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Introduction 
 
In May 1958, the USSR Council of Ministers declared 

creation of the Institute of Nuclear Physics of the Siberian 
Branch of the USSR Academy of Sciences. The new insti-
tute was created on the basis of the Laboratory of new ac-
celeration methods, headed by G.I. Budker, of the Nuclear 
Energy Institute, directed by I.V. Kurchatov. Since 1977, 
the Institute of Nuclear Physics has been directed by 
academy member A.N. Skrinsky. 

Currently, BINP SB RAS with over 2,800 employees 
is the largest academic institute of Russia. The Institute 
research staff of 417 members includes 11 members and 
corresponding members of the Russian Academy of Sci-
ences (as by the end of 2012), 60 Doctors of Sciences and 
170 Candidates of Sciences. BINP has a large experimen-
tal production department (with about 1,000 employees) 
with high-level engineering and technology equipment. 

The Institute is doing much for training of scientific 
and technical personnel of high qualification. BINP is a 
base institution for seven subdepartments of the Physics 
Department of Novosibirsk State University (NSU) and 
the Physicotechnical Department of Novosibirsk State 
Technical University (NSTU) (in total about 200 stu-
dents). 65 post-graduate students are pursuing post-
graduate studies at  BINP, NSU and NSTU. 

BINP is one of the world's leading centers in a number 
of areas of high energy physics, accelerator physics, 
plasma physics and controlled fusion physics. The Insti-
tute conducts large-scale elementary particle physics ex-
periments on electron-positron colliders and a unique 
complex of open plasma traps and develops up-to-date 
accelerators, high-power sources of synchrotron radiation 
and free electron lasers. In most of these areas, the Insti-
tute is the only one research institution in Russia. 

Below are listed the main BINP achievements in sci-
ence and technology. 

 
In the field of elementary particle physics and nuclear 
physics: 
• pioneering works on the development of the col-
liding beam technique, which is now the leading one in 
the high energy physics:  
o first experiments on the electron-electron interac-

tion (simultaneously with the Princeton/Stanford 
works) (1965), 

o world's first experiments on the electron-positron 
interaction (1967), 

o world's first observation of the process of double 
bremsstrahlung (1967), 

o pioneering works in the two-photon physics (1970); 
• research on the characteristics of vector mesons on 

the installations with colliding electron-positron 
beams VEPP-2, VEPP-2M and VEPP-4 (since 1967); 

• discovery of the phenomenon of multiple production 
of hadrons in electron-positron annihilation (1970); 

• precision measurement of the contribution of had-
ronic vacuum polarization to the value of muon 

anomalous magnetic moment for one of the most 
sensitive tests of the Standard Model, which is con-
ducted in cooperation with the Brookhaven National 
Laboratory (1984 - 2005); 

• development of the resonance depolarization method 
for precision measurement of the masses of elemen-
tary particles and achievement of a record accuracy 
in measurements of the masses of K, rho, omega, phi 
and psi mesons and upsilon mesons (1975 - 2004); 

• discovery of parity violation effects in atomic transi-
tions and confirmation to the unified theory of elec-
troweak interactions (1978); 

• development of experiments on hyperfine internal 
targets in storage rings (since 1967) and investigation 
into the electromagnetic structure of deuteron in po-
larization experiments (since 1984); 

• development of a technique for production of intense 
fluxes of labeled high-energy gamma quanta through 
the use of inverse Compton scattering (1980 - 1982); 
experimental observation of photon splitting in the 
Coulomb field of nucleus (1997); 

• development of new methods for detection of high- 
energy charged and neutral particles and creation of 
unique detectors for installations with colliding 
beams (OLYA, CMD-1, MD-1, CMD-2, CMD-3, 
ND, SND,  and KEDR)  (since 1974); 

• development of X-ray detectors for medical applica-
tions and creation of a low-dose digital radiographic 
installation on their basis, with an ultra-low level of 
patient exposure, and the X-ray system "Sibscan" for 
inspection of people (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-time computation of charge renormalization 
in the Yang-Mills theory (1969); 

• development of the method of the QCD sum rules 
(1979 - 1984); 

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

• development of the theory of hard exclusive reac-
tions in the QCD (1977 -1984); 

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

• development of quantum electrodynamics in periodic 
structures, including a laser wave (1972 - 1997); 

• development of the theory of radiation effects in pas-
sage of high-energy charged particles and photons 
through orientated single crystals (since 1978); 

• derivation of evolution equation in the QCD for en-
ergy distribution of partons (the BFKL equation) 
(1975 - 1997); 

• prediction of the coherence effect in the emission of 
gluons in the QCD and investigation into its influ-
ence on hadron distribution (1981 - 1982). 
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In the field of accelerator physics and technology: 
• successful long-term experience in creation of stor-

age rings and installations with colliding beams; 
• invention, development and experimental verification 

of the "electron cooling" method for heavy-particle 
beams, which is currently used at laboratories around 
the world; delivery of efficient "coolers" to accelera-
tor heavy-ion complexes in Germany, China and 
CERN (1965 - 2005); 

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

• suggestion of a technique of linear electron-positron 
colliding beams for production of super-high energies 
(1968) and presentation of a physically self-
consistent project (1978); 

• development of elements of intense-field pulsed mag-
netic optics (X lenses and lithium lenses), which are 
currently used at different laboratories (since 1962); 

• invention and experimental verification of the meth-
od of charge-exchange injection, which is currently 
applied at all the major proton accelerators (1960 - 
1964); 

• theoretical and experimental investigation into gen-
eration of polarized beams and spin dynamics in ac-
celerators and colliders and conceptual designing and 
creation of highly efficient spin rotators and "Sibe-
rian snakes" for a number of accelerator complexes, 
(1966 - 1995); 

• theoretical and experimental research on stochastic 
instability and "collision effects" that impose limita-
tions on the luminosity of colliding-beam installa-
tions (since 1966); 

• development of the physical concept of a new gen-
eration of electron-positron colliders of very high lu-
minosity, so-called electron-positron factories (since 
1987); 

• suggestion and development of a method of ioniza-
tion cooling of muons for creation of muon colliders 
and neutrino factories (1969 -1981 - 2002); 

• development and creation of high-power low-energy 
electron accelerators for a variety of technological 
applications, including environment protection (ac-
celerators 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 a scheme of recu-
perator accelerator for high-gain free electron lasers  
(1979 - 2003). 

 
In the field of plasma physics and thermonuclear 

synthesis: 
• invention (1954) and creation (1959) of the "classi-

cal" open magnetic trap (magnetic bottle) for hot 
plasma confinement; 

• invention and development of new schemes of open 
traps (multiple-mirror, rotating-plasma, ambipolar, 
and gas-dynamical ones); experimental realization of 

multiple-mirror confinement of plasma with sub-
fusion parameters in the trap GOL-3; experimental 
implementation of MHD instability stabilization in 
an axially symmetric gas-dynamic trap (on the instal-
lation GDT) (since 1971); 

• discovery of collisionless shock waves in plasma 
(1961); 

• development of a technique of plasma heating with 
relativistic electron beams (since 1971); 

• development of high-intensity surface-plasma 
sources of negative ions, now widespread in the 
world (1969 - 1981); 

• suggestion and development of a concept of a high-
power open-trap source of fusion neutrons for mate-
rials science (since 1987). 

• theoretical prediction of the Langmuir collapse 
(1972) and experimental discovery of strong Lang-
muir turbulence and collapse of Langmuir waves in a 
magnetic field (1989 - 1997); 

• creation of a series of unique high-power precision 
sources of hydrogen atoms for high-temperature 
plasma investigation for a number of large installa-
tions (since 1997). 

 
 
In the field of synchrotron radiation and free elec-

tron lasers: 
• application of synchrotron radiation of the BINP 

storage rings to science and technology and estab-
lishment of the international Siberian Synchrotron 
Radiation Center based on VEPP-2M, VEPP-3 and 
VEPP-4 (1973); 

• theoretical and experimental research on 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) and generation of coherent radiation in the in-
frared to the ultraviolet spectrum (since 1980); 

• development and creation of a high-power free elec-
tron laser (for photochemical research and techno-
logical applications as well as for energy transfer 
from the Earth to a satellite) on the basis of the most 
promising scheme, which uses a recuperator micro-
tron; generation of high-power (400 W) laser radia-
tion in the terahertz range (since 1987); 

• creation of a series of intense-field superconducting 
magnetic devices for SR sources and electron storage 
rings (wigglers and bending magnets with fields of 
up to 10 T and solenoids with fields of up to 13 T)  
(since 1996). 
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Applied works performed by BINP SB RAS rely entirely 
on the results of the basic research performed by the Insti-
tute and are focused on the following main areas: 
• industrial high-power electron accelerators for modi-

fication of polymers, treatment of industrial and do-
mestic waste, production of powders of pure metals, 
silica, oxides, carbides and nitrides of metals, radia-
tion processing of food, sterilization of medical 
equipment, disposable instruments and garments and 
other technological applications; 

• low-dose scanning-type digital radiographic installa-
tions with ultra-low patient exposure for medical and 
security systems; 

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

• installations for electron beam welding; 
• radiographic equipment for defense research. 

 
During the past 20 years, BINP was financing basic 

and applied research from assets received from contract 
works. The cost of high-tech products developed, manu-
factured and supplied annually by BINP to customers in 
Europe, Asia, and North and South Americas (20 coun-
tries), as well as in Russia, makes over 500,000,000 ru-
bles. The so earned money was used for completion and 
commissioning of the accelerator complex VEPP-4M 
with the unique detector KEDR, designing and construc-
tion of large unique installations (the electron-positron 
collider VEPP-2000, free electron laser and a new injec-
tion system for the existing and future BINP facilities. 
Throughout the post-Soviet period, these funds have been 
maintaining the continuous work of BINP facilities and 
related infrastructure. 

BINP excels in long-term international cooperation 
with most major foreign and international research centers. 
A striking example is the BINP participation in the largest 
international project - the Large Hadron Collider at the 
European Organization for Nuclear Research (Geneva). 
Within this framework, BINP has developed, manufac-
tured and delivered to CERN unique hi-tech equipment 
for an amount of over 100 million Swiss francs. Other 
cases of BINP international cooperation include participa-
tion of the Institute in the projects of B-factories in the 
U.S. and Japan and implementation of the following large 
European projects: the synchrotron-radiation source 
PETRA-III, X-ray free electron laser (DESY, Hamburg), 
heavy-ion accelerator facility (GSI, Darmstadt), and some 
others. 

BINP has played a key role in several major Russian 
projects, including the following: the Center for Synchro-
tron Radiation at the Research Center ‘Kurchatov Insti-
tute’, the synchrotron radiation source in Zelenograd, the 
neutron source for the JINR in Dubna, and radiographic 
equipment for defense research at VNIITF in Snezhinsk. 

The Institute is deeply integrated into the work of the 
Russian Academy of Sciences and its Siberian Branch, 
implementing 18 projects under programs of the Presid-
ium of the Russian Academy of Sciences and its branches 

and 24 projects under SB RAS integration programs. The 
Institute is executing 27 state contracts and agreements 
under the Federal Target Programs ‘Research and devel-
opment in priority directions of the science-and-
technology complex of Russia for 2007 – 2013’ and ‘Sci-
entific and pedagogical staff of innovative Russia for the 
years 2009 – 2013’ and over 60 RFBR projects, including 
22 projects within a new competition of the Fund ‘My 
first grant’. 

Every year, members of the Institute make about 200 
reports at international and Russian conferences, publish 
about 500 articles in leading Russian and foreign scien-
tific journals and issue monographs and textbooks. Ac-
cording to data published in the review ‘Bibliometric in-
dicators of the Russian Science and Russian Academy of 
Sciences'' (RAS Bulletin, June 2009, Volume 79, № 6), 
the number of links to papers by BINP members that are 
accounted in the authoritative international database ESI 
was 28,267 in 1997-2007. In accordance with the survey 
data, this is a maximum value among all the institutions 
of the Russian Academy of Sciences. Four members of 
the Institute are winners of the Elsevier special premium 
as the most cited authors in the post-Soviet area in the 
field of natural sciences. 

 
Below are listed works recognized as the best in 

2012 by the BINP Scientific Council. 
 
In the field of nuclear physics, elementary particle 

physics and physics of basic interactions: 
1) on the VEPP-3 storage ring, the first-time determina-

tion of the two-photon exchange contribution to the 
elastic scattering of electrons on protons and posi-
trons; 

2) within the ATLAS collaboration, the first-time ob-
servation of the Higgs boson at the Large Hadron 
Collider; 

3) the first-time model-independent measurement of the 
angle φ3 of the unitarity triangle in the decays of B 
mesons in the Belle and LHCb experiments; 

4) attainment of a record high level of separation of 
muons and pions in the joint work of the Institute of 
Catalysis and BINP on the creation of a Cherenkov 
ring detector based on focusing aerogel; 

5) the first-time demonstration of the fact that the hy-
pothesis of existence of gravitational four-fermion in-
teraction results in a contradiction to the Friedmann-
Robertson-Walker cosmology; 

6) determination of the kernel of the Bartels-
Kwiecinski-Praszalowicz equation in the odderon 
channel in the QCD and supersymmetric Yang-Mills 
theory with N = 4 in the next-to-leading approxima-
tion; 

7) determination of the eigenvalues of the kernel of the 
BFKL equation in the supersymmetric Yang-Mills 
theory with N = 4 in the next-to-leading order for the 
adjoint representation of the gauge group; 
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8) exact (in atomic field strength) derivation of charge 
asymmetry in electron-positron pair production by a 
high-energy photon in the field of a heavy atom; 

9) prediction of the existence of superconducting and 
isolating states for electrons in a one-dimensional un-
dulator nanochannel.  

 
In the field of plasma physics: 
1) attainment of plasma pressure in relation to mag-

netic field pressure, β= 0.6, at the gas dynamic trap 
(GDT) facility, which is a record value for axially sym-
metric open magnetic traps;  

 2) the world’s first experiments at the multiple-mirror 
trap GOL-3 on plasma heating and generation of subtera-
hertz radiation while an electron beam with a density of 
1019–1020 m-3, a power of up to 10 MW, energy of 100 
keV and a duration of up to 300 microseconds is being in-
jected into the plasma; 

 3) the world's first suggestion and successful imple-
mentation in experiments at the GDT facility of the 
method of vortex plasma confinement in axially symmet-
ric magnetic traps; 

 4) the first-time creation of a planar free-electron ma-
ser with a strip relativistic electron beam and a combined 
cavity containing two-dimensional Bragg mirrors (in co-
operation with the Institute of Applied Physics and No-
vosibirsk State University); 

 5) the first-time demonstration of effective plasma 
heating and stabilization of MHD pinch instabilities with 
a reversed field during powerful atom injection (in joint 
experiments with the University of Wisconsin, USA). 
 
In the field of the physics and technology of charged 
particle accelerators, SR sources and FELs: 

1) the first-time experimental observation of interfer-
ence of MeV-range γ quanta in inverse Compton scatter-
ing of laser radiation on an electron beam in a magnetic 
field (on the VEPP-2000 collider); 

 2) fabrication and mounting on the BEPC II collider 
(China) of a unique system for measuring the energy of 
electron and positron beams from inverse Compton scat-
tering, which allows significant improvement in the accu-
racy of determination of the tau lepton mass; 

 3) designing, manufacturing and delivery to the 
Brookhaven National Laboratory (USA) of a booster syn-
chrotron for an energy of 3 GeV and a beam intensity that 
is record high in this facility class; 

 4) construction and commissioning of the world's first 
4-track recuperator accelerator; 

 5) development of a unique method of ultrafast high-
resolution spectral measurements in the terahertz range; 

 6) development of a method of manufacture of diffrac-
tive and refractive intraocular lenses using the LIGA tech-
nology on a synchrotron radiation beam. 

 
RAS member N.S. Dikansky was awarded the Order of 

Friendship for his contribution to the development of sci-
ence and many years of fruitful activity, 

 Wechsler award of the Russian Academy of Sciences 
in 2012 was conferred on a team of I.A. Koop, E.A. Per-
evedentsev and Y.M. Shatunov for their work ‘Facility 
with circular colliding electron-positron beams for preci-
sion measurement of hadron cross sections at energies of 
up to 2 GeV’. 

Budker award of the Siberian Branch of the Russian 
Academy of Sciences was conferred on I.V. Timofeev for 
his work ‘On the evolution of plasma turbulence under 
the influence of high-power electron beam’. 

Seven young researchers of the Institute – A.Yu. 
Barnyakov, V.V. Prikhodko. A.L. Romanov, E.I. Soldat-
kina, A.L. Solomakhin, I.V. Timofeev, and D.A. Stohl – 
received the Russian Federation President scholarship for 
young scientists in 2012. 

22 staff members of the Institute were awarded the 
commemorative medal ‘For contribution to the develop-
ment of the Novosibirsk region’ in connection with the 
75th anniversary of the Novosibirsk region. 

The three Thesis Boards of the Institute, which are en-
titled to accept Doctor of Sciences (Candidate of Sci-
ences) theses, continued their work in 2012. 11 meetings 
of the Boards took place, at which 2 Doctor of Sciences 
and 11 Candidate of Sciences theses were defended 

50 tours of the BINP facilities were conducted for 
school pupils, students, school and university teachers, 
members of other organizations and guests of the Insti-
tute, in total about 2,000 people. Lectures were delivered 
at Novosibirsk schools. 
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1.1 CMD-3 DETECTOR 
 

Fig. 1.1.1 shows the CMD-3 detector in the VEPP-
2000 experimental hall. 

Fig. 1.1.1 CMD-3 detector in the VEPP-2000 
experimental hall . 
 

During 2012, four sessions of data acquisition were 
carried out with the CMD-3 detector. Fig. 1.1.2 shows the 
timetable of the data acquisition. 
 

  
Fig. 1.1.2 Timetable of the data acquisition with the 
CMD-3 detector in 2012. 
 

The first session began in late January 2012 and 
traditionally included scanning of the energy region of φ 
meson for calibration of the energy scale of the VEPP-
2000 collider. An integral luminosity of 240 nb-1 was 
acquired at 6 points with beam energies of 508 - 513 MeV, 
which corresponds to 12 million recorded physical events. 

The second session of data acquisition was carried out 
in February-May 2012 with energies of 1.28 - 1.98 GeV in 
the center of mass system with a beam energy step of 40 
MeV. The measurements were made at 16 energy points. 
The integral luminosity recorded was about 13 pb-1, which 
corresponds to 350 million physical events, or 3 TB data 
written to a disc. 

Combining these data with those acquired in 2011 in 
the energy range of 1.05 - 2.0 GeV enabled completion of 
the analysis of the e+e- → 3(π+π−) process.  

The cross section of the production of six charged 
pions was measured in the energy range of 1.5 - 2.0 GeV 
with a systematic error of 6% or less.  

Fig. 1.1.3 shows measured cross section of e+e- 

→ 3(π+π−) vs. energy in the center of mass system. 

 
Fig. 1.1.3 Cross section of the e+e- → 3(π+π−) process vs. 
energy. Black circles: results of the CMD-3 experiment; 
open circles: results of the BaBar experiment. The vertical 
line indicates the threshold of production of proton-
antiproton pair. 

 
Fig. 1.1.4.  Cross section of the e+e-  → K+K-π+π−  process 

vs. energy. Black dots: results of the CMD-3 experiment; 
open circles: data from the BaBar detector. 
 

Further, a preliminary research on the dynamics of the 
production of the final state 3(π+π−) was carried out. 
Results of this work have been prepared for publishing. 

In 2012, the CMD-3 detector was still engaged in the 
study of the process of e+e- annihilation into a proton-
antiproton pair. Fig. 1.1.5 shows cross section of the 
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process vs. energy. The black dots show the preliminary 
results of the CMD-3 experiment, and the open circles 
present data from the BaBar experiment. 

 
Fig. 1.1.5. Cross section of the e+e- annihilation into a 
proton-antiproton pair vs. energy. Black dots: preliminary 
result from the CMD-3detector; open circles: result from 
the BaBar detector. 
 

From analysis of angular distributions we determined 
the ratio of the electric and magnetic form factors of 
proton. Fig. 1.1.6 shows the results of this study. The 
black dots show the form factor ratio as obtained with the 
CMD-3 detector, and the open circles correspond to the 
measurement carried out on BaBar. 

 
Fig.1.1.6. Ratio of the electric and magnetic form factors 
of proton as measured in the CMD-3 experiment (black 
dots) and with the BaBar detector (open circles). 
 
 

A system for beam energy measurement using the 
inverse Compton scattering of laser light on a beam of 
electrons in the storage ring started operation at VEPP-
2000 in September 2012. For tuning of the system, the 
energy region of φ meson was scanned once again. In this 
third session, data were acquired at 10 points in the range 
of beam energies of 507 - 525 MeV. The luminosity 
integral was 683 nb-1, which corresponds to 130 million 
physical events recorded on discs. In this session, the 
VEPP-2000 beam energy was controlled by the system for 
energy measurement from the inverse Compton scattering. 
Analysis of these data resulted in the measurement of 
curves of excitation of the φ resonance in K+K-, KLKS, 

π+π−π0 decay channels. The obtained parameters of the φ 
meson are in good agreement with each other and with the 
world average values. 

At the very end of the year, data acquisition in the 
region of the ρ− ω resonances was launched for measuring 
the form factor of charged pion. The energy region of 0.77 
- 0.788 GeV was scanned in November and December 
2012 in the center of mass with a beam energy step of 1 
MeV. The total luminosity integral acquired at 8 energy 
points was about 340 nb-1. The curve of excitation of ω 
meson in the ω → π+π−π decay channel was obtained from 
analysis of these data. In the session, beam energy was 
also controlled with the system for energy measurement 
by inverse Compton scattering. That revealed some 
instabilities in the system and allowed finding ways to fix 
them. Currently, the CMD-3 detector is still engaged in 
data acquisition in the area of ρ resonance. Physical 
analysis is being done simultaneously, which enables 
prompt monitoring of the quality of data from the detector 
and performance of its systems. 



1.2. THE SND DETECTOR

1.2.1. Experiments at VEPP-2000
Experimental season in 2012 started in February. The

main part of the experimental program in 2012 was the
scanning of the center of mass energy range 2E =

√
s

from 1280 to 2000 MeV. Before the scan, collider energy
calibration was performed. For this goal a short scan of the
energy region near the φ-meson resonance was performed
and the φ-meson mass was measured. This measurement
confirmed the correctness of the collider energy setting. By
the end of April, about 13 pb−1 experimental statistics was
accumulated, about half of the announced program. Av-
erage luminosity in the runs varied from 2 to 10 × 1030

cm−2c−1. Since the fall of 2012, experiments were contin-
ued in the ω-meson energy region, below 2E = 1000 MeV.
Average luminosity was 2 × 1030 cm−2c−1. By the end of
the year, about 1.5 pb−1 integrated luminosity was accu-
mulated.

1.2.2. Detector status
Simultaneously with the experiment, modernization of

the SND detector was continued in 2012. The moderniza-
tion was required to ensure successful data taking over the
entire energy range of VEPP-2000 collider.

Using the charge division method, a procedure was de-
veloped for the absolute calibration of the z-coordinate
measurement. Coordinates of the cathode strip clusters
served as a reference in the procedure. e+e− → e+e−

events were used for the calibration. As a result, the
accuracy of the z-coordinate determination of the emis-
sion points of charged particles was improved by 25% and
amounted to � 2 mm.

In 2012, the energy dependence of the average signal
amplitudes of the Cherenkov counters from kaons, muons
and pions were measured. These data are used to create
parameters of particle identification.

97 % counters are operational in the SND calorimeter.
In 2012, the replacement of the electronics of the first layer
was completed. During this replacement, all vacuum pho-
totriodes have been removed, their parameters have been
verified and devices with a weak signal were replaced. New
electronics for the second and third layers was tested on
prototypes and is currently in production. The energy reso-
lution of the calorimeter for photons with an energy of 0.7
– 1 GeV is almost the same and is about 5.4%.

Using experimental data collected in 2011, the efficiency
of detection of muons with energies above 600 MeV from
the process e+e− → μ+μ− by the muon system was mea-
sured. It amounted to more than 96%. In determining the
efficiency, it was required that both proportional tubes and
scintillation counters trigger on a track registered by both
drift chamber and the calorimeter. Reasons why the effec-
tiveness is less than 100% are studied.

Tests of the new shaper - flash ADC cards for the
calorimeter electronics channel were carried out at the spe-
cial stand. The new channel will allow in addition of

the signal amplitude to determine the response time of
the calorimeter counters, which is especially necessary for
the measurement of the e+e− → nn̄ process cross sec-
tion. Temporal resolution, measured with cosmic muons
and the generator was 1.5 ns. The amplitude resolution,
measured by the generator was 0.5%, which corresponds
to 1.25 MeV. Now it is planned to install several new cards
directly into the crates of the SND electronics for further
inspection.

1.2.3. Software status
Over the past period the number of users of the software

(SW) of data processing and MC simulation was signifi-
cantly increased. This led to a painstaking analysis of its
performance and correction of many errors and inefficien-
cies. Some new software features were realized. Two soft-
ware releases (4.2 and 5.1) were produced and a new major
release is being prepared.

In a general part of the software changes have been made
aimed to simplify and standardize its use. These changes
include: the organization of a hierarchy of sets of identical
modules; standardized setting units for various applications
of software; the possibility of creating inherited and com-
bined objects; expanding the storage space for PAWC; real-
ization of possibility of cloning of modules and sequences,
adding of modules and sequences; assembly management
in order to reduce the number of unnecessary or even harm-
ful dependencies; modification of modules of control by
events and tertiary trigger modules so that they can be used
in a standard data processing and MC simulation too.

Changes in the MC simulation include: creation of new
primary generators of e+e− annihilation into different fi-
nal states such as: 3γ, μ+μ−, ωπ+π−, e+e−2γ, ηω,
2π0π+π−, incorporation of the BHWIDE generator of
the electron-positron scattering and existing UNIMOD pri-
mary generators; upgrade to Geant4 9.5; Modeling of addi-
tional features of calorimeter counters and cathode strips
in the proportional and drift chambers; interaction point
parameters setting from the database of calibrations; de-
velopment and implementation of the software part of the
procedure of mixing (overlays) of random hits of detector
channels to the simulated events.

Calibration and reconstruction procedures are also well
advanced: accuracy of particles reconstruction parameters
was improved thanks to corrections to the calorimeter clus-
ters energies and angles; a new algorithm providing better
efficiency was created based on the segmented histogram
method (by D. A. Bukin) using pairs of hits; cathode strips
clusters were integrated into the object ”particles”; calcu-
lation of the interaction point mean position and its disper-
sion was realized; a method was developed to account for
jumps in the measured drift time associated with the incor-
rect determination of the beams interaction instant; a soft-
ware package was developed to work with the stored sets of
particles parameters (HBOOK n-tuples) implementing the
so-called kinematic reconstruction of events; and so on.

Massive reconstruction and preselection of events
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Figure 1.2.1: Cross section of the process e+e− → ηπ+π−

measured by SND using 2010 and 2011 data. For compar-
ison, the results of BABAR detector are also shown.

from the 2009-2010 and 2010-2011 scans (the so-called
′′perekachka′′ was carried out. For this purpose access to
the NSU supercomputer cluster was used.

Realization of the access was based on the virtualiza-
tion system with a two-level batch processing: job manager
starts virtual machines on the supercomputer cluster and, in
turn, they are registered in the system of batch processing
of custom jobs. The same scheme was used to produce
quite a significant amount of MC simulation events.

1.2.4. Data analysis
The process e+e− → ηπ+π− was investigated in the de-

cay mode η → γγ based on the experimental statistics col-
lected in 2010 and partly in 2011. Events with two charged
particles and with two or three photons were selected. For
the charged particles it was required that they have central
tracks. To suppress the beam related background, it was
required that the total energy deposition in the calorimeter
is within (0,6 ÷ 1,8)E.

Charged tracks are fitted to a common vertex under the
assumption that, in the plane perpendicular to the beam
axis, the vertex coincides with the position of the beam in-
teraction point. Fairly mild condition χ2

r < 100 was then
required for the χ2 of the fit. The obtained z-coordinate
of the fitted vertex was used for recalculation of the polar
angles of the photons.

Then a kinematic reconstruction of the final state in the
hypothesis π+π−γγ was performed. In the presence of
several photons in the event, reconstruction was carried out
for all two-photon combinations and then the combination
with the smallest χ2 was selected. On the final χ2 of the
reconstruction, the condition χ2

π+π−γγ < 60 was imposed.
For determination of the number of e+e− → ηπ+π−

events, the distribution of the invariant mass of photon pairs
was approximated by the sum of distributions for the effect
and background. The effect (the η-meson peak) was de-
scribed by the sum of two Gaussian distributions, and the

background was approximated by a second degree polyno-
mial.

The measured e+e− → ηπ+π− cross section is shown
in Fig. 1.2.1 together with the results of BABAR detector.
It is clear that the results of SND 2010, 2011 scans and the
BABAR data do not contradict each other.

The process e+e− → π+π−π0 was studied in the energy
region 2E from 1.05 to 2.00 GeV. The analysis used exper-
imental data recorded in the 2011 experiment. The process
e+e− → π+π−π0π0 constitutes the main background for
the process being studied in the energy region of interest.

The analysis used the events with two photons and two
or three charged particles with central tracks. To suppress
the background from the process e+e+ → e+e−, it was
required that tracks acollinearity angle in the plane perpen-
dicular to the beams was more than 10◦ (|Δφ| > 10◦).
Against the beam related and electrodynamic backgrounds,
the following conditions were required on the energy de-
position in the calorimeter: the total energy in the event
should be in the range of 0.6E to 1.6E, and the energy de-
position of the charged particles must be less than E.

Kinematic reconstruction procedure was applied to the
events selected in such a way. At first step, common ver-
tex was searched for tracks and compared to the interaction
point obtained from the calibration. When there are three
tracks in the event, two tracks with the smallest value of χ2

r

are selected. The event was considered good if it satisfied
the condition χ2

r < 100. For good events, kinematic re-
construction was performed in the hypothesis that the event
comes from the process e+e− → π+π−2γ and satisfies the
laws of energy and momentum conservation. On the χ2 of
the reconstruction, the imposed condition was χ2 < 80.

For the selected events, two photon invariant mass spec-
trum was formed and approximated by the sum of the
distributions for the effect and the background obtained
from the MC simulation of processes e+e− → π+π−π0

and e+e− → π+π−π0π0, respectively. Number of back-
ground events was 10–25% of the selected events. Fig.1.2.2
shows the resulting cross section along with the BABAR
results and SND measurements at VEPP-2M for energies
2E < 1.4 GeV.

BABAR

SND VEPP-2M

SND VEPP-2000
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Figure 1.2.2: A comparison of the measured cross section
e+e− → π+π−π0 to the previous measurement of SND
at VEPP-2M (2E < 1.4 GeV) and to the results of the
detector BABAR.
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Figure 1.2.3: Cross section of the process e+e− → ηγ.

The process e+e− → ηγ was investigated in the decay
mode η → 3π0 based on the experimental statistics col-
lected from 2010 to 2012. For the process under study,
in the energy range 530 MeV < E ≤ 1000 MeV, the
main background is associated with the processes e+e− →
KSKL, e+e− → π0π0γ and e+e− → ωπ0π0 with decay
ω → π0γ. To select the events of the required process
and suppress the contribution of background processes,
events without charged particles were selected under the
following selection criteria: the number of neutral particles
Nγ ≥ 7; total energy deposition (Etot) in the calorime-
ter is from 1.4E to 2.4E; the total normalized momentum
of the photons ptot · c/2E is less than 0.3; the condition
(Etot − ptot · c)/2E > 0,7 is satisfied to suppress the
background with charged particles; kinematic reconstruc-
tion supports the hypothesis e+e− → nγ (χ2

nγ < 30) and
the hypothesis e+e− → 3π0γ (χ2

3π0γ < 50); invariant re-
coil mass of of the most energetic photon in the event lies
in the range 400 MeV< Mrec γ <600 MeV. To suppress
the background from the process e+e− → π0π0γ, an addi-
tional constraint χ2

π0π0γ > 20 was used.
In the energy range from 530 to 1000 MeV, 60 events

were selected. The following decay parameters of the light
vector mesons into ηγ final state were measured in the
channel η → 3π0:

σρ′ = (55, 7+11,2 +7,1
−9,7 −1,8 ± 1, 6)pb ,

σρ′′ = (47, 4+72,1 +4,8
−21,6 −18,1 ± 1, 3)pb ,

where the first error is statistical, the second and the third -
systematic, the second error being the contribution from the
model dependence. Cross section of the process is shown
in Fig.1.2.3. Currently, we are working to refine our under-
standings of the luminosity determination and of the sys-
tematic errors estimation.

A particular interest to the processes of e+e− annihi-
lation into six pions is caused by the interference struc-
ture observed in the cross sections of e+e− → 3(π+π−)
and e+e− → 2(π+π−π0) processes at energy of about
1.9 GeV, that is near the threshold of the nucleon-
antinucleon pair production. This structure was first ob-
served in the DM2(1988) experiment. Its presence was
confirmed in BABAR (2006) experiment where the cross
sections of these two processes were measured by using ra-
diative return method. The BABAR data are virtually the

only published experimental data on the cross sections of
e+e− → 3(π+π−) and e+e− → 2(π+π−π0). The pro-
cess e+e− → π+π−4π0 has not been yet studied experi-
mentally.

A preliminary analysis of the processes of e+e− annihi-
lation into six pions was based on 2011 data.
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Figure 1.2.4: The visible cross section for selected five
track (filled circles) and six track (empty circles) candidates
of the e+e− → 3(π+π−) process events. The vertical
dashed line shows the position of the nucleon-antinucleon
pair production threshold.
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Figure 1.2.5: The visible cross section for selected can-
didates of the e+e− → 2(π+π−π0) process events. The
vertical dashed line shows the position of the nucleon-
antinucleon pair production threshold.

To study the process e+e− → 3(π+π−), events with five
or more tracks in the drift chamber were selected. It was re-
quired that at least five tracks are fitted to a common vertex
which in the plane perpendicular to the beam axis coincides
with the interaction point. The visible cross section for se-
lected in such a way events is shown in Fig. 1.2.4 (filled
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Figure 1.2.6: Distribution of the invariant mass of the three
less energetic π0 mesons for selected candidates of the
e+e− → π+π−4π0 process events.

circles). The vertical dashed line shows the position of the
nucleon-antinucleon pair production threshold. A resonant
structure at energies of about 1.9 GeV is clearly visible
in the measured cross section. Below 1.6 GeV, five track
events are contaminated by background events from the
process e+e− → 2(π+π−) with one additional superflu-
ous track, for example due to delta-electron. If one requires
that the sixth track is also registered in the event, this back-
ground is suppressed, but at the cost of twofold decrease in
statistics. The visible cross section of selected events with
six tracks is shown in Fig. 1.2.4 (empty circles). In future,
the background from the process e+e− → 2(π+π−) is as-
sumed to be subtracted by using MC simulation.

In the analysis of the e+e− → 2(π+π−π0) process,
events were selected with four tracks in the drift cham-
ber which can be fitted to a common vertex as was de-
scribed above, and at least with four photons. For these
events, a kinematic reconstruction was performed with six
conditions: four laws of energy and momentum conserva-
tion, and two more conditions that the invariant masses of
photon pairs are equal to the π0-meson mass. χ2 of the
kinematic reconstruction was used as a selection parameter.
The visible cross section for the selected events is shown in
Fig. 1.2.5. An interference pattern at an energy of about 1.9
GeV is also visible in it.

In the analysis of the e+e− → π+π−4π0 process, events
were selected with two tracks in the drift chamber, which
can be fitted to a common vertex, and at least with eight
photons found in the calorimeter. Then a kinematic recon-
struction was performed with eight conditions: four laws
of energy and momentum conservation and 4 conditions
on the invariant masses of photon pairs. On the χ2 of the
reconstruction, χ2 < 50 condition was imposed. For this
channel, a significant part of the registered events comes
from the background process e+e− → π+π−π0η followed
by the decay η → 3π0. These events are easily seen in
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Figure 1.2.7: The visible cross section for selected can-
didates of the e+e− → π+π−4π0 process events. The
vertical dashed line shows the position of the nucleon-
antinucleon pair production threshold.

the distribution of the invariant mass of three π0-mesons,
shown in Fig. 1.2.6. In the distribution only one of the four
possible combinations of the three π0-mesons with least
energetic particles was included. The condition on this in-
variant mass 0, 51 < M3π0 < 0.59 GeV/c2 suppresses the
background from the process e+e− → π+π−π0η. The vis-
ible cross section for selected events is shown in Fig. 1.2.7.
In this case, at current level of statistics, a resonance struc-
ture is not visible.

To continue the analysis, the development of event gen-
erators for the MC simulation of the e+e− annihilation into
six pions is required. This work was commenced. MC sim-
ulation of the background processes e+e− → 2(π+π−),
e+e− → π+π−2π0, e+e− → π+π−3π0 and some others
will be also performed.

Results on the e+e− → ωπ0 → π0π0γ cross section,
obtained by using SND 2010 statistics, were published in
2012. Here we present preliminary results based on the
unified 2010 and 2011 data sample for energy range 2E =
1.05÷ 2.00 GeV.

Fig. 1.2.8 shows the measured cross section of
the process being studied and the results of previous
measurements at detectors SND(2000), CMD-2(2003),
CLEO(2000) and DM2(1991). The DM2 cross section was
measured in the channel π+π−π0π0 and it was recalcu-
lated using relative probabilities of the ω meson decays
taken from the PDG table. CLEO measured the spectral
function in the decay τ → ωπντ . The cross section of
the process under study can be obtained from this spec-
tral function assuming conservation of the vector current.
Interestingly, a naive application of the relation based on
the vector current conservation hypothesis gives the result
shifted by 7-10 %. Fig. 1.2.8 also shows the result of a
joint approximation of the SND date used in this work and
of the published SND(2000) data. The approximation used
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Figure 1.2.8: Cross section of the process e+e− → ωπ0 →
π0π0γ. The figure shows the results of the SND(2012) ex-
periment (this work) along with the SND(2000), CMD-2,
CLEO and DM2 results. The curve represents the result of
the joint approximation of the SND(2012) and SND(2000)
data.

vector meson dominance model with ρ(770), ρ(1450) and
ρ(1700) in the intermediate state.

The cross section of the process e+e− → pp̄ was
measured using 2011 statistics. To study the effect, we
use statistics at six energy points above the threshold of
the proton-antiproton pair production, and to measure the
background cross section — at two energy points below the
threshold. In the region from the threshold to 1.91 GeV,
the ionization mean free path of secondary charged nucle-
ons is less than the VEPP-2000 vacuum chamber thickness.
Therefore, the proton is not registered by the tracking sys-
tem, and the antiproton annihilation generates secondary
charged particles whose tracks have a common vertex on
the vacuum chamber wall. At energies above 1.92 GeV,
proton and antiproton tracks are registered by the tracking
system as two collinear tracks with a high density of ion-
ization.

