal neutrons. As a 
result of neutron absorption by boron a nuclear reaction 
10B(n,α)7Li occurs with a large release of energy. The 
release of energy leads to the death of the exact tumor 
cell, which contained the nucleus of boron. Clinical trials 
of the method on nuclear reactors have demonstrated its 
effectiveness in treating a variety of tumors, but the 
widespread adoption of BNCT in clinical practice 
requires a compact, safe and relatively inexpensive source 
of epithermal neutrons. The Institute of Nuclear Physics 
SB RAS has proposed and built, a prototype of epithermal 
neutron source based on the tandem accelerator with 
vacuum insulation, which provides the generation of 
neutrons in the reaction 7Li(p,n)7Be. General view of the 
facility is shown in Figure 9.1.1. 

 

 
 

Fig. 9.1.1 Tandem accelerator with vacuum insulation. 
 
During 2011 the upgrade of the tandem accelerator 

was performed. The upgrade aimed at significant 
improvement of operating parameters: proton beam 
current, long-term stability of the proton beam energy, the 
overall stability of the facility. In the course of this work 
it was performed: increase of the diameters of diaphragms 
in accelerator electrodes, installation of a new charge-
exchange target with a diameter increased to 16 mm, 
preparation of the technical elements correcting the 
voltage of the first accelerating electrode. For the 
measurement of high-power stationary proton beam it was 
produced a secondary-emission diagnostics with pick-up 
moving. The use of new diagnostics allows monitoring 
the beam profile and position in different parts of the 
high-energy path without destroying the beam at a proton 
current of 1.5 mA. 

When training the accelerator after the increase of the 
diaphragms a dark current with high intensity was 
registered that caused partial melting of high-voltage 
electrode diaphragm. The analysis of the registered 
current and voltage of the accelerator, vacuum, power of 
gamma radiation, and also a numerical calculation of 
electrostatic fields and the trajectories of emitted 
electrons, allowed identifying the reasons for this 
undesirable phenomenon and making changes to prevent 
it. 

A method of determining the linear thickness of the 
gas stripping target was proposed. The method is based on 
fixing the moment when the output current changes from 
negative into positive. The method enabled to set up a 
correspondence between the linear density of the target, 
gas flow and the residual gas pressure. It was 
demonstrated a good agreement between the 
experimentally measured output current and the 
calculated one. The pressure in the accelerating channel 
was estimated. It was formulated a procedure of setting 
gas flow system parameters to provide the required charge 
exchange of the beam. 

At the entrance of the first electrode it was installed a 
beam detector having the possibility of measuring the 
radial distribution of current density. It was studied a 
focusing of the negative hydrogen ion beam in the 
accelerator, which allowed us to make a correction in the 
calculation to obtain agreement with experiment and 
optimize the acceleration of the beam. 

The above-described work and modifications made it 
possible to provide a stable long-term generation of a 
proton beam with a current of 1.5 mA, which is more than 
2 times higher than the previous values. Some ways are 
planned to obtain stable generation mode with a current of 
up to 3 mA. 

To ensure long-term stabilization of the proton beam 
energy the special algorithm was proposed, the equipment 
was chosen and the experimental device was constructed. 
It allows us to stabilize the energy of the accelerated 
beam, using the feedback flux of gamma rays with energy 
9.17 MeV from the threshold of the reaction 13

С(p,γ)14N. 
In a series of experiments verifying the functionality of 
the method we obtained a stable intensity of the 9.17 
MeV line for about 2.5 hours and provided a long-term 
stability of the proton energy at the level of ± 0.1%. 

This work is supported by the Ministry of Education 
and Science of Russian Federation.  
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9.2 X-RAY DETECTORS FOR MEDICINE 
AND SECURITY 

  
9.2.1 Medical Radiography 

 
BINP produced for JSC "Nauchpribor" (the city of 

Orel) eight 1536-channel detectors, which were supplied 
to medical institutions of Russia as part of digital 
scanning fluorographs FMTS-TM-O. 
 
 9.2.2 X-ray inspection system (XIS) "Sibscan" 
for screening of people 

   
A new variant of the X-ray inspection system (XIS) 

of smaller dimensions (9.5 m3 instead of 15 m3) was 
manufactured and tested at airport.  

 Three detectors were fabricated for the XIS facilities 
produced by JSC "Nauchpribor." 

A new design of the detector for the XIS facilities 
was developed with a spatial resolution of 1.6 mm and a 
smaller dose of radiation during inspection. The new 
detector uses only packaged chips and simpler printed 
circuit boards, which made it possible to do without 
complex and time-consuming ultrasonic welding and thus 
simplified the manufacturing technology and enhanced 
reliability of the detector. A pilot sample of such a 
detector was fabricated. 
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