The main condition for the selection of events in the two
energy points near the threshold was the presence of three
or more charged tracks emerging from a common vertex
on the wall of the vacuum chamber. Two tracks with the
greatest energy deposition in the calorimeter should have
R > 0.3 cm, |Δφ| > 5◦ and |Δθ| > 10◦. The total en-
ergy deposition in the calorimeter should be in the range
from 650 to 1400 MeV. The detection efficiency for these
selection criteria obtained from the MC simulation is 21%.

For four energy points from 1.925 to 2 GeV, two
collinear central tracks were required with the ionization
energy losses dE/dx 1.3 times greater than the average
value of this quantity for the tracks of the elastic e+e− scat-
tering. It was required that no additional central tracks were
registered in the drift chamber. The total energy deposition
in the calorimeter was required to be more than 650 MeV,
and the energy deposition in the calorimeter for one of the
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Figure 1.2.9: A comparison of experimental distributions
of selected events of the process e+e− → pp̄ (points) with
the MC simulation results (histogram) for 2E = 2 GeV.
Distributions of the total energy deposition in the calorime-
ter (top) and of the accollinearity angle in the plane perpen-
dicular to the beam (bottom) are shown.

selected collinear particles should be less than 300 MeV.
The use of the low threshold for the dE/dx in comparison
with the actual ratio of the ionization density on the pro-
ton and electron tracks, more than 10 in the studied energy
range, is related to the operation of the SND tracking sys-
tem in the reduced proportionality regime. The detection
efficiency for these selection criteria calculated using MC
simulation is in the range from 45% to 58% for energies
from 1.925 to 2 GeV.

Fig. 1.2.9 shows a comparison of the experimental dis-
tributions for selected events of the total energy deposition
in the calorimeter and of the accollinearity angle in the
plane perpendicular to the beam with the corresponding
distributions for the MC simulated events of the process
e+e− → pp̄. It is seen that the experimentally observed
distributions are in a good agreement with the MC simu-
lated ones.

Preliminary SND results on the Born cross section of
the e+e− → pp̄ process are shown in Fig.1.2.10. Only
the statistical errors are shown. analysis of the systematic
errors isn’t finished yet .

Analysis of the e+e− → nn̄ process was continued us-
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Figure 1.2.10: Energy dependence of the cross section of
the e+e− → pp̄ process. Circles — preliminary SND re-
sults, squares — BABAR (2006) results.

ing 2011 data. Selection criteria generally remained the
same (see the INP Annual Report for the year 2011). We
added only a new selection parameter “shcosm” to suppress
the extensive air showers in the calorimeter which are not
discriminated by the anticoincidence system. Time distri-
bution of the nn̄ candidate events indicates the presence
of a time delay at the expected level. Angular and energy
distributions were also obtained and analyzed. To estimate
systematic errors in the e+e− → nn̄ cross section deter-
mination, selection criteria were varied (Fig. 1.2.11). The
systematic error was estimated to be about 40%. The mean
cross section for the energy range from the threshold to 2
GeV is 0, 44 ± 0, 18 nb (the error is statistical).

1.2.5. Energy calibration
In 2012, the creation and installation of VEPP-2000

beam energy measurement system via inverse Compton
scattering of CO laser radiation was completed thanks to
efforts of the staff of several laboratories. In the experi-
ments with the system, the interference effect was observed
for the first time in the energy spectrum of back-scattered
MeV range gamma rays caused by influence of the mag-
netic field on the Compton scattering process. Quantitative
description of the shape of the spectrum (Fig.1.2.12) was
developed which allows to carry out an absolute calibra-
tion of the collider energy. In parallel with the data taking
process, testing of the system had began. According to the
preliminary results, the accuracy of the VEPP-2000 energy
setting at E ≈ 1 GeV was not worse than 1 MeV.

This work was financially supported by the Ministry
of Education and Science of the Russian Federation, by
basic projects BINP 13.1.1. and 13.3.1., by a project of
the Division of Physical Sciences OFN.I.1.2., as well as
by RFBR grants RFBR 12-02-00065-a, RFBR 12-02-
01250-a, RFBR 11-02-00276-a and by Russian Federation
President Grant for the support of scientific schools NSh
5320.2012. 2.
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Figure 1.2.11: a) Change in the measured e+e− → nn̄
cross section upon variation of the selection criteria. The
lines connect points with the same conditions of selection;
b) e+e− → nn̄ process cross section averaged over several
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1.3. KEDR DETECTOR
KEDR is a universal magnetic detector, which is used in

experiments on the e+e− collider VEPP-4M at energies of
2 to 11 GeV in the center of mass system.

Figure 1.3.1: KEDR detector. 1 – vacuum chamber of
the accelerator, 2 – vertex detector, 3 – drift chamber,
4 – aerogel threshold counters, 5 – time-of-flight counters,
6 – liquid-crypton barrel calorimeter, 7 – superconduct-
ing coil, 8 – yoke, 9 – muon chambers, 10 – end-cap CsI
calorimeter, 11 – compensating coil.

Main systems of the KEDR detector are shown in
Fig. 1.3.1. Besides that, the detector includes a system
for registration of scattered electrons for γγ physics stud-
ies and luminosity monitor. Parameters of the detector are
comparable with those of the best world detectors operat-
ing in this energy range; the detector is described in detail
in preprint INP 2010-40.

In 2012, magnetic systems of the KEDR detector were
subjected to tests. For this end, all the parts of the magnetic
circuit and cryogenic system that provides superconductiv-
ity of the detector magnet were assembled in a regular way
on the VEPP-4M ring. The magnetic tests showed that the
actual design of the magnetic and cryogenic systems allows
stable operation at fields of up to 6kG. Then the implemen-
tation of some changes in the cryogenic system design was
started for improvement of operation stability and increas-
ing the working field in the detector. When the magnetic
circuit of the detector had been assembled, the ring of the

VEPP-4M accelerator was closed, and methodological and
engineering works were being conducted with beams but
without the KEDR detector practically throughout the year
2012.

1.3.1. Repair and upgrade of the detector. Prepa-
ration for experimental run with the KEDR detec-
tor on VEPP-4M.

The repair and upgrade of the KEDR detector were
started in 2011 and completed almost entirely in 2012. As-
sembly of the detector and beginning of experiments on the
VEPP-4M collider at the energy W = 3 – 8 GeV are planned
for 2013. Below is described the status of the systems as
by the end of 2012.

– The vertex detector has been reconditioned and pre-
pared for installation in the detector; more screens for
the electronics were mounted inside the detector; re-
connection of signal channels in the digitizing mod-
ules is underway.

– The drift chamber (DC) has been reconditioned and
prepared for installation in the detector; some elec-
tronics were fabricated for reconstruction of the lon-
gitudinal coordinate in the inner layer of the chamber
by the charge division method. The DC has passed
tests with cosmic particles.

– The ASHIF system of Cherenkov aerogel counters has
been reconditioned and improved. The system is now
ready for full-scale (160 counters) installation in the
detector.

– The time-of-flight counters have been reconditioned
and can be installed in the detector; additional mag-
netic screens for the barrel counters have been de-
signed; their production has been started at the BINP
workshop.

– The electronics of the liquid-rypton barrel calorimeter
have been repaired and tested on stands; the mounting
of the new system for crypton purification is under-
way. The entire gas volume (22 tons) will be cleaned
before the start of statistics collection using the detec-
tor.

– Mechanical alterations to the end thallium-activated
CsI-crystal calorimeter have been made in full scale
(8 calorimeter modules have been combined into four;
thus the position of each crystal will be known with an
accuracy better than 1 mm); the electronics have been
reconditioned; phototriodes in the modules of one end
have been replaced; the Ekran plant is now producing
phototriodes for the modules of second end, which are
then tested and accepted at BINP.

– Electronics in all the muon chambers (88 units) have
been reconditioned and replaced; half of the units have
been installed in the detector; their performance has
been checked.
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– All the elements of the detector yoke have been com-
pleted.

– The ”old”-configuration magnetic system of the de-
tector is ready for use. A new power supply for the
main solenoid has been designed and manufactured.
Development tests and adjustment of the control sys-
tems and interfaces are underway. A remake of the
cryoguide, from the superconducting transformer to
the main solenoid and cryostat for superconducting
switches and transformer, has been designed; man-
ufacturing of corresponding parts is underway at the
BINP workshop.

– A calibration system for the scattered electron detec-
tion system (SEDS) was created. It is based on pre-
cision electromagnetic BGO-monocrystal calorimeter
and two lasers with wavelengths of 532 nm and 1064
nm. The system allows calibration of the dependence
of track coordinate on scattered electron energy and
measurement of energy resolution. The automation of
SEDS calibration on the electron arm is underway.

1.3.2. FARICH technique
FARICH (Focusing Aerogel RICH) is a promising de-

tector for identification of charged particles in a wide mo-
mentum range. It is a detector of Cherenkov rings with
a radiator made of a multilayer ”focusing” aerogel. The
aerogel group of the KEDR detector together with a group
of the Institute of Catalysis has carried out this work since
2004.

In 2009-2010, BINP created the installation ”Extracted
electron beam on the VEPP-4M accelerator” to study pro-
totypes of new detectors of elementary particles on beams
of electrons and gamma rays in the energy range from 100
to 4000 MeV. The installation is described in more detail in
the BINP report for the year 2011.

In 2012, the following works were carried out within the
development of the FARICH technique:

– The system of coordinate chambers for extracted
beam was upgraded. One-coordinate drift chambers
with a coordinate resolution of 500 microns were re-
placed with two-coordinate detectors based on gas
electron multipliers. The detectors were mounted on
the beam line; an experiment on electrons with an en-
ergy of 1 GeV was carried out. A designed coordinate
resolution of 80 microns was attained.

– A simulation was performed and the optimal thickness
of the converter was found, which equals 35% of the
radiation length.

– The efficiency of photon detection with silicon de-
tectors produced by CPTA (Moscow) (CPTA 151-30
and CPTA 149-35) was studied. It was shown that at
wavelengths of 400 to 650 nm, the detection efficiency
varies from 5 to 20%, which is about two times lower

than data in the manufacturer’s catalog. These studies
will be continued.

– Prototype 2 was prepared for experiment on extracted
beam. The main part of the prototype is a photon
detector consisting of 60 silicon photomultipliers of
the CPTA 151-30 type with a sensitive area diame-
ter of 1.28 mm. Prototype 2 applies new amplifier-
discriminator boards based on NINO chips. The ef-
ficiency of the electronics has been tested with pho-
ton detectors CPTA 151-30 at illumination from a pi-
cosecond laser. The time resolution was measured at
detection of single photons; it equals 300 ps. Proper-
ties of focusing ”aerogels” that are being developed at
the Institute of Catalysis SB RAS will be studied in
detail in experiments with prototype 2 with the up-
graded coordinate system. As compared with pro-
totype 1, the precision of Cherenkov radiation angle
measurement is about 2 times better.

– In June 2012, on a beam of pions and protons in
CERN, our group together with physicists from INR
RAS (Moscow) and engineers of Philips Digital Pho-
ton Counting (Germany) used digital silicon photo-
multipliers for recording for the first time a full ring
of Cherenkov radiation from ”focusing” aerogel ra-
diator. A photo of the FARICH prototype based on
a matrix of digital silicon photomultipliers of 20x20
cm2 in size is shown in 1.3.2.

Figure 1.3.2: FARICH prototype on beam at CERN.

The matrix has 2,304 pixels. For prototype operation
in a single-photon regime, the matrix was cooled to
−40◦. A four-layer ”focusing” aerogel radiator has
been tested on a beam with a momentum of 2 to 6
GeV/c. Pion and proton distribution over the radius
of the Cherenkov ring is shown in 1.3.3. The av-
erage number of detected photons was 14 for pions
with a momentum of 6 GeV/c. The radius resolution
is 0.7 mm for pions and 1.1 mm for protons. These
results confirm the possibility of separation of pions
and kaons at a significance level of 3σ up to a momen-
tum of 7 GeV/c and separation of muons and pions up
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Figure 1.3.3: Distribution over the measured radius of the
Cherenkov ring for pions and protons.

to a momentum of 1.3 GeV/c. A record high level
of separation of muons and pions has been attained.
Such detection efficiency is required for creation of
an identification system for the detector for the Super
Charm-Tau Factory.

1.3.3. Results of KEDR detector operation on the
VEPP-4M collider in 2012.

Processing of the VEPP-4M statistics collected in the
KEDR experiment in 2012 yielded the following main re-
sults.

– The results of experiments on the measurement of the
main parameters of the ψ(2S) and ψ(3770) mesons
were published.

– The mass of the J/ψ and ψ(2S) mesons is being mea-
sured using the statistics collected throughout the ex-
periment.

– Lepton universality in decays of the J/ψ meson was
checked.

Below is given a more detailed description of these ana-
lyzes.

1.3.4. Measuring parameters of the ψ(2S) and
ψ(3770) mesons.

Works on the measurement of parameters of the ψ(2S)
and ψ(3770) mesons were published in 2012. The main
results of the experiment are as follows.

• The ψ(2S) meson mass was measured with a preci-
sion of about 15 keV, which is half as better as that of
the best of the previous measurements.

• The product of the e−-width by the probability of de-
cay into hadrons was measured for the ψ(2S) meson

with a precision of 2%, which may yield twice as pre-
cise value of the e−-width.

• Measurement of main parameters of the ψ(3770) me-
son with due account of the interference of reso-
nant and non-resonant production of DD pairs. The
ψ(3770) mass was measured with a precision equal
to that of the BaBar experiment, which is the best to
date. The e−-width was measured for the first time
with due account of interference effects.

1.3.5. Precision measurement of the masses of
the J/ψ and ψ(2S) mesons.

Application of the method of resonant depolarization in
the KEDR experiment made it possible to attain a funda-
mentally new level of precision in measuring masses of nar-
row resonances. However, finding ways to further increase
the precision to the level of a few keV is an important task
for the KEDR collaboration.

During the experiment with the KEDR detector we per-
formed 6 scans of the J/ψ resonance and 7 scans of the
ψ(2S) resonance. The statistics collected is 0.75 pb−1 and
1 pb−1, respectively.

Preliminary results on the new precision measurement
of the masses of J/ψ and ψ(2S) resonances are as follows:

MJ/ψ = 3096.900± 0.002 ± 0.006 MeV,
Mψ(2S) = 3686.100± 0.003 ± 0.009 MeV.

KEDR results in the measurement of the masses of the
J/ψ and ψ(2S) mesons remain unsurpassed in precision.

1.3.6. Checking lepton universality in decays of
the J/ψ meson.

One of HEP topical tasks is the search for deviations
from the Standard Model; increasing the precision of ex-
periments on checking the conservation laws is one of the
main focuses of the current research.

In 2012, the KEDR collaboration performed an exper-
iment on checking lepton universality in decays of the
J/ψ meson. The ratio of the partial widths of the decays
J/ψ → e+e− and J/ψ → μ+μ− was measured; the
following preliminary result was obtained:

Γe+e−(J/ψ)/Γμ+μ−(J/ψ) = 0.9964±0.0048±0.0060

The precision of the preliminary results of the KEDR
experiment is twice as high as that of the current most pre-
cise measurement performed by the CLEO collaboration.

The works were partially supported by RFBR grants 10-
02-00871-a, 10-02-00904-, 11-02-00558-a, 11-02-01064-
a, 11-02-01422-a, 12-02-00023-a, 12-02-01076-a, 12-02-
31523 mol a, Grant of the RF President for State Support of
Leading Scientific Schools NSh-5320.2012.2, and SB RAS
integration project 103 (2012–2014), as well as financially
supported by the RF Ministry of Education and Science.
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1.5. DETECTORS FOR HEP 
 

Below are listed works done in 2012 as a part of 
upgrade of electronics of the detectors. 

In 2012, as part of the modernization of the detector 
electronics were the following work: 

 
 1.5.1. KEDR. 

1. In the muon system of the detector full 
replacement of discriminators is made, all blocks are 
tested. Thus, modernization of the muon system of the 
detector is completely executed. 

2. The module of a calorimeter on crystal BGO is 
developed and entered into work. 

 3. Repair of chamber electronics of calorimeters of 
the detector – the CsI and krypton ones, with partial 
replacement of amplifiers was continued. 

  
1.5.2.  SND. 

1.  Upgrade of the electronics for the first layer of the 
calorimeter was completed. 

2. New electronics (preamplifiers and motherboards 
(1,120 channels)) were manufactured for the second and 
third layers of the calorimeter; under testing. 

3.  A new version of the F12 module was made. 
 
 
 

1.6.   X-RAY DETECTORS 
 

1. In the framework of works on creation of the 
multiline  coordinate detector in which as registering 
elements it is planned to use silicon microstrip structures, 
the technical project on their manufacturing is made. 

Discussions with potential manufacturers were held. 
All technical issues have been agreed on with 
HAMAMATSU company; the contract will be signed in 
February 2013. Under the contract, three modifications of 
coordinate structures for testing and selection of optimal 
parameters will be made. 

2. In 2012, the workshop of BINP fabricated five 
housings for the detectors OD-3M and an appropriate 
amount of ceramic electrodes for proportional wire 
chambers, which form the basis of the coordinate structure 
of the detectors. The detectors will be used in 
diffractometers to be produced under a program of the SB 
RAS instrument committee. 

3.  Development of the topology of the motherboard of 
the detector OD-4, designed for experiments on SR wide-
angle scattering, was almost completed in 2012. In OD-4, a 
wire structure, such as in OD-3M, for example, is replaced 
with a multistage gas electron multiplier (GEM). This 
allows, in addition to high gas gain (over 10,000), to make 
a detector in the arc form with arbitrary angular aperture. 

 
 
 
 

1.7. OTHER WORKS 
 

In the framework of international projects, the sector 
staff continued to actively participate in works associated 
with the development of new data aquisition system for the 
BELLE-II detector (KEK, Japan). 

      In 2012: 
1. The equipment for check of counters of a 

cylindrical calorimeter is created. With its help all counters 
and the cables connected to them have been checked up. 

2.  The new version of the collector module, providing 
high-speed data exchange is developed. 

3.  Mechanical and electrical specifications for the 
new VME crate were developed. 

 
 Among the staff  there are co-authors of more than 25 

publications by the results of processing of the BELLE 
experiment (KEK, Japan). 
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1.8. MICRO-PATTERN GAS DETECTORS 
 
In 2012, the staff of Institute continued the develop-

ment of detectors based on Gas Electron Multipliers 
(GEMs) in the following directions: 

 1) development of two-phase cryogenic avalanche de-
tectors (CRADs) based on thick GEMs (THGEMs) for 
low-background experiments for dark matter search and 
registration of coherent neutrino scattering on nuclei and 
for medical imaging; 

 2) modernization of the scattered electron system in 
the KEDR experiment; 

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

 
1.8.1. THGEMs-based two-phase cryogenic 
avalanche detectors (CRADs). 

 
Introduction. 

     Fig. 1.8.1 shows a schematic of two-phase Ar CRAD 
for search for dark matter and coherent scattering of neu-
trinos. 

The ultimate goal of this project is the development of 
new methods for dark matter detection using two-phase 
GEM-based CRADs of ultimate sensitivity, in Ar and Xe. 
The method is based on the amplification of ultimately 
weak signals from recoil nuclei produced in a cryogenic 
liquid due to scattering of dark matter particles. The sig-
nals are amplified in the gas phase by an electron multi-
plier on cascaded GEMs. The uniqueness of the two-
phase CRAD is that it should be able to operate in the 
mode of counting of single primary-ionization electrons, 
which means very little energy released in the liquid (less 
than 1 keV), and with a sufficiently high spatial resolution 
(less than 1 cm) and very low noise. The ultimate sensi-
tivity of the detector is attained due to an original idea of 
using a combined multiplier consisting of THGEMs and 
Geiger avalanche photodiodes (G-APDs), which perform 
optical reading from THGEMs in the near infrared (IR) 
spectral region. Such a detector would have sensitivity 
that significantly (several times) exceeds that of the avail-
able detectors for dark matter due to its ability to work in 
the single-electron counting mode with improved (less 
than 1 cm) spatial resolution 

For this project, two unique installations are to be cre-
ated – a smaller CRAD and a larger one, with the cryo-
genic chamber volume of 9 l and 160 liters, respectively 
(installation 1 and installation 2). The first installation 
will be used in measurements for obtaining planned re-
sults on the two-phase CRAD with combined multiplier 
(GEM/G-APD matrix) and on the two-phase CRAD re-
sponse to neutron scattering. As concerns the second in-
stallation, its basic elements will be refined on with a 
view of creation of a draft designing documentation for a 
practical two-phase CRAD. 

Besides that, the plasma staff of BINP will be engaged 
in the designing and creation of metrological neutron 
beams for calibration of dark matter detectors. A prospec-
tive result of this work may be creation of a BINP-based 
international metrological neutron center for calibration 
of dark matter and low-energy neutrino detectors. 

 
 

 
Fig. 1.8.1. Schematic diagram of the experimental model 
of two-phase Ar CRAD with a combined multiplier 
(THGEM/G-APD matrix). 

 
 
Study of two-phase Ar CRAD with a practical ac-

tive volume and two-stage and three-stage hybrid mul-
tiplier THGEM/GEM. 

Measurements were performed a in two-phase Ar 
CRAD with a two-stage thick GEM assembled with a 
practical active volume with an active area of 10x10 cm2 
and liquid layer thickness of 1 and 5 cm. Fig. 1.8.2 shows 
the amplification characteristics of this detector for single-
stage and two-stage THGEMs in comparison with a detec-
tor with a smaller active area (2.5x2.5 cm2). One can see 
that the characteristics are similar in both the working 
voltages and the maximum gain, which was as high as 
1,000. Even larger gains were attained with the three-stage 
hybrid multiplier THGEM/GEM/PCB, up to 5000 (see 
Fig. 1.8.3). These results prove successful operation of 
thick GEMs with a practical active area, namely 10x10 
cm2, under conditions of a practical two-phase Ar CRAD, 
with relatively high gains. 
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Fig. 1.8.2. Gain characteristics of the two- and one-
stage thick GEMs with an active area of 10x10 cm2, 
obtained in a two-phase Ar CRAD with the liquid layer 
5 cm and 1 cm thick. 

 

 
Fig. 1.8.3. Gain characteristics a three-stage hybrid 
multiplier 2THGEM/GEM/PCB with an active area of 
10x10 cm2, obtained in a two-phase Ar CRAD. 

 
Study of a two-phase Ar CRAD with combined 

multiplier (THGEM /G-APD matrix). 
A two-phase CRAD with a 9l cryogenic chamber 

and a combined multiplier (THGEM/G-APD matrix) 
was successfully studied in 2012. Its schematic dia-
gram is presented in Fig. 1.8.1, and Fig. 1.8.4 shows 
mounting of the two-phase CRAD in the G-APD. Op-
tical reading of signals from the two-stage coordinate-
resolution THGEM was executed with the use of a ma-
trix of 9 G-APDs arranged as a square lattice with 1 cm 
spacing at a distance of 7 mm from the last of the 
THGEMs. The multi-channel data acquisition system 
was based on the VME-standard electronic module 
FADC CAEN 1720 (8 channels); reading and writing 
of data was performed with the newly-created software 
within the package Labview. 

 Fig. 1.8.5 shows a photograph of the first stage of 
unique experimental installation 1 (of smaller size), in-
cluding an experimental two-phase CRAD with a 9l 

cryogenic chamber, part of cryogenic and vacuum sys-
tems, and electronics of the high-voltage and data ac-
quisition systems. 

 

 
Fig. 1.8.4. Photo of assembling of the G-APD matrix at 
the stage of mounting of the two-phase CRAD.  

 
In accordance with the activity plan for 2012, we 

measured the amplitude and coordinate characteristics 
of the combined multiplier (THGEM/G-APD matrix) 
in the two-phase Ar CRAD. For this end, over 10 cryo-
genic sessions were carried out in the period from June 
to December 2012. The detector was irradiated with 
soft X-ray photons with an average energy of 15-40 
keV from a pulsed X-ray tube. For the purpose of 
measurement of the coordinate characteristics of the 
detector, in particular its spatial resolution, the detector 
was irradiated through a cylindrical steel collimator of 
2 mm in diameter. 

Fig. 1.8.6 shows a typical optical signal from the G-
APD in the two-phase Ar CRAD with the combined 
multiplier (THGEM/G-APD matrix). The relatively 
long signal duration (over 15 μs) is due to the physics 
of electron emission across the phase interface in two-
phase Ar, namely, the presence of slow component of 
emission. 

During the measurements we revealed particularities 
of operation of the G-APDs (made by CPTA, Moscow) 
at cryogenic temperatures. They turned out to fail when 
the detector was under a load of X-ray photons in ex-
cess of 100 Hz. This effect is under study now, a tenta-
tive explanation being the large constant of the time for 
charging of G-APD pixel after the "Geiger" breakdown 
due to a significant increase in the damping resistance 
of pixel at cryogenic temperatures. 
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Fig. 1.8.5. Photo of the first stage of experimental installation 1. Prototype of the two-phase CRAD with a 9l cryogenic 
chamber, part of the cryogenic and vacuum systems, and electronics of the high-voltage and data-collection systems. 

 
 

 
Fig. 1.8.6. Typical optical signal from G-APD in a two-
phase Ar CRAD with a combined multiplier (THGEM/ 
G-APD matrix); the THGEM gain is G = 160 at irradia-
tion with 20 keV X-ray photons through a collimator of 2 
mm in diameter. 

    
 Fig. 1.8.7 shows the amplitude distribution of the sum 

optical signal of the matrix from all active G-APDs (7 of 
9) in the two-phase CRAD, from which one can estimate 
the light yield of the combined multiplier (THGEM/G-
APD) and therefore the threshold sensitivity of the two-
phase CRAD. One can see that even with such a modest 
gain (G = 160) a signal from a 20 keV X-ray photon 
yields a substantial optical signal on the G-APD matrix – 
of about 100 photoelectrons. 

 
Fig. 1.8.7. Amplitude distribution of the sum optical sig-
nal from all active G-APDs of the matrix (right) in the 
two-phase Ar CRAD, the THGEM gain G = 160, under 
irradiation with 20 keV X-ray photons through a collima-
tor of 2 mm in diameter. 

 
This means that even for rather low energies–about 1 

keV–released in liquid Ar, a two-phase CRAD may have 
a sufficient optical signal–with an amplitude of 10 photo-
electrons at a quite operational THGEM gain G = 500. 
This is enough to attain to a record (sub-cm) spatial reso-
lution using a G-APD matrix, even at such low energies. 
It should be noted that energy of 1 keV is half the detec-
tion threshold of the dark matter detector DAMA/LIBRA, 
which is the most sensitive detector at the present time. 
 

Fig. 1.8.8 illustrates the spatial resolution of the two-
phase Ar CRAD with combined multiplier (THGEM/G-



 28

APD matrix). In the two-dimensional distribution of re-
constructed events one can clearly see an "image" of the 
hole in the collimator. From this image one can assess the 
spatial resolution of the detector, subtracting the squared 
contribution of the hole size (2 mm). For the Y coordi-
nate, the evaluation yields FWHM = 3.2 mm. Hence, the 
contribution of the G-APD matrix into the measurement 
accuracy is 2.5 mm (FWHM) or 1.1 mm (standard devia-
tion). 

 

 
Fig. 1.8.8. Two-dimensional distribution of events in the 
two-phase Ar CRAD as reconstructed from the amplitude 
of signals from the G-APD matrix (G-APDs #1-2-3 and # 
2-5-8 for the X and Y coordinates, respectively), the 
THGEM gain G = 160, under irradiation with 20 keV X-
ray photons through a collimator of 2 mm in diameter. 

 
 Thus, with the help of a unique system for signal read-

ing, namely the combined multiplier (THGEM/G-APD 
matrix), and with optical reading in the NIR, we received 
a record spatial resolution for two-phase dark matter de-
tectors. Considering that the resolution decreases with the 
number of photoelectrons as 1/√Npe, one can make an es-
timate for the above ultimate-sensitivity case, i.e. for re-
lease of an energy of 1 keV and a THGEM gain G = 500. 
In this case, the coordinate resolution will be 8 mm 
(FWHM) or 3 mm (sigma), which is still at the sub-cm 
level, i.e. without a rival among two-phase detectors. 

   
1.8.2. Upgrade of the scattered electron system 
in the KEDR experiment. 

 
The system for registration of scattered electrons is an 

essential part of the KEDR experiment and allows detec-
tion of electrons scattered at small angles from the place 
of collision. Such electrons are a typical sign of photon-
photon interaction, and their detection and accurate meas-
urement of pulse are an important physical problem. 

For attainment of ultimate scattered electron pulse reso-
lution, which is defined by parameters of beam in the ac-
celerator, and improvement of the signal/background 
separation, 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 coordinate meas-
urement in the orbital plane with a resolution of ~ 0.1 
mm. In the direction perpendicular to the orbital plane, 
the spatial resolution will be ~ 0.25 mm within +-1cm 
from the orbit and ~ 1 mm at a larger distance. We devel-
oped a special reading plane design with variable angle of 
the stereo strips. The size of the detectors is 125*100 mm 
to 250* 100 mm, depending on the station type. 

The KEDR detector was stopped in 2012 for repair, and 
GEM-based detectors were removed from the scattered 
electron detection system for a purpose of systematic 
study of their parameters on beam extracted from VEPP-
4M. For these experiments, a system of 4 detectors was 
assembled. Its schematic is shown in Fig. 1.8.9. 

 

 
Fig. 1.8.9. System of the 4 GEM-based detectors installed 
on beam extracted from VEPP-4M. 

 
There were installed four identical detectors with a 

spacing of 30 mm. Three of them were used for the track-
ing, while detector D3 was under investigation. About 
200,000 events were collected on a 1 GeV electron beam. 
The main parameters studied on the extracted beam were 
the efficiency and spatial resolution in dependence on the 
gas gain. 

Fig. 1.8.10 shows detector efficiency vs gas gain. It is 
seen that the efficiency reaches a plateau at a gain of 
about 20,000, and efficiency on the plateau is close to 
98%. 

Research into the inefficiency in ~ 2% has shown that 
the underlying cause is associated with the gaps between 
the segments of the GEM coating plates, where some 
events are lost. This is illustrated in Fig. 1.8.11, which 
shows coordinates of tracks in detector D2 that failed to 
be registered in test detector D3. It is evident that such 
tracks are concentrated along the vertical lines spaced by 
10 channels (5 mm). There are two kinds of such lines, 
with a larger and a smaller number of lost events. Indeed, 
the gaps between the segments have a spacing of 10 mm 
on the top and bottom coatings, the gaps on the lower 
coatings shifted by 5mm relative to the top ones. There-
fore, an efficient step of inefficient areas in the detector 
should be 5 mm, as shown in Fig. 1.8.11. In addition, 
since ionization is differently lost on the top and bottom 
gaps, we should expect different values of inefficiency, 
which is also seen in Fig. 1.8.11. Efficiency in the spacing 
between the gaps was 99.1% at a gain of ~ 20,000. 
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Fig. 1.8.10. Efficiency of GEM-based detector for the 
scattered electron detection system vs. gas gain. 

 
 The measured spatial resolution was ~ 57 microns. The 

result is shown in Fig. 1.8.12, which illustrates the distri-
bution of differences between measured track coordinates 
and those calculated from three detectors. Multiplying the 
standard deviation of this distribution, 70 microns, by 
~1.22, one can obtain the resolution of one detector. 

 
Fig. 1.8.11. Two-dimensional distribution of coordinates 
of tracks in detector D2 that fail to be recorded in detector 
D3. 
 

 
Fig. 1.8.12. Distribution of differences between measured 
track coordinates and those calculated from readings of 
the three detectors. The standard deviation of this distri-
bution, 70 μm, should be multiplied by ~1.22 (square root 
of 3/2), because the track detectors were identical to that 
under study. 

 
 

1.8.3. Participation in collaborations. 
 
The BINP group for micro-pattern gas detectors par-

ticipates in the CERN international collaboration RD51 
for development micro-pattern gas detectors. RD51 was 
formed in 2008. In 2012, the group continued its partici-
pation in this collaboration. 

 In 2012, members of the BINP group for micro-pattern 
gas detectors continued their participation in developing a 
TPC for the International Linear Collider (ILC). Cur-
rently, a cascaded GEM is seen as the most likely candi-
date for the end tracker of the TPC. 

 
 The works on cryogenic avalanche detectors were sup-

ported by the following grants: in 2009-2012, the federal 
target program "Scientific and scientific-pedagogical per-
sonnel of innovative Russia" 2009-2013 (Ministry of 
Education and Science contracts P682 and P980); in 
2011-2013, RF Government Grant 11.G34.31.0047. 
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1.9. BELLE EXPERIMENT 
 

1.9.1. Main results. 
 

• The main activity of this working group is cooperation 
in the field of physics of elementary particles with the 
High Energy Accelerator Research Organization 
(KEK), Tsukuba, Japan, which is one of the largest 
and fastest growing HEP laboratories worldwide. In 
recent years KEK has been rapidly expanding its in-
ternational cooperation to become an international 
centre in this field of physics. At the present time, one 
of the main experiments in Japan in the physics of ele-
mentary particles is the study of CP violation in B 
meson decays using the Belle detector on an electron-
positron storage ring with very high luminosity (the 
so-called B factory). 

BINP members have contributed a lot to the creation 
of the electromagnetic calorimeter of the Belle detec-
tor, including the designing, manufacture, assembling 
and adjustment of elements of this world's largest calo-
rimeter based on cesium iodide monocrystals. 

In 2010, the Belle detector was stopped for upgrade. 
The integral luminosity accumulated so far exceeds 
1040 inverse femtobarn. These experimental data are 
being processed now. The detector and accelerator are 
being upgraded with the aim of increasing the lumi-
nosity of the facility and preparation of experiments 
for improvement of the accuracy of CP violation pa-
rameter measurement by an order of value and, possi-
bly, observation of manifestation of physical phenom-
ena beyond the Standard Model. 

BINP members take an active part in the upgrade of 
the detector and processing of the acquired experimen-
tal data. 
Below are given the main results of the year 2012. 

• The unitarity triangle parameter φ3 was measured by a 
model-independent method. 

• Search for exotic X state decays into various modes 
with ηс participation (ηсπ+π-, ηсω, ηсη, and ηсπ0) has 
started. 

• The spin and P parity of the earlier discovered exotic 
Zb(10610) and Zb(10650) states have been determined. 

• The relative probabilities of the decays 
Y(5S)→Y(1S)η and Y(5S)→Y(2S)η have been meas-
ured; the upper limit for the relative probability of the 
decay Y(5S)→Y(1S)η' has been determined. 

• A reliable indication of the existence of the neutral 
exotic state Z0 (10610) has been obtained. 

• The Dalitz analysis of the decay B→D*ωπ was per-
formed. A procedure of signal reconstruction was car-
ried out; the full decay width has been measured; es-
timates for parameters of the decay model have been 
obtained. 
• The search for lepton flavor violation decays τ-→l- 

hh' ', where l = e, μ and h = π, K, was completed. 

• Measurement of the relative probabilities and mass 
spectra in τ- decays involving the K0

S meson is close 
to completion. 

• Measurement of the probability of the decay 
Λc

+→pK-π+ by a model-independent method is un-
derway. 

• Measurement of neutral D meson mixing parameters 
is going on. 

•  A VME-standard shaper-digitizer module for the end 
part of the calorimeter of the Belle-II detector has 
been designed. An order for 100 modules has been 
placed. 

• Software for various tests and inspection of shaper-
digitizers has been developed. 

• A stand for inspection of the counters of the cylindri-
cal calorimeter has been built.  All the counters and 
cables to them have been tested on this stand. 

• A new version of the collector has been developed; 
its logic allows operation with high-speed data ex-
change. 

• New mechanical and electrical specifications for the 
VME crate have been developed. 

• Measurements of the radiation resistance of counters 
based on CsI crystals and made by the Institute for 
Scintillation Materials in Kharkov were carried out. 

 
1.9.2. Data analysis. 

 
Model-independent measurement of the unitarity 

triangle angle φ3 
Measurements of parameters of the so-called unitarity 

triangle in decays of B mesons are important for the 
search of processes that go beyond the Standard Model of 
low-energy electroweak interactions. Such research is the 
main point in the activity of B factories. Investigation into 
various decays of B mesons allows independent meas-
urement of parameters of the triangle, effects of the New 
Physics manifesting themselves in mismatch of these 
measurements (e.g. the sum of the angles of the triangle 
may turn out to differ from 180˚). The angle φ3, which 
manifests itself in decays of B meson into a neutral D 
meson and kaon, is among the most poorly measured pa-
rameters. The theoretical uncertainty in the measurement 
of this parameter is very small, and the current measure-
ment accuracy is fully determined by the amount of de-
cays B →D0K available in experiments. 

The most sensitive method of φ3 measurement uses the 
decay B±→D0K±, where D0 is reconstructed in the three-
particle decay D0→KSπ+π–. In this case, parameters of the 
D0 decay amplitude are different for the decays of B+ and 
B– (i.e. CP violation is observed). Fitting the event distri-
bution over the phase space of the decay of D0 into B+ and 
B–, one can measure the φ3 parameter. It should be noted 
that the traditional analysis uses a model description of 
the D decay amplitude, which leads to an additional 
measurement error, which becomes comparable with the 
statistical accuracy. A group of BINP members has devel-
oped a modified method for φ3 measurement in which the 
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phase volume of decay is divided into areas (bins), and 
the missing information on the amplitude is obtained from 
experiment on the study of quantum correlations of D 
mesons in the process e+e– →ψ(3770)→DD. A study of 
DD correlations was performed in 2010 in the CLEO ex-
periment, and in 2012 a BINP group performed analysis 
of the data and published the first model-independent 
measurement of the φ3 angle in Physical Review D. This 
analysis revealed CP violation with a statistical signifi-
cance larger than 99% (see Fig. 1.9.1). The resulting φ3 = 
[77 ± 15(stat) ± 4(syst) ± 4(CLEO)]˚ is only slightly infe-
rior to the model method in accuracy, but instead of a 
hard-to-interpret model error, which is estimated to be as 
high as 9˚, it has a purely statistical additional uncertainty 
of 4˚, which can be improved significantly in future. 

 

 
Fig. 1.9.1. Results of measurements of the (x,y) parame-
ters of the amplitude D and the angle φ3 from the decay B 
→ DK. 

 
Search for X decays into modes with participation of 

ηc meson 
The exotic state X(3872) was first discovered by the 

Belle collaboration in 2002 in exclusive decays 
B+→K+π+π-J/ψ. The mass of this state is close to the 
threshold M(D0) + M( *0 ), which led to a conjecture 
that X(3872) might be a D0 *0 molecule. So, it was 
suggested that there may be other similar particles which 
are also bound states of D(*) mesons. If these states exist, 
their quantum numbers differ from that of X(3872) and 
can be found in decays with participation of ηc meson. A 
group of BINP researchers were searching for decays of 
an exotic X-like state into various modes with participa-
tion of ηc: ηсπ+π-, ηсω, ηсη, and ηсπ0. An algorithm was 
developed for extraction of events of the decay B±→K±X 
with subsequent decay into the above-mentioned modes. 
On the basis of events of the signal modeling, optimal 
conditions for extraction were selected and detection effi-
ciencies were determined for each of the four decays. For 
verification of correctness of the algorithm, a study of the 
test decay B±→K±ψ(2S)→K±(J/ψπ+π-) was carried out. 
No signal has been detected so far in any of the studied X 
decay channels (see Fig. 1.9.2), and thus the upper limits 
for the corresponding products of branchings of X pro-
duction and decay H were determined. The work is close 
to completion and will be published after discussion 
within the collaboration. 

 

 
Fig. 1.9.2. Distributions of invariant masses of ηсπ+π- (a), 
ηсω (b), ηсη (c) and ηсπ0 (d) in the corresponding decays 
B±→K±X. 

 
Study of the exotic states Z(10610) and Z(10650) 
 
In 2010-2011, the BINP group in the Belle collabora-

tion performed analysis of data on e+e- annihilation to fi-
nal states of the form Υ(nS)π+π-, where n = 1, 2, and 3. 
The most important result was the first observation of 
charged bottomonium-like states Zb(10610) and 
Zb(10650). The analysis, however, used a simplifying as-
sumption that contributions in which pions are in an S 
wave are dominant in the observed transitions 
Υ(5S)→Υ(nS)π+π-. Further development of the amplitude 
analysis method allowed the BINP group to do without 
the simplifying assumptions and carry out full amplitude 
analysis of six-dimensional phase space. 

The analysis involves completely reconstructed events 
of Υ(5S)→Υ(nS)π+π-, where Υ(nS) is reconstructed in the 
channel of the decay Υ(nS)→μ+μ-. For suppression of the 
background, the KLM system of the Belle detector should 
identify muons reliably. Fig. 1.9.3. presents two-
dimensional M2(Υ(nS)π)max distributions vs. M2(π+π-) for 
background and signal events in the decay 
Υ(5S)→Υ(nS)π+π-.  

A substantial contribution to the background of the 
processes under study are events Υ(5S)→μ+μ-γ, in which 
the photon is then converted into an e+e- pair. In view of 
the smallness of pulses of the tracks, the electron identifi-
cation with the Belle detector has low efficiency in this 
case. Such events however can be easily dropped with the 
requirement M(π+π-) > 0.4 GeV/s2. The distribution of 
background events for the remaining part of the phase 
space is well approximated with a smooth polynomial 
function. One-dimensional distributions by two-particle 
invariant masses are shown in Fig. 1.9.4. 

(a) (b) 

(c) (d) 

D-
D-
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Fig. 1.9.3. Dalitz distribution for background events (a) 

and events from the signal area (b) for the decay 
Υ(5S)→Υ(2S)π+π-. 

 
The distribution of signal events over the phase space 

for all the three final states is parametrized by the follow-
ing general model: 

Aπ = AZ1 + AZ2 + Af0 + Af2 + ANR, 
where AZ1and AZ2 are the amplitudes of the Υ(5S) de-

cay with appearance of intermediate Z states; Af0 and Af2  
are the amplitudes of the decays Υ(5S)→Υ(nS)f0(980) 
and Υ(5S)→Υ(nS)f2(1270), respectively; ANR is the non-
resonant decay amplitude. In the course of approximation 
of the experimental data with a combination of signal and 
background distributions, the relative phases and contri-
butions of individual quasi-two-particle amplitudes are 
determined, as well as the masses and widths of the Zb 
states. Each final state is fitted in four different model 
versions corresponding to the quantum numbers of Zb 
resonances: JP = 1+, 1-, 2+ and 2- (the 0- and 0+ combina-
tions are forbidden). 

The most important result of this work was the deter-
mination of the spin and P parity of previously discovered 
exotic states Zb(10610) and Zb(10650) directly from the 
data. The best description of the observed distributions of 
signal events over the phase space was obtained with the 
JP = 1+ model. Because of decays of the Υ(5S)→Υ(nS)π+- 
form, Zb cannot be classified as two-quark systems. So, 
there must be four quarks at least. The authors of this 
work have suggested considering the new states as a 
weakly coupled system of B and B�* mesons for the state 
Zb(10610) and a system of B*B�* mesons in for the state 
Zb(10650). Being in good agreement with all the known 
properties of Zb states, this model also predicts new char-
acteristics, some of which can be verified with the statis-
tics already accumulated. The results of the work were 
published in Physical Review Letters. 

 

 

 
 
Fig. 1.9.4. Invariant mass distribution of the Υ(2S)π± 

(a) and π+π- (b) systems for events from the signal area for 
the decay Υ(5S)→Υ(2S)π+π-. Points: experimental data; 
histogram: result of the fit; crosshatched histogram: pre-
dicted level of background events. 

 
Study of the Y(5S)→Y(1,2S)η decays 
 
Transitions between bottomonia with η meson are 

poorly described theoretically. In particular, the measured 
width of the transition Y(4S)→Y(1S)η is two orders 
higher than the estimated one. So, measurement of the 
probabilities of the Y(5S)→Y(1,2S)η decays is of un-
doubted scientific interest. Record statistics of 120 fb-1 

were collected for e+e- annihilation at the Y(5S) resonance 
energy in the Belle experiment. 

Completely reconstructed Y(5S)→Y(nS)η events are 
used in the analysis; Y(nS) is reconstructed in the 
Y(1,2S)→μ+μ- and Y(2S)→Y(1S)π+π- decay channel. The 
η meson is reconstructed in the final γγ and π+π-π0 states. 
Suppression of background requires reliable identification 
of muons with the KLM system of the Belle detector. The 
signal is extracted using the distribution by the difference 
between the total energy of a candidate and the collision 
energy in the center-of-mass system. The distributions by 
the invariant mass of candidates for η mesons are also 
used. The corresponding distributions are shown in 
Fig.1.9.5. 

As a result, the following decay probabilities were 
measured:  

Br[Y(5S)→Y(1S)η] = (7,3 ± 1,6 ± 0,8) 10-4, 
Br[Y(5S)→Y(2S)η] = (38 ± 4 ± 5) 10-4, and 
Br[Y(5S)→Y(1S)η'] < 1,2×10-4 (90% CL). 

(a) (b) (a) 

(b)
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These results were presented at international scientific 
conferences and are being prepared for publications in a 
peer-reviewed journal. 

 

 

 
Fig. 1.9.5: (a) η→π+π-π0 candidate missing mass distribu-
tion. (b) η→γγ candidate invariant mass distribution. His-
togram: data; solid curves: result of approximation; dotted 
lines: contribution of background events. 
 

Discovery of the exotic state Z0(10650) 
 
In 2011, in the course of analysis of Y(5S)→Y(nS)π+π- 

decays, BINP members discovered two exotic charged 
states: Z+(10610) and Z+(10650), which decay into 
Y(nS)π+. A model was proposed that describes the new 
states as a bound system of BB* и B*B* mesons for 
Z(10610) and Z(10650), respectively. This model de-
scribes well the observed properties of the Z states. 

 To verify this model, BINP members carried out a 
search for and amplitude analysis of the 
Y(5S)→Y(nS)π0π0 decays. Y (nS) is reconstructed in the 
Y(1,2S)→μ+μ-,e+e- and Y(2S)→Y(1S)π+π decay channel. 
The π0 mesons are reconstructed from a pair of photons. 
Muons are identified with the KLM system of the Belle 
detector; photons are reconstructed and electrons are iden-
tified using an electromagnetic calorimeter. Events that 
meet the energy-momentum conservation laws are se-
lected. The quantity of signal events is determined from 
fitting of missing mass distribution to two π0 (see 
Fig.1.9.6). 

 
 

 
Fig. 1.9.6: π0π0 system missing mass distributions for 
Y(nS)π0π0 candidates, (a) Y(nS)→μ+μ-, (b) Y(nS)→e+e-. 
(c) Y(1S)π+π- invariant mass distribution. Histograms: ex-
perimental data; solid curves: result of approximation; 
dotted lines: contribution of background events. 

 
Thus the following decay probabilities were measured: 

Br[Y(5S)→Y(1S)π0π0] = (2,25 ± 0,11 ± 0,20) 10-3 and 
Br[Y(5S)→Y(2S)π0π0] = (3,66 ± 0,22 ± 0,48) 10-3. 

Search for possible intermediate states was performed 
via amplitude analysis of the three-particle states of 
Y(nS)π0π0. For both final states, distribution of events 
over the Dalitz plot is described by the following general 
model: 

A = AZ1 + AZ2 + Af0 + Af2 +ANR, 
where AZ1 and AZ2 are the  amplitudes of the Y(5S) de-

cay with formation of intermediate Z states; Af0 and Af2 
are the amplitudes of the Y(5S)→Y(nS)f0(980) и 
Y(5S)→Y(nS)f2(1270) decays, respectively; ANR is the 
amplitude of non-resonant decay. In the course of ap-
proximation of experimental data with a combination of 
signal and background distributions, the relative phases 
and contributions of individual quasi-two-particle ampli-
tudes are determined. The masses and widths of the Z 
states are fixed at the Z+(10610) and Z+(10650) values. 
Possible model and systematic errors were studied. As a 
result, in the Y(2S)π0π0 final state, a reliable indication of 
the existence of neutral exotic state Z0(10610) was ob-
tained. The Z0(10650) signal was found to be statistically 
insignificant because of scanty available statistics, about 
10 times less than in Y(nS)π+π-, which, however, does not 
contradict its existence. Fig.1.9.7 shows Y(2S)π0 invariant 
mass projections. The results obtained were reported at an 
international scientific conference and published in 
arXiv:1207.4345. A publication in a peer-reviewed jour-
nal is being prepared. 

 
Dalitz analysis of the B→D*ωπ decay 
 
BINP researchers have performed the Dalitz analysis of 

the B→D*ωπ decay, which is interesting from the point 
of view of both D** spectroscopy and study of the dynam-
ics of production of light ωπ states. Study of the proper-
ties of orbitally excited states of D mesons (the so-called 
D**) allows verification of the heavy quark effective the-
ory (HQET) and QCD sum rules. Currently, there are 
some discrepancies between the theory and experiments 
in decays of B mesons into D**states. In addition to in-
termediate D** states, there are produced light ωπ reso-
nances in this decay mode. The virtual ρ(770) and its ex-
citations ρ(1450) and ρ(1700) are of particular interest. In 
this mode, the ρ(1450) state was observed in B meson de-

(a) 

(b) 

(a) (b) (c)
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cays only once, by the CLEO collaboration, however, 
with no account of the contribution of the virtual ρ(770). 
No ρ(1700) state was observed in B meson decays at all. 
Thus, both D** and light ωπ resonances are taken into ac-
count in the full signal amplitude of the decay. 

At this stage, a parametrization of the matrix element 
for the B→D*ωπ decay was proposed; the angular distri-
butions of the final particles of the decay were investi-
gated. The results of this study have been published in 
Journal of High Energy Physics. In addition, the signal 
reconstruction procedure was completed; the total decay 
width has been measured; estimates of parameters of the 
decay model were obtained. For extraction of the signal 
model parameters, an unbinned fitting to experimental 
data has been perfromed. Fig. 1.9.8. presents the results of 
the fitting for the invariant masses of the D*π pair and the 
ωπ pair. This work is close to completion, and will be 
published after discussion within the collaboration. 

 
Fig. 1.9.8. Results of signal area fitting in the Dalitz 

plot. (a) D*π mass distribution, (b) ωπ mass distribution. 
Dots: experimental data; shadowed histogram: back-
ground contribution to the signal area; dotted histogram: 
signal component of the fitting; black histogram: com-
plete result of the fitting. 

 
Studies of τ-lepton decays 
 
The search for τ-→l- hh' decays violating the lepton fla-

vor was completed. Here l = e, μ and h = π, K (in total, 14 
different decay modes). This analysis was carried out with 
statistics corresponding to 854 fb-1, or 782×106 pairs of τ-
leptons produced. In all but two modes, the desired signal 
does not exceed the predicted background, which allows 
setting upper limits for the relative probabilities of corre-
sponding decays – B(τ-→e-hh') < (2,0 – 3,7)×10-8, B(τ-

→μ-hh') < (2,1 – 8,6)×10-8 – at a 90% confidence level. 
These limits are 1.8 times higher than the previous results 
of Belle and more powerful than those obtained by BaBar. 
This improvement was achieved due to larger statistics, 
stronger suppression of background processes and more 
efficient selection of events. The results are shown in Ta-
ble (1.9).1. Preliminary results of this work have been 
published in Nuclear Physics B. The final results have 
been presented in Nuclear Physics B. 

The measurement of relative probabilities of decays 
and mass spectra in τ- decays involving the K0

S meson is 
close to completion. In this case, the analysis used statis-
tics corresponding to 669 fb-1, or 616×106 pairs of τ-
leptons produced. As a result, on the basis of the effec-

tiveness matrix, the relative probabilities of the inclusive 
τ-→K0

SX-ντ decay and six exclusive decays – τ-→K0
Sπ-ντ, 

τ-→K0
SK-ντ, τ-→π0K0

Sπ-ντ, τ-→π0K0
SK-ντ, τ-→K0

SK0
Sπ-ντ, 

and τ-→K0
SK0

Sπ-π0ντ – were determined.  Finally, with the 
use of the procedure of elimination of detector effects, the 
invariant mass spectra for the τ-→π0K0

Sπ-ντ and τ-

→π0K0
SK-ντ decays were found (see Fig. (1.9).9). Pre-

liminary results of this work can be found in Nuclear 
Physics B. The final results will also be published in the 
very near future. 

 
Table 1.9.1. Upper limits for each of the modes studied. 

The table presents the signal efficiency (ε), number of ex-
pected background events (NBG), total systematic uncer-
tainty (σsyst), number of events observed in the signal area 
(Nobs), upper limit at a 90 % confidence level for the 
number of signal events including systematic uncertain-
ties (s90) and upper limit at a 90% confidence level for the 
relative probabilities of decays (B) for each decay mode. 

Decay 
mode 

ε 
(%) NBG σsyst 

(%) Nobs s90 B (10−8) 

τ−→μ−π+π− 5,83 0,63 ± 0,23 5,7 0 1,87 2,1 

τ−→μ+π−π− 6,55 0,33 ± 0,16 5,6 1 4,01 3,9 

τ−→e−π+π− 5,45 0,55 ± 0,23 5,7 0 1,94 2,3 

τ−→e+π−π− 6,56 0,37 ± 0,19 5,5 0 2,10 2,0 

τ−→μ−K+K− 2,85 0,51 ± 0,19 6,1 0 1,97 4,4 

τ−→μ+K−K− 2,98 0,25 ± 0,13 6,2 0 2,21 4,7 

τ−→e−K+K− 4,29 0,17 ± 0,10 6,7 0 2,29 3,4 

τ−→e+K−K− 4,64 0,06 ± 0,06 6,5 0 2,39 3,3 

τ−→μ−π+K− 2,72 0,72 ± 0,28 6,2 1 3,65 8,6 

τ−→e−π+K− 3,97 0,18 ± 0,13 6,4 0 2,27 3,7 

τ−→μ−K+π− 2,62 0,64 ± 0,23 5,7 0 1,86 4,5 

τ−→e−K+π− 4,07 0,55 ± 0,31 6,2 0 1,97 3,1 

τ−→μ+K−π− 2,55 0,56 ± 0,21 6,1 0 1,93 4,8 

τ−→e+K−π− 4,00 0,46 ± 0,21 6,2 0 2,03 3,2 

 
 

(a) (b) 
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Fig. 1.9.9. π0K0

Sπ-(a) and π0K0
SK- (b) invariant mass 

spectra in τ-lepton decays. 
 
Model-independent measurement of the relative 

probability of the Λc
+→pK-π+ decay 

 
The absolute value of the relative probability of the 

Λc
+→pK-π+ decay is an important factor for the theory of 

physics of heavy quarks because the probabilities of most 
other Λc

+ baryon decays were experimentally measured 
relative to this mode. The absolute probability of the 
Λc

+→pK-π+ decay (5.0 ± 1.3)% has a large uncertainty 
(26%), mainly because of the dependence of the meas-
urements on theoretical models. BINP members have de-
veloped a model-independent method of measurement of 
the probability of the Λc

+→pK-π+ decay. This method is 
based on the following two ways of extraction of exclu-
sive e+e-→Λc

+p D 0  and Λc
+p π+D(*)- processes: (1) re-

construction of  Λc
+ in the recoil mass (Fig. 1.9.10 (a)) 

and (2) full reconstruction of the desired process with Λc
+ 

detection in the invariant mass of pK-π+ from a peak at a 
zero in the recoil energy (Fig.1.9.10 (b)). The ratio of sig-
nal events in (2) to those in (1) gives the desired result 
with an error of about 10% (with due account of system-
atic uncertainties). This work is close to completion and 
will be published after discussion within the collabora-
tion. 

 
Fig.1.9.10. (а) Recoil mass (D0p) in GeV/s2 for the e+e-→ 
Λc

+ p  D0 , D 0 → K+π- process. (b) Recoil energy 
(Λc

+ p  D0)  in GeV for the e+e-→ Λc
+ p  D0 , Λc

+→pK-

π+ process. 
 
Model-independent measurement of D meson mix-

ing 
 
The measurement of parameters of neutral D meson 

mixing in going on. Parameters of mixing and characteris-
tics of CP symmetry violation in the mixing are obtained 
via a model-independent approach proposed by the au-
thors in Phys. Rev. D82, 034033 (2010). This method uses 
the three-particle final state, being, however, independent 
of the model of D meson decay into this state and thus al-
lowing getting rid of the model error. Parameters of the 
mixing are very important for charmed quark physics. 
Measurement of parameters of CP violation in the mixing 
will provide validation of the Standard Model, for these 
parameters are tantalizingly constrained in it. In addition, 
precise measurement of parameters of the mixing will re-
duce the theoretical uncertainty in other dimensions, in 
particular, in the measurement of the unitarity triangle an-
gle γ. The distribution of kinematic parameters for signal 
and background events has been studied; the strategy of 
extraction of parameters of the mixing from the time dis-
tribution of D meson decay is being refined (see 
Fig.1.9.11). Preliminary results are expected next year. 

 

(a) 

(b) 

(a)

(b)

- - -
- -

-

--

- - -
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Fig. 1.9.11. Example of time distribution for D meson de-
cay. This distribution is sensitive to parameters of D 
meson mixing. 

 
1.9.3. Upgrade of the detector 

 
The upgrade of the detector (Belle II) and the collider is 

underway. The goal is to increase the facility luminosity 
up to 8×1035 cm-2s-1. The new experiment will allow 
measuring all the angles of the unitarity triangle with ac-
curacy of up to a few percent, and perhaps going beyond 
the Standard Model. Besides the study of the CP violation 
mechanism, the huge amount of data obtained in this ex-
periment will yield new results on the physics of decays 
of B and D mesons and τ-lepton. 

The increase in the luminosity and background load on 
collider imposes new requirements on the detector sys-
tems. The calorimeter also needs an upgrade. A BINP 
group engaged in the development of methods for up-
grade of the calorimetric system of the detector has de-
veloped and proposed a relevant scheme. 

The electronics of the cylindrical part of the calorimeter 
is assumed to be replaced with a new one, which will en-
sure continuous digitization of signals from counters and 
subsequent fitting with a response of a known shape. 
Such a procedure would allow determining both the en-
ergy of signal and the time of arrival. Use of the time in-
formation will enable manifold suppression of occurrence 
of false clusters. 

For the end part, where the background conditions are 
the most strict, first the electronics will be upgraded, and 
then the scintillation CsI(Tl) crystals will be replaced with 
pure CsI crystals, which have shorter decay time. This 
will improve 30 times the time resolution of the counters 
and, subject to the fitting of the signal shape, ensure over 
150-fold suppression of background. 

 In 2012, BINP completed the development of a VME-
standard shaper-digitizer and placed an order for 100 such 
modules (see Fig. 1.9.12). This module is the basic unit of 
the new electronics system. It is used for shaping signals 
from counters, digitizing of the signal shape every 0.5 μs 
and subsequent digital processing with reconstruction of 
the amplitude and time of arrival of signal. In addition, 
the module generates a fast analog signal for use in the 
neutral trigger system. Testing of the modules proved 
their functionability and compliance of measured parame-

ters with the expected ones. In 2012, an order for mass 
production of shaper-digitizer modules was placed. 100 
such boards will be made by April 2013. 

 

 
Fig. 1.9.12. Electronic module of the 16-channel VME-
standard shaper-digitizer. 

 
• For check of the efficiency of the modules pro-

duced and measurement of their parameters, a 
stand was built (see Fig. 1.9.13). The stand al-
lows checking 16-channel shaper-amplifiers, 
amplitude-to-digital converters, programmable 
logic integrated circuits, and fast trigger signal 
shapers. The inputs of a module to measure are 
connected to 16 preamps, and information is 
read into the computer via units of the collector. 
A trigger signal is delivered to the unit of fast 
digitizing of trigger information (FAM), devel-
oped by our colleagues from Hanyang Univer-
sity (Korea). Software for the following tests 
was developed: 

• check of operation of all ADC bits; 
• check of the programmable logic integrated cir-

cuit; 
• identification of signal shape in 16 spectrometer 

channels and retrieving of parameters of a func-
tion that describes this shape; 

• identification of the shape of fast trigger channel 
and retrieving of parameters of a function that 
describes this shape; 

• measurement of coherent and incoherent noise; 
• measurement of the conversion factor and 

nonlinearity of the spectrometric channel and 
the trigger ones; 

• serviceability testing and measurement of the 
range of adjustment of attenuators of the trigger 
channel. 
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Fig. 1.9.13. Scheme and appearance of the stand for test-
ing of modules of the shaper-digitizers. 

 
Checking one module takes about twenty minutes, after 

which a graphical representation of the measured data is 
output (see Fig. 1.9.14), as well as a list of parameters that 
failed to meet the specifications. 

 Based on 12 modules, a stand was created for checking 
the counters of the cylindrical calorimeter (see 
Fig.1.9.15). The stand allows measuring 184 counters of 
the calorimeter. We measured the noise level, response to 
calibration signal and position of a peak corresponding to 
the maximum possible energy release of minimum ioniz-
ing cosmic particles. Sequentially switching the stand to 
the 36 stations of the cylindrical calorimeter over a period 
of three months, we have tested all the counters. As a re-
sult, 10 damaged cables were revealed. The cables were 
repaired. All the counters turned out to be serviceable. 
Measurement results are shown in Fig. 1.9.16. 

 
 
 
 
 
 
 
 

 

 

 

 

 
Fig.1.9.14. Example of graphical representation of infor-
mation from the stand for testing shaper-digitizer mod-
ules. 
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Fig.1.9.15. Scheme and appearance of the stand for 

testing of the counters of the cylindrical calorimeter. 

 
Fig. 1.9.16. Energy release spectrum of minimum ion-

izing particles (above). Position of the peak of the spec-
trum in dependence on the counter number (below). 

 
Besides the designing of the shaper-digitizer module, a 

team of BINP experts in electronics has developed a new 
version of the collector module with logic allowing work 

with high-speed (gigabits per second) data exchange. The 
new module has been fabricated and is under testing now. 

BINP members have developed mechanical and electri-
cal specifications for the new VME crate (see Fig.1.9.17) 
for operation of 12 shaper-digitizer modules with no in-
crease in noise. One crate has been manufactured and 
tested. Measurements performed with this crate have 
made a basis for improvements in the design. An order for 
mass production of such crates is being prepared now. 

 

 
 

 
Fig. 1.9.17. Appearance of the VME crate for calo-

rimetry electronics. 
 
The next stage of the upgrade will be the placement of 

pure CsI crystals on the end part of the calorimeter. The 
crystals may be supplied by Kharkov Institute of Scintil-
lation Materials. In 2011, an order for an experimental 
batch of 50 crystals was made. 15 crystals from this batch 
were passed to BINP, where the radiation resistance of 
counters on their basis was measured 

A scheme of the irradiation setup is shown in Fig.1.9.18 
(a). The crystals were irradiated with bremsstrahlung pho-
tons produced on a lead converter by 1.4 MeV electron 
beam from the first industrial accelerator ELV-6, built 
and working at BINP. The average photon energy was 
about 0.4 MeV (see Fig.1.9.18 (b)). Crystals irradiated 
with such photons from both sides, the dose heterogeneity 
does not exceed 20%. The absorbed dose was measured 
with a counter on a small (2× 2×1 cm) CsI (Tl) crystal.  

The total dose to be received by the counters during the 
operation of the detector is expected to be about 10 krad. 
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A few irradiation series with a dose of 0.3, 1, 3, and 10 
krad were carried out. Fig. 1.9.19 shows the distribution 
of light yield decrease at different doses and correlation of 
light yield decrease for the maximum and minimum 
doses. For most crystals, the light yield decrease is 20% 
or less, which is acceptable for calorimeter operation. For 
three of the counters, the light yield decrease was about 
30%. Information on radiation resistance will be used for 
improvement of the technology for crystal growth. Due to 
the correlation of the light yield decrease for high and low 

doses, crystals may be rejected by results of irradiation 
with a dose of 300 rads. 

 100 shaper-digitizer modules are to be tested and 330 
such units are to be produced in 2013. There are plans to 
complete the development and proceed to mass produc-
tion of the modules of the collector. In addition, it is nec-
essary to dismount and upgrade the preamplifiers of the 
end cap calorimeter and inspect its counters. 

 

 

 
Fig. 1.9.18. (a) Experimental setup for irradiation of crystals. (b) Spectrum of photons after the converter. (c) Signal 
from irradiation dose counter. 

 
Fig. 1.9.19(a) Light yield decrease at different irradiation doses. (b) Correlation of light yield decrease at high and low 
doses. 

 

(a) (b) 

(a) (b) (c) 
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1.10. BABAR EXPERIMENT 
    
    Experiments with the BABAR detector were 
conducted on the e+e− collider PEP-II at SLAC (USA) 
from 1999 to 2008. Data collected in the experiment are 
being processed now. The BABAR collaboration consists 
of about 300 physicists, representing 72 institutions of 12 
countries, BINP members among them. In 2012, the 
collaboration published 32 articles (30 papers in 2011). 
The total number of publications is 504. 
   The main objectives of the BABAR experiment are the 
research on CP violation in decays of B mesons, precise 
measurement of decays of B and D mesons and τ leptons 
and search for their rare decays. Though the detector and 
collider have been optimized for research on CP 
asymmetry, the potential of investigation into other 
processes was not reduced. 
   BINP participants of the collaboration are engaged in 
the analysis of measurements of the Vub element of the 
CKM matrix, measurements of the cross sections of the 
e+e− annihilation into hadrons by the radiative return 
method and research on two-photon processes with 
registration of scattered electrons. 
  The radiative return method was developed by BINP 
members. It consists in the registration of processes with 
hard photon emission from initial particles and the 
residual energy thus being spent on production of hadrons 
at lower energies, to the production threshold. This allows 
one to study the exclusive processes of e+e- annihilation 
into hadrons in the hadron mass range from the threshold 
to 6.5 GeV/c2. 
    Analysis of the e+e− → p �p process from the 
complete statistic (about 500 fb-1) that was acquired in the 
BABAR experiment was completed in 2012. The analysis 
was performed by the radiative return method. The cross 
section was measured from the reaction threshold to 4.5 
GeV. Below 3 GeV, this is today’s most accurate 
measurement. The effective electromagnetic form factor 
of proton was derived from the measured cross section. 
The measured dependence of the form factor on the 
invariant mass of the p �p pair is shown Fig.1.10.1  in 
comparison with data of previous experiments. The form 
factor growth near the threshold of the reaction, which 
was discovered earlier in the experiment PS170 at the 
facility LEAR (CERN), was confirmed. At higher 
energies, the energy behavior of the form factor is 
complicated. In three areas – near 2.2 GeV, 2.55 GeV, 
and 3 GeV – there was revealed a stepwise decrease in the 
form factor and cross section with energy growth. No 
theoretical explanation to such behavior has been found 
yet. 
    In the analysis of the angular distribution of proton, the 
ratio of the electric and magnetic form factors was 
measured. The dependence of the forms factors on the 
invariant mass of the p �p pair is presented in Fig.1.10.2. 
Near the threshold, below 2.1 GeV, this ratio turned out to 
exceed 1 by far, which contradicts the measurement of the 
PS170 experiment. The asymmetry of angular distribution 
of proton was also measured. It was found to be small, 

- 0.025 ± 0.014, and compatible with the zero value with 
the available level of accuracy. 
 

 
Fig. 1.10.1. Effective form factor of proton as measured in 
the BABAR experiment and other e+e− and p �p 
experiments for p �p invariant masses from the threshold 
to 3.01 GeV/c2 (a) and for masses of 2.58 to 4.50 GeV/c2 
(b). 
  
   Currently, BINP physicists are analyzing the higher-
accuracy measurement of the Vub parameter. Works on the 
measurement of the cross sections by the radiative return 
method are going on.  
 

 
Fig. 1.10.2. Ratio |GE/GM| as measured in the BABAR 
experiment (black circles) vs. invariant mass of the p �p 
pair. The empty circles show results of a previous 
measurement in the experiment PS170 at the facility 
LEAR (CERN). 
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1.11. PARTICIPATION IN THE ATLAS EX-
PERIMENT AT THE LARGE HADRON 

COLLIDER (LHC) 
 
In 2012 the detectors ATLAS and CMS collected sta-

tistics at world highest energy of colliding protons, 8 tera-
electron-volt (TeV) in center of mass system. By begin of 
July, 6 inverse femtobarn (fb-1) were acquired, a little bit 
more than in full 2011 year at energy of 7 TeV. In total 20 
fb-1 were accumulated in 2012. 

The most important result is reliable observation of a 
new particle, properties of which came out to be similar to 
those expected for the Higgs boson. This discovery was 
announced at special seminar, held at CERN 4th July 2012 
as a curtain-raiser of the major particle physics confer-
ence ICHEP2012. This discovery is a culmination of te-
nacious searches, conducted over decades at most power-
ful particle physics installations. It is important to note 
that physicists and engineers from Budker INP have made 
significant contribution to common success, starting with 
design and fabrication of many accelerator and detectors 
elements (the total cost of the supplied equipment exceeds 
140 millions Swiss francs), continuing by works on com-
missioning, calibration, tuning of simulation and recon-
struction and finishing by participation in data taking and 
data analysis (in particular, for Higgs boson decay into 
four leptons). 

The Higgs boson was proposed by theorists for sim-
plest realization of the electroweak symmetry breaking as 
far back as in 1960s. The strength of interaction of the 
Higgs boson with other fundamental particles depends on 
the Higgs boson mass. Unfortunately, both theoretical 
considerations and results of previous experiments im-
posed quite weak constraints on its value, and it was nec-
essary to perform a search in a wide mass region (see Fig. 
1.11.1). 
 
 

 
 
 
 
 
 
 
 
 
 

 
     Fig. 1.11.1.  Combined (over three Higgs boson decay 
channels, H→γγ, H→ZZ*→4l и H→WW*→lνlν) upper 
limit (at 95% confidence level) on µ value (the ratio of 
measured cross section to expected in the Standard 
Model). The mass interval 111-559 GeV is excluded, ex-
cept the region 122-131 GeV, where significant excess of 
the signal over expected background is observed. 

 

             Two factors, hampering the search for the Higgs boson 
(in addition to small production cross section), are large 
background for highly probable decay modes (e.g. in two 
photons, Fig. 1.11.2) and small branching ratio for more 
“clean” channels (e.g. with four leptons in the final state, 
Fig. 1.11.3).  

 

 
 
Fig. 1.11.2. The distribution over the two-photon invari-
ant mass mγγ. In bottom inset the fit of the signal after 
subtraction of the background (which was approximated 
by fourth order polynomial) is shown. 

Р 

 
 
Fig. 1.11.3. The distribution over the four-lepton invariant 
mass m4l for selected events-candidates. Blue histogram 
shows expected signal for the Standard Model Higgs 
boson with a mass of mH=125 GeV.  

 
              By the end of 2012, the existence of the new boson 

should be considered as firmly established. The probabil-
ity of background fluctuation is estimated as 2.8⋅10-8 for 
decay into two photons (2.1⋅10-5 for decay into four lep-
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tons), corresponding to 5.4 (4.1) standard deviations. The 
mass of the new boson (according to last ATLAS results) 
is 125.2 ± 0.3 ± 0.6 GeV. But one should clearly realize, 
that it is by far not necessarily that the new particle is just 
the Standard Model Higgs boson (though present data do 
not contradict this hypothesis so far). Similar particles ap-
pear in many “new physics” theories. For example, in 
minimal supersymmetric model there are 5 Higgs bosons 
(2 charged and 3 neutrals, one of them should have nega-
tive parity). It is clear, that to study in detail the properties 
of the new particle (spin, parity, decay branching ratios, 
coupling constants) a long dedicated work and much lar-
ger statistics is required. It may be collected not earlier 
than 2015-17, since for 2013-14 the shutdown is planned 
to prepare the accelerator and detectors for work at the 
design energy (14 TeV in center of mass system). 

 
The search for new physics is not at all exhausted by 

Higgs bosons. In particular, BINP physicists continued to 
search for heavy neutrino in the channel with leptons and 
hadronic jets in the final state. Two theoretic models were 
examined – Left-Right Symmetric Model, in which the 
neutrino is generated by hypothetic right vector boson 
WR, and the model with virtual W boson Standard Model. 
The world best upper limits are set on masses (up to the 
level of 1.5 TeV), production cross sections and coupling 
constants of heavy neutrinos. Based on these results, K. 
Skovpen has defended the PhD thesis. The analysis of 8 
TeV data is continuing. But further significant improve-
ment is possible only after the increase of the energy of 
colliding protons in the LHC (as mentioned above, it is 
planned in 2015). 
 

In total, the ATLAS collaboration with participation of 
BINP authors has published 227 papers, based on colli-
sions data (2010-2012), including 128 papers in 2012. 
 
   The work on support and development of the computing 
infrastructure and software is constantly under way. 
Thanks to 10-gigabit network, BINP physicists are able to 
run jobs in NSU and SB RAS computing centers (the vir-
tualization technology based on KVM platform is used). 
   Since 2007  BINP experts  continuously participate in 
activities of the Trigger and Data Acquisition Sysadmins 
group, dealing with maintenance and development of the 
hardware and software for High Level Trigger (HLT), 
Event Builder and other parts of the Data Acquisition 
System. The equipment includes about 2300 network 
booted servers (in total, about 17000 CPU cores), 50 
servers supporting the ATLAS control room, and many 
other units of the experiment’s IT infrastructure. 
   Of great importance is the work on the support and ad-
ministration of the ATLAS central computers (∼300 
units), located in CERN main computer building. They 
ensure smooth uninterrupted operation of critical services 
– numerous components of ATLAS distributed comput-
ing system, data bases, detector’s electronic logbook, data 
quality monitor, event display etc. 
 

   Since 2008 BINP programmers have made and continue 
to make significant contributions into creation and ad-
vancing of important services and applets to manage the 
ATLAS Distributed Computing system (ATLAS GRID): 
Data Replication Monitoring and ATLAS GRID Informa-
tion System (AGIS). 

 
   At present time the upgrade project for the LHC collider 
is developed in order to increase the luminosity by an or-
der of magnitude, up to 1035 cm-2s-1 . In this connection, 
the work on corresponding upgrade of the ATLAS detec-
tor is started. The BINP group takes part in the experi-
ment on study of the operation of ATLAS liquid argon 
calorimeters at high rates. In April 2012 the new data tak-
ing run was carried out at the U-70 accelerator in Protvino 
with new front-end electronics, much better adapted for 
high rate environment. The BINP team has supplied the 
new secondary emission chamber for more precise proton 
beam profile measurement close to the calorimeter mini-
modules. Special electronics developed in Lab. 6, allowed 
to perform several (∼10) measurements of the beam pro-
file during the spill (of duration about 1.5 s). As a result, 
significant movement of the beam during the spill was 
observed (up to 18 mm in horizontal direction for beam 
size of 15 mm). The correction, significantly reducing the 
systematic error for the integral of the beam intensity, was 
introduced. 
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1.12. LHCB EXPERIMENT 
 

1.12.1. Technical support forthe LHCb detector. 
 

The data flow from the LHCb detector, which is re-
corded for subsequent storage and processing, consists 
of about 50 kB of events, which pass through the high-
level trigger (HLT2) with a frequency of about 4 kHz. 
Thus, the flow of data to store is about 200 MB/s or 
2000-3000 TB per year of operation. This volume is 
too large to process in each specific analysis. Instead of 
it, centralized preliminary offline selection of events 
(the so-called "stripping") is applied in the LHCb ex-
periment. Around 10% of events are selected from the 
total data volume and then recorded in a few (5-8) 
flows. Thus, each flow has a much smaller amount of 
similar events (e.g. one flow can group all channels 
with muons in the final state or events from D meson 
decays), which can be really processed in the GRID 
system in a relatively short time. In addition, after the 
"stripping", data already contain information about 
candidate particles and their combinations, which sig-
nificantly reduces the time for processing and obtain-
ing a physical result. This approach has a disadvantage 
of certain pre-selection to perform already at the data 
collection stage. The problem is partially solved vie in-
clusive selections (for example, of muons with large 
transverse momentum, "topological" selections, and so 
on). 

The BINP group is responsible for developing and 
supporting the software environment which provides 
pre-selection of events ("stripping") following the se-
lection criteria description specified by developers of 
physical analysis. Environment for "stripping" allows 
simultaneous operation of several hundreds of physical 
event selection processes, sends events for recording 
into multiple data streams, and contains modules for 
adjustment of selection criteria and monitoring of re-
sults. In addition, the BINP group participates in the 
support for pre-selection for analysis of angle γ meas-
urement in tree-level decays of B mesons. These selec-
tions cover channels of decay of b mesons and b bary-
ons into open-charm states. 

The BINP team is also directly engaged in the pro-
vision of the experiment, its members working as shift 
supervisors and experts responsible for the quality of 
data collected. 
 

1.12.2. Physical results. 
 
The research program of the BINP group in the LHCb 

experiment is focused on the observation of effects be-
yond the Standard Model of electroweak interactions. A 
particular task within this general project is precision 
measurement of parameters that are sensitive to CP viola-
tion–unitarity triangle angle γ and parameters of D meson 
mixing. Spectroscopy of heavy hadrons is a separate task. 

 At present, the data volume for the year 2011 with an 
integrated luminosity of 1 fb-1 is available for analysis. 
The corresponding number of detected B meson decays in 
the main channel exceeds the statistics collected in ex-
periments on the Tevatron collider, and for many decay 
channels exceeds the B meson statistics acquired on the 
electron-positron B factories. 

 
CP violation 
 
CP violation defines the asymmetry of matter and anti-

matter in the Universe. In the Standard Model, CP viola-
tion is described by the Cabibbo-Kobayashi-Maskawa 
(CKM) matrix, which characterizes transitions between 
different generations of quarks through weak interaction. 
One of the CKM matrix representations is the so-called 
unitarity triangle (UT). There are various processes sensi-
tive to the lengths of the sides and values of angles of this 
triangle. Effects beyond the Standard Model manifest 
themselves in disagreement of UT measurements (for ex-
ample, in the deviation of the sum of the triangle angles 
from 180 degrees). Thus, precision measurements of UT 
parameters complement direct searches for the "New 
Physics" effects at high energies on plants such as ATLAS 
and CMS. 

Many CP-violation processes, which are most sensitive 
to the UT parameters, are observed in decays of B mes-
ons. Only one of the UT angles (often referred to as β) has 
been measured so far with an accuracy of about 1 degree 
(the Belle and BaBar experiments). The LHCb will 
greatly clarify many other parameters of CP violation. In 
particular, the γ angle can be measured to within a few 
degrees. 

In 2012, the LHCb experiment yielded a few results re-
lating to the measurement of the γ angle. The BINP con-
tribution was, first of all, the traditional analysis of the 
B→DK decay, where D is reconstructed in the two-
particle D→Kπ, KK or ππ state (the so called GLW and 
ADS techniques of γ measurement). In this decay, pa-
rameters and the value of the suppressed channel D→Kπ 
were measured. CP violation in the decays B→DK and 
D→hh with significance over 5 standard deviations was 
observed for the first time. 

Another way of γ measuring involves the process 
B→DK, where D decays into the three-particle state 
Ksπ+π- or KSK+K-. In this case a model-independent modi-
fication of this method was applied, in which the theoreti-
cal uncertainty associated with the amplitude of the D de-
cay is completely eliminated due to the use of the CLEO 
experiment data on the threshold of production of DD 
pairs. This method was developed and first used in analy-
sis of the Belle experiment data. Now it is applied to the 
LHCb experiment with significant contribution of the 
BINP group. γ angle restrictions resulting from analysis 
of D→hh and D→KShh in the LHCb experiment are 
shown in Fig. (1.12).1. Combination of all the measure-
ments in the B→DK decays yields γ = (71+17

-16)° (see Fig. 
(1.12).2), which is comparable in accuracy with the final 
results of experiments on the B factories. 
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Another process that is potentially sensitive to the γ an-
gle is the process Bs→D0K+K-, which was recently dis-
covered in the LHCb experiment. 

 

 
Fig.1.12.1. Results of γ measurement in the decays 
B→DK with D→hh (ADS and GLW) and D→KShh 
(GGSZ). 

 

 
Fig.1.12.1. Results of γ measurements in the LHCb ex-
periment (combination of all measurements in the process 
B→DK). 

 
 
Spectroscopy of heavy hadrons 
 
Today the LHCb detector provides an opportunity to 

study a large number of decays of Λb baryons, which can 
be used for analysis of spectroscopy of heavy baryons 
containing the b quark. BINP members completed analy-
sis of the Λbπ+π-spectrum, which resulted in discovery of 
two excited Λb baryon states, Λb

*(5912) and Λb
*(5920). 

According to the quark model predictions, these states are 
radial excitations of Λb with spin 1/2 and 3/2, respec-
tively. The significance of the observation of the new 
states is 5.2 and 10.2 standard deviations for Λb

*(5912) 
and Λb

*(5920), respectively. Masses of the discovered 
particles have been measured: M[Λb

*(5912)] = 5911.97 ± 
0.12(stat.) ± 0.02(syst.) ± 0.66(Λb mass) MeV/c2, 
M[Λb

*(5920)] = 5919.77 ± 0.08(stat.) ± 0.02(syst.) ± 
0.66(Λb mass) MeV/c2. 
 

1.12.3. Review of the LHCb results and planned 
upgrade. 

 
In 2012, the LHCb collaboration with participation of 

theorists published a review of the LHCb results on the 
study of rare decays of mesons and CP violation in the 
system of B and D mesons. In addition to discussion of 
the most significant LHCb results and their theoretical in-
terpretation, that review presented plans for upgrade of 
the detector, which is scheduled for 2018, and the ex-
pected physical results. 

 
1.12.4. Modeling radiation environment in the 
detector area 

 
This work was carried out in the following three direc-

tions: 
 1. porting of the existing simulation in the FLUKA en-

vironment from the local machine to the GRID computing 
system, using the GANGA framework (hereafter referred 
to as FLUKA, GRID and GANGA), 

 2. visualization of simulation results with a special 
web-based application, and 

 3. creation of documentation. 
 
Porting of simulation in the FLUKA system to 

GRID 
Based on the existing scripts, new ones have been de-

veloped, which are adapted to the specific simulation 
(magnetic field maps have been added) and easier to use. 

In the previous system, for simulation on GRID, it was 
necessary to cut a source FLUKA file into two parts: the 
first part was to contain the geometry, material specifica-
tion and scoring, and the second part only included com-
mand to start the simulation. On the target host of GRID, 
these two parts were glued together into one, a random 
seed directive inserted between them. 

Naturally, this was associated with some inconven-
ience; the file had to be prepared in such a special way at 
each iteration. In the new system, there is no necessity to 
cut the file. Immediately after a test on the local machine, 
the source file from FLUKA can be routed to GRID using 
the UNIX utility SED (stream editor), which allows in-
place editing of files. The SED command receives a spe-
cial regular expression, which specifies search for the 
command RANDOMIZe and replacement of the found 
string with a new one with a random seed unique for each 
grid node. 

Besides, in the old system, random seeds were part of a 
sequence (a random seed was taken as the number of task 
in the GANGA system). As a result, there may be inter-
sections of sequences of random numbers, which reduces 
the efficiency of simulation. 

In the new system, random seeds are taken from a file, 
which allows fine tuning of the behavior and elimination 
of possible intersections of sequences of random num-
bers. If there is no file of seeds, a rollback to the previous 
scheme occurs. 
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Besides that, the FLUKA distributive that is used on 
GRID was updated to the new version (FLUKA has a fea-
ture of older versions turning off in a few years). 

 
Table 1.12.1: Test passes on the grid. 

Total num
ber of sent 

jobs 

D
uration of one job 

(hours) 

N
um

ber of failed jobs 

N
um

ber of hung jobs by 
the tim

e of com
pletion of 

the first one 

Percentage of incom
-

pleted jobs 

20 3 0 1 0 % 

40 80 23 23 58 % 

80 48 1 3 1 % 
 
After passes of test simulation on the grid (see Table 

1.12.1), it became clear that jobs taking more than two 
days are under a significant risk of total loss. Jobs lasting 
less than 48 hours result in too much output data, and 
there is a risk to exceed the DIRAC storage quota. A large 
amount of output data is associated with difficulties in 
summing. Each job generates 150 Mb of uncompressed 
data, the packet with results compressed on a node to a 
more manageable 30 Mb. Each file contains text and 
numbers. A special script has been developed that calcu-
lates the average of numbers over all the files and does 
not change the text. The output file is of the same format 
as the initial ones. 

 
Visualization of results 
 
Although the tools for visualization and analysis of re-

sults were ready, their preparation, assembly and adjust-
ment would be a challenge for an average user. Thus it 
was decided that a web-based application on a special 
web page would be the easiest way to provide users with 
simulation results, which do not require any special skills 
or special settings. 

The web page for visualization of simulation results 
was designed with the use of the library BOOST 
(www.boost.org), framework ROOT (root.cern.ch) and 
web framework WT (www.webtoolkit.eu). ROOT was 
used for data analysis, loading data from a file and gen-
eration of pictures for the web page. We used various ser-
vices from the library BOOST for work with the file sys-
tem, smart pointer templates, BOOST_FOREACH etc. 

The framework WT is worth a special mentioning. This 
framework allows writing web applications in C++ using 
the signal-slot paradigm and a set of web widgets, similar 
to how this is done in the framework QT. The framework 
WT performs all the work on generation of a valid HTML 
and Javascript code for the page to be shown to the user. 
The resulting executable module can contain a simple 

embedded web server or be connected to popular web 
servers (Apache or Lighttpd) via the FastCGI interface 
(the current project used the latter scheme). 

With connection through FastCGI, operation is possible 
in two modes: shared (a new stream is set for each ses-
sion) and dedicated (a separate process is set for each ses-
sion). Naturally, the shared mode gives higher perform-
ance and rapid response to new connections, while the 
dedicated one provides high reliability. Since each session 
is executed in a separate process, it is isolated from the 
others and a fail of one session does not cause fall of all 
other sessions on this computer, as it occurs in the shared 
scheme. 

The source data for the page are three-dimensional his-
tograms (ROOT TH3), downloaded from root files. 

The requirements list included the following: 
• a cross-section of histogram on one of the XYZ axes 

at a given point and visualization of the resulting two-
dimensional histogram in a color scale mode. 

 • superposition of schematic detector geometry in a 
given cross-section (‘Overlap schematics’); 

 • calculation of the minimum, maximum, and mean 
values in a selected area; 

 • retention of image's proportions (‘Keep aspect ratio’); 
 • possibility of setting a multiplier (‘Number of colli-

sions’); 
 • catalogue of histograms with  the possibility of selec-

tion from it (‘Choose map’). 
A result of job completed is shown in Fig. 1.12.3. In 

addition to the requirements list, the following several 
useful features were implemented: 

• clicking any bin of visualized histogram invokes a 
small message about the value of the selected bin; 

 • one can increase any area via giving its boundaries in 
numerical form or just selecting it in the picture with the 
mouse and typing the ‘zoom’ command in the appearing 
context menu;   

 • the axes can be inverted (‘Invert axes’); 
 • the statistics panel can display the minimum, average, 

and maximum values over a two-dimensional cross sec-
tion (‘2D-plane’), as well as on a selected volume (‘3D-
box’); 

 • when the schematic image is superimposed over the 
histogram, a cross-section in the library of pictures that is 
closest to a given point is selected; one, however, can 
manually set the superimposed image. 

 
The web server had been configured on a separate 

workstation of CERN, and the prototype system was 
started for final testing and collection of requirements for 
the next, mass, version. A separate version of web-based 
visualization of radiation dose maps of old format was re-
alized as a bonus job. 

 In fact, the web-based application can be used for visu-
alization of other two-dimensional and three-dimensional 
histograms, which are not locked to this experiment and 
simulation. 
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Creation of documentation 
 
All source codes of the web-based application and 

GRID simulation scripts have been laid out in the system 
for control of versions 

 /afs/cern.ch/lhcb/software/GIT/curie.git/. This system 
is accessible for all the CERN staff. 

 The knowledge base twiki.cern.ch has two pages de-
scribing the rules for the use of scripts for FLUKA simu-
late on GRID:  

https://twiki.cern.ch/twiki/bin/view/ 
LHCb/LHCbFlukaGanga/  

as well as the assembling and setting up the web-based 
visualization of simulation results:  

https://twiki.cern.ch/twiki/bin/view/ 
LHCb/LHCbFlukaResults/ 
 

 

 
Fig. 1.12.3. View of the web application in operation. 
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2.1.  EXPERIMENTS WITH 

 INTERNAL TARGETS 
 

I. The experiment on a new measurement of R ratio of 
cross sections of elastic scattering of electrons/positrons 
on proton was continued in 2012:  

R = σe+p/σe-p 
  It is well known that measurement of R makes it pos-

sible to determine the contribution of the two-photon ex-
change (TPE) into this process. The revival of interest in 
the two-photon exchange is associated with the fact that 
information on TPE may explain the dramatic difference 
in the results of recent experiments on the proton form 
factors that were carried out in TJNAF (the U.S.) by the 
polarization method with the results of earlier, non-
polarization measurements, in which the proton form fac-
tors were determined via analysis of differential cross sec-
tions of the reaction under the assumption of validity of 
single-photon approximation. 
    The allowance for TPE corrections, however, faces 
both theoretical difficulties (there are no generally ac-
cepted correct calculations because of the complexity of 
taking into account of excited states of proton in the in-
termediate state) and experimental ones. Attempts to de-
termine the TPE contribution into the scattering cross sec-
tion were made in the 70s, but either the statistic and sys-
tematic accuracies were bad or the angles of scattering of 
electrons/positrons were small (the TPE contribution 
should be very little in this case). 
    In 2009, R measurements were carried on VEPP-3 at 
an positron/electron beam energy of 1.6 GeV in two areas 
of the angle of e+/e- scattering: 16-23 and 56-75 degrees. 
    To extend the kinematic range of measurements it was 
suggested to perform data acquisition at a lower elec-
tron/positron energy with simultaneous increase in the 
angle of particle scattering. 
    In this case, the R value was expected to be close to 
that in the experiment in 2009. The statistical accuracy of 
the new measurement, however, was expected to be much 
higher. 
    Statistics gathering in the new kinematic region – at a 
beam energy of 1 GeV and electron/positron scattering 
angles of 67-105 degrees began in late September 2011 
and ended in March 2012. Fig.2.1.1 presents the course of 
data gathering in time. The integral of the elec-
tron/positron beam current on VEPP-3 reached almost 
100 kC, and the integral luminosity was up to 600 pb-1. 
    Table 2.1.1 shows the main stages of the experiments 
on R measurement on VEPP-3, and Fig.2.1.2 demon-
strates their preliminary results. The figure also presents 
the known world data and results of some theoretical cal-
culations 
 

 
Fig. 2.1.1. Beam current integrals accumulated over a 
shift (histogram) and total beam current integral vs. time 
(solid line). 
 
Then statistics gathering was started at a beam energy of 
0.6 GeV. It was, however, interrupted. 
 
 
Table 2.1.1. Stages of the experiment on R measurement 
on VEPP-3. 

 
 
 

 
 
Fig.2.1.2. Preliminary results of the R measurements on 
VEPP-3 (red circles), known world data (green squares, 
triangles and crosses), and results of some theoretical cal-
culations (curves). 
 
    We note that the accuracy of our results is much better 
as compared with the world-famous data: experimentally-
determined TPE contribution to the elastic (ep) scattering 
is rather large; calculations made by P.G. Blunden, et al, 
2005 (which are recognized as the most correct so far) are 
in agreement with our data. As a result, the known con-
tradiction in the measurements of proton form factors by 
different techniques may be eliminated. 
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    Completion of the data analysis is planned for 2013. 
     It should be noted that two similar experiments have 
already been conducted in the world. Those are measure-
ments on the CLAS detector, TJNAF (U.S.) and the stor-
age ring DORIS, Germany, OLYMPUS collaboration. No 
information on results of these experiments is available 
yet. 
 
II. During the summer stop of the acceleration complex, 
the detector and the target of the experiment on R meas-
urement were dismantled and the mounting of equipment 
for research on coherent photoproduction of neutral pion 
on tensor-polarized deuteron was started (Fig. 2.1.4). 
 

 
Fig. 2.1.4. Scheme of the detector for the experiment on 
coherent photoproduction of neutral pion on tensor-
polarized deuteron on VEPP-3. 
 
     
   This is one of the most important processes in nuclear 
physics; it provides valuable information about the struc-
ture of the pion-nucleon and nucleon-nucleon interaction. 
     Although theoretical studies of this reaction, with pre-
dictions for the differential cross sections and various po-
larization observables, have been carried out for a long 
time with the use of diverse approaches to description of 
the process, detailed experimental data on the cross sec-
tions appeared only in recent years. 
    As concerns polarization observables, there are some 
measurements of Σ asymmetry. There were no data at all 
on T2i (tensor analyzing power in the reaction) before our 
data appeared (JETP Letters, 89 (2009) 518). 
    The upcoming experiment will significantly improve 
the measurement accuracy as compared with the previous 
data, which will enable assessment of correctness of the 
theoretical predictions (Fig. 2.1.5). 
 

 
Fig. 2.1.5. Expected accuracy of measurements of the ten-
sor analyzing power T20 in the reaction of coherent pho-
toproduction of neutral pion on deuteron (red circles), re-
sults of previous measurements (blue squares), and some 
theoretical predictions (curves). 
 
III. Works on the creation of a system for quasi-real pho-
ton tagging (SPT) on VEPP-3 continued. The SPT will 
significantly enhance the research on photoreactions on 
VEPP-3 and attaining a photon energy of 1.5 GeV. Fur-
thermore, it will be possible to determine the transverse 
polarization of a substantial portion of photons and thus to 
carry out experiments with double polarization. It should 
be noted that, apart from obtaining new data on deuteron, 
it will be possible to expand these measurements on neu-
tron. 
   All first-stage orders have been executed. As for the 
SPT detectors, the first version of a GEM-based detector 
and its electronics were successfully tested. It is planned 
to prepare the SPT for the first test on VEPP-3 and then to 
carry out this test in autumn 2013. 
     Creation of detectors for an experiment on the photo-
disintegration of deuteron with the use of SPT at photon 
energies of up to 1.5 GeV was started. 
 
IV. During intervals between the experiments, some 
works were carried out on improvement of the target. For 
instance, a stand was constructed for investigation into the 
effects that reduce polarization of the target and search for 
ways to suppress them. 
     It was suggested to change the procedure of applica-
tion of coating on the cell for protection of atoms from 
de-polarization. A stand was made for fixation (heating in 
vacuum) of coating on the storage cell. It was made all-
metal (with metal seals) for prevention of contamination 
of the coating with gassing from rubber seals. An ion 
pump with nitrogen trap pumps out the volume. Meas-
urements have shown that with such coating the portion 
of recombinating atoms on the surface of the cell (an 
atom in the cell experiences on average about 200 colli-
sions with the walls) was 0.29 - 0.08, which is close to the 
known data. 
    The source of polarized deuterium atoms was up-
graded, i.e. a stage of intermediate pumping out was 
added between the skimmer and the wall of the supercon-
ducting sextupole magnet.  The superconducting sextu-
pole magnet has a temperature of 4.2 K and therefore is a 
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cryopump. A TMN-1500 turbomolecular pump was used. 
Creation of this system made it possible to investigate an 
interesting and little-studied phenomenon - formation of a 
free-molecule regime from a transition gas flow (between 
a continuum flow and a free-molecule one). As for the 
impact of the additional pumping on increase in the inten-
sity of the atom stream from the source of polarized at-
oms (SPA), it was ineffective. 
    The stray flux of molecules from the SPA into the stor-
age cell, which decreases polarization of target, was 
measured. It was quite small - less than 3% of the inten-
sity of focused atom beam. 
     It is now generally recognized that the intensity of 
SPA is limited to ~1017 atoms/sec, which is insufficient 
for many experiments with polarized targets. Production 
of polarized orthohydrogen via spatial separation of hy-
drogen molecular beam due to interaction of nuclear mo-
ments with inhomogeneous magnetic field is being exam-
ined. It is suggested to demonstrate the capabilities of this 
method using an existing SPA with superconducting sex-
tupole magnets with a magnetic field of about 4 T. 
    The experiments with internal targets are carried in col-
laboration with groups from Tomsk, St. Petersburg, 
NIKHEF (Netherlands) and ANL (USA). 
  
  



3.1. CP NONCONSERVATION
Difference between radiative transition rates in atoms and

antiatoms
A.D. Dolgov, I.B. Khriplovich, A.S. Rudenko

JETP Letters 96, No. 7, 421-423 (2012)

We demonstrate thatCP -violation results in a difference of
the partial decay rates of atoms and antiatoms. The magni-
tude of this difference is estimated.

3.2. GRAVITY
Gravitational four-fermion interaction on the Planck scale

I.B. Khriplovich
Phys. Lett. B 709, Iss. 3, 111-113 (2012)

The four-fermion gravitational interaction is induced by
torsion, and gets essential on the Planck scale. On this
scale, the axial-axial contribution dominates strongly the
discussed interaction. The energy-momentum tensor, gen-
erated by this contribution, is analyzed, as well as stability
of the problem with respect to compression. The trace of
this energy-momentum tensor can be negative.

Cosmology constrains gravitational four-fermion
interaction

I.B. Khriplovich and A.S. Rudenko
JCAP11 (2012) 040

If torsion exists, it generates gravitational four-fermion in-
teraction (GFFI). This interaction gets dominating on the
Planck scale. If one confines to the regular, axial-axial
part of this interaction, the results do not comply with the
Friedmann-Robertson-Walker (FRW) cosmology for the
spatial flat or closed Universe. In principle, the anomalous,
vector-vector interaction could restore the agreement.

3.3. QCD
Check of the gluon-reggeization condition in the

next-to-leading order: Gluon part
M.G. Kozlov, A.V. Reznichenko, V.S. Fadin

Physics of Atomic Nuclei, Volume 75, Issue 4, pp
493-506, April 2012

The last bootstrap condition whose validity has not been
verified to date is considered. This condition is an in-
dispensable element in the unitarity-relation-based proof
of themulti-Regge form of highenergy gluon-exchange
QCD amplitudes in the next-to-leading-logarithm approx-
imation. The approach used here relies on the s-channel
unitarity and makes it possible to reproduce successively,
in all orders of perturbation theory, themulti-Regge form
of the amplitude, provided that specific nonlinear relations,
called bootstrap conditions, hold. All of them were
derived, and all, with the exception of one, were tested.
An explicit verification of fulfillment of the last condition
(the bootstrap condition for the inelastic amplitude of the
production of one gluon inmulti-Regge kinematics) is

performed. In our preceding study, we performed such
a verification for purely fermion contributions, while,
in the present study, we complete it for one-loop gluon
corrections to the components of the condition being
considered.

Impact factor for gluon production in multi-Regge
kinematics in the next-to-leading order

M.G. Kozlov, A.V. Reznichenko, V.S. Fadin
Physics of Atomic Nuclei, Volume 75, Issue 7, pp

850-865, July 2012

The one-loop correction to the impact factor for gluon
production upon the transition of a one-Reggeon state
in the t channel to a two-Reggeon state is found. This
impact factor is an element of multiparticle amplitudes
in multi-Regge kinematics. The correction in question
is necessary for developing the theory of Regge and
multi-Regge processes. In particular, it is necessary for
proving the multi-Regge form of the amplitude in the
next-to-leading-logarithm approximation. This correction
also makes it possible to complete the verification of
the last of the unproven bootstrap conditions for gluon
Reggeization and to prove, in this approximation, the
validity of the multi-Regge form of the amplitude. All
necessary calculations are presented, and an explicit
expression for the impact factor in front of all possible
color states in the t channel is given.

Colour-octet bound states, induced by Higgs mechanism,
S. Bladwell, V. F. Dmitriev, V. V. Flambaum, A. Kozlov

arXiv:1212.5416.

The current limits for fourth generation quarks allows to
expect their mass of the order of 500 GeV. In this mass re-
gion for quark-anti-quark pair the additional Yukawa-type
attraction due to Higgs mechanism is expected to emerge.
This Higgs induced attraction greatly exceeds strong
interaction between quarks and leads to the formation of
bound states in both colour octet S(8) and singlet S(1)
states. In the key of recent works on significance of colour
octet channel for production of colour singlet state of
fourth generation qq̄ we calculated the binding energies
for both octet and singlet states. Such attraction localizes
quarks in extremely small area. Hence colour octet pair
of fourth generation quarks can form the ”nucleus” and
together with colour neutralizing light particle that is
captured by strong interaction in orbit around the nucleus,
create particle, similar by its structure to Deuterium.

Decays of Fourth Generation Bound States
V. F. Dmitriev, V. V. Flambaum

International Journal of Modern Physics A Vol. 27 (2012)
1250179.

We consider the decay modes of the heavy q′q̄′ bound
states originating from Higgs boson exchange between
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quark – anti-quark pair. In case of a small coupling
between the fourth and lower generation the main decay
mode is q′q̄′ annihilation. We show that for a vector state
the dominant decay modes are Higgs-gamma and Higgs-Z
decays, while for a pseudoscalar state the strong two-gluon
decay mode dominates. The bound states are very narrow.
The ratio of the total width to the binding energy is less
than 1% if we are not extremely close to the critical
quark mass where the binding energy is very small. The
discussed decay modes exist for any fermion-antifermion
bound states including heavy leptons and heavy neutrinos
if their masses are high enough to form a bound state due
to attractive Higgs boson exchange potential.

Evolution equation for 3-quark Wilson loop operator.
R.E. Gerasimov, A.V. Grabovsky.

arXiv:1212.1681 [hep-th]

The evolution equation for the 3 quark Wilson loop
operator has been derived in the leading logarithm approx-
imation within Balitsky high energy operator expansion.

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.

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.

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.

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.

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

M. G. Kozlov, A. V. Reznichenko and V. S. Fadin
ł, 75 (2012) 905-920; Phys. Atom. Nucl. 75 (2012)

850-865.

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
ł, 75 (2012) 529-542; Phys. Atom. Nucl. 75 (2012)

493-506.

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.

Difference between standard and quasi-conformal BFKL
kernels

V.S. Fadin, R. Fiore and A. Papa
Nucl. Phys. B 865 (2012) 67-82.

As it was recently shown, the colour singlet BFKL kernel,
taken in Möbius representation in the space of impact pa-
rameters, can be written in quasi-conformal shape, which is
unbelievably simple compared with the conventional form
of the BFKL kernel in momentum space. It was also proved
that the total kernel is completely defined by its Möbius
representation. In this paper we calculated the difference
between standard and quasi-conformal BFKL kernels in
momentum space and discovered that it is rather simple.
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Therefore we come to the conclusion that the simplicity of
the quasi-conformal kernel is caused mainly by using the
impact parameter space.

NLO Corrections to the kernel of the BKP-equations
J. Bartels, V.S. Fadin, L.N. Lipatov and G.P. Vacca

arXiv:1210.0797 [hep-ph]; to be published in Nucl. Phys.
B 867 (2013) 827-854.

The NLO kernel of the Bartels-Kwiecinski-Praszalowicz
equation for composite states of three reggeized gluons in
the Odderon channel was calculated both in QCD and in
N=4 supersymmetric Yang-Mills model (SYM). The NLO
kernel consists of the NLO BFKL kernel in the adjoint rep-
resentation of the colour group and the connected 3 to 3
kernel, computed in the tree approximation.

Presenting LiteRed: a tool for the Loop InTEgrals
REDuction
R. N. Lee

arXiv: 1212.2685

Mathematica package LiteRed is described. It performs
the heuristic search of the symbolic IBP reduction rules
for loop integrals. It implements also several convenient
tools for the search of the symmetry relations, construction
of the differential equations and dimensional recurrence
relations.

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

Journal of Physics: Conference Series 368 (2012) 012050

We review the method of the calculation of multiloop
integrals based in the recurrence relations and analyticity
of the integrals as functions of space-time dimensionality.

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
results by Baikov and Chetyrkin obtained at transcenden-
tality 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.

The Dimensional Recurrence and Analyticity Method for
Multicomponent Master Integrals: Using Unitarity Cuts to

Construct Homogeneous Solutions
R. N. Lee and V. A. Smirnov

JHEP 1212 (2012) 104
arXiv: 1209.0339

We consider the application of the DRA method to the case
of several master integrals in a given sector. We establish a
connection between the homogeneous part of dimensional
recurrence and maximal unitarity cuts of the corresponding
integrals: a maximally cut master integral appears to be
a solution of the homogeneous part of the dimensional
recurrence relation. This observation allows us to make a
necessary step of the DRA method, the construction of the
general solution of the homogeneous equation, which, in
this case, is a coupled system of difference equations.

Spin-dependent part of p̄d interaction cross section and
Nijmegen potential

S. G. Salnikov
Nuclear Physics A 874 (2012),98–107.

Low energy p̄d interaction is considered taking into
account the polarization of both particles. The corre-
sponding cross sections are obtained using the Nijmegen
nucleon-antinucleon optical potential with shadowing
effects taken into account. Double-scattering effects
are calculated within the Glauber approach and found
to be about 10 ÷ 20%. The cross sections are applied
to the analysis of the polarization buildup which is due
to the interaction of stored antiprotons with a polarized
target. It is shown that, at realistic parameters of a storage
ring and a target, the filtering mechanism may provide
a noticeable polarization in a time comparable with the
beam lifetime. The energy dependence of the polarization
rate for deuterium target is similar to that for hydrogen
one. However, the time of polarization for deuterium is
much smaller than that for hydrogen.

Massless two-loop self-energy diagram: Historical review
A.G.Grozin,

Int. J. Mod. Phys. A 27 (2012) 1230018 (22 p.)
[arXiv:1206.2572v3 [hep-ph]]

This class of diagrams has numerous applications. Many
interesting results have been obtained for it.

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

Proceedings of Science (LL2012) 032 (10 p.)
(http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=151)

[arXiv:1205.6001 [hep-ph]]

Parameters and light fields of the QCD Lagrangian with
two heavy flavours, b and c, are related to those in the
low-energy effective theory without these flavours, to
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three-loop accuracy taking into account the exact depen-
dence on mc/mb. Similar relations for bilinear quark
currents are also considered.

Decoupling in QED and QCD
A.G.Grozin

Int. J. Mod. Phys. A (2013), in print
[arXiv:1212.5144[hep-ph]]

Decoupling of a heavy flavour in QCD is discussed in
a pedagogical way. First we consider a simpler case:
decoupling of muons in QED. All calculations are done up
to 2 loops.

Quantum Chromodynamics
A.G.Grozin

arXiv:1205.1815 [hep-ph]

The classical Lagrangian of chromodynamics, its quan-
tization in the perturbation theory framework, and
renormalization form the subject of these lectures. Sym-
metries of the theory are discussed. The dependence of
the coupling constant αs on the renormalization scale μ is
considered in detail.

Reduce interface
A.G.Grozin

arXiv:1204.3020 [cs.MS]

This tutorial (based on the talk at the macs workshop in
Faro, Portugal, February 26 – March 2, 2012) describes
the new and improved Reduce plugin in GNU with Reduce.

Mass Spectrum in SQCD and Problems with the Seiberg
Duality. Another Scenario

V.L. Chernyak
JETP, 114 (2012) pp. 61-79

The N = 1 SQCD with SU(Nc) colors and NF flavors of
light quarks is considered within the dynamical scenario
that assumes that quarks can be in the two different phases
only : the HQ (heavy quark) phase where they are con-
fined, or they are higgsed, at the appropriate values of the
lagrangian parameters. The mass spectra of this (direct)
theory and its Seiberg’s dual are obtained and compared for
quarks of small equal or unequal masses. It is shown that
in those regions of the parameter space where an additional
small parameter exists (it is 0 < (3Nc − NF )/NF � 1
at the right end of the conformal window where the direct
theory is weakly coupled in the vicinity of its IR-fixed
point, or its dual analog 0 < (2NF − 3Nc)/NF � 1 for
the dual theory at the left end of the conformal window),
the mass spectra of the direct and dual theories are para-
metrically different. A number of other regimes are also
considered.

Mass spectrum in SQCD with additional fields. I ,
V.L. Chernyak

arXiv : 1205.0410 [hep-th], 2012, pp. 1-54

Considered is the N = 1 SQCD-like theory with SU(Nc)
colors and 0 < NF < 2Nc flavors of light quarks Qi, Qj

and with the additional N2
F colorless flavored fields Φij

with the large mass parameter μΦ � ΛQ. The mass spec-
tra of this Φ - theory (and its dual variant, the dΦ - theory)
are calculated at different values of μΦ/ΛQ � 1 within the
dynamical scenario which implies the (quasi)spontaneous
breaking of chiral symmetry. It is shown that, under appro-
priate conditions, the seemingly heavy and dynamically
irrelevant fields Φ ‘return back’ and there appear two
additional generations of light Φ - particles with small
masses μ(Φ) � ΛQ. Also considered is the X - theory
which is the N = 2 SQCD with SU(Nc) colors and
0 < NF < 2Nc flavors of light quarks, broken down to
N = 1 by the large mass parameter of the adjoint scalar
field X , μX � Λ2. The tight interrelations between
these X and Φ - theories are described, in particular, the
conditions under which they are equivalent.

Mass spectrum in SQCD with additional fields. II ,
V.L. Chernyak

arXiv : 1211.1487 [hep-th], 2012, pp. 1-27

This article continues arXiV: 1205.0410 [hep-th]. Consid-
ered is the N = 1 SQCD-like theory with SU(Nc) colors
and 3Nc/2 < NF < 2Nc flavors of light quarks Qi, Qj ,
and with the additional N2

F colorless flavored fields Φij

with the large mass parameter μΦ � ΛQ. The mass
spectra of this Φ - theory (and its dual variant, the dΦ -
theory) are calculated at different values of μΦ/ΛQ � 1
within the dynamical scenario which implies that quarks
can be in two different phases only : either this is the HQ
(heavy quark) phase where they are confined, or they are
higgsed at appropriate values of the lagrangian parameters.
It is shown that at the left end of the conformal window,
i.e. at 0 < (2NF − 3Nc)/NF � 1, the mass spectra of the
direct and dual theories are parametrically different.

Hard two photon processes γγ →M2M1 in QCD ,
V.L. Chernyak

Invited talk given at the Taipei International Workshop
”QCD in two photon processes” , 2 - 4 October 2012,
Taipei, Taiwan, arXiv : 1212.1304 [hep-ph], 2012, pp.

1-19 (will be published in proceedings of the Workshop).

A review of leading term QCD predictions vs those of the
handbag model for large angle cross sections γγ → P 2P1

(P is the pseudoscalar meson π±, o, K±, o, η), and for
γγ → V 2V1 (V is the neutral vector meson ρo, ω, φ), in
comparison with Belle Collaboration measurements.
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3.4. QED
Charge asymmetry in the differential cross section of

high-energy e+e- photoproduction in the field of a heavy
atom

R.N. Lee, A.I. Milstein, V.M. Strakhovenko
Phys. Rev. A 85, 042104 (2012).

Quasiclassical correction to the differential cross section
of high-energy electron-positron photoproduction in the
electric field of a heavy atom is obtained with the exact
account of the field. This correction is responsible for the
charge asymmetry A in this process. When the transverse
momentum of at least one of the produced particles is
much larger than the electron mass m, the charge asymme-
try can be as large as tens percent. We also estimate the
contribution A1 to the charge asymmetry coming from the
Compton-type diagram. For heavy nuclei, this contribution
is negligible. For light nuclei, A1 is noticeable only
when the angle between the momenta of the electron and
positron is of order of m/ω (ω is the photon energy) while
the transverse momenta of both particles are much larger
than m.

Angular distribution of high-energy e+e- photoproduction
close to the end of the spectrum at large momentum

transfer
A. Di Piazza, A. I. Milstein

Phys. Rev. A 85, 042107 (2012).

We consider the differential cross section of electron-
positron pair production by a high-energy photon in a
strong Coulomb field close to the end of the electron
or positron spectrum. When the momentum transfer
Q largely exceeds the electron mass, the cross section
is obtained analytically in a compact form, and it is
proportional to 1/Q4. Coulomb corrections essentially
modify the cross section even for moderate values of the
nuclear charge number Z. In the same kinematical region,
the angular distribution for bound-free pair production,
bremsstrahlung, and photorecombination is also obtained.

Quasilocalaized states in a model of electron-electron
interaction in graphene

R.N. Lee, A.I. Milstein, I.S. Terekhov
Phys. Rev. B 86, 035425 (2012).

A quantum mechanical model of two interacting electrons
in graphene is considered. We concentrate on the case
of zero total momentum of the pair. We show that the
dynamics of the system is very unusual. Both stationary
and time-dependent problems are considered. It is shown
that the complete set of wave functions with definite energy
includes new functions that were previously overlooked.
The time evolution of the wave packet, corresponding to
the scattering problem setup, leads to the appearance of
a localized state at large time. The asymptotics of this
state is found analytically. We obtain the lower bound

of the lifetime of this state, which is connected with the
breakdown of the continuous model on the lattice scale.
The estimate of this bound gives one hope to observe the
localized states experimentally

Quasiclassical approach to high-energy QED processes in
strong laser and atomic fields
A. Di Piazza, A. I. Milstein

Physics Letters B 717, 224 (2012).

An approach, based on the use of the quasiclassical
Green’s function, is developed for investigating highen-
ergy quantum electrodynamical processes in combined
strong laser and atomic fields. Employing an operator
technique, we derive the Green’s function of the Dirac
equation in an arbitrary plane wave and a localized
potential. Then, we calculate the total cross section
of high-energy electron-positron photoproduction in an
atomic field of arbitrary charge number (Bethe-Heitler
process) in the presence of a strong laser field. It is shown
that the laser field substantially modifies the cross section
at already available incoming photon energies and laser
parameters. This makes it feasible in principle to observe
with present technology the analogous effect in a laser
field of the Landau-Pomeranchuk-Migdal effect for the
Bethe-Heitler process.

Production of a Pair by a Polarized Photon in a Uniform
Constant Electromagnetic Field

V.M. Katkov
Journal of Experimental and Theoretical Physics, 2012,

Vol. 114, No. 2, pp. 226-233.

The total probability of production of an electron-positron
pair by a polarized photon in a constant uniform electro-
magnetic field of an arbitrary configuration is determined
using the imaginary part of the diagonalized polarization
operator. Approximate expressions are derived for this
probability in four ranges of photon energy. In the high-
energy range, the corrections to the standard semiclassical
approximation are calculated. In the range of intermediate
energies, in which this approximation is inapplicable,
the probability of the process is calculated using the
steepest descent method. It is shown that in the range of
photon energies higher than the pair production threshold
in a magnetic field, a weak electric field removes root
divergences in the probability of production of the particles
at the Landau levels. For relatively low photon energies, a
low energy approximation is developed. At such energies,
the effect of the electric field on the process is decisive,
while the effect of the magnetic field is associated with
its interaction with the magnetic moment of the particles
being produced. Such an interaction is manifested, in par-
ticular, in the difference in the probabilities of production
of a pair by an external field for scalar and spinor particles.
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3.5. GRAVITATION AND ASTROPHYSICS
First order representation of the Faddeev formulation of

gravity
V. M. Khatsymovsky

arXiv:1201.0806[gr-qc], pp. 1-9, (2012).

We study Faddeev formulation of gravity where metric is
composed of the ten four-dimensional vector fields, that
is, of the tetrad 4x10. One can speak of the new vector
index corresponding to the ten-dimensional vector space
with the flat Euclidean or Minkowsky metric. By using
equations of motion, we can reduce Faddeev gravity to the
Einstein one. We propose representation of the Faddeev
gravity in terms of independent connection variable, an
analog of the known connection representation of the
usual Einstein gravity. Now we introduce the SO(10)
connection. Excluding this connection via the equations of
motion leads to the Faddeev action. Further, we consider
some one-parametric generalization of the Faddeev action
which still results in the Hilbert-Einstein action on the
equations of motion. We propose connection representa-
tion for this action as well. The parameter on which the
action depends is a fundamental constant, an analog of the
Barbero-Immirzi parameter in the Einstein gravity.

On some feature and application of the Faddeev
formulation of gravity
V. M. Khatsymovsky

Thesis of Conference ”Quantum Field Theory and Gravity
2012”, July 31 - August 4 2012, Tomsk, Russia - TSPU

Bulletin, No. 13(128), pp. 76-80, (2012);
arXiv:1212.0978 (2012).

Faddeev formulation of gravity considers metric as
composite field bilinear in the d = 10 four-vector fields.
Its unique property is that the discontinuous fields are
possible on quantum theory. On the discrete level, when
the space-time is constructed of elementary 4-tetrahedra,
this means that the 4-tetrahedra are allowed to mismatch
on their common faces, that is, to be independent. We
apply this to the particular problem of the quantization
of surface considered as that composed of the virtually
independent elementary areas (triangles). We find that the
spectrum of surface area is proportional to the Barbero-
Immirzi parameter in the Faddeev gravity and is described
as the sum of spectra of independent elementary areas.
According to the known in the literature approach, we
find that the Barbero-Immirzi parameter exists ensuring
the Bekenstein-Hawking relation for the statistical entropy
of the black hole for the arbitrary d, in particular, being
0.39... for the genuine d = 10.

Faddeev formulation of gravity in discrete form
V. M. Khatsymovsky

arXiv:1201.0808[gr-qc], pp. 1-18, (2012).

We study Faddeev formulation of gravity which considers
metric as a field composed of the vector fields. We regard

these fields as constant inside the 4-tetrahedra constituting
the space in the discrete framework. The action depends
not only on the fields inside the 4-tetrahedra, but also on
the details of the (regularized) jump of the fields between
the 4-tetrahedra. Though, if the fields vary arbitrarily
slowly from the 4-tetrahedron to the 4-tetrahedron, this
dependence is negligible (it is of the next-to-leading order
of magnitude). We rewrite the earlier proposed in our
work first order representation (in terms of connection)
of the Faddeev action in the discrete form. We show that
upon excluding the connection it agrees with the above
mentioned Faddeev action on the piecewise constant fields
in the leading order. Thus, using the discrete form of the
connection representation of the Faddeev action can serve
as the method to fix the action on the piecewise constant
fields on the 4-tetrahedra.

On area spectrum in the Faddeev gravity
V. M. Khatsymovsky

arXiv:1206.5509[gr-qc], pp. 1-17, (2012).

We consider the Faddeev formulation of gravity in which
metric is bilinear in d = 10 4-vector fields. A unique
feature of this formulation is that the action is finite on the
discontinuous fields (although continuity is recovered on
the equations of motion). This means that space-time is
decomposed in the discrete approach into the 4-tetrahedra
virtually not coinciding on their common faces, that
is, independent 4-tetrahedra. This allows to consider a
surface as composed of a set of the virtually independent
elementary areas (triangles). Then area spectrum is the
sum of independent elementary area spectra. We use
connection representation for the Faddeev action on the
manifold composed of the 4-tetrahedra earlier proposed
in our paper. Elementary area tensors (bilinear in the
tetrad fields) are canonically conjugated to the orthogonal
rotation matrices (connection). These are quantized in
the same manner as the angular moment in quantum
mechanics conjugated to the rotation angle is. We find
that the spectrum of the elementary area is proportional
to the Barbero-Immirzi parameter in the Faddeev gravity
and is similar to the angular moment spectrum in the space
of dimensionality d - 2. Knowing this spectrum allows to
evaluate the statistical black hole entropy. Requiring that
this entropy be coincident with the Bekenstein-Hawking
one gives the equation which is known in the literature.
This equation allows one to find the Barbero-Immirzi
parameter for arbitrary d, in particular, the value 0.39... for
it for the genuine d = 10.

Charged black rings in supergravity with a single non-zero
gauge field.

A. Feldman, A.A. Pomeransky
JHEP 1207 (2012) 141

General charged black ring solution of the 5D Einstein-
Maxwell-dilaton theory with Kaluza-Klein dilaton is
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found by the inverse scattering method. The metric has
two independent angular momenta, a charge and a dipole
charge. The solution is presented in a relatively concise
form in which its symmetries are manifest. The regularity
conditions are found and the physical characteristics of the
regular solution are expressed via its parameters.

3.6. CHAOS
Wigner crystal in snaked nanochannels: outlook

O.V. Zhirov, D.L. Shepelyansky
Physica B407(2012) p.1909-1911.

We study properties of Wigner crystal in snaked nanochan-
nels and show that they are characterized by a conducting
sliding phase at low charge densities and an insulating
pinned phase emerging above a certain critical charge
density. We trace parallels between this model prob-
lem and the Little suggestion for electron transport in
organic molecules. We also show that in presence of
periodic potential inside the snaked channel the sliding
(conducting) phase exists only inside a certain window of
electron densities that has similarities with experimentally
observed pressure dependence of conductivity in organic
conductors. Our studies show emergence of dynamical
glassy phase in a purely periodic potential in absence of
any disorder that can explain enormously slow variations
of resistivity in organic conductors. Finally we discuss
the KAM concept of superfluidity induced by repulsive
Coulomb interaction between electrons. We argue that the
transition from the sliding KAM phase to the pinned Aubry
phase corresponds to the superfluid-insulator transition.

Elastic enhancement factor as a quantum chaos probe
Ya.A. Kharkov, Valentin.V. Sokolov

arXiv:1211.1773v2 [quant-ph] 8 Nov 2012; published in
Phys. Lett. B 718 (2013) 1562-1565.

Recent development of the resonance scattering theory
with a transient from the regular to chaotic internal
dynamics inspires renewed interest to the problem of the
elastic enhancement phenomenon. We reexamine the
question what the experimentally observed value of the
elastic enhancement factor can tell us about the character
of dynamics of the intermediate system. Noting first a
remarkable connection of this factor with the time delays
variance in the case of the standard Gaussian ensembles
we then prove the universal nature of such a relation. This
reduces our problem to that of calculation of the Dyson’s
binary form factor in the whole transition region. By the
example of systems with no time-reversal symmetry we
then demonstrate that the enhancement can serve as a
measure of the degree of internal chaos.

Chaotic interference versus decoherence: external noise,
state mixing and quantum-classical correspondence

V.V. Sokolov

Proceedings of the Chaos2012 International conference,
Athens, Greece, pp. 2-5, (2012).

Possible mechanisms are discussed of suppression of the
quantum interference (”decoherence”). Being, in essence,
of quite general nature, this question takes on special
significance for understanding the quantum-classical
correspondence in the non-trivial case of non-linear
classically chaotic quantum systems. Because of ex-
ponential instability of such a dynamics, an arbitrarily
weak interaction with a disordered environment crucially
influences the motion and turns it into an irreversible
random process. Quite opposite, the quantum dynamics
of the same systems manifest, because of quantization of
the phase space, a considerable degree of stability against
external perturbations. The resulting crucial difference lies
in the fact that though the rapid decay of phase correlations
is an underlying feature of the classical dynamical chaos,
so called ”quantum chaos” is not, by itself, capable of
destroying the quantum phase coherence. Basically,
formation of incoherent mixed states is necessary for
decoherence to appear. For this reason, interaction with a
disordered environment plays a primary role in the both,
classical as well as quantum cases. We illustrate the ways
the decoherence takes place by a number of examples
including a systems driven by a periodic multimode
external force and a stationary electron quantum transport
through a 2D mesoscopic structure.
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4.1. RESEARCH ON THE GDT DEVICE 
 
GDT (Gas Dynamic Trap) in the Budker Institute of 

Nuclear Physics SB RAS is designed for experimental re-
search on basic plasma physics problems that should be 
solved for controlled nuclear fusion in axially symmetric 
magnetic open traps. 
Table 4.1. The main parameters of GDT device. 

Parameter Value 

Distance between mirrors 7 m 
Magnetic field in the central plane up to 0.35 T 
Mirror ratio 33 
Power of atomic beams 5.5 MW 
Energy of the injected deuterium atoms 25 keV 
Average energy of hot ions ≈ 10 keV 
Duration of atomic injection 5 ms 
Inclination angle of atomic beams 45° 
Warm ions density in the central plane 2⋅1019 m-3 

Maximum density of hot ions 5⋅1019 m-3 
Electron temperature до 250 eV 
Plasma radius in the central plane 14 cm 
Relative pressure of plasma up to β = 0.6 

 
Plasma confined in the GDT contains two ions compo-

nents with very different energies. The main component is 
the hot ions formed as a result of oblique injection of 
atomic beams. This component is characterized by adia-
batic confinement regime, and it is responsible for the fu-
sion reactions in the reactor systems designed on the basis 
of the GDT device. Ions of another component are iso-
tropic in velocity space with Maxwell distribution func-
tion. Such a distribution is realized when the length of the 
device exceeds the characteristic length L of ion scatter-
ing by an angle equals to the angle at the vertex of the 
loss cone: 

L >> λii⋅ln(R)/R, 
where λii  - the mean free path of the ions relative to the 

scattering by angle of the order of unity, R – mirror ratio, 
which is supposed to be large for GDT (R>>1). The tem-
perature of the warm ion component is close to the elec-
tron temperature and has a value of few percent relative to 
the energy of the atomic beams particles. It should be not-
ed that the presence of warm plasma in the GDT is neces-
sary as it can help solve fundamental problems of plasma 
confinement: the suppression of drift-cone cyclotron in-
stability and suppression of transverse losses associated 
with magnetohydrodynamic instabilities. 

As a first application GDL offers a powerful 14 MeV 
neutron generator of DT reaction for solution of thermo-
nuclear material science problems and for the manage-
ment of subcritical nuclear reactors for various purposes, 

including apparatus for consuming of long-lived radioac-
tive waste. The record for axially symmetric magnetic 
traps value of relative plasma pressure β = 0.6, reached in 
recent experiments on the GDT, as well as a simple and 
well-studied physics of longitudinal confinement are reli-
able basis for the construction of fusion reactors with the 
essential parameters for fusion applications. 

However, for a more complete and in-depth study of 
reactor applications of GDT, an additional number of 
problems should be solved. Some of them were the sub-
ject of research in 2012: 

1) The study of kinetic instabilities (or microinstabili-
ties), which are a consequence of the non-equilibrium dis-
tribution function of the main component of the plasma - 
hot ions with energy of fusion range (≈ 10 keV) and 
formed as a result of oblique injection of neutral beams 
with energies of deuterium particles 25 keV and a total 
power of more than 5 MW; 

2) The study of additional heating of the plasma elec-
tron component by microwave radiation at a frequency of 
electron cyclotron resonance, as well as injection of an 
electron beam through a magnetic mirror along the axis of 
the GDT device. 

In addition, experiments with small displacement of ax-
ial lines of atomic beams relative to the axis of symmetry 
of the plasma in order to transmit an additional momen-
tum of different signs to the plasma column depending on 
beams aiming geometry. In this mode, the maximum has 
been achieved to date, the temperature of electrons Te > 
250 eV. 

And finally, there were direct measurements of the heat 
flux density on a section of one of the GDT mirrors. 
Showed that this parameter had a maximum value of Q = 
0.25 GW/m2 at the end of the atomic injection pulse. This 
result is of interest for specialists in the study of the inter-
action effects "plasma - surface" for large values of the 
heat flux delivered by the plasma to the elements of con-
struction of future fusion reactors.  

The results of the preparation or conducting of these 
studies briefly covered in the following sections of this 
report. 

 
4.1.1. Study of kinetic instabilities. 

 
For the study of electromagnetic waves in plasma with 

the possible development of microinstabilities a special 
system of high-frequency magnetic probes was created. 
Magnetic probe consists of three orthogonal coils embed-
ded with 10 mm in diameter, each of which registers its 
corresponding component of the magnetic field of the ex-
cited wave: the radial, azimuthal and longitudinal (paral-
lel to the axis of the GDT device). Coils through respec-
tive paths are electrically connected with the channels of 
synchronous waveform recorder. The frequency range of 
the magnetic probes and registration paths lying in 0.1 ÷ 
10 MHz. The probes were fixed inside the vacuum cham-
ber near the plasma edge at 30 cm from the axis of the 
GDT device. Six of them were installed on the same line 
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along the axis, overlapping one half of the movement re-
gion of hot ions. Magnetic probes were installed not equi-
distant, the distances between them were chosen to use 
the optimal method of correlation analysis of wavelength 
oscillations propagating along the magnetic field. Also, 
five probes were placed at equidistant azimuthal angles in 
the plane perpendicular to the axis of the device that al-
lows analyzing the azimuthal structure of the excited elec-
tromagnetic oscillations. 

Measurements showed that at total energy accumulated 
by the injection of hot atomic deuterium ions over 1100 ÷ 
1300 J oscillations with a narrow frequency range, the 
maximum of which accounted for 1.15 MHz detected on 
probes.  In this case, the cyclotron frequency of the deu-
teron in the vacuum field on the axis in the central plane 
was Ωci = 2.7 MHz. Oscillations are generated as "bunch-
es" of varying duration, the amplitude in this case was 
limited and did not dependent on the energy (or relative 
pressure) of hot ions in the range from ≈ 1100 J to maxi-
mum ≈ 1900 J. 

Correlation analysis of observed electromagnetic oscil-
lations revealed their following properties: 

1. The longitudinal oscillation wavelength coincides 
with the estimate one for the Alfven wave. 

2. The excited wave has elliptical polarization and the 
direction of rotation of the polarization vector coincides 
with the direction of rotation of the ions. 

3. The wave propagates from the center of the trap to-
wards the mirror. 

4. In the spatial oscillation spectrum the mode with az-
imuthal wave number m = 1 dominates. 

 
       

 

Fig. 4.1.1. The dependence of the relative phase of the 
signals at the frequency 1.15 MHz from relative angle 
coordinate of azimuthal probe.  
 
Figure 4.1.1 gives reason for the last statement. It 

shows the relative phase of the oscillations with the fre-
quency 1.15 MHz from the relative angular coordinates of 
the corresponding azimuthal probes. It can be seen that 
the measured values of the phases are close to the line 
corresponding to the azimuthal wave number m = 1. 

Mentioned features allow one to conclude that the 
Alfven wave is observed, and we have to deal with the 

Alfven ion-cyclotron instability. This type of instability 
leads to the generation of waves with circular polarization 
and ω < Ωci. Recall that the Alfven wave propagates along 
the magnetic field lines.  

Preliminary results of an experimental study of micro-
instabilities listed above motivated in-depth theoretical 
analysis of the problem. The analysis took into account 
the main features of the experiment at GDT: 

1. Oblique injection of neutral beams; 
2. Close to the real distribution function of the velocity 

of hot ions; 
3. Real spatial inhomogeneity of the magnetic field and 

plasma. 
Brief description of the theoretical analysis is given in 

[I.S.Chernoshtanov, Yu.A.Tsidulko, "Alfven ion-
cyclotron instability in a mirror trap with skew injection 
of neutral beams", accepted for publication in the Journal 
of Fusion Science and Technology]. The main results are 
as follows conclusions: 

1. The generation of an electromagnetic wave is per-
formed by a group of ions with longitudinal veloci-
ties exceeding the average longitudinal velocity of 
the particles of injected atomic beams |v||res| ≥ |v||inj|. 

2. Accounting of transverse inhomogeneity leads to an 
increase in the threshold values relative pressure of 
plasma at which the development of the instability 
begins. 

The task of the next step of the experimental research 
was to test the main conclusions of the analysis. The 
range of the longitudinal velocity of ions that can interact 
with the wave was determined from the cyclotron reso-
nance:  
 

(4.1.1) 
 
where ω - wave frequency, Ωci – cyclotron frequency 

for of hot ions, corresponding to the magnetic field in the 
plasma in the central plane of the GDT, where the genera-
tion of wave, k|| - a projection of the wave vector in the 
direction of the magnetic field, v||res - longitudinal velocity 
of the ions in resonance with the wave. 

 

Fig. 4.1.2. The isolines of the distribution function, the 
area of birth of hot ions, boundary of the loss cone and 
the area of resonance particles in the plane v|| - v⊥ .  

 

|| || ,ci resk vω − Ω =
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The wave frequency - directly measured value, k|| - cal-
culated based on the results of the correlation analysis of 
the data from the magnetic probes located along the axis 
of the setup. Thus to evaluate a range of the longitudinal 
velocity of the resonant ions (4.1.1) we need to know Ωci. 
To calculate the cyclotron frequency it’s necessary to ob-
tain the value of the magnetic field inside the plasma, tak-
ing into account its diamagnetism. In our case it was done 
the two limiting estimates. In the first case Ωci was calcu-
lated for the vacuum magnetic field in the central plane of 
the GDT, the magnitude of which was B0 = 0.3 T. Also 
Ωci calculation was carried out to the central plane with 
the maximum value of the parameter β (the transverse 
plasma pressure to the magnetic field pressure ratio) at the 
time of the instability development. This value is obtained 
by direct measurement of the magnetic field inside the 
plasma by means of a beam-spectroscopic diagnostics, 
based on the dynamic Stark effect. Measurements are 
made turning point of hot ions, the value of β, corre-
sponding to the "threshold" of the instability, was β = 
0.28.  

Thus, from (4.1.1) two values  v||res1 and v||res2, obtained 
the minimum and maximum possible values of the longi-
tudinal velocity of the resonant ions. The result is illus-
trated in Figure 4.1.2, which shows the contours of the 
distribution function of hot ions in the plane v|| - v⊥.  

The scope of birth of hot ions by trapping of the atomic 
beams is indicated by the circle. The area with the lowest 
and highest possible rates of longitudinal resonant veloc-
ity of ions is limited by the vertical lines and shaded with 
dotted texture. It can be seen that the resonant interaction 
with the wave is only possible for a relatively small group 
of particles lying in a fairly narrow region of phase space 
near the region of birth of hot ions due to ionization of in-
jected atoms. Small deceleration or ion scattering to the 
region far from the boundary of the loss cone enough to 
remove particles from the region of resonant interaction 
with the wave. 

The main results of 2012 on study of Alfven ion-
cyclotron instability are listed below: 

1. The type of instability is identified - Alfven ion-
cyclotron with ω ≤ Ωci; 

2. Found that a group of ions with energies close to 
the maximum and the angular spread close to the 
angular spread of the injected neutral beams is in 
resonance with the wave. During braking and scat-
tering particles leave the resonance region without 
reaching the loss cone; 

3. It is shown that the critical value of β, correspond-
ing to the threshold of the instability development, 
increases by increasing of the gyroradius of hot 
ions up to values comparable with the characteris-
tic plasma radius (ρ⊥inj → rp). 

In 2013 it is planned to complete this cycle of re-
search. The work plan for 2013 includes the following 
tasks: 

1. Clarification of the range width of the longitudi-
nal velocity of the resonant ions; 

2. Accurate measurement of the dependence of the 
β threshold on rp/ρ⊥inj; 

3. Experiments with simultaneous injection of 
beams of D0 and H0. Measurement of β thresh-
olds on the concentration ratio of hot ions with 
different masses. 

To solve these and other problems an additional chan-
nel of beam-spectroscopic diagnostics, based on the dy-
namic Stark effect, will be used. The new measurement 
channel is fully prepared to work at the time of writing, it 
allows to measure radial profiles of the magnetic field in-
side the plasma column in the GDT central plane with 
high precision in the modes with high β values. 

 
4.1.2. State of work on additional ECR plasma 
heating in the GDT device. 

 
Energy lifetime of hot ions in GDT is mainly deter-

mined by their Coulomb deceleration due to interaction 
with the electrons and the electron temperature is propor-
tional to the degree of 3/2: 
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where m, z – mass and charge of hot ions, me,e,n,Te – 
mass, charge, density and temperature of the electrons, Λ 
- Coulomb logarithm. This fact means that the electron 
temperature is the most important parameter that deter-
mines the confinement time of hot ions and the effective-
ness of the designed neutron source based on GDT. 

The use of an additional electron cyclotron (ECR) heat-
ing is one way to increase the electron temperature. To 
implement the additional heating in GDT the creation of 
the ECR heating on the basis of two gyrotrons (f = 54.5 
GHz, P = 450 kW) was proposed. The total power of the 
microwave radiation generated by the two modules of the 
gyrotron (2×450 = 900 kW), is comparable with the pow-
er of plasma heating due to the deceleration of hot ions in 
it (≈ 1000 kW). 

Preliminary calculations show that the use of such a 
system of microwave heating will allow reaching a sig-
nificant increase in the electron temperature up to 350 eV 
instead of 250 eV at present. According to the results of 
numerical simulations, the neutron source based on GDT 
with the electron temperature Te > 300 eV is quite com-
petitive when compared with the corresponding systems 
based on accelerators. 

ECR heating system design for GDT, as well as the re-
sults of the numerical simulation of plasma heating are 
described in detail in section 4.1 of the report for the In-
stitute of Nuclear Physics SB RAS in 2011. This report 
briefly lists the main results of 2012 in this direction and 
the state of work at the time of writing the report. 

In 2012 work on the preparation of the experiment on 
the ECR heating on the GDT was completed. All the ele-
ments required for line formation and transport of beams 
of microwave radiation was obtained from production in 
the IAP RAS and ZAO "Gikom" (Nizhny Novgorod). 
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Additional components required for mounting and align-
ment of waveguides elements manufactured and assem-
bled in the GDT as well as conical elements of the vac-
uum chamber with ports for injection of microwave radia-
tion into the plasma and movable valves with pneumatic 
drive to protect the quartz input windows from covering 
by titanium film during titanation of inner surface of the 
vacuum chamber before operating pulses. All the work on 
the installation and calibration of microwave radiation 
beam transport lines from the two gyrotron modules to the 
GDT device completed. 

After the completion of installation and calibration of 
waveguide lines their "hot" test was carried out. Using 
calorimetry it is shown that in the region of plasma radia-
tion power is at least 80% of the power generated by gy-
rotrons, which is in good agreement with the results of 
preliminary electrodynamic calculations. 

High-voltage power sources of gyrotrons with 70 kV 
voltage, current up to 25 A, voltage stability - not more 
than 1.5% assembled, established and prepared to work. 
System of control and monitoring of gyrotron parameters, 
including electronics and software, was assembled, tested 
and ready for operation. 

At the time of writing one of two channels of the ECR 
heating is fully prepared to work. The first series of ex-
periments on the microwave heating of the plasma on the 
GDT started. There are works on the preparation and 
launch of the second channel. 

 
4.1.3. The status of work on the preparation of 
the experiment with the injection of the electron 
beam in GDT. 

 
The first series of experiments on the injection of elec-

tron beam in GDT was carried out in 2011. The results of 
these experiments are described in detail in the report of 
Institute of Nuclear Physics SB RAS for 2011, they moti-
vated the development of a new version of an electron 
gun for a new series of experiments, which is planned for 
2013. 

 

 
Fig. 4.1.3. Construction of a new version of the elec-
tron gun for the experiments with the injection of the 
electron beam in GDT: 1 – coil, 2 - hot cathode, 3 - an-
ode, 4 - electrode to suppress the flow of ions from the 
trap, 5 - cooling water tubes. 
 
 

The design of the new version of the electron gun for 
experiments with the electron beam injection in GDT is 
explained by figure 4.1.3. The device is constructed based 
on the following parameters of the electron beam: 

• Electrons enegry   - 50 keV; 
• Beam current   - 20 А; 
• Pulse duration    - 1 ms. 

The estimated angular divergence of the beam allows 
its adiabatic compression during transportation along the 
magnetic field to the degree of K > 60. 

Work on the production of electron gun and high-
voltage power source to be completed in the first half of 
2013. Experiments on further plasma heating using elec-
tron beam scheduled for 3 - 4 quarters of 2013. 

 
4.1.4. Experiments with offset of atomic beams 
axial lines relative to the axis of plasma symme-
try. 

 
In 2012 a series of experiments with a small (≈ 5 cm) 

displacement of axial lines of atomic beams relative to the 
axis of plasma symmetry in order to transmit the plasma 
column an additional momentum of different signs de-
pending on beams aiming geometry. The result was that 
in the case of a transfer of angular momentum in the di-
rection of the natural rotation of the plasma through E×B 
drift in the radial electric and magnetic fields plasma con-
finement is improved significantly. The radial electric 
field appears due to the radial drop of electron tempera-
ture and corresponding to that drop of ambipolar plasma 
potential gradient. In this mode, the maximum achieved 
to date, the value of the electron temperature Te > 250 eV. 

Figure 4.1.4 shows the result of a measurement of the 
electron temperature in this mode. 

 

      
Fig. 4.1.4. The maximum temperature of the electrons 
obtained in the experiment with offset axial lines of 
atomic beams relative to the axis of plasma symmetry:  
is measured on the axis in central plane at the moment 
of atomic injection end. 
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4.1.5. Measurements of the heat flux density at 
the mirror plane. 

 
In 2012 the direct measurements of the heat flux den-

sity in a GDT mirror plane were also carried out. It is 
shown that this parameter had a maximum value of Q = 
0,25 GW/m2 at the end of the the atomic injection heating 
pulse and did not achieving steady state values. Numeri-
cal modeling of the plasma flows through the mirror 
shows that in the case of the steady state conditions when 
the power of the atomic beams 5 ÷ 10 MW is possible to 
obtain heat flux density up to 1 GW/m2 at the mirror. 
These results demonstrate that on the basis of GDT the 
creation of stand for studying the interaction of "plasma-
surface", capable to realize a full-scale heat flux density 
in plasma boundary layer of next generation ITER-like 
tokamaks, is possible. 

 

     
Fig. 4.1.5. The reconstructed from measurements time 
evolution of thermal power density in the GDT mirror 
for the plasma gas dynamic regime. 
 
In Figure 4.1.5 shows the calculated from measurements 

time evolution of thermal power density in the GDT mir-
ror for the plasma gas dynamic regime. We see that at the 
end of atomic injection (8.5 ms scale in the figure) heat 
flux density reaches 0.25 GW/m2. Thus closest to the line-
arly increasing pulse shape indicates that for neutral beam 
injection duration of 5 ms the stationary state is not 
reached. 
 

Atomic injection 
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4.2. GOL-3 FACILITY 
 

4.2.1. Description and main operation modes of 
the facility. 

 
The GOL-3 facility is a unique engineering-and-

physical complex, which was designed for study of the 
physics of fast collective plasma heating with a high-
power electron beam and the physics of high-temperature 
plasma confinement in a multiple-mirror open trap. The 
processes that determine plasma behavior in the trap are 
characterized with the decisive role of collective and non-
linear effects. The scientific program for the year 2012 in-
cluded several independent lines of research. One of them 
was the study of generation of sub-terahertz electromag-
netic radiation in the vicinity of the double plasma fre-
quency. This radiation arises at strong Langmuir turbu-
lence, which accompanies relaxation of a high-current 
relativistic electron beam in plasma. Another research di-
rection includes experiments by a new GOL-3 program, 
in which a long-pulse electron beam of moderate power 
was injected into plasma. The main results of these works 
are presented below in this section. Besides, the GOL-3 
facility was involved in the research of the physics and 
technology of collective plasma heating with a high-
power electron beam, as well as the influence of high-
power plasma flows on constructional materials. In 2012, 
simultaneously with the experiments by the scientific pro-
grams, the development of the experimental base contin-
ued. 

The appearance of the facility is shown in Fig. 4.2.1. 
The main solenoid consists of 103 independently fed coils 
and has a total length of about 12 m. In a standard multi-
ple-mirror configuration, a magnetic field has 52 corruga-
tion periods (cells of the multiple-mirror system) with a 
field of 4.8 T in the maxima, 3.2 T in the minima, and a 
cell length of 22 cm. The mirror ratio of the corrugation 
trap is 1.5, i.e. the facility operates in the "medium-
corrugation" mode. The solenoid ends with single mag-
netic mirrors with a field of 8 – 9 T. The exit unit of the 
facility consists of an initial plasma source and an ex-
pander with the end beam collector. In the expander area, 
the magnetic field decreases smoothly to 0.05 T, so that 
the specific energy density on surface decreased to a 
value allowing application of metals as receiving sur-
faces. 

A typical scenario of experiment in a standard GOL-3 
configuration is as follows. A few gas-puff valves in a 
metal vacuum chamber Ø10 cm placed inside a solenoid 
create a desired longitudinal distribution of the density of 
hydrogen or deuterium. Then a special longitudinal dis-
charge creates an initial plasma of a length-averaged den-
sity varying in the range of (1 – 30)×1020 m-3 and a tem-
perature of ~ 2 eV. After that, a relativistic electron beam 
generated by U-2 accelerator is injected into the plasma. 
The beam has the following parameters: the electron en-
ergy is 0.5 - 0.8 MeV; the current is 20 - 25 kA; the base 
duration is 8 - 12 µs; the energy content is up to 120 kJ; 
the beam diameter is 4.1 cm (this is a figure for a 3.2 T 
magnetic field, corresponding to the minima of the corru-
gated field). Such a beam is formed in a slit relativistic 

     

Fig. 4.2.1.  Photo of the GOL-3 facility. 
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diode, and then the magnetic system of the accelerator 
compresses and converts it into a circular beam. Under 
collective heating and in optimal regimes, the plasma can 
reach an ion temperature of the order of 2÷3 keV (in the 
hottest part of the plasma column). Due to the multiple-
mirror confinement scheme (corrugated magnetic field), 
the hot plasma can be confined for a much longer time 
than in a simple solenoidal trap. 

In 2012, a series of experiments were carried out for the 
first time in a radically new mode of injection of electron 
beam of energy of ~ 80 keV, power of up to 10 MW and 
duration over 100 µs into a multiple-mirror trap. The 
technology for generation of such electron beams, which 
are suitable for injection into a plasma trap, i.e. resistant 
to a high-power plasma flow out of the trap, had been re-
fined on a special stand in a few years. 

 
4.2.2. Terahertz radiation at relaxation of rela-
tivistic electron beam. 

 
Investigation of the generation mechanisms and peculi-

arities of electromagnetic spectrum of emission from 
plasma under strong Langmuir turbulence, which occurs 
at intense relaxation of electron beam in the plasma, is 
one of important fundamental problems of the plasma 
physics. Besides, it is one of the main problems of astro-
physical observations, since the radio emission of astro-
nomical plasma objects such as the Sun is of plasma na-
ture and these phenomena are defined by processes simi-
lar to those occurring under turbulent plasma heating in 
open magnetic systems. 

In 2012, the GOL-3 facility remained involved in ex-
periments on generation of subterahertz electromagnetic 
radiation at relaxation of a relativistic electron beam in 
plasma. A detailed examination of the evolution of the 
emission spectrum showed it to depend on the plasma 
density. So, during injection of the electron beam, see 
Fig.4.2.2, the generation band shifts with time towards 
higher frequencies. This fact may be due to the increase in 
the plasma density during injection of the beam into the 
plasma, which is confirmed by measurements of average 
plasma density by interferometry (Fig. 4.2.3). 

This fact made it possible to find a mode of GOL-3 op-
eration in which relaxation of a relativistic electron beam 
in a plasma is accompanied by electromagnetic emission 
near 0.5 THz, see Fig. 4.2.4. 

 Since the observed emission is associated with the 
presence of Langmuir turbulence in the plasma area occu-
pied by the electron beam, the total energy registered with 
subterahertz radiation detectors can be identified with the 
electric field value in this area. 

 
4.2.3. Motivation for injection of long-pulse 
electron beam into multiple-mirror trap. 

 
In 2012, the GOL-3 operation mode was changed, 

which meant switching to a new system of generation and 
injection of an electron beam into plasma. These experi-
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Fig. 4.2.2.  Spectra of plasma electromagnetic emission 
for different times after the beginning of the electron 
beam injection. 
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Fig. 4.2.3.  Evolution of plasma density from CO2 inter-
ferometry. The right-hand scale corresponds to values of 
average plasma density recalculated to the double plasma 
frequency. 
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Fig. 4.2.4.  Emission dynamics in the 489 GHz spectral 
channel at relativistic electron beam relaxation in GOL-3. 
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ments are to demonstrate the possibility of injecting a 
long-duration electron beam into plasma. The physical 
program of the research includes both experiments to 
achieve a quasi-stationary state of plasma in the GOL-3 
facility and works to clarify some assumptions to be used 
in the physical design of a new-generation open trap. 

This line of research implies a principal ability of work 
with stationary injection of electron beam, and therefore it 
was necessary to create an electron beam source of a 
moderate power, about 10 MW, capable to operate in an 
incoming plasma flow. The long-pulse electron beam in-
jection gives a possibility of using other conventional 
methods of plasma heating, such as neutral injection and 
RF heating. 

Analysis of possible technical solutions showed that the 
requirements imposed can be met with a scheme of gen-
eration in multi-aperture electron-optical system (EOS) 
with a plasma cathode. This generation scheme has addi-
tional features of the presence of a rather strong longitu-
dinal magnetic field, which affects the operation and pa-
rameters of the plasma generator, and the necessity for 
magnetic compression of the electron beam at least 100 
times relative to the current density, for the trap to provide 
an acceptable ratio of the beam electron density to the 
plasma density. 

 
4.2.4. Source of long-pulse electron beam with 
plasma emitter. 

 
The scheme of the injector is shown in Fig. 4.2.5. 

High-voltage electrode (1) of stainless steel is mounted on 

Plexiglas bushing (2) for a working voltage of up to 150 
kV. The beam electrons are extracted from a plasma pro-
duced by a pulsed arc discharge in hydrogen. Cold-
cathode arc generator (3) is located within the high-
voltage electrode. A cylindrical arc channel is made of a 
set of copper washers, which are insulated from each 
other. Stabilization of discharge in the arc channel is pro-
vided by a magnetic field of ~0.1 T, the field is generated 
by a proprietary small coil. 

Emission plasma expander (4) works as a hollow arc 
discharge anode. At its end there is a molybdenum insert 
with 241 circular emission apertures (see Fig. 4.2.6). The 
apertures are arranged in a hexagonal order. The extrac-
tion electrode, which also is the anode of diode (5), is 
grounded and also has 241 openings. Accelerated elec-
trons are transported through drift tube (6) to the metal 
collector (in the series of test experiments) or to the 
plasma chamber of GOL-3. A magnetic field (10 - 100 
mT) in the vicinity of the injector and drift tube is created 
by inner vacuum coil (7) of the injector and external coils 
on the end tank (8). 

The power and control electronics of the arc discharge 
generator are mounted in a Faraday cage, located near the 
beam source and being under an accelerating potential. 
An acceleration voltage pulse is generated by a high-
voltage capacitor bank and two spark gap switches: the 
primary and crowbar ones (the latter also serves as protec-
tion at the diode breakdowns). 

 The source was placed in the end expansion tank of 
GOL-3 and replaced the output beam collector that was 
used in previous experiments with the relativistic electron 
beam from the U-2 generator. Typical waveforms of shots 
in preparatory experiments, where the beam was dumped 
to the metal collector at 1 m from the diode, are shown in 
Fig. 4.2.7. Note that the pulse duration was preset in these 
experiments, and beam generation was stopped when the 
plasma source was switched off. 
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Fig. 4.2.5.  Diagram of the beam generator in the ex-
pander tank of the GOL-3 facility. 

 

Fig. 4.2.6.  General view of the EOS electrodes.  Left: 
cathode; right: anode. 
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Fig. 4.2.7.  Typical  waveforms of the beam obtained at
work with the collector at a current of ~90 A (a) and a
maximum duration of ~0.9 ms (b). 
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4.2.5. Injection of long-pulse electron beam into 
GOL-3. 

 
The distance from the injector diode to the first input 

magnetic mirror was about 2 m; the expansion tank was 
about 1 m in diameter. For reduction of the effect of vol-
ume charge, the beam was passed to the magnetic mirror 
via a metal drift tube of 0.1 m in diameter  

The magnetic field in the drift channel from the injec-
tor to the first inlet magnetic mirror grew fairly slowly, 
which allows one to consider the beam compression proc-
ess in an adiabatic approximation. While the beam was 
injected, deuterium was puffed into the chamber. The gas 
puffing was carried out using a pulsed valve located eight 
meters from the source. Variation in the initial pressure 
and beam delay relative to the gas puffing ensured a de-
sired distribution of gas density along the facility. The de-
lay varied in the range of 50 - 200 ms. The solid curve in 
Fig. 4.2.8 shows the distribution of the gas in the chamber 
of the facility for a typical delay of 50 ms. The configura-
tion and size of the magnetic field were also varied. The 
field in the source was changed from 10 to 20 mT, and 
the average field of the solenoid was altered from 0.35 T 
to 2 T, which corresponds to a range of mirror ratios from 
20 to 200.  

The injected electron beam had the following parame-
ters: an energy of 70 - 100 keV, a beam current of 15 - 
100 A, an injected beam energy of up to 1 kJ, a pulse du-
ration of 300 ms, and a beam power of up to 10 MW. The 
initial density of the emission current was up to 20 A/cm2. 
After passing through the chamber of GOL-3, the beam 
arrived to a tantalum collector 12 m from the beam 
source. 

The electron beam generated plasma in the facility 
from the deuterium puffed. The regular plasma generation 
system of GOL-3 turned out to be incompatible with the 
first version of the new electron beam generator because 
of the strong gas-and-plasma flow that was produced to-
wards the diode and resulted in a breakdown of the latter. 

The gas is ionized in the beam cross-section while the 
beam is transported through the facility. The plasma den-
sity dynamics at an observation point is defined by the 
balance of the processes of local ionization of the gas 
puffed, gas inlet from the area free of the beam and the 
plasma flow along the magnetic field. The beam occupied 
only a small portion of the vacuum chamber, and thus the 
recombination processes influenced largely the time of 
plasma confinement. It is planned in future to change 
from gas puffing to plasma created in advance with a spe-
cial generator, which is under development now. 

The total current flowing in the plasma chamber was 
measured with Rogowski coils at 8 different positions 
along the length. The amplitude and shape of currents 
measured at various points were almost identical, which 
attests to the fact that in these experiments, there was no 
current leak across the magnetic field. In most cases, the 
amplitude of measured net current was 30 - 50% of the in-
jected beam current. The beam current may be (as in the 

case of a relativistic electron beam) partially neutralized 
by the return plasma current. However, the discrepancy 
between the beam current and the current flowing through 
the plasma chamber can also be explained by reflection of 
some electrons from the entry magnetic mirror. 

Beam stability during its transport was tested in ex-
periments with fast X-ray pinhole camera. Fig. 4.2.9 
shows a typical X-ray image of the beam on the tantalum 
collector. The beam imprint size is in a reasonable agree-
ment with the expected value calculated in an assumption 
of adiabatic motion of the beam in the magnetic field (see 
Fig. 4.2.10). 
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Fig. 4.2.8. Top: diagram of the experiment. Middle: typi-
cal distribution of magnetic field along the length of the 
facility. Bottom: typical initial distribution of deuterium 
concentration along the length of the facility.  
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Fig. 4.2.9.  Beam imprint on the collector (at 12 m from 
the source), made with a pinhole camera. The mean of B 
is 1.24 T. The dotted line shows a Gaussian-profile ap-
proximation. 
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Fig. 4.2.10.  Beam transverse size vs. compression factor. 
Dots: experimentally-obtained transverse dimensions of 
the beam. Solid line: calculated curve. 



 74

Data from an array of Mirnov coils and a speed video 
camera denote rapid rotation of magnetic disturbances in 
the middle part of the plasma chamber. However, such 
small-scale movements in the central part of the chamber 
remained at a safe level and did not lead to a beam dump 
on the vacuum chamber wall. 

 
4.2.6. Plasma heating. 

 
Beam injection into deuterium leads to its ionization, 

and then heating of the resulting plasma. Fig. 4.2.11 pre-
sents typical diagnostic signals for a beam shot with an 
injection power of 1.7 MW. The start of injection is fol-
lowed by a transition period of plasma formation in the 
trap. Depending on parameters, this phase lasts for 15 - 30 
μs, and then a quasi-steady state sets. Diamagnetic signals 
remain almost constant both in time and along the length 
of the facility. The current along the axis of the plasma 
chamber also varies only slightly. The power of 
bremsstrahlung from the collector corresponds to the 
beam current, from which one can conclude that the de-
gree of beam relaxation stays almost unchanged during a 
shot. 

 In these experiments, we also used special microwave 
diagnostics that detects emission at a double plasma fre-
quency. This emission is a reliable indicator of strong 
Langmuir turbulence induced by the beam at its relaxa-
tion in the plasma. The radiation signal is lasting for a 
significant part of the shot (Fig. 4.2.11). 

Closer to the end of the beam injection, the VUV radia-
tion from the plasma area begins increasing, which is ap-
parently due to the local density growth, which in turn 
leads to reduced beam-plasma interaction and decreasing 
intensity of detected electromagnetic radiation (as the fre-
quency of the radiation varies as the square root of plasma 
density). We also observed soft X-ray radiation from the 
plasma, associated with formation of fast electrons. The 
lifetime of such electrons in the trap is up to 1 ms, which 
is confirmed by the fact that the soft X-ray emission from 
the plasma remains for this time after the end of beam in-
jection (Fig. 4.2.12). 

Data obtained from the Thomson scattering also sug-
gest collective relaxation of the beam as the recorded en-
ergy distribution of plasma electrons deviates from the 
equilibrium distribution. However, at the Maxwell ap-
proximation of the core (low-energy part) of the measured 
distribution, the electron temperature in the center of the 
beam-plasma column (depending on the mode) is in the 
range of 20 to 100 eV. Registered via the Thomson scat-
tering, the plasma density in the beam cross-section 
amounts to 1019-1020 m-3, and the radial density profile is 
constant. Note that a typical signal of diamagnetism of-
beam-heated plasma (the radial profile data taken into ac-
count) gives an average energy of an electron-ion pair of 
100 - 150 eV. Several diagnostics allowing estimation of 
the ion temperature show that the major part of plasma 
energy is still contained in fast electrons. 
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Fig. 4.2.12. Waveforms of the accelerating voltage (top) 
and soft X-rays in the energy range of 2 - 20 keV (bot-
tom). 

 
4.2.7. Microwave radiation at relaxation of 
weakly relativistic electron beam. 

 
One of the major demonstrations of interaction of pro-

longated beam with the plasma was the direct observation 
of intense generation of electromagnetic radiation in the 
range of 50 - 200 GHz, which is an indirect indication of 
energy transfer from the electron beam to the plasma in a 
turbulent way (see Fig. 4.2.13). The strong irregularity of 
the detector signals is another evidence of possible forma-
tion of dynamic dips in the plasma density (plasma cavi-
ties), which follow the Zakharov mechanism, during the 
development of Langmuir turbulence in the plasma. 
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Fig. 4.2.11. Typical waveforms for a beam of a power of 
1.7 MW (ne ~ (0.5 – 0.9)×1020 m-3; <B> = 1.24 T.) 
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Operation with such electron beam makes it possible to 
obtain experimental observations of emission of electro-
magnetic radiation for a fairly wide range of the guiding 
magnetic field of the solenoid, which is equivalent to 
changing the level of the electron beam compression. In 
the first experiments on changing the guiding magnetic 
field it was found that its growth is accompanied by an ef-
fective increase in the level of emission of electromag-
netic radiation from the plasma. So, for example, at a 
guiding magnetic field of 0.7 T the power of radiation on 
the detector is ~ 8 μW, while for a field of 1.24 T this 

value is 0.25 mW, and the mode of operation for electron 
beam generation remains unchanged.  

It is important to note that the magnitude and duration 
of the current of the beam injected into the plasma di-
rectly influences both the level of electromagnetic radia-
tion in the microwave range and the time of generation of 
radiation from the plasma (see Fig. 4.2.13). In particular, 
it was found that for a magnetic field of 1.24 T at the ob-
servation point, the local maximum of the detected power 
of electromagnetic radiation is observed at a beam current 
of ~25 A and is ~ 4 mW on the detector. When recalcu-
lated to the experimental geometry, the corresponding 
specific output power of radiation equals ~ 0.9 kW/cm3 
under an assumption of isotropic distribution. As a result, 
evaluating the length of the emitting area of the plasma as 
~ 1 m, we obtain an estimate of the total radiation power 
from the plasma of ~10 kW, which corresponds to ap-
proximately 0.5% of the total power of the electron beam. 

Thus, a systematic analysis of experimental data on 
heating of a plasma with the density ne = 1019 - 1020 m-3 in 
the magnetic field B = 0.26 – 1.8 T was performed in 
2012 with an electron beam of an energy of 50 - 90 keV, a 
beam current density of 10 - 180 A/cm-2 and duration of 
up to 0.1 ms. This analysis revealed dependencies in the 
formation and evolution of electromagnetic radiation gen-
eration during injection of an electron beam in plasma.  

From the results of diagnostics of plasma density by the 
Thomson scattering it was found that interaction of a 
submillisecond electron beam with a cold plasma is ac-
companied  by formation of a plasma with a density of 
3×1019 m-3, which corresponds to the plasma frequency fp 
≈ 49 GHz. Since the detection system applied uses detec-
tor sections with a transitional input waveguide window 
that defines a cut-off in the frequency sensitivity band of 
detectors for 70 GHz or less, it was impossible to observe 
radiation in the vicinity of the first harmonic of the 
plasma frequency.  

 Spectral studies of the microwave radiation in the vi-
cinity of the double plasma frequency revealed a narrow 
peak in the electromagnetic radiation spectrum in the vi-
cinity of f ≈ 94 GHz, with the width Δf ≤ 15 GHz, see Fig. 
4.2.14. At a magnetic field of 1.24 T and electron beam 
current of ~ 25 A, the power of microwave radiation in 
the local maximum is ~ 10 kW. 

 
4.2.8. Summary of the GOL-3 results. 

 
The GOL-3 facility remains involved in experiments 

aimed at the creation of a physics knowledge base re-
quired for construction of an open-trap fusion reactor. The 
quality of information obtained is improved due to both 
implementation of new diagnostics techniques and con-
duction of problem-oriented experiments. New technolo-
gies of plasma heating, which will improve plasma pa-
rameters, are being developed. Applied research was also 
conducted in various directions. Further plans include the 
improvement of the electron beam source and creation of 
a new source of initial plasma and neutral beam injection 
system. 
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Fig. 4.2.13.  Detected power of emission of electromag-
netic radiation in the range of 75 - 120 GHz (solid line) 
for different values of the electron beam current (dashed 
curve). 
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Fig. 4.2.14.  Distribution of the power of electromag-
netic radiation from the plasma, averaged over the spec-
tral channels of the frequency-selective four-channel 
quasi-optical system for experiment  conditions corre-
sponding to the maximum emission ability of plasma in 
the given frequency range (the total electron beam cur-
rent is 25 ± 3 A; the magnetic field value is 1.24 T). 
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4.3. PLASMA THEORY 
 

4.3.1. Alf'ven ion-cyclotron instability 
 
The Alf'ven ion-cyclotron instability conditions in gas-

dynamic trap with sloshing ions are studied in the works 
Yu.A. Tsidulko, I.S. Chernoshtanov, in proc. of XXXVIV 
International conf. on plasma physics and CTS, 
Zvenigorod, (2012) and I.S. Chernoshtanov, Yu.A. 
Tsidulko, In Proc. of 9th International Conference on 
Open Magnetic Systems for Plasma confinement, 
Tsukuba, Japan, August 27-31, (2012).  

The AIC instability excitation is resulted from inverse 
population of resonant ions, which have longitudinal 
velocity satisfying resonant condition 

kv cires /)(|| Ω−≈ ω . The total contribution of resonant 
particles can be destabilizing only in the sloshing ion 
injection area resinj vv |||| ≈ , which results in the 
experimentally verified relation of the wave length with 
injection longitudinal velocity and frequency. The 
stability threshold is strongly depends on injection details, 
in particular angle and energy dispersion. The distribution 
“tail”,  arising because of drag and scattering, gives the 
main contribution into the plasma density and pressure. 
The threshold weakly depends on the details of the tail 
area, only integral contributions of the tail is important. 

Another taken into account peculiarity of the problem 
is possibility of the wave dissipation  in the plasma 
periphery, which can significantly enhance the stability 
threshold.  

The used approximation of the distribution function 
allows to take into account the distribution function 
details in the injection area and to make analytical 
continuation  of the dispersion relation in 
z , r ,ω and k complex planes. The last is necessary for 
searching absolute instability threshold and the wave stop 
points in WKB method. 

According to preliminary data (experimental studying 
is in progress) the main results of the theory are in 
agreement with the experimental results (P.A. 
Bagryanskiy, M.S. Korzhavina, V.V. Prikhodko and K.V. 
Zaytsev, In Proc. of 9th International Conference on Open 
Magnetic Systems for plasma confinement, Tsukuba, 
Japan, August 27-31,(2012)). 

 
4.3.2.  Development of the theory of electron 
cyclotron heating 

 
    Propagation of an extraordinary electromagnetic 

wave in the vicinity of electron cyclotron resonance 
surface in an open linear trap is studied analytically, 
taking into account inhomogeneity  of the magnetic field 
in paraxial approximation. Ray trajectories are derived 
from a reduced dispersion equation that makes it possible 
to avoid the difficulty associated with a transition from 
large propagation angles to the case of strictly 

longitudinal propagation. Ray trajectories have been 
found in analytic form. An analysis of these trajectories 
has demonstrated that the inhomogeneity of both the 
magnetic field strength and the field direction can 
qualitatively change the picture of wave propagation and 
significantly affect the efficiency of electron cyclotron 
heating of a plasma in a linear magnetic trap. A criterion 
for the resonance point on the axis of the trap to be an 
attractor for the ray trajectories has been found.  

    As an example, the results of general theory are 
applied to the electron cyclotron resonance heating 
experiment which is under preparation on the Gas 
Dynamic Trap in the Budker Institute of Nuclear Physics. 

 
4.3.3. Theory of electromagnetic emission 
generated in a turbulent plasma 

 
The power of second harmonic electromagnetic 

emission is calculated for the case when strong plasma 
turbulence is excited by a powerful electron beam in a 
magnetized plasma. It is shown that the simple analytical 
model of strong plasma turbulence with the assumption of 
a constant pump power is able to explain experimentally 
observed bursts of electromagnetic radiation as a 
consequence of separate collapse events. It is also found 
that the electromagnetic emission power calculated for 
three-wave interaction processes occurring in the long-
wavelength part of turbulent spectrum is in order-of-
magnitude agreement with experimental results. 

The generation of terahertz electromagnetic radiation 
due to the coalescence of upper-hybrid waves in the long-
wavelength region of strong plasma turbulence driven by 
a high-current relativistic electron beam in a magnetized 
plasma is investigated. It is shown that the power density 
of electromagnetic emission at the second harmonic of 
plasma frequency in the terahertz range for these 
laboratory experiments can reach the level of 1MW/cm^3 
with 1% conversion efficiency of beam energy losses to 
electromagnetic emission. 

 
4.3.4. Two-dimensional simulations of nonlinear 
beam-plasma 

 
Nonlinear interaction of a low density electron beam 

with an uniform plasma is studied using two-dimensional 
particle-in-cell simulations. We focus on formation of 
coherent phase space structures in the case, when a wide 
two-dimensional wave spectrum is driven unstable, and 
we also study how nonlinear evolution of these structures 
is affected by the external magnetic field. In the case of 
isotropic plasma, nonlinear buildup of filamentation 
modes due to the combined effects of two-stream and 
oblique instabilities is found to exist and growth 
mechanisms of secondary instabilities destroying the 
Bernstein-Green-Kruskal–type nonlinear wave are 
identified. In the weak magnetic field, the energy of 
beam-excited plasma waves at the nonlinear stage of 
beam-plasma interaction goes predominantly to the short-
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wavelength upper-hybrid waves propagating parallel to 
the magnetic field, whereas in the strong magnetic field, 
the spectral energy is transferred to the electrostatic 
whistlers with oblique propagation. 

 
4.3.5. Optimization of the  reactor based on the 
open trap 

 
Further development of the program of mirror traps in 

BINP needs analysis of its perspectives, in particular, of 
the end-product of the program, the fusion reactor, that 
can be constructed. Significant progress in plasma 
parameters of open traps in recent years is in conjunction 
with deviation of their regimes from ambipolar 
confinement, so that most of previous projects of tandem-
mirror reactors do not apply. Multi-mirror and gas-
dynamic traps confine dense plasmas in sufficiently long 
systems. Based on applicable confinement formulas, an 
approximate mathematical model of burning-plasma 
reactor is developed. The plasma composition is 
simulated self-consistently, in accordance with the chosen 
fuel cycle and the fuel burn-out. The reactor length was 
used as the optimized function, as the costs of linear 
reactor grow with its length. The model allowed to 
determine particulars of the magnetic and other 
subsystems, that will be developed and tested in future 
experiments. Estimates show, that the gas-dynamic 
multiple-mirror systems can be designed to be hundreds 
of meters (DT-cycle) or up to 3 km long (DD-cycle). 
However, the plasma radius of such reactors can be very 
small, of the order of ten centimeters. Such geometry 
causes significant difference of mirror reactors from 
toroidal ones: an order of magnitude lower minimal 
power, lower heat- and neutron loads on the first wall. 
This would relax requirements to construction materials 
and operation costs of the reactor. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

4.4. BEAM INJECTORS OF HYDROGEN 
ATOMS AND IONS 

 
4.4.1. Beam Injectors of Hydrogen Atoms 

 
Diagnostic neutral beam injector of hydrogen atoms 

has been developed for Wendelstein 7-X stellarator, 
which is currently under construction in Germany. Ion 
source of the injector forms a beam with a current up to 
8.5 A and an energy of 60 keV. Duration of the beam 
pulse is up to 10 seconds with a different mode of 
modulation. 

 
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. 
The project is based on separate formation and 
acceleration of  negative ion beam. Detailed designing of 
the basic elements of an injector was completed. 
Prototype of a source of negative ions of hydrogen is 
assembled. Experimental test stand for study of formation 
of intense hydrogen negative ion beam with energy of 120 
keV in the ion source was under preparation. The test 
stand is provided with modern electro-technical and 
vacuum equipment.  
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4.5. INSTALLATION GDMT-T 
 

4.5.1 Conceptual design of the GDMT-T facility. 
 
A concept of a new-generation open trap for confine-

ment of plasma with thermonuclear parameters was de-
veloped based on new results on plasma confinement in 
axisymmetric open traps obtained on the BINP plasma fa-
cilities GOL-3 and GDL. This installation got a name of 
GDMT (gas-dynamic multiple-mirror trap). It is a mag-
netic bottle with multiple-mirror end sections. A system 
for high-power neutral injection forms a population of 
sloshing fast ions (Fig. 4.5.1). Plasma confinement in the 
superconducting multiple-mirror end sections is realized 
due to stimulation of scattering of ions leaving the trap, 
because electron beams injected from the ends of the fa-
cility excite plasma oscillations. 

Construction of a new-generation installation necessi-
tates solution to a series of complex engineering and 
physical problems. That is why the work will be divided 
into several stages of creation and testing of some critical 
elements and systems of the future installation. The first 
step is to create the GDMT-T facility, which is a multiple-
mirror end section of the GDMT installation with the out-
put expansion tank and electron beam generator. In addi-
tion to scientific problems that are directly associated 
with the development of the new open trap for fusion re-
search, this installation can be an effective and popular 
stand for experiments on the interaction of high-power 
plasma flows with surface and testing elements of plasma 
dumps of fusion facilities. 

GDMT-T is schematically shown in Fig. 4.5.2. The cen-
tral part of the installation is a superconducting solenoid, 
which is a prototype of the end section of GDMT. The 
central solenoid is connected to the expansion tank with 
the electron beam generator and the test chamber with 
samples to study. One of the diagnostic intervals of the 
central solenoid hosts a system for generation of steady-
state plasma flow on the basis of helical microwave dis-

charge at a frequency of 915 MHz. The system generates 
a plasma with density of up to 1020m-3 and a temperature 
of 1-10 eV, which enables a plasma flow with a power 
density of up to 10 MW/m2 and a particle flux density of 
1024 m2 on a sample of an area of 7 cm2. Additional re-
petitively pulsed plasma heating with electron beam injec-
tion (100 keV, up to 100 A) results in a hundred-fold in-
crease in the power density on the target during the injec-
tion (1-5 ms). This allows one to simulate the effect of 
plasma on divertor plates of reactor-class tokamak in op-
erating with pulse-periodic load (ELM modes). Pulse-
periodic loads can otherwise be generated with a gyrotron 
system of electron-cyclotron heating of plasma. 
 
4.5.2. Superconducting magnetic system. 

 
The magnetic system of the installation consists of 

three identical superconducting solenoids with a length of 
1.6 m and an aperture of 160 mm. Additional warm coils 
are used for generation of relatively weak magnetic fields 
in the area of the electron beam generator. The structure 
of the solenoid is based on BINP developments in the 
field of superconducting elements for sources of synchro-
tron radiation. In particular, modern approaches and 
achievements in the field of cryogenic technology can re-
duce heat leakage to a cryostat and drastically decrease 
liquid helium consumption. 

Possible configurations of magnetic field in GDMT-T 
are shown in Fig. 4.5.2. Since these solenoids are planned 
to be used as end sections of the GDMT facility, the sole-
noids can generate both a corrugated field and a quasi-
uniform one. Each solenoid consists of two coils: the ex-
ternal one, creating a constant magnetic field, and the in-
ner one, consisting of seven sub-sections with opposing 
connection of adjacent subsections. This allows genera-
tion of a multiple-mirror magnetic field. 

 
 

 

 
Fig. 4.5.1. GDMT installation. 
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Fig. 4.5.2. Top: scheme of GDMT-T. 1 - the expansion 
tank; 2 – the electron beam generator; 3 – the cryopump; 
4 – the superconducting solenoids, 5 - diagnostics interval 
I with the steady-state plasma system; 6 - diagnostics in-
terval II (targets and the ECR heating system); 7 – the test 
chamber. Bottom: possible configurations of magnetic 
field of the installation. a – a multiple-mirror configura-
tion, b - a quasi-homogeneous magnetic field configura-
tion. 

 
When both (internal and external) coils are switched 

on, the solenoid creates a multiple-mirror magnetic field 
with a maximum field of 7.2 T and a mirror ratio of 2.6. A 
configuration with quasi-uniform field, which is achieved 
with only the external coil switched, is more preferable 
for experiments on interaction of plasma with surface. In 
this case, varying the current in the coil of the third (out-
put) solenoid, one can regulate the magnetic field and 
thus the power density on the target. 

 
4.5.3. Production of steady-state plasma flow. 

 
RF heating of plasma is widely used for generation of 

steady low-pressure discharges. The GDMT-T installation 
assumes generation of plasma flow with a helical dis-
charge, which occurs when fast helical waves are excited 
in a magnetized plasma with collisional damping. A mag-
netron with an operating frequency of 915 MHz can serve 
as a microwave power source. These magnetrons, widely 
used in the industry, have high efficiency, high output 
power (up to 100 kW) and a relatively low cost. Simula-
tion of absorption of microwaves in the plasma shows that 
at the selected operating frequency, the system can be 
used for generation of plasma flows at magnetic fields of 
up to 2-5 T and a plasma density of up to 1020 m-3. 

A scheme of possible mounting of a helicon antenna is 
shown in Fig. 4.5.3. Because of the high plasma density 
and high magnetic field, the characteristic wavelength in 
the plasma is several centimeters, which hinders the use 
of antennas of traditional configurations (helicon, saddle, 
of the Nagoya type, etc.). 

A double half-turn antenna seems to be more promis-
ing. Such antenna excites a symmetric helicon mode m 
=+1 (m is the azimuthal wave number, and the plus sign 

means that the wave rotates in the same direction as the 
magnetized electrons of the plasma do). Microwave 
power is transmitted to the antenna through a coaxial in-
put with a bore for cooling fluid. 

  

Coaxial
 feedtrough Vacuum

chamber

Antenna

Plasma
column

 
Fig. 4.5.3. Antenna unit for plasma generation. 

 
Fig. 4.5.4. Electric field configuration (arrows) and 
microwave power absorption in plasma due to colli-
sions (fill) for the mode m =+1 in the GDMT-T facil-
ity. 

The field structure and dispersion characteristics of 
various oscillation modes were numerically simulated for 
the actual geometry of the GDMT installation at different 
plasma parameters. In these calculations, plasma was 
modeled as an anisotropic continuum with a complex di-
electric tensor, i.e. the vacuum chamber was a circular 
waveguide partially filled with a gyrotropic medium. The 
transverse structure of the electric field and the amount of 
power absorbed for the mode m =+1 is shown in Fig. 
4.5.4. In a 2 T magnetic field, which corresponds to the 
field in the antenna area, the oscillation wavelength for 
the given mode is 2.5 cm and the length of collision ab-
sorption is about two meters, which is comparable with 
the length of the GDMT-T installation. 

It should be noted that these calculations do not take 
into account the effects of excitation of slow long-wave 
surface oscillations (the Trivelpiece-Gould modes). These 
oscillations can also be excited in a helicon discharge. In 
this case, the length of absorption of the Trivelpiece-
Gould modes is a few centimeters, which greatly in-
creases the overall efficiency of plasma heating. 
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4.5.4. Electron beam generator. 

 
For experimental simulation of pulsed loads on the 

plasma dumps of the ITER tokamak divertor, the targets 
must be exposed to plasma flows with a power density of 
0.5-4 MJ/m2 per pulse of 0.3-0.6 ms, i.e. the system of 
plasma heating shall provide an energy deposition to the 
plasma of a power of about 1 MW per millisecond pulse 
with a relative pulse duration of 100-1000. Such flows 
can be created in several ways, in particular by means of 
neutral injection or electron-cyclotron plasma heating 
with gyrotrons. 

Pulsed plasma heating was provided mainly with an 
electron beam injected into the plasma through one end of 
the installation. This choice was determined by the ac-
quired experience in creation of electron-beam generators 
with similar parameters on the GOL-3 facility and the im-
portance of further development of this technology for the 
GDMT installation. 

The electron beam generator is a multiple-aperture vac-
uum diode with arc plasma emitter. The energy of elec-
trons in the beam is taken to be 100 keV, which is optimal 
from the point of view of achieving small angular spread, 
efficiency of beam-plasma interaction and simplicity of 
the power system. For decrease in the density of particle 
flux from the plasma, the generator shall be placed in a 
low magnetic field. In this case, the possible beam com-
pression in the magnetic field is limited with the angular 
spread of electrons in the beam and amounts Bmax/B0 ~ 
200, which determines the magnetic field magnitude in 
the 0.03-0.04 T beam generator. Then the equivalent cur-
rent of ions from the plasma in the beam generator is re-
duced to a value of 0.1 A/cm2. It should be noted that the 
ion current value is considerably higher than the steady 
work limit, 20 mA/cm2, determined on GDMT in experi-
ments with diodes with incandescent emitters. 

At this degree of compression, the electron current den-
sity required for influencing the plasma dumps is 5 
mA/cm2, i.e. the diode shall work in an inefficient mode, 
the main power spent on acceleration of the counter ion 
flux. One can overcome this problem via increasing the 
local density of electron current through beam filamenta-
tion and use of more rapid modulation. 

 
Fig. 4.5.5. Geometry of unit cells in the electron beam 
generator. 

 
Below is described a diode structure chosen from these 

considerations. A planar diode of 50 cm in diameter con-
sists of 361 holes combined in 19 groups hexagonally-
located within an aperture of 34 cm in diameter (Fig. 
4.5.5a). Each group of 2 cm in diameter is powered from 

its own arc plasma source and consists of 19 holes, which 
are the unit cells of the accelerating diode (Fig. 4.5.5b). A 
unit cell consists of a cathode hole of 3 mm in diameter 
and an anode opening of 3.6 mm in diameter, with a spac-
ing of 15 mm. 

This arrangement of the holes results in the maximum 
local density of electron current if elementary beams are 
arranged sufficiently uniformly on the diode surface, with 
a minimum number of arc units required. It should be 
noted that experiments on GOL-3 have shown the beam 
filamentation to disappear after compression in the mag-
netic field and a beam in a strong field to have a homoge-
neous structure. 

A further increase in the current density can be 
achieved via fast beam modulation. Preliminary experi-
ments showed that this modulation with a relative pulse 
duration of ten and a frequency of 10 kHz can be obtained 
through control of the current of the arc plasma generator. 

Increase in the beam current density has an additional 
advantage of amplified efficiency of the beam-plasma in-
teraction. This interaction shifts the spectrum of the elec-
tron beam towards lower energies, which is preferable for 
experiments on test of components of plasma dumps. The 
ratio of beam electron concentration to the plasma elec-
tron concentration is a critical parameter that determines 
the efficiency of the beam-plasma interaction. This ratio 
shall exceed a value of 10-3. With these beam parameters, 
the beam current density significantly exceeds this limit, 
which allows efficient transfer of energy from beam elec-
trons to plasma thermoelectrons. 

 
4.5.5. Conclusion. 

 
Implementation of the GDMT-T project will enable 

creation of a BINP up-to-date stand for research on the 
plasma-surface interaction. Such stand is required both 
for implementation of the ITER project and for develop-
ment of a reactor based on an open trap. Within this pro-
ject, technical solutions for a reactor-type plasma installa-
tion will be tested and physical aspects of plasma con-
finement in a magnetic field and interaction of high-
power electron beams with plasma will be investigated. 

 A physical project of the installation and main techno-
logical components has been developed so far and the de-
sign documentation for components of the installation is 
being prepared. Experiments on the new plant will start in 
2015. 

 
4.6. RESEARCH ON GENERATION OF 
MILLIMETER WAVE RADIATION ON 

THE ELMI INSTALLATION  
 

4.6.1. Introduction. 
 
Within a research on radiation generation in a single-

channel planar free-electron maser (FEM) with two-
dimensional distributed feedback, which was performed 
earlier on the ELMI installation, there was demonstrated 
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generation of 4 millimeter wave radiation with a power of 
about 10 MW and duration of 300 ns in single-mode op-
eration at the frequency of one of hybrid Bragg cavity ei-
genmodes. These results formed the basis for the devel-
opment of two-step generator of submillimeter wave ra-
diation using a planar FEM consisting of two channels 
with strip relativistic electron beams (REB). A 4 mm 
wave radiation in the first (low-frequency) channel shall 
be generated similarly to generation in the single-channel 
FEM. In this case, the generated 4 mm wave radiation 
shall be sent via waveguides to the second (RF) channel 
of the generator. In this channel, the 4 mm wave radiation 
will be a pump mode for generation of THz radiation us-
ing the second strip beam. 

Before the experiments on the two-step generation of 
terahertz radiation, we carried out experiments on simul-
taneous generation of 4 mm wave radiation in the two 
channels of the planar FEM. The purpose of this research 
was to determine the possibility of exchanging electro-
magnetic radiation fluxes between the cavities of these 
two channels to achieve matching of electromagnetic 
waves in the channels under the conditions of two-
dimensional distributed feedback. 

 
4.6.2. Arrangment of the experiment. 

 
Experiments on the generation of 4 mm wave radiation 

were performed in the two-channel FEM, a scheme of 
which is given in Fig 4.6.1. The electrodynamic system of 
each of the two identical channels of the maser was a pla-
nar hybrid resonator with a gap between the wall planes 
of 0.95 cm and a total length of 72 cm. There is a two-
dimensional Bragg reflector on the beam entry to the 
resonator and a one-dimensional reflector at the exit. 
These reflectors are connected via a segment of a regular 
waveguide with a 0.95x8.5 cm section and a length of 32 
cm. The entry reflector is formed of two Bragg gratings, 
which are plane-parallel copper plates with two-
dimensional surface corrugation in the form of staggered 
square grooves (Fig. 4.6.1). The surface corrugation pe-
riod is 4 mm in both directions; the corrugation depth is 
170 microns; the length of the corrugated surface is 20 
cm. "Cold" electrodynamical measurements have shown 
the staggered-cut-surface Bragg gratings to have selective 
properties close to those of gratings with ideal two-
dimensional sinusoidal corrugation. Similarly to the case 
of single-channel FEM, for the purpose of suppression of 
spurious modes trapped between the walls of the resona-
tor that is closed at the ends, these ends are equipped with 
corner scatters of transverse wave flows arising in the re-
flector. Since the main increase in the amplitude of the 
electromagnetic wave pumped by the electron beam in the 
resonator occurs after the two-dimensional mirror, the en-
ergy loss in the generator associated with the above scat-
tering on the non-regular side surfaces are sufficiently 
small. The exit reflector consisted of two one-dimensional 
Bragg gratings with corrugation in the form of parallel 
rectangular grooves with a period of 2 mm and a depth of 
70 m (Fig. 4.6.1). The length of the corrugated surface is 
20 cm. 

 

 
Fig. 4.6.1. Scheme of experiments on generation of mil-
limeter wave radiation in the two-channel FEM. 

 
     In the first series of experiments, the FEM channels 
were separated with a metal bar throughout their length. 
Even with this separation, there was electrodynamic cou-
pling between the FEM channels in the experiment, be-
cause of the scattering of radiation fluxes near the dumps 
for absorption of electron beams. On the inclined surface 
of these dumps, the radiation fluxes from the channels 
were bent for extraction into the atmosphere. There was 
an option of removing a portion of the bar in the area of 
the two-dimensional Bragg reflector in order to provide 
synchronization of radiation generation via combination 
of transverse radiation fluxes in the two channels. 

 
Fig. 4.6.2. Scheme of two-channel heterodyne diagnostics 
device. 

 
    Strip electron beams were generated by two separate 
cathodes, placed in one common magnetically insulated 
diode. When beams were passing from the diode to the 
maser channels, their cross section got compressed in in-
creasing magnetic field. Then the beams were transported 
through the channels in this guiding magnetic field by a 
distance of about 1.5 m. At the exit of the channels, the 
cross-section of the beams gradually increased due to re-
duction in the magnetic field strength, and then the beams 
were absorbed by graphite dumps. As noted above, the 
surface of the dumps was inclined at an angle of 45 ° to 
the beam propagation direction in the generation chan-
nels. That provided reflection of radiation flux from the 
channels towards the windows for extraction into the at-
mosphere. Then, by circular copper waveguides of 9 cm 
in diameter, the radiation was passed to a noise-immune 
metallic room, where it was analyzed with the radiation 
registration system. This system includes detectors "on 
hot carriers" for registration of behavior of radiation 
power in the time domain during a generation pulse and a 
special “TK power/energy meter” calorimeter to measure 
the total pulse energy. In addition, for measurement of the 
microwave signal spectrum in four frequency ranges, a 
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four-channel diagnostics device was fabricated based on 
waveguide band-pass filters, and for precise spectral 
measurements we used two-channel heterodyne diagnos-
tics (see a scheme in Fig. 4.6.2.). 
 
4.6.3. Results of research. 

 
In the first series of experiments on generation of ra-

diation in the two-channel FEM, we measured millimeter-
wave radiation power vs. undulator magnetic field at sev-
eral fixed values of guiding magnetic field in the channels 
of the maser. In these experiments, the maximum voltage 
across the diode was about 0.8 MW; the beam currents 
were of a magnitude of 1 to 3 kA; the length of millime-
ter-wave radiation pulse was up to 0.4 microseconds. 

Processing of signals recorded by means of four-
channel spectral diagnostics based on waveguide band-
pass filters revealed that almost in all shots of this series 
of experiments, the main portion of FEM microwave ra-
diation power (no less than 70%) is in the spectral range 
of 74.5 to 75.5 GHz.  This interval contains the frequen-
cies of eigenmodes of the hybrid resonator. The rest 
power is in the frequency interval of 77 to 77.8 GHz, in 
which a stray coupling of the main TEM mode with mode 
TM2 takes place on the one-dimensional corrugation of 
the exit Bragg reflector. Fig 4.6.3 presents radiation 
power in the spectral range of 74.5 to 75.5 GHz vs. undu-
lator component of magnetic field at different values of 
the guiding magnetic field induction. Lines in this figure 
represent results of theoretical calculations. 

 

 
Fig.4.6.3. Mm-wave radiation power in the frequency 
range of 74.5 to 75.5 GHz vs. undulator field amplitude. 

 
The experiments used a microwave calorimeter for 

determination of dependences of mm-wave radiation 
pulse energy on undulator and guiding magnetic fields, 
which dependences turned out to be similar to those 
shown in Fig. 4.6.3. A typical value of microwave pulse 
energy from each FEM channel was 4-6 J, which allowed 
us to estimate the pulse-duration-average power of the 
mm-wave radiation, which was  -  20-40 MW. 

The two-channel heterodyne diagnostics enabled pre-
cise measurement of the FEM radiation spectrum in vari-

ous experimental conditions. These measurements have 
shown that at an arbitrary ratio of the guiding magnetic 
and undulator fields, in the radiation spectrum, as a rule, 
there are several lines close to the frequencies of eigen-
modes of the resonator. However, if one selects a ratio of 
the fields and an electron beam energy to meet the reso-
nance condition bhv Ω=− ||ω , where cv |||| β=  is the lon-
gitudinal velocity of electron and wb dv ||2π=Ω is the 
frequency of electron bounce oscillations in an undulator 
magnetic field with a period wd ,  a stable single-
frequency generation of 4-mm wave radiation is observed 
in the experiment. Consistency of the electron beam en-
ergy near the flat top of voltage across the diode enhances 
rapid excitation of a single dominant mode in the resona-
tor. Moreover, in such shots, radiation generation in both 
channels of the FEM occurred at approximately the same 
frequency and synchronously in the oscillation phase. An 
example of waveforms of signals registered in one of 
these shots is shown in Fig. 4.6.4 (a) and Fig. 4.6.4 (b) 
(enlarged scale). 

 

 

 
Fig. 4.6.4. Signals of voltage across the diode, current of 
one of the beams and power of mm-wave radiation in the 
frequency range of 74-75 GHz in shot # 7671. 
 
The radiation spectrum in this shot shows a stable nar-
rowband generation with a spectral width of ~ 20 MHz at 
the frequency of one of the modes of the Bragg resonator 
(Fig.4.6.5). In this case, the typical width of mm-wave ra-
diation pulse was 100 to 200 ns, and the radiation band-
width was close to the natural width. 
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Fig. 4.6.5. Radiation spectrum in shot #7671. 
 
Processing of signals in all shots with single-frequency 

generation of mm-wave radiation revealed synchroniza-
tion of electromagnetic waves in both channels of the 
FEM. Fig. 4.6.6 shows an example of such synchroniza-
tion of radiation. It presents intermediate frequency sig-
nals from mixers that record radiation from the two chan-
nels of the FEM. In our view, the synchronism of genera-
tion of mm-wave radiation in the two channels of the 
FEM is provided by the electrodynamic coupling between 
them due to the scattering of radiation fluxes in the area 
of the vacuum channels where the radiation fluxes are 
bent for radiation extraction into the atmosphere. 

 
Fig. 4.6.6. Time expanded portion of intermediate-

frequency signals received from the mixers used in the 
measurement of the radiation spectrum in the two chan-
nels of the FEM. 
 

4.6.4. Preparation of experiments on two-step 
generation of terahertz radiation. 

To carry out experiments on two-stage generation of 
THz radiation, we are reconstructing the ELMI facility. A 
new vacuum chamber with a new system of coils for crea-
tion of guiding and undulator fields was designed and fab-
ricated, as well as a new-version electrodynamic system 
of the maser (for the two-stage scheme of generation). 
The first test experiments will be carried out in single-
pass scattering of millimeter waves. The experimental 
scheme is shown in Fig. 4.6.7. 

In channel № 1, which is a planar FEM with a com-
bined Bragg resonator, a radiation wave with a frequency 
of about 75 GHz and field structure close to that of TEM 
wave is generated using the first strip beam. Then the 
Bragg deflector directs the mm-wave radiation to channel 
#2, where it is converted inside the planar Bragg con-
verter (Fig. 4.6.7) from the TEM wave to a quasi-critical 
one, which propagates with a low group velocity towards 
the second strip beam. Such a wave is a superposition of 
two plane waves propagating almost perpendicular to the 
direction of beam motion. Each of them is scattered by 
the electron beam with frequency conversion from 75 
GHz to the range of 600-1000 GHz, depending on the en-
ergy of the electrons of the beam, and extracted from the 
maser by the transport beam line through a window to the 
atmosphere. Such a scheme was chosen for increasing the 
coupling of the electrons of the beam with the scattered 
wave and for reducing the Doppler frequency conversion, 
which allows one to measure the spectrum of the scattered 
radiation using the existing diagnostics equipment. Note 
that in counter scattering of wave on a beam of electrons, 
the radiation frequency range shifts into the interval of 1.5 
- 2 THz, and measurements in this interval require expen-
sive special equipment. 

Effectiveness of the two-step generation can be easily 
improved with integration of an electromagnetic undula-
tor that is a planar Bragg resonator for storing the pump 
wave. Besides, for mode selection, a planar THz radiation 
resonator based of modified Bragg reflectors (MBR) will 
be placed in channel № 2 of the two-stage FEM. The 
principle of operation of the MBRs is based on the cou-
pling of quasi-critical waves and those propagating along 
the channel, this coupling realized due to one-dimensional 
corrugation of the surface of the reflectors. Three-
dimensional computer modeling and "cold" measure-
ments have shown the MBRs to provide high selectivity 
up to the transverse dimensions of the gap in the reflector, 
which exceed the radiation wavelength by an order of 
magnitude (~ 20 λ). For operation at a frequency of 0.6 
THz, we made  MBRs with the following parameters: the 
period of the lateral corrugation of the surface is 0.5 mm, 
and the corrugation depth is 50 m. 

 

 
 
Fig. 4.6.7. Scheme of the electrodynamic system of the 

two-channel FEM with single-pass scattering of a 4-mm 
wave into a THz wave. 
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5.1. VEPP-2000 COMPLEX: WORK WITH 
ROUND BEAMS AND PLANS  

ON UPGRADE 
 
5.1.1 Round beams on VEPP-2000 
 

VEPP-2000 working energy range is 0.2–1 GeV, maxi-
mal luminosity is 1×1032 cm-2s-1. The main disadvantage 
of the complex at the moment is acute shortage of posi-
trons. With given luminosity at the energy 1 GeV particle 
loss is 6×107, but at the same time the existing system of 
positrons production can produce 2×107 positrons per 
second only. This means that this system is insufficient 
taking into account all other transfer coefficients and op-
erational efficiency. All hopes for future for collider 
VEPP-2000 at BINP are related to injection complex 
VEPP-5. 

 
Fig. 5.1.1. Main elements of VEPP-2000 collider. 

 
VEPP-2000 consists of 8 dipole magnets, 24 quadru-

poles and 4 superconducting solenoids, which make linear 
optics of the ring (Fig. 5.1.1). There are numerous correc-
tions: 24 horizontal, 20 vertical, sextupoles, skew-
quadrupole corrections provide beam manipulations, con-
trol, fine tuning etc. Beam monitoring system includes 16 
CCD cameras (2 in each magnet), 4 pickups (1 in each 
quadrant), current meters and photomultiplier. The com-
plex is equipped with two methods of energy calibration: 
resonance depolarization (2 Touschek sensors and depo-
larizer) and back Compton scattering method that is used 
regularly last year. Collider has two detectors installed: 
CMD-3 and SND, which are very important instruments 
for high energy physics as well as for tuning the operation 
of the accelerator. 

VEPP-2000 tuning consists of several stages. The first 
one is closed orbit correction that includes accumulation 
of response matrices of closed orbit on variations of 
quads’ gradients, SVD analysis, and calculation of correc-
tors’ currents. We need to make 2–3 iterations, each takes 

about 10 minutes. Then one should minimize currents in 
correctors, and we have beam orbit with accuracy of 
0.5 mm with respect to the projected orbit. After that we 
make tuning of the ring optics: accumulation of response 
matrices in pickups and CCD cameras on variation of 
dipole correctors, SVD analysis, correcting currents in 
quadrupoles and solenoids. 3–4 iterations are required (10 
minutes each), that is much better than we had in previ-
ous experimental season (1 hour per iteration). First of all 
it is due to installing the new system of CCD cameras in 
this year. Such progress allowed us to consider this pro-
cedure as routine, real tuning of operation can take sev-
eral hours instead of days in the past. As a result we have 
smooth beam sizes, projected value of β*, zero dispersion 
function outside the achromats. Besides this we correct 
coupling of betatron oscillation with the aim of 3 families 
of skew-quadrupoles to the level   ν1 – ν2 < 0.003. 

Fig. 5.1.2 explains the importance of optics correction. 
During 2010-2011, when this procedure was not so rou-
tine, one can see that luminosity remained at low level, 
after correction the increase is about 4-5 times. 
 

 
Fig. 5.1.2. Specific luminosity vs ξ  parameter at energy 
900 MeV. 
 

Together with modernization of beam observation sys-
tem (4 new CCD servers and 16 fast CCD cameras, Fig. 
5.1.3) another control system modernization was carried 
out (Fig. 5.1.4): the new equipment for VEPP-2000 con-
trol room was purchased (Fig. 5.1.5) and the new systems 
of beam energy calibration with NMR were commis-
sioned. The new system of pickups service that allowed 
us to measure beams beginning from very small currents 
is put into operation. The new structure of software – 
system of logs was realized, which allows one to record 
all working parameters, analyze and restore successful 
operating modes. The system repeatedly proved to be in 
work, and we very actively use it. 

Let us shortly describe the history of work in this sea-
son. January 2012: tuning VEPP-2000, degassing, opera-
tion in 510 MeV range with SND. CMD-3 at the begin-
ning of the year eliminated problems with cryogenic sys-
tem, in a month they continued normal work. 
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Fig. 5.1.3. Beam from all 16 CCD. 
 

February–march: the laser of Compton backscat-
tering was installed and we performed experiment HIGH 
2012 (510-990 MeV). At the beginning we calibrated 
energy with φ -meson at 510 MeV (again with two detec-
tors). But on February 5 there was an accident – current 
lead of solenoid 1S1 was burned out, the repair took 2 
weeks, then we performed degassing and starting opera-
tion. Further work went steadily. As it was mentioned our 
first problem is the lack of positrons. The second diffi-
culty is that at high energies (from 800 MeV) we have to 

work in the regime of beam acceleration in VEPP-2000 
ring. Injection part (BEP and channels) although is de-
signed for operating at 900 MeV, in real life we can work 
up to 825 MeV, then beams are injected in VEPP-2000 
and further manipulations are performed in the ring. Nev-
ertheless this allowed us to reach 990 MeV, operation of 
collider is shown in Fig.5.1.6. During the experiment 
there was accumulated luminosity integral of 13.6 pb-1, 
Fig.5.1.7. 

 

 
Fig.5.1.6. VEPP-2000 collider regular work. 

 
 

 
 

 
 

Fig.5.1.4. VEPP-2000 control scheme. 
 

 
Fig. 5.1.5. VEPP-2000 control room. 
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Fig. 5.1.7. Luminosity collected in HIGH 2012 experi-
ment. 
 

At the same time the first test of calibration energy with 
Compton backscattering was made. Laser beam meats the 
electron one, and backscattered light is registered with 
detector (Fig. 5.1.8). And the very first experiments 
showed us scattering spectrum as in Fig. 5.1.9. There was 
proposed an explanation based on laser beams interfer-
ence from several points of interaction region. After that 
these data were put in the energy calibration formula, the 
accuracy for the given figure is E = 993.662 ± 0.016 MeV. 
In this season energy measurement based on CBS method 
is also an routine operation. 

In the summer of 2012 there was installation of addi-
tional BPMs in BEP–VEPP-2000 channels, that affected 
on speed and quality of tuning the injection channels. In 
September 2012 we started operation, modernization of 
control system, CCDs, new electronics for pickups instal-
lation. October–November: geodesic work, start of opera-
tion with round beams, further VEPP-2000 tuning. We 

made energy calibration with φ  and Ω  mesons (510 and 
390 MeV), 19 points were recorded. Since December 4 
up to now: experiment RHO 2012 (energy range from 
490 MeV and lower), at the moment we reached 
360 MeV, statistics was taken in 32 points, luminosity 
integral is 4.1 пб-1. Statistical data gathering is shown in 
Fig, one can see regular growth in spite of energy lower-
ing. The gap in operation is due to NY. 
 

 
Fig. 5.1.8. CBS method scheme. 

 

 
 
 

 
Fig. 5.1.9. Energy calibration. 

 
The feature of VEPP-2000 work at low energies is flip-

flop effect – increasing the size of one of the colliding 
beams and decreasing of another one. But in the case of 
round colliding beams this effect does not lead to dra-
matically reduction of luminosity and allows us to work 
with big enough currents and big specific luminosity. We 
have stable increasing of accumulated integral in spite of 
lowering the energy. The beams are presented in Figure 
5.1.11 – positron beam is big, electrons are small, but the 
luminosity is at enough level. 

The dependence of collider luminosity on energy is 
shown in Figure 5.1.12. This is summary picture of all 
years, two experiments HIGH 2012 and RHO 2012 are 
added. Starting from the energy 640-650 MeV we have 
lack in positrons production, and from energy 800 
(825) MeV we have to accelerate and decelerate of beams 
in VEPP-2000 ring for normal operations. 
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Fig. 5.1.10. Data gathering in RHO 2012 experiment. 

 
 

 
 

Fig. 5.1.11. Flip-flop effect influence on beam sizes. 

 
 

 
Fig. 5.1.12. Luminosity of VEPP-2000 complex. 

 
5.1.2. Modernization of booster ring BEP and 
channel K-500. 
 

Modernization of injection part to work at the energy 
1 GeV consists of several sages. At first the beams from 
injection complex VEPP-5 are needed. Secondly, it is 
necessary to construct and put the K-500 channel into 
operation. The third point is that we have to upgrade BEP 
to avoid problems with boost and lowering the beams in 
VEPP-2000 ring. And of course modernization of BEP–
VEPP-2000 channel is required, as it is significantly con-
nected with BEP. The preparation of VEPP-2000 for in-
jection on 1 GeV is also required. 

On the K-500 channel at the moment an installation 
and preliminary geodesic placement of all the magnetic 
elements is finished, except ones which require disman-
tling the old injection part we still work with. Laying of 
feeding cable routes of all elements is complete, power 
supplies are in active development and production. Vac-
uum chamber is also complete; system pumping is at the 
moment carried out. New bending magnet (the last chan-
nel element) is almost manufactured. One can see for the 
Figure 5.1.13 assembled vacuum system, installed quad-
rupoles, magnets, cables are routed and connected.  Fur-
ther works on turning-on and tuning are assumed. 

To upgrade BEP at first the new RF cavity on new 
energy is needed. The modification of bending magnets is 
required, and the first one (13th magnet) is modified al-
ready and its measurement is carried out. Besides this, 
modification of quadrupoles is required to increase gradi-
ent and to enhance sextupole component to be able to rise 
beams up to 1 GeV. Modification of aluminum vacuum 
chamber, new BEP elements such as bump, Ferro probe 
are needed. The part of these works demands a full stop 
of the VEPP-2000 complex and BEP dismantling. The 
new BEP magnet (Fig. 5.1.14) is already placed in the 
BEP hall, connected, and the first tests showed results as 
in the Figure 5.1.15. The modification of this magnet ap-
peared not such simple task, insignificant completion was 



 91

originally assumed. But during the further work we real-
ized that the magnet has to be more strongly modified for 
achievement of necessary field level. 
 

 
 

Fig. 5.1.13. Tunnel of K-500 channel. 
 

 
 

Fig. 5.1.14. New BEP magnet. 
 

Injection channels require manufacturing 8 new mag-
nets, the work is in progress. modification of power sup-
plies is also needed, we assume to use old high-voltage 
supplies from the old channel. Preparation of VEPP-2000 
for injection on 1 GeV is installation of additional inflec-
tor plates in the magnets near to RF cavity. 
 

 
 

Fig. 5.1.15. Magnetic measurements of modified BEP 
magnet. 
 
5.1.3 Resonance depolarization on VEPP-2000. 
 

The experiment on energy calibration using resonance 
depolarization is carried out, preliminary results are 
shown in Figure 5.1.16 the work took place in a flat beam 
mode – VEPP-2000 without solenoids and CMD-3. Three 
runs were made. The first one was a pilot run to simply 
observe a jump; it was carried out with large amplitude 
and large depolarizer frequency speed. The jump was at 
the position predicted by measurement using Compton 
backscattering method. Following experiments were car-
ried out more accurate with less amplitude and speed of 
depolarizer. Recorded jumps are almost coincident with 
each other; movement was at first from right to left, then 
from left to right. At that the voltage of VEPP-200 RF 
cavity was different, that in the case of a side resonance 
would lead to different results It is clearly seen from Fig-
ure 5.1.17 a good agreement of measurements with each 
other as well as with the energy measured in CBS method. 
 

 
 

Fig. 5.1.16. Resonance depolarization. 
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5.2. VEPP-4 ACCELERATOR COMPLEX 
 
Accelerator complex VEPP-4 is a unique installation 

for experiments with colliding high-energy 
electron-positron beams. The complex includes injector 
"Positron", multipurpose storage ring VEPP-3 and 
electron-positron collider VEPP-4M with the universal 
magnetic detector KEDR. The main purpose of the 
VEPP-4М collider is experimental studying of the 
properties of elementary particles, the parameters of 
resonances and the cross-sections of electron-positron 
annihilation processes. 

 

5.2.1. Distribution of working time 
In 2012 the planned reconstruction of the KEDR 

detector was continued, thus, the high-energy physics 
experiments at the VEPP-4М collider were not carried out. 
Fig. 5.2.1 shows the time distribution for various aspects 
of works at the VEPP-4 complex for 2012. 

 
Fig. 5.2.1. Distribution of working time of the VEPP-4 
accelerator complex. 

 
As seen from the diagram, this year the complex 

working hours are distributed mainly between the 
experiments with synchrotron radiation (16,9 % VEPP-3 
+ 1.6 % VEPP-4М), and also the DEUTERON 
experiment at VEPP-3 (17,4 %). Regular maintenance 
works (1,8 %) are carried out weekly. The accelerator 
physics experiments at VEPP-4М were performed to 
adjust the scattered electron registration system and to 
develop the research on CPT theorem checking. The 
series of experiments with a beam of high-energy 
γ-quanta obtained by conversion at the internal target 
(«the output beam») is also continued at VEPP-4M. 

 
 

5.2.2. DEUTRON experiment at VEPP-3. 
Measurement of ratio of cross-sections of the elastic 

electron/positron scattering on a proton allows 
determination of the contribution of a two-photon 
exchange to this process. The necessity to take into 
account the two-photon exchange has been realized due to 
the contradiction in the results of measurements of proton 
electromagnetic form-factors.  

In 2009 the measurement of R with the accuracy 
considerably exceeding the accuracy of the known world 
data is performed at the storage ring VEPP-3. In 2011 the 
measurement of R in other kinematic area was started 
(Fig. 5.2.2), this will allow us to double the achieved 
accuracy. These works were continued in 2012.  
By 1.04.2012 the planned integral of luminosity - over 
100 kilocoulomb - was obtained. Currently the 
experiment is finished and the collected data are under 
processing. 

 
Fig.5.2.2. The DEUTRON experiment equipment at 
VEPP-3. 

5.2.3. The output beam at VEPP-4M. 
Calibration of various systems of elementary particle 

detectors for the accelerators being under construction 
and design requires the beams of γ-quanta and electrons 
with certain properties. This type of beams are obtained at 
VEPP-4M via using the electron scattering either on the 
residual gas or on the tungsten converter specially 
inserted into the accelerator vacuum chamber. The 
produced secondary particles get to the equipped 
experimental hall through the collimator (Fig. 5.2.4). The 
design parameters of γ-quanta and electron beams are 
represented in Table 5.2. 1. 

 

 
Fig. 5.2.3. The output beam at VEPP-4M. 
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Started in 2011, the testing of FARICH prototype for 

the super с-τ factory being under design was continued in 
March – May 2012. Along with testing of the equipment 
designed and manufactured in BINP, testing of the 
detectors provided by PHILIPS company was carried out. 
Continuation of both experiments is planned for 2013. 

Table 5.2.1. Parameters of the output γ-quanta and 
electron beams 

Parameter electrons γ-quanta 
Energy, GeV 0.1 ÷3.0 0.1 ÷3.0 

, % 
0.5 ÷5.0 ∼ 1 

Intensity, Hz 10 ÷1000 1000 

Coordinate resolution, 
mm 

0.5 - 

5.2.4. Scattered electron registration system. 
Modernization of the registration system was carried 

out: new two-co-ordinate Gas Electronic Amplifiers 
(detectors) were added, the complicated system of energy 
calibration including two lasers and a BGO-based precise 
calorimeter was produced and put into operation. The 
adjustment of the system was performed with the 
VEPP-4M electron beam at the energyЕ = 4 GeV. These 
modifications provided a considerable improvement in 
the accuracy of measurement of the parameters of 
two-photon events; this is especially important for 
studying the production of single pseudoscalar 
resonances. 

5.2.5. 7-pole wiggler with a 3Т field. 
In 2012, at VEPP-4M accelerator the experiments with a 
new element of magnetic structure – a 7-pole wiggler 
with a 3Т field (Fig. 5.2.4). 

Radiation from the wiggler goes through the new SR 
beamline to the experimental hall where it is supposed to 
be used for various experiments (Fig. 5.2.5). 

 

 
Fig.5.2.4. 7-pole wiggler with a 3T field, installed in the 
northern semi-ring of the VEPP-4M accelerator. 

 
Fig. 5.2.5. Experimental hall and the new SR beamline. 

5.2.6. Experiment on CPT-invariance check 
  Experiment consists in comparison of the energies of   
electron and positron beams at the VEPP-4M collider 
using the method of resonant depolarization with the 
accuracy better than 10-9. To eliminate the systematic 
errors in energy measurement, the solution of the problem 
of separating the beams in parasitic interaction points was 
required. The suggested method allows us to avoid use of 
the systems of electrostatic separation of the orbits of 
electrons and positrons. The method is based on affecting 
the particle radial orbit by RF signal on the second 
subharmonic of revolution frequency. In this case electron 
and positron bunches run along the same orbit which is 
closed every two turns. 

Bunches collide at the main interaction point, and at 
parasitic interaction point are always separated. The 
system for RF separation is installed in a technical area of 
VEPP-4М and is tested with electrons (Fig. 5.2.6). 
 

 
Fig. 5.2.6. Separation of two electron bunches by means of RF-system. On the left –CCD-matrix data, on the right – 
turn-by-turn diagram of electron beam centre-of-gravity position registered by the multianode PMT. 

 

Beam horizontal position 
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5.3. INJECTION COMPLEX VEPP - 5 
 

5.3.1. Activity in 2012. 
 
Upgrade of the vacuum system of the Injection com-

plex was completed, and operation of the RF system of 
the complex was started at maximum design values of RF 
power of all the klystrons. The old RF loads of the accel-
erating structures of the linear electron accelerator were 
replaced with new, more powerful devices. The second 
acceleration structure of the linear electron accelerator 
was also replaced. The previous prototype structure at this 
site had constraints on the average RF power input to the 
structure. In addition, the new beam diagnostics system 
was prepared for operation with positrons in the linear 
positron accelerator. This system includes three extend-
able phosphor sensors, one of them combined with a 
Faraday cup. Each sensor has its own digital external-
synchronization photometric camera for measurement of 
transverse distribution of beam intensity. In the linear 
electron accelerator, phase tuning of RF accelerating 
fields in the structures was performed, which was neces-
sary for optimal acceleration of bunches. The computer 
control system of the complex and part of the control 
software were upgraded. The upgrade of the control sys-
tem involved replacement of outdated system modules 
and monitors of the main control computers with new 
ones and switching to a more recent version of the operat-

ing system LINUX. The Injection complex is now work-
ing 24 hours a day in the adjustment regime; the new 
power supply system of the pulsed flux-concentrator 
magnet for positron production is being tested; training of 
the accelerating RF system of the fourth module at the 
maximum RF power is close to completion; the damping 
ring of the complex is ready to receive a positron beam. 

 

5.3.2. Studies of wakefield acceleration. 
 

The BINP workshop completed the production of 
plasma section elements for study of wakefield accelera-
tion. The plasma section is being prepared for vacuum 
tests in the laboratory. Beams of the storage ring will be 
used for experiments on plasma wakefield acceleration. 
An installation for investigation into plasma acceleration 
is being built in a hall neighboring the storage ring. This 
installation is an additional transport line for electron and 
positron beams emitted from the storage ring (see Fig. 
5.3.1). In its full version, the installation will include a 
beam compression system, although at first a simplified 
version will be commissioned, with uncompressed beams 
injected into plasma. In this case, one can also observe a 
significant change in the energy and angular spread of 
beam due to the development of transverse two-stream in-
stability in plasma. 

 

Fig. 5.3.1. The first stage of the experiment on wakefield acceleration in the BINP injection complex (above). Short 
plasma section (bottom left). Place for the short plasma section on beam extracted from the storage-ring (bottom right). 

 
5.4. ELECTRON-BEAM WELDING 

5.4.1. Works carried out in 2012. 
Works on refining of the promising electron-beam 

welders that were developed and manufactured by BINP 
were continued. These welders are intended for electron-
beam technology, fist of all (in case of fine-focusing elec-
tron beams) for welding and cutting of metals and their 
alloys, including refractory ones. With other beams, these 
welders can be applied to high-temperature heating of 

materials and melting, including thick layers on sub-
strates. 

 The electron optical column of the welders can be 
mounted both outside the operational vacuum chamber 
and inside it, on a handler. 

Currently, 7 electron beam welders are operated at en-
terprises of the Russia defense industry. Last year BINP 
assisted these enterprises in maintenance of these plants 
and provision with expendable materials. 
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5.4.2. Designing a vacuum system and technology for its 
production for high-intensity electron-positron colliders. 

 
Below are listed works under ISTC project № 4022 

"Development of vacuum system and technology for its 
production for high-intensity electron-positron colliders" 
that were continued in 2012. 
       ● A vacuum system of an operational volume of 4 m3 
was fabricated and assembled; a working vacuum of  
3·10-6 was attained; 
       ● a power unit with the following elements was man-
ufactured and assembled: 
       - a 60 kV electron gun with a continuous or modu-
lated current of 100 mA, combined with magnetic optics; 
       - a 60 kV high-power source; 
       - cathode-area electronics controlling the welding 
electron beam current and its modulation; 
       - power supply system for the magnetic optics; 
       - locks and alarm system; 
       - computer control via the CAN bus. 

A general view of the electron-beam welder is shown 
in Fig. 5.4.1. Test startups of the power unit with the 
computer control were carried out and an electron beam 
was generated. 

For software debugging and welding refining, a four-
coordinate system for sample motion was mounted on the 
existing stand for electron-beam welding (see Fig. 5.4.2). 

Some fragments of an aluminum vacuum chamber of a 
high-intensity electron-positron collider have been welded 
(see Fig. 5.4.3). 
 

 
Fig. 5.4.1. Electron-beam welder. 

 

Fig. 5.4.2. Four-drive system with stepper motors. 
 

 
Fig. 5.4.3. Vacuum chamber fragments welded on the 
stand for electron beam welding. 
 

5.5. TECHNICAL PROJECT OF LINEAR 
INDUCTION ACCELERATOR LIA - 20R 

 
The linear induction accelerator LIA-20R being 

designed at BINP is a unique, no-analogues-in-the-world 
facility, which provides operation of a promising radio-
graphic complex at VNIITF. The accelerator will generate 
a high-power high-quality electron beam suitable for ra-
diography with submillimetric spatial resolution and high 
penetrability. All physical and technical solutions for 
LIA-20R are aimed at making the phase volume of in-
tense electron beam extremely small. This, in turn, pro-
vides an extremely small transverse size of the source of 
X-ray bremsstrahlung and the highest possible spatial res-
olution of this technique. 

 The basic physical parameters of the linear in-
duction accelerator LIA-20R are shown in Table 5.5.1. 

 



 96

Table 5.5.1. Basic physical parameters of LIA-20R. 
Parameter Value 

Electron beam energy 20 MeV 
Electron beam pulse current  2 kA 
Beam current duration 350 ns 
Electron beam phase volume (emittance) at 
the output of the accelerator (not more 
than) 

50 
mm·mrad 

Pulses per series 2 
Adjustable interval between pulses in se-
ries 

3-10 μs 

Maximum repetition frequency of pulse se-
ries 

0.1 Hz 

Time instability of beam energy over a 
single pulse 

0.5 % 

 
The initial shaping of the electron beam takes place in 

the Injector, which consists of a high-vacuum diode with 
a low-temperature dispenser cathode and accelerating sec-
tion. The electron beam has a maximum energy of 2 MeV 
at the exit of the Injector. Then 30 short identical acceler-
ating modules and 12 long identical accelerating modules 
accelerate the beam to an energy of 20 MeV. Such parti-
tion of the accelerator into modules and the low value of 
average acceleration rate are associated with the minimi-
zation of transverse beam focusing aberrations in the ac-
celerating/focusing system, which ensures small beam 
phase volume at the exit of the accelerator. Aberrations 
caused by non-linear defocusing effects of space charge 
forces and imaging currents are optimized through the op-
timal arrangement of the focusing elements and minimi-
zation of variations in the transverse beam size in the ac-
celerator. Increase in the beam phase volume due to inac-
curacy in alignment of the focusing and accelerating ele-
ments is constantly controlled by a special system for on-
line geodetic measurements of the accelerator geometry. 
Results of these measurements are used for position ad-
justment of the accelerator elements. Operation of all ac-
celerator subsystems in all modes is controlled from the 
central console through a specialized control system. So, 
LIA-20R consists of six basic elements: the injector, sys-
tem of short accelerating modules (30 modules), system 
of long accelerating modules (12 modules), system for 
on-line geodetic measurements, control system, and sys-
tem for on-line measurements and magnetic field correc-
tion. The first three elements are localized, while the three 
latter are evenly distributed throughout the accelerator. A 
general scheme of the accelerator LIA-20R is shown in 
Fig. 5.5.1. 

 
Fig. 5.5.1. General scheme of LIA – 20R. 

 

5.6. QUADRUPOLES FOR NSLS II 

In 2009, BINP and the Brookhaven Laboratory con-
cluded a contract for the manufacture of 120 quadrupoles 
for the main ring of the synchrotron radiation source 
NSLS II. In 2010, an additional contract for the manufac-
ture of 7 lenses more, of another type, was concluded. 
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 The lenses were of six types, differing mainly in the 
yoke length and shape of the side spacers (see Fig. 5.6.1 
and Fig. 5.6.2). 

 Lens parameters are presented in Table 5.6.1. Re-
quirements to the field quality were very high. The mag-
nitude of higher harmonics relative to the main field may 
not exceed 3·10-4 to 5·10-5, depending on the harmonic 
number.  

 
Table 5.6.1. Parameters of the quadrupoles for 
 NSLS II. 

 Unit 

Type 
9801 
and 

9802 

Type 
9804 
and 

9807 

Type 
9810 
and 

9813 

Quantity  60 60 7 

Aperture ra-
dius mm 33 33 33 

Lens yoke 
length m 0.217 0.415 0.250 

Magnetic field 
gradient, max T/m 11.2 20.2 21 

Ampere-turns kA 4.9 9.0 9.4 

 
Below is described the technology for the magnet pro-

duction. The yoke was stacked of laminations 1 mm thick. 
There were two poles on each lamination. 

 The laminations were stamped from low-carbon sili-
con electrical steel, grade 1200-100 Power Core. The 
steel was received from ThyssenKrupp in rolls with adhe-
sive coating. The laminations were stamped sequentially 
with roughing and finishing punches. The roughing punch 
cut a lamination 6 mm oversize, and the finishing one 
forged it finish. The finished laminations were stacked in-
to yoke halves and then glued together. In the course of 
the gluing, the pole gaps were adjusted. Then, the gap was 
measured at 20 points along the axis of the lens, for each 
half. The measurements showed that on the completed 
halves the mean gap value is held within an accuracy of 
20 - 40 μm and its uniformity along the axis of the lens, of 
10 microns. 

 

 

 

 
Fig. 5.6.1. Types of the BINP lenses for the main ring of 
the NSLS II synchrotron radiation source. 
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Fig. 5.6.2. Types of the BINP lenses for the main ring of 
the NSLS II synchrotron radiation source.  
 

 Here, the uniformity is taken as the standard deviation 
from mean. Then a preliminary assembly of the lens was 
carried out; the first measurements of the magnetic field 
harmonics were performed; inter-pole inserts and pole 
overlays were mounted, which helped in fine tuning of 

magnetic fields. After the fine tuning of magnetic fields, 
the lenses were passed to the final stage (installation of 
the water cooling and supply system, the carrier plate, 
painting, etc.). 

 After that, two control measurements of magnetic field 
harmonics of the lens were performed. Measurements 
made before and after re-assembly (lens separation into 
the top and bottom halves for simulation of installation on 
the accelerator) were to agree with each other and specifi-
cation requirements. 

 Amplitudes measured on finished lenses for all har-
monics are shown in Fig.5.6.3. 
 

 
a) 

 
b) 

 
c) 

Fig. 5.6.3. Harmonic amplitudes measured in units of 10-4 
relative to the fundamental harmonic: a) statistics over 60 
short lenses, b) statistics over 60 long lenses, and c) 
measurement of seven medium lenses. 
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In May 2012, the last of the lenses were dispatched to 
the Brookhaven Laboratory. BNL experts subjected all 
the lenses to internal control and found them to be com-
pletely compliant with the set parameters. The quality of 
magnetic fields of our lenses was identified as the best 
among all the manufacturers of lenses for NSLS II. BNL 
experts are now assembling the facility. 
 

 
Fig. 5.6.4. Part of the BINP team near the lenses mounted 
on the NSLS II ring.  April 2012. 
 

5.7. SWITCHED POWER SUPPLY FOR 
NSLS II BOOSTER  

INJECTION/EXTRACTION SYSTEM 
 

The beam injection system in the NSLS II Booster ap-
plies four kickers with an efficient length of 200 mm. 
Two kickers (BU3 and BU4) deflect the beam in regimes 
for single injection or storage. Another two kickers (BU1 
and BU2) are used only in the storage regime. The extrac-
tion system employs one kicker with a sum efficient 
length of 800 mm (four sections, each 200 mm long). Ta-
ble 5.7.1 summarizes the requirements to the power sup-
ply system for the extraction/injection kickers, which 
shall ensure the required parameters of pulsed field in a 
magnet of a given design at operation of the Booster in 
various regimes. 

The switch-mode power supply systems for injection 
and extraction are based on a common principle. Immedi-
ately under the magnet in the Booster ring, there is a pulse 
generator (Pulser), which includes a pulse shaping line 
(PSL), thyratron with trigger unit, and filter elements. 
When the thyratron is triggered, the Pulser generates a 
current pulse with set parameters in the magnet buses. In 
the injection system, there is one pulser per kicker, 
whereas each kicker in the extraction system is fed from 
two pulsers. The PSL of each generator is charged from 
its charger unit with control electronics (PSU). The PSUs 
of all the six generators are placed in a single rack, which 
is set in the “service area” of the Booster. The block dia-
gram of the switch-mode power supply is shown in Fig. 
5.7.1. 
 

Table 5.7.1. Requirements to the power supply system for 
the extraction/injection kickers. 

Injection  
 
Name  

Single 
injection 
(BU3, 
BU4) 

Storage re-
gime 

2nd pulse 
(BU3,4 
BU1,2) 

 
 
Extrac-
tion 

Amplitude of 
current in the 
magnet buses, A 

1.650 
 

1.120/795 
 

2.300 

Current ampli-
tude at the modu-
lator output, А 

3.300 
 

2.240/1.590 
 

4.600 

Magnet section 
inductance, nH 650 650 

Equivalent load 
inductance, nH 162.5 325 

Pulse flat top 
length, ns 310 310 

Pulse rise time, 
ns <210 <210 

Decay time, ns <210 - 
Load current sta-
bility (including 
fluctuations on 
the pulse top) 

±0.5% (including  
fluctuations in the  

pulse tail) 
±0.2% 

Pulse shaping 
line impedance, 
Ohm 

5.9 4.4 

Maximum charge 
voltage of the 
pulse shaping 
line, kV 

20 21 

Voltage ampli-
tude on the mag-
net buses, kV 

15 20 

 
Some characteristics of the pulsers are worth noting. 

The pulsers were designed subject to special requirements 
to output current stability and pulse top evenness. 

The evenness of the top is defined by the accuracy of 
impedance setting for individual cells of the pulse shaping 
line. The resulting evenness of the pulse top of the extrac-
tion kicker field was within ± 0.09%. Current stability de-
pends on the temperature derating of parameters of vari-
ous elements of the generator and instability of voltage 
drop on the thyratron at current switching. The tempera-
ture derating can be tracked and compensated for via 
changes in the charging voltage. Instability of voltage 
drop on the thyratron is a stochastic value and generally 
fits into allowable limits. The measurements revealed that 
the standard deviation of the extraction kicker from a tar-
get value is less than 3·10-4. 
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Fig. 5.7.1. Block diagram of the switched-mode power 
supply for the kickers of the extraction-injection system. 

 
Pulsers of the injection system shall comply with the 

requirement of minimization of the amplitude of current 
oscillations in the pulse tail. To this end, a saturable 
choke was brought into the generator circuit in series with 
the thyratron. The "diode" properties of the choke reduced 
the amplitude of oscillations in the tail of the field pulse 
of the injection kickers to a level of ± 0.45%. Another dis-
tinctive feature of the injection pulsers is the necessity of 
ensuring required pulse parameters in two different opera-
tion modes at different levels of PSL charge. Since ce-
ramic capacitors in the PSL are dependent on voltage, it 
was necessary to adjust the impedance of the PSL cells to 
some medium value that would ensure the required pulse 
parameters in different operating modes. As a result, the 
evenness of the pulse top of the injection kicker field was 
± 0.3%. Pulse shapes of the injection and extraction kick-
er fields are shown in Fig. 5.7.2 and Fig. 5.7.3., respec-
tively. Fig. 5.7.4 represents a photo of the pulser with 
kicker connected in the Booster ring. 

 

 
Fig. 5.7.2. Field shape measured on the axis of the extrac-
tion kicker; the field amplitude corresponds to 720 G; the 
time scale is 100 ns/square. 
 

 
Fig. 5.7.3. Field shape measured on the axis of the injec-
tion kicker; the field amplitude corresponds to 510 G; the 
time scale is 200 ns/square. 
 

 
Fig. 5.7.4.Pulser assembled in the NSLS II Booster ring. 
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5.8. CONNECTION MODULE FOR THE 
EUROPEAN XFEL (DESY) 

 
The European XFEL project was first to propose using 

high-power multi-beam horizontal-design klystrons as RF 
power supplies for superconducting sections of accelera-
tor. The horizontal klystron design made it possible to 
significantly reduce the cost of XFEL tunnel construction, 
although it significantly complicated the mechanism of 
connecting and powering the klystrons in the tunnel, be-
cause of the limited space in the tunnel and large weights 
and sizes of the klystrons and pulse transformers. 

 To solve this problem BINP developed a connection 
module (Figure 5.8.1). 
 

 
 

Fig. 5.8.1. 3D view of the connection module. 
 

 The following is possible with the original design of 
the connection module: 

 • powering horizontal-design klystrons (To-
shiba, Thales, CPI) from a pulse transformer through a 
flexible cable connection; 

 • stable supply of klystron filament through an 
isolation filter transformer from a specially developed in-
verter controlled remotely via the Ethernet protocol; 

 • pulse measurements of the current and voltage 
of the klystrons; 

 • cooling the klystron cathode volumes. 
  
In 2012, BINP delivered 13 connection modules to 

DESY. Most connection modules have been successfully 
tested on test stands at DESY (see Fig. 5.8.2). 

 Under attachment # 27, BINP shall deliver another 27 
connection modules in the period from March 2012 to 
March 2014. 

 Assembly of the XFEL accelerator is to start in Sep-
tember 2013. 

 
 
Fig. 5.8.2. Connection module on the test stand at DESY. 
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5.9 ELECTRON COOLING FACILITY 
 

5.9.1. Electron cooling facility for the German 
Synchrotron COSY. 

 
A fundamentally new 2 MV electron cooler for the 

German accelerator center COSY was completed and dis-
patched to Germany in 2012. This electron cooler offers a 
unique opportunity to experiment with a detector of ele-
mentary particles on suppression of effects associated 
with scattering on target nuclei and emergence of spread 
of pulses because of fluctuations of ionization losses. In 
contrast to the 4 MeV cooler on TEVATRON FNAL, the 
new cooler needed much faster cooling using a strongly 
magnetized electron beam. This high-voltage cooler is 
based on the following BINP research and developments: 

1). an in-vacuum laser compass for high-precision con-
trol of straightness of lines of force in a cooling section; 

2). adjustment of position of coils of cooling section; 
3). a four-electrode electron gun with controlled beam 

profile; modulation of different parts of electron beam en-
ables measurement of its position and dimensions. 

4).  an integrated electron beam profilometer; 
5). a high-power cascade transformer, which provides 

energy to a high-voltage terminal and creates a solenoidal 
field along accelerating and decelerating tubes. 

6). a system of pick-ups to be placed along the perime-
ter of beam lines and on the ends of cooling section. 

The 2 MeV electron cooler includes an accelerator 
tower for acceleration and deceleration of the electron 
beam, beam lines for transport of electrons to and from a 
cooling section and a cooling section, in which energy is 
transferred from hot ions to a cold electron beam. To en-
sure electron cooling in the wide energy range from 25 
keV to 2 MeV, it was proposed to make a modular elec-
trostatic accelerator. Each new installation is assembled 
from standardized modules for any given energy. 

The cooling system was assembled and tested with 
beam in 2012. High voltage tests with the high-voltage 
tank filled with insulating gas have shown the possibility 
of attaining a voltage of up to 1.5 MV. Experiments with 
an electron beam at a voltage of 30 kV showed the possi-
bility of obtaining a current of 1A. The current was 0.5 A 
at a voltage of 1.0 MeV and about 200 mA at the maxi-
mum voltage. The assembling and commissioning of the 
electron cooling installation will start in Germany in early 
2013. 

 

     

Fig. 5.9.1. Early 2012: assembling and tuning of the 
electron cooler and control and power supply electron-
ics. 
 

     

Fig. 5.9.2. End of 2012: loading of cooling section into 
a truck for transport to Germany. 

 
5.9.2. Compass for measurement of straightness 
of line of force. 

 
To maintain high cooling capacity at high electron 

beam energy, it is very important to have a small angle 
deviation between the ion beam and the electron one. So, 
it was decided to install a laser compass in the cooling 
section for control of straightness of line of force. The ne-
cessity of heating of the cooling section imposes severe 
restrictions on the design of the compass. We had to give 
up the lately-used fiber suspension design and return to 
the first version of gimbal suspension on jewels. 
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Fig. 5.9.3. Horizontal component of slope of line of 
force in the cooling section as measured before and after 
coil position adjustment. 

 
In the tests, friction in the axes turned out to be much 

higher than expected, and we had to eliminate the hys-
teresis via a special magnetic cycle during the measure-
ments. 

 
5.9.3. Electron beam profiler. 

 
In first runs with electron beam, we observed severe de-

terioration of the emission ability of the cathode during 
abnormal recovery of electron beam. This was accompa-
nied by strong degassing, which necessitated a long train-
ing of the cathode for its restoration. This manifested it-
self in a marked asymmetry of electron beam and a 
"toothy profile form". The figure shows electron beam 
profiles at different ratios of voltages across the anode 
and the gate electrode of the gun. 

Fig. 5.9.4. Electron beam profiles at various voltages 
across the electrodes. 

 
One can see that there are areas with good and bad 

emission of electrons. During the commissioning in Ger-
many, the electron gun and accelerating tube will be 
cleaned via training at low voltages for prevention of 
bombardment of the cathode with high energy ions. 

Responses of correction coils on the pick-up electrodes 
were measured in operation with beam. Beam displace-
ments correspond to the calculated values. 

The magnetic system of the cooler has six areas of po-
tential "heating" on the way from the gun to the entrance 
to the cooling solenoid: three 90° bends, a 45° toroid and 

2 intervals with nonadiabatic field rise. A beam of a given 
energy enters the solenoid without "heating" only for cer-
tain field values in these areas.  So, there arises a problem 
of control of the "heating". 

The "heating" was observed on the pick-up electrodes 
in scanning of field in the solenoid from 370 to 480 G. 
The field in the toroids was reduced to 440 G; the beam 
energy was 150 keV. Accordingly, the number of Larmor 
electron gyrations along the solenoid length varied from 
11 to 14. 
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Fig. 5.9.5. Beam center in scanning of the field of the 
solenoid. 1 – a pick-up at the entry to the 45°  toroid; 
2 – a pick-up at the entry to the solenoid; 3 – a pick-
up at the exit of the solenoid; 4 – a pick-up at the exit 
of the 45° toroid. 

 
 

 
5.9.4. Collector with Wien filter. 

 
A collector was developed for the high-voltage electron 

cooling facility for COSY. A Wien filter is used for sup-
pression of reverse flow of electrons backscattered from 
the collector (Fig. 5.9.5). 

The idea is to use crossed electric and magnetic fields. 
As for the main beam, the effect of the shear forces is 
compensated, and the beam moves without deviation. As 
for backscattered electrons, the Lorentz force is directed 
in the opposite direction, and strengthens the effect of the 
electric field instead of compensating it. Thus the inverse 
electron flow deflects aside, where it can then be ab-
sorbed by a special collection plate. The presence of a 
longitudinal magnetic field in the Wien filter prevents in-
gress of electrons reflected from the collector to electro-
static plates that create the electric field, since the secon-
dary beam is displaced due to the drift, which is directed 
parallel to the plates. 
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Fig. 5.9.6. Collector unit. 1 – the collector with the 
suppressor and the electrode in the collector area; 2 – 
the Wien filter unit; 3 – the accelerating tube; 4 – the 
longitudinal field coils; 5 – the magnetic shield; 6 – a 
flange for additional vacuum pumping. 
 
Tests revealed that the effectiveness of such collector 

depends on the quality of beam passage through the sys-
tem. The characteristic value of the efficiency is of the 
order of 10-5 at a current of several hundred milliamps 
(see Fig. 5.9.6). 
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Fig. 5.9.7. Efficiency of the collector vs. electron beam 
current in different operation modes of the gun and col-
lector. 

 
The values of efficiency of the collector as attained on 

the facility are approximately an order of magnitude 
worse than those obtained on the test bench. This may be 
caused by both inaccuracies in the assembly of the accel-
erating tubes and the effects of electron scattering on the 
residual gas. This issue needs further study. 
 

 
 
 
 
 
 
 
 

5.10. ACCELERATOR MASS SPEC-
TROMETER 

 
In 2012, over 600 samples were subjected to accelera-

tor mass spectrometry (AMS) analysis. Those included 
technological samples (for development of sample prepa-
ration techniques) and natural ones (bones of animals, 
coals of burned buildings, remains of organic food on pot-
tery, and bottom sediments of lakes). Fig.5.10.presents a 
curve of radiocarbon concentration in peat deposits of the 
river Dem'yanka in Tyumen region. Archaeologists had 
estimated the age of a substantial portion of the artifacts. 
The natural samples included both "old" (over 40,000 
years) and modern specimens. 

Works on the improvement of the components of the 
AMS complex and the technique of AMS analysis were 
continued. The reliability and stability of the power sup-
plies of the AMS complex and radio-carbon-cycle analy-
sis of samples were increased. Despite the lack of dedi-
cated funding, the main part of a special stand for experi-
ments on preparation of biomedical samples was con-
structed. 

 

Fig. 5.10.1. Radiocarbon dating of peat deposits vs. 
height above the water level. 
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5.11. VACUUM SYSTEMS 
 

5.11.1. Electron clouds. 
 
High-density electron clouds are one of the factors im-

peding increasing intensity of relativistic beams of posi-
tively charged particles. A test operation of the LHC with 
a design inter-bunch spacing of 25 ns is one of the latest 
examples. The results revealed that, unlike laboratory ex-
periments, training of a closed cold surface substantially 
slows down, and low values of of secondary emission co-
efficient cannot be achieved in a predicted time of 1-2 
weeks. 

Simulation of electron clouds is hindered by, on the one 
hand, a large number of input parameters (often ill-
defined), and, on the other hand, a small number of "out-
put" parameters that can be measured at accelerator instal-
lations. The aim of this work is to create an installation 
for production of electron clouds in laboratory conditions, 
and research on their interaction with the surface in the 
presence of a magnetic field. 

A scheme of the installation is shown in Fig. 5.11.1. All 
the main elements – C  (thermal cathode), M (modulator), 
D (diaphragm (grounded)), BM1 (first beam monitor (a 
cylinder with adjustable potential)), BM2 (second beam 
monitor with adjustable potential), and S (sample to study 
(grounded through a current meter)) – are placed in row 
along the lines of the magnetic field inside the solenoid. 
Manipulator SM is intended for quick change of samples 
(S) without letting the atmosphere air in. 

 
 

 
Fig.5.11.1. Structure diagram of the installation. 

 
The installation operates by a pulse measurement tech-

nique with a time resolution of 1 ns. Matched coaxial 
lines are run to the modulator, beam monitors and sample. 
A voltage pulse applied to the modulator creates a pri-

mary electron beam with a duration of 2 ÷ 10 ns. The en-
ergy of the primary electrons is defined by the potential of 
the cathode. Signals from the beam monitors and the 
sample are amplified, which increases the signal/noise ra-
tio, and then are recorded on an electronic oscillograph 
with a bandwidth of 500 MHz and a sampling frequency 
of 5 GHz. 

Interaction of initial electrons with the sample results in 
formation of secondary electrons, which are mainly of 
low energy, move only along the magnetic field lines, and 
are restricted by the negative potential of the cathode and 
the sample surface. Thus, the electrons can leave this 
structure only through a contact with the sample surface. 
The time when this happens depends on the coefficient of 
effective reflection of secondary electrons from the sam-
ple surface. Because of difficulties in control of electron 
flows of energies 1 eV or less, this parameter, which is 
important for prediction of formation of an electron cloud 
in accelerators, is extremely hard to determine via direct 
measurements.  

Parameters of the installation are as follows: 
 - maximum sample diameter: 13 mm; 
 - primary electron energy: 50 ÷ 1500 eV; 
 - primary electron pulse current: to 0.2 mA; 
 - pulse duration: 1 ÷ 10 ns; 
 - amplitude of control pulse to the modulator: up to 

100 V; 
 - beam diameter: 1.4 ÷ 2mm; 
 - maximum magnetic field: 0.04 T (with an option of 

placement of all the elements in a superconducting sole-
noid with a magnetic field of up to 13 T); 

 - potentials on the BM1, BM2, and the drift tube can 
be set independently; 

 - parameters of the preamplifiers: the band of 0 ÷ 1.8 
GHz and a gain of 25. 

In 2012, test experiments were conducted at room tem-
perature on samples made of oxygen-free copper, stain-
less steel, titanium and aluminum alloy 6063. 

The first experiments showed that the main obstacle is 
the fact that a control pulse of the modulator excites a 
high-frequency electromagnetic field. Nevertheless, when 
there is no magnetic field, the electron bunch scatters and 
does not reach the sample. Thus we managed to allow for 
this magnetic excitation via recording currents with the 
magnetic field on and off:  

I =I [“B” on] – I [“B” off] 
That allowed us to increase the sensitivity of the meas-

urements by an order the least and conduct experiments at 
low current pulses (up to 20 µA), the relative accuracy of 
the measurement being better than 10%.
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Fig.5.11.2. Signals from beam monitors Ibm1 and Ibm2 and the sample to study (Is). 
 

 
Fig. 5.11.2. shows typical time dependences of currents 

from the monitors (Ibm1 and Ibm2) and the sample (Is). 
The left charts show a passage of primary electrons, their 
interaction with the sample and the first cycle of passage 
of secondary electrons from the sample surface to dia-
phragm D and back. The right-hand graphs show long-
time dynamics of the electron cloud, i.e. multiple reflec-
tions of electrons from the sample surface, or, which can-
not be excluded, capture of electrons in the drift structure 
because of the electron energy loss in interaction with the 
space charge. 

The experimental data give several ways to compute 
the coefficient of secondary electron yield (SEY). SEY 
determination from the following formula turned out to be 
the least sensitive to noise: 

P

P

Q
QQSEY Δ+

=
 

Here pQ is the full charge of the primary electrons (an 
integral of the first negative pulse Ibm2, see Fig. 5.10.2.); 

QΔ is an additional charge emitted from the sample due 
to secondary emission (an integral of the first positive 
pulse Is, see Fig. 5.10.2.). The measured SEY values  as 
functions of primary electron energy are shown in Fig. 
5.10.3 for samples of different materials. 
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Fig. 5.11.3. –Uc –energy of the primary electrons; 

“●”– titanium (Ud=40 V, Ip=14 µA); “♦” – stainless steel 
(Ud=40 V, Ip=20 µA); “+” – oxygen-free copper (Ud=40 
V, Ip=20 µA); “■” – aluminum alloy 6063 (Ud=100 V, 
Ip=140 µA); “▲” –  aluminum alloy 6063, a sawtooth 
surface with an opening angle of 30°. Ud is the potential 
on BM1, BM2 and the drift cylinder; Ip is the amplitude 
of the primary electron pulse. The pulse duration is 3 ns. 

 
All the samples have a rather large SEY with a charac-

teristic maximum at primary electron energies of 200 ÷ 
400 eV. The difference from the table values is caused by 
the presence of oxide films on the surface. A sample with 

Primary Secondary 

Secondary - Primary 

Multi-reflected 

Multi-reflected 

Multi-reflected 
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a sawtooth surface with an opening angle of 30° showed 
an unexpectedly large suppression of the secondary elec-
tron yield  (about 2.5 times, while the expected value was 
1.5) at -Uc=300 V. At -Uc=600 V, the suppression ratio 
decreases to 1.5. The explanation is that that the SEY 
grows in an oblique incidence of primary electrons and 
the SEY peak shifts significantly towards increase in the 
energy of primary electrons. Thus the effect of a sawtooth 
surface capturing the secondary electrons is partially 
compensated by increase in the SEY. 

Fig. 5.11.4. shows SEY vs. extracting field, which is 
defined by the potential on BM2 relative to the sample. 
Potentials on BM1 and the drift cylinder were set equal to 
the potential on BM2. 
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Fig. 5.11.4. Measurement of SEY for samples of alu-

minum alloy 6063. Ubm2 – potential on beam monitor 
BM2 [V]. “●”– flat (-Uc=300 V, Ip=22 µA); “■” – flat (-
Uc=600 V, Ip=120 µA); “□” – flat (-Uc=300 V, Ip=120 
µA); “▲” – sawtooth with an opening angle of 30° (-
Uc=600 V, Ip=120 µA); “►” – sawtooth with an open-
ing angle of 30° (-Uc=300 V, Ip=110 µA).** 

 
A dependence of the secondary electron yield on the 

extraction potential means that the space charge returns 
some electrons to the sample. The cloud density reaches a 
maximum near the sample surface immediately after the 
emission of secondary electrons. The maximum density is 
estimated to be about 108 cm-3 at a peak current of the 
primary electrons of 20 µA and a 3 ns pulse duration. 
Some of the electrons will slow down due to the interac-
tion with the space charge and be trapped in the drift 
structure, having no sufficient energy to reach the surface 
of the sample. Processing of the shape of the current pulse 
that corresponds to escape of secondary electrons and 
BM2 (see Fig. 5.11.5.) yields the distribution of secon-
dary electrons along the axis of the structure (solenoid). 
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Fig. 5.11.5. BM2 current record, which reflects the en-

try of primary electrons, interaction with the sample and 
emission of secondary electrons. 
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Fig. 5.11.6. Energy distribution of secondary electrons 

over magnetic field in departure from BM2. Ud is the po-
tential on BM2. 

 
Fig. 5.11.6. presents a theoretical calculation of distri-

bution of secondary electrons over magnetic field in their 
escape from BM2 and distribution resulting from process-
ing of the experimental data. The distribution is shifted by 
+5V relative to the potential of the sample. One can see 
that a large part of the electrons acquires energy less than 
the potential of the extracting field. Thus, the multiple 
passages of electrons through the structure (the right-hand 
graphs in Fig. 5.11.2) can be explained not only by a high 
coefficient of reflection, but also by the fact that some of 
the secondary electrons do not have enough energy to 
reach the surface of the sample. 

To make the space charge negligible, it is necessary to 
reduce its density by about two orders of magnitude (to ~ 
106 cm-3). The peak current of secondary electrons can be 
reduced to values of about 0.2 ÷ 1.0 µA on a condition 
that the electromagnetic excitation from the control pulse 
is completely suppressed. But it allows only a single-
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order reduction of the density of the cloud. Further reduc-
tion is possible via increase in the beam diameter (up to 5 
mm, for example). Both the methods are easy to imple-
ment with a photocathode, which is planned to be in-
stalled, together with a control semiconductor laser, in 
2013. 
 

5.11.2. Vacuum system of the NSLS-II booster. 
 
In 2012, we continued works on the creation of the 

vacuum system for the NSLS-II synchrotron booster un-
der construction at the Brookhaven National Laboratory, 
USA. 

As was reported in the last report, the residual gas pres-
sure is expected to be 10-7 Torr or better after accumula-
tion of an integral current of about 1 A·h. 72 ion pumps 
(Gamma Vacuum ) ensure vacuum with a pumping speed 
of 45 l/s. The average distance between the pumps is 2.3 
meters. 

The assembling of the entire vacuum system booster 
has been completed; vacuum <10-8 Torr has been attained, 
which exceeds the expectations. The manufacture of the 
chambers of the injection (Fig. 5.11.7) and extraction in-
tervals was most difficult from the technological point of 
view. 

 
  

 
 

Fig. 5.11.7. Inlet interval (beam injection). 
  

5.11.3. Study of activation and gas-absorbing 
characteristics of Wafer Module cartridge 
based on St'707 getter. 

 
Cryogenic pumping can be replaced with "warm" pump 

systems in different injectors of hydrogen atom beams. 
Getter pumping is one of such systems. SAES Getters is 
the most popular and reliable manufacturer of various get-
ters. 

To ensure the required characteristics (vacuum not 
worse than 10-5 Torr and hydrogen dose of 106 l•Torr at 
least) we consider the possibility of applying Wafer Mod-

ule based on the St'707 getter in the beam injector. The 
aim of this work is confirmation of the rated values. Since 
cesium is used for creation of hydrogen atoms, it is im-
portant to understand the influence of cesium atoms on 
the activation and gas-absorption characteristics of the 
getter.  

The regeneration time, i.e. the time during which the 
getter emits all absorbed hydrogen, is an important pa-
rameter. In our case, the regeneration time is about 32 
hours (90% of the released gas). Fig. 5.11.8 shows equi-
librium pressure of hydrogen vs. regeneration time. 

Dependence of equilibrium pressure on dose 
(Fig.5.11.9) and on temperature of regeneration 
(Fig.5.11.10) are another important parameters of acar-
tridge. 
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Fig. 5.11.8. Equilibrium pressure of hydrogen getter (Torr) vs. regeneration time (min). 
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Fig. 5.11.9. Equilibrium pressure (Torr) vs. dose (L*Torr).
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Fig.  5.11.10. Equilibrium pressure (Torr) vs. regeneration temperature (°C). 
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Fig. 5.11.11. Measurement of influence of cesium on getter parameters after activation. About 2·1019 molecules of ce-
sium were sprayed on the getter. Evaporation was going on without pre-degassing of the dispenser. 

 
 
The rate of hydrogen evacuation from the getter was 

constant during the activations/regenerations and equaled 
approximately 1,000 l/s. 

Experiments with cesium were conducted using a ce-
sium evaporator (dispenser) made by SAES Getters. Ce-
sium was evaporating after activation of the getter (Fig. 
5.11.11) at 400-450 °C during 100 minutes and after re-
generation of the getter. We measured the rate of evacua-

tion of hydrogen before and after the evaporation of ce-
sium from the dispenser. 

The rate of evacuation of hydrogen from the getter was 
constant (1,000 l/s), as well as the temperature and time 
required for regeneration. 
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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 activity 
of the center includes two directions: with synchrotron 
and terahertz radiation.  

The synchrotron radiation (SR) activity includes 
works on SR beams from the VEPP-3 and VEPP-4 stor-
age rings, as well as the designing and development of 
systems for SR generation for Russian and foreign cen-
ters.  

The other direction, associated with terahertz radia-
tion, includes works with the use of radiation from No-
vosibirsk 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 pro-
jects on this topic.                

Besides that, undergraduate and graduate students 
are taught and trained at the center.  

In 2012, 1590 hours were planned for work on SR 
beams from VEPP-3 (2028 hours in 2011) (60 hours were 
lost because of large breakdowns), and 48 hours were al-
located for work on VEPP-4 (180 hours in 2011). 10 sta-
tions on 7 SR beam extraction lines of the VEPP-3 stor-
age ring and 2 SR stations on VEPP-4 were involved in 
experiments. Research groups from more than 50 insti-
tutes and other organizations carried out works at the sta-
tions.  

 
6.2. WORK ON SR BEAMS FROM VEPP-3 

 
6.2.1. Station "Extreme state of matter". 

 
The station is intended for investigation into fast explo-

sion and shock-wave processes. The station is equipped 
with an explosion chamber and a system for registration 
of transmitted radiation and small-angle synchrotron ra-
diation scattering. 

Participant organizations:  
• Lavrentyev Institute of Hydrodynamics, SB RAS, 

Novosibirsk; 
• The Russian Federal Nuclear Center "All-Russian Re-

search Institute of Experimental Physics (VNIIEF)", 
Sarov; 

• The Russian Federal Nuclear Center "All-Russian Re-
search Institute of Technical Physics (VNIITF)", 
Snezhinsk; 

• the Institute of Solid State Chemistry and Mechano-
chemistry SB RAS, Novosibirsk; 

• Budker Institute of Nuclear Physics SB RAS, Novosi-
birsk. 

In 2012, the works at the station were carried out in ac-
cordance with plans of the participant institutions and 
with the financial support from the following projects and 
contracts: 

- SB RAS integration project #65 "Study of large-scale 
effects in detonation of high explosives", 2012-2014; 

- "Study of dynamics of condensation of nanoparticles 
in detonation of TATB mixtures by small-angle scattering 
of synchrotron radiation" and the RAS Presidium program 
"Matter at high energy densities," 2012-2014; 

- RFBR 12-01-00177-a “Tomography of mechanical 
parameters of detonation flow and equation of state of ex-
plosion products”, 2012-2014 (directed by E.R. Pruuel); 
RFBR 10-08-00859-a “Study of shock wave front in na-
noscopic SiO2 aerogel using synchrotron radiation”, 2010-
2012 (directed by K.A.Ten); RFBR 11-03-00874-a “Study 
of the dynamics of condensation of nanoparticles in deto-
nation by small-angle scattering of synchrotron radiation”, 
2011-2013  (directed by V.M.Titov); 

- contract 2/2012 of 16 February 2012 "Study of deto-
nation processes with the use of synchrotron radiation". 
Customer: Federal State Unitary Enterprise "Russian Fed-
eral Nuclear Center - All-Russian Scientific-Research In-
stitute of Experimental Physics" (VNIIEF); 

- Contract 6/2012 of 28 May 2012, "SR studies of 
structure of high explosives and its effect on detonation 
parameters". Customer: All-Russian Scientific Research 
Institute of Technical Physics (Russian Federal Nuclear 
Center - VNIITF). 

Some works performed in 2012: 
1. SR SAXS measurement in detonation of BTF. 

Dynamic experiments with registration of small-angle 
X-ray scattering (SAXS) followed a measurement scheme 
described in papers by V.M. Titov, E.R. Pruuel, K.A. 
Tena, L.A. Lukyanchikov, L.A. Merzhievsky, B.P. 
Tolochko, V.V. Zhulanov, L.I. Shehtman (Experience of 
using synchrotron radiation for research into detonation 
processes // Combustion, Explosion, and Shock Waves, 
2011, v.47, № 6, pp. 3-16. Bibl. 26; Application of intro-
duced nano-diamonds for the study of carbon condensa-
tion during detonation of condensed explosives. // Nu-
clear Instruments and Methods in Physics Research, ISSN 
0168-9002, Section A, Vol. 603, Issue 1-2, 2009, pp. 102-
104; Measurements of SAXS signal during TATB detona-
tion using synchrotron radiation.// PROCEEDINGS Four-
teenth International Detonation Symposium, 2010, Coeur 
d’Alene, Idaho, USA. PP. 387 - 391. ONR-351-10-185). 

 

     

Fig. 6.2.1. General view of the experimental assembly 
(left). Dynamics of SAXS distribution in the BTF deto-
nation. Frame C11 corresponds to the detonation wave 
passage. The time interval between frames is 0.5 µs 
(right). 
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Pressed charges of BTF were studied. The diameter of 
the charges was 200 mm; their length was 30 to 32 mm. A 
charge was placed in an assembly (Fig. 6.2.1), clamped 
with screws and initiated with an intermediate plasticized-
TEN charge. 

The SAXS distribution shown in Fig.6.2.1 is intense 
enough to be processed with the GNOM code.   

Below are shown the processed experimental data 
(Fig. 6.2.2) at the moment of detonation wave passage  
and 1 µs later. The volume distributions 

D(R)= )(
3

4 3

RNR
⋅

π  , where N(R) is the number of parti-

cles with the radius R, are given in the left. A graph of the 

relative number of particles with the radius R, 
N
RN )(

, is 

shown in the right. The value N was determined individu-
ally for each plot.   
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Fig. 6.2.2. Relative distribution of scattering particles 
in detonation wave passage after the time t = 0.2 and 3 
µs. The radius of particle in nm is laid in the X axis. 

 
Thus, the dynamic experiments confirm the data in the 

paper by I.Yu. Mal’kov, L.I. Philatov, V.M. Titov, B.V. 
Litvinov, A.L. Chuvilin and T.S. Teslenko "Formation of 
diamond from the carbon liquid phase” // Combustion, 
Explosion, and Shock Waves, 1993, v. 29, № 4, p. 131-
134), which studied BTF detonation products remaining 
in the explosion chamber. In these experiments, the ab-
sence of hydrogen in the initial BTF composition may 
cause two factors of influence on the process of carbon 
condensation. Firstly, the absence of water vapor in ex-
plosion products leads to an increase in the temperature of 
the products, and hence to a rise in the rate of condensa-
tion (formation) of carbon nanoparticles. Secondly, the 
absence of C-H radicals may fundamentally change the 
course of condensation. A mathematical simulation of 
formation of nanodiamonds via collision of carbon atoms 
shows that carbon nanoparticles of 5 nm in size appear in 
picoseconds. In dynamic experiments, nanoparticle 
growth is fixed within microseconds. The presence of in-

termediate C-H radicals is one mechanism explaining the 
long growth of carbon nanoparticles. 

2.   Reconstruction of flow parameters; results ob-
tained in detonation of BFT. 
The method of reconstructing fields of gas-dynamic char-
acteristics of detonation flow is based on a numerical so-
lution to the gas-dynamic problem in a set corresponding 
to the experiment. Let us consider the problem of a cylin-
drically symmetric gas flow. In this case, the equations of 
continuity and motion in the Euler coordinates are as fol-
lows: 
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where ρ is the density; p is the pressure; u and v are the 
axial and radial components of the velocity vector v; r and 
z are the radial and axial spatial coordinates; t is the time. 
Changing to the Lagrange coordinate system, we will 
solve the problem of gas flow governed by the following 
equation of state: 

)(
000 )/()( ρρρρ Gpp =  ,            (6.2.)2 

(p0, ρ00, and )(ρG  are parameters to be determined). 
Given the values of the parameters, we calculate the flow 
field a density distribution in which can be compared with 
that obtained experimentally. The calculation was per-
formed in an area the right-hand boundary of which was 
considered to be flat, which corresponds to an assumption 
of a planar detonation wave propagating in the charge 
with a constant velocity D. The boundary condition was 
the inflow of mass and momentum flux (ρ0 D and ρ0 D2, 
respectively). Boundary conditions in the rest border were 
determined from the solution to the problem of decay of 
discontinuity between the detonation products and air. 
The use of the Lagrange coordinates allows a natural way 
to separate the detonation discontinuity and do the calcu-
lations only in an area occupied by the detonation flow. 
The numerical solution at varying required parameters 
was found by the Godunov method. 

The required parameters were determined via minimiz-
ing the functional of standard deviations between the cal-
culated and experimentally obtained X-ray "shadows" of 
the flow under study in selected nodes of the computation 
area. The )(ρG dependence was approximated with a 
cubic spline. The arising problem of multidimensional 
minimization was solved by the simplex method as de-
scribed and implemented in the Gnu Science Library doc-
umentation. 

 The result of the reconstruction is the parametric equa-
tion of state of detonation products. It enables reconstruct-
ing restoring a number of mechanical parameters of the 
flow not only in the field of observation of the X-ray 
shadow, but in the whole space filled with the products of 
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explosion. Figs. 6.2.3 and 6.2.4 show the results obtained 
for a benzotrifuroxan (BTF) charge of 20 mm in diameter. 

 
A 

 
B 

 
C 

 
D                                       E 

Fig. 6.2.3. Spatial distributions of parameters and their 
values on the axis in detonation of a cylindrical BTF 
charge 2 microseconds after initiation. A and E: pres-
sure; B: density; C and E: mass velocity in the detona-
tion front and in the stationary frame of reference; D: 
adiabat of unloading of detonation products, built along 
the flowline passing through the axis. 

 

     
Fig. 6.2.4. Sonic border in detonation of a cylindrical 
BTF charge 2 microseconds after initiation. 
 
 

6.2.2. Station "LIGA technology and X-ray li-
thography" 

 
The station is designed for experiments on X-ray li-

thography in thick resistive layers with the aim of manu-
facture of microstructures, including X-ray masks. 

Participant organizations: 
• Budker Institute of Nuclear Physics SB RAS, 

Novosibirsk; 

• the Institute of Cytology and Genetics SB RAS, 
Novosibirsk; 

•  the Institute of Solid State Chemistry and mech-
anochemistry SB RAS, Novosibirsk; 

• the Institute of Automation and Electrometry SB 
RAS, Novosibirsk; 

• Vorozhtsov Institute of Organic Chemistry SB 
RAS, Novosibirsk; 

• The Institute for Automation and Control FEB 
RAS, Vladivostok. 
 

In 2012, works at the station were carried out with the 
financial support from the following projects: 

• State contract dated October 12, 2011 № 
16.513.11.3135 "Development of experimental model of 
new-generation bio-analytical complex based on mi-
cro/nanofluidic systems"; 

• State Contract dated 29 August 2011 №  ОК12-
R-VК/2011 "X-ray microlithograph"; 

• RFBR project № 12-02-12071 (years 2012-
2014); won the ofi_m competition; title: "Development of 
methods for high-resolution phase-contrast imaging using 
X-ray diffraction optics"; 

• SB RAS and FEB RAS interdisciplinary project 
№ 92 (years 2012-2014) "Material and LIGA technology 
for production of microfluidic analytical systems to regis-
ter fluorescence". 
 

Some works carried out at the station 
They at the LIGA station on the VEPP-3 storage ring of 

the Siberian Synchrotron and Terahertz Radiation Center 
(SSTRC) implemented an X-ray lithographer, a new de-
vice for direct formation of microstructures in thick X-ray 
resist layers, e.g. for manufacture of X-ray masks. Special 
software applied, a collimated SR beam forms a micro-
structure pattern of a given topology directly in an active 
layer of negative resist SU-8 1 mm thick, the substrate 
moving randomly. 

The aim of this work was to modernize the equipment 
and software of the LIGA station on the SR beam extrac-
tion line from the VEPP-3 storage ring for implementation 
of SR-beam formation of high-aspect structures with mi-
cron-scale elements of arbitrary topology. 

They at STSRC manufactured and tested a microbeam 
X-ray lithographer designed for formation of deep micro-
structures of a given topology with smooth vertical walls. 
This microbeam X-ray lithographer enables flexible pro-
duction of X-ray masks for deep X-ray lithography with 
different experimental topologies: microfluidic modules, 
grid elements for filtering of terahertz radiation, etc. Sam-
ples of deep microstructures of negative resist SU-8 and 
an X-ray mask with a 20 µm absorbing conductive layer 
of gold have been manufactured for deep X-ray lithogra-
phy in the SR spectral range of 1-3 Å. 
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Fig. 6.2.5. Examples of miorostructures. 

 
 

6.2.3. Stations "Anomalous Scattering" and 
"Precision Diffractometry" 

 
The station "Anomalous Scattering" is intended for re-

search om of material structure by methods of X-ray dif-
fraction with high angular resolution using the anomalous 
scattering effect. 

Participant organizations: 
• Boreskov Institute of Catalysis SB RAS, No-

vosibirsk; 
• The Institute of Solid State Chemistry and 

Mechanochemistry SB RAS, Novosibirsk; 
• Nikolaev Institute of Inorganic Chemistry SB 

RAS, Novosibirsk; 
• Tomsk State University, Tomsk; 
• Tomsk Polytechnic University, Tomsk; 
•  Rzhanov Institute of Semiconductor Physics 

SB RAS, Novosibirsk. 
The station "Precision diffractometry" is intended for 

research on material structure by methods of time-
resolved X-ray diffraction under conditions of high tem-
perature and reaction media. 

 Participant organizations: 
• Boreskov Institute of Catalysis SB RAS, No-

vosibirsk; 
• The Institute of Solid State Chemistry and 

Mechanochemistry SB RAS, Novosibirsk; 
• Nikolaev Institute of Inorganic Chemistry SB 

RAS, Novosibirsk; 

• Novosibirsk State University, Novosibirsk; 
• Tomsk State University, Tomsk; 
• Tomsk Polytechnic University, Tomsk. 
 

In 2012, works were carried out at the stations with the 
financial support from the following projects: 

• RFBR project № 11-03-00498-a, "Experimental 
and theoretical study of mechanism of self-excited oscil-
lations in reactions of catalytic oxidation of methane, eth-
ane and propane on nickel"; 

• RFBR project № 11-08-00625-a, "Study of 
mechanisms of formation of nanocrystalline state of su-
perhard coatings produced by plasma-assisted vacuum-arc 
evaporation of composite cathodes"; 

• RFBR project № 11-08-98077-r_sibir_a "Kinet-
ics of absorption, migration and spatial localization of hy-
drogen in metals"; 

• RFBR project № 12-03-01091-a "Nitrogen-
containing carbon nanofibers: mechanisms of catalytic 
synthesis, properties and applications of resulting nano-
composites." 

Some works performed at the stations "Anomalous 
scattering" and "Precision diffractometry": 
1. Investigation into the phase composition of thin films of 
mixed hafnium-scandium oxides obtained by the method 
of chemical vapor deposition (CVD). 

Nikolaev Institute of Organic Chemistry works on the 
synthesis of new materials for micro- and nanoelectronics 
Nowadays, conventional materials cannot be used in 
nanometer elements of integrated circuits – the gate insu-
lator in field effect transistors (MOSFET devices) be-
comes too thin, which leads to increasing leakage cur-
rents. Therefore, a material with a high dielectric constant 
is required, a so-called high-k dielectric. Simple and 
complex oxides were considered as such materials. They 
would have a minimum mismatch of lattice parameters 
with a silicon substrate. Recently it was proposed to use 
mixed oxides of hafnium, which have a high dielectric 
constant and thermodynamic compatibility with silicon. 
This work is devoted to the study of thin films of complex 
oxide of hafnium/scandium, these films produced by 
chemical vapor deposition. 

The research was conducted at the station "Anomalous 
scattering" in the grazing incidence geometry. The result-
ing X-ray patterns demonstrate an orthorhombic hafnium 
oxide structure stabilized with scandium. The change in 
the unit cell parameter with increasing concentration of 
scandium is associated with formation of solid solution. 
Fig.6.2.6. demonstrates how the position of one of the 
most intense reflections from the material depends on the 
scandium content in the sample. The graph shows that 
with scandium concentrations of 9-14 at.%, the lattice pa-
rameter does not depend on the concentration, which in-
dicates formation of a variable composition phase close in 
structure to Sc4Hf3O12. With the same concentration 
range, the material has the highest dielectric constant, 42 
to 44, and leakage currents do not exceed values of 10-8 
A/cm2. Thus, it can be said that a thin-film dielectric ma-
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terial was synthesized. It has a high dielectric constant, 
chemical and thermal stability and low leakage current. 
The width of the forbidden band of the films is estimated 
to fall in the range of 4.5-6 eV, depending on the concen-
tration of scandium. 
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Fig. 6.2.6. Position of the (101) reflection of HfO2-
Sc2O3 vs. scandium concentration in sample. 
 

2. Investigation into the processes of bulk diffusion of ox-
ygen in complex perovskite-like oxides. 

Owing to a wide variety of their properties, complex 
perovskite-like oxides are attractive materials for various 
applications. For example, some of perovskite-like oxides 
exhibit properties of high ionic, electronic and mixed 
electron-ionic conductivity, which is one of the require-
ments to materials for solid oxide fuel cell cathodes and 
membranes with oxygen permselectivity. A distinctive 
feature of oxides with such structure is the possibility of 
cationic substitution over a broad range of concentrations, 
such substitution being one of the main ways to modify 
properties of material. 

This work presents an X-ray method of determination 
of the chemical diffusion coefficient of oxygen. Its main 
difference from the other methods, e.g. conductivity re-
laxation, thermogravimetry, or manometry, is the possi-
bility of direct observation of structural changes in a sam-
ple in chemical diffusion of the components. 

The experiments were performed with several series of 
samples, two of which are presented here as examples. 
Initial samples of LaFe0.7Ni0.3O3 (LFNO calcined at 
900ºC) and La0.9Sr0.1Fe0.7Ni0.3O3 (LSFNO calcined at 
1200ºC) were synthesized at the Laboratory of deep-
oxidation catalysts of the Institute of Catalysis, using an 
original method of polymerized ester precoursors (the 
Pechini method). 

The experiments were carried out in several stages. 
First, the samples were heated to 900 ºC in a vacuum 
(~10-4 mbar) at a rate of 10 ºC/min, diffraction patterns 
recorded with a collection time of 1 minute per frame. 
Then the sample was kept in a vacuum chamber for ~ 1 
hour. Further, the chamber was filled either with the at-
mosphere (in case of LFNO) or a gas mixture of 

1%O2+99%N2 (in case of LSFNO), in which the sample 
was kept for ~ 1 hour. After that, the chamber was evacu-
ated again, and relaxation was observed within a few 
hours. At these stages, the exposure time was 3 minutes 
per frame. Then the sample was cooled to the room tem-
perature in the vacuum at a rate of 10 ºC/min, and, simi-
larly to the heating stage, diffraction patterns were re-
corded with a collection time of 1 minute per frame. The 
detectable range of diffraction angles was ~ 30 ÷ 60º. 

For both samples, there is observed a slow lattice ex-
pansion in the vacuum (sections 1 and 3 in Fig.6.2.7.), 
which is caused by a change in the oxygen stoichiometry. 
These relaxation curves are well described by the follow-
ing equation: 
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where Δωt and Δω∞ are changes in the mass of the sample 
in the time t and when the equilibrium state is reached, re-
spectively; D is the chemical diffusion coefficient; R is 
the radius of spherical particle; t is the time. These curves 
allow one to determine the value of the reduced diffusion 
coefficient D/R2. For LFNO and LSFNO its value was 
(1.97 ± 0.01)·10–5 s–1 and (1.67 ± 0.03)·10–5 s–1, respec-
tively. The calculations were done on interval 3 in the 
curve of the dependence of cell volume on time. A 
sharper slope can be seen at the beginning of dependence 
2 in Fig. 6.2.7, which may indicate a more rapid process 
with the "tail" registered. From the equation it is clear that 
the diffusion coefficient varies significantly depending on 
the value of R. One can estimate the diffusion coefficient, 
basing on R = 100 nm, corresponding to the mean radius 
of particles in samples, obtained by electron microscopy. 
For LFNO and LSFNO, it is ~2·10-15 cm2·s–1 and ~1.5·10–

15 cm2·s–1, respectively. 

   
Fig. 6.2.7. Volume per formula unit vs. time for LFNO 
and LSFNO during the experiment at a temperature of 
900 °C. 1: keeping in the vacuum after heating; 2: filling 
with the atmosphere (LFNO) or the gas mixture of 
1%O2+99%N2 (LSFNO); 3: evacuation of the chamber 
after saturation of the samples with oxygen. 
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Fig.6.2.8. Time dependence of the parameter γ – ratio of 
the unit cell volume of the sample after the time t to the 
equilibrium one – for calculation of the diffusion coeffi-
cient by the presented formula. 1: dependence for 
LSFNO; 2: dependence for LFNO. 
 
The so-estimated diffusion coefficients seem to be 

largely understated. On the other hand, changes in the 
volume of the unit cells of the two samples when pressure 
is applied or released occur in a short time of about 2-3 
minutes. This may mean that two processes are running in 
the system at different rates, and both are associated with 
changes in the oxygen stoichiometry. The first process, 
which causes a relatively rapid, within a few minutes, 
change in the symmetry of the structure and increase or 
decrease in the volume of the unit cell, is caused by the 
migration of oxygen in the coordination sphere of nickel 
cations. In this case, the coefficient of chemical diffusion, 
estimated by the relaxation method or via conductivity of 
the LSFNO sample, is of the order of 10-7 cm2 • s-1 at 700 
ºC. The second process, which manifests itself in a rather 
slow change in the unit cell volume, is the exit of the re-
sidual oxygen from the coordination sphere of the iron 
cations. Furthermore, the slow change in the cell volume 
may be due to the conjugate migration of nickel and iron 
cations to the surface of particles with appearance of cati-
onic vacancies in the volume, because the chemical diffu-
sion coefficients of the cations, according to the literature, 
have a similar order of magnitude. 
 
3. Investigation into sorption of ammonia on composites 
‘salt in porous matrix’. 

Composite adsorbents 'salt in porous matrix’ (CSPMs) 
seem to be promising for a variety of adsorption applica-
tions, including energy-efficient processes of adsorption 
heat conversion. Due to the chemical reaction between the 
salt and adsorbed substance (water, alcohols, ammonia, 
etc.) vapour, CSPMs have high adsorption capacity and 
low regeneration temperature, and their sorption charac-
teristics can be regulated pointedly. This allows one to 
design materials with properties meeting requirements of 
a particular adsorption process, which improves their ef-
fectiveness. Introduction of double salt systems into pores 
of matrix is an effective tool for synthesis of adsorbents 
with desired properties. This work is devoted to the inves-
tigation into the mechanism of adsorption of ammonia on 

a composite adsorbent on the basis of the (BaCl2+BaBr2) 
system in pores of vermiculite, which was pointedly de-
signed for the adsorption refrigeration cycle. 

A sample was placed in an XRK-900 camber, evacu-
ated to a residual pressure of 0.1 mbar, heated to 423 °K 
during 1 hour, and then cooled to 303 °K. The pressure 
was monitored with a DM5001E-Y2 type pressure sensor. 
At the adsorption stage, the chamber was filled with am-
monia to a pressure of 4.9 ± 0.1 bar with simultaneous 
registration of X-ray patterns, to full saturation of the 
sample. At the desorption stage, the saturated sample was 
heated in the temperature range of 303 to 433 K at a rate 
of 5 °C/min. The exposure time was 1 min/frame. 

Fig. 6.2.9 presents X-ray patterns of the sample during 
the adsorption/desorption. During the adsorption, the in-
tensity of the (112) and (211) reflections, related to the 
solid-salt phase of BaHal2, decreases gradually until com-
plete disappearance of the reflections (Fig. 6.2.9a). At the 
same time there are appearing new reflections, apparently 
related to the phase of the ammonia complex Ba-
Hal2⋅nNH3. No rise of intermediate phases was observed. 
In the process of sorption, reflections related to the phase 
of the solid solution ammonia complex of BaHal2⋅nNH3 
are shifted towards larger angles (Fig. 6.2.9a). This indi-
cates a decrease in the parameters of the crystal lattice of 
the BaHal2⋅nNH3 complex in the process of adsorption of 
ammonia. Indeed, at first the inter-planar distances calcu-
lated for the reflections of ammonia complex Ba-
Hal2⋅nNH3 decrease with time and then cease to vary 
(Fig.6.2.10a). This behavior of the interplanar distances 
may be due to the enrichment of the ammonia complex 
BaHal2⋅nNH3 with chloride ions during the sorption proc-
ess. 

When the composite sorbent saturated with ammonia 
vapor is heated, there is observed a gradual disappearance 
of reflections relating to the phase BaHal2⋅nNH3 and ap-
pearance of reflections related to the phase BaHal2 (Fig. 
6.2.9b). No intermediate crystalline phases were found in 
the thermal decomposition of ammine. In the course of 
desorption, there was observed a shift of reflections corre-
sponding the phase BaHal2⋅nNH3 towards smaller angles. 
The dependence of the interplanar distance on the tem-
perature is non-linear (Fig. 6.2.10b). This indicates that in 
addition to the thermal expansion of the sample during the 
heating there occur changes in the phase of the ammonia 
complex, leading to an increase in the interplanar dis-
tance. Apparently, during the heating and decomposition 
of the complex BaHal2⋅nNH3, depletion of chloride ions 
happens. Thus, during the formation and decomposition 
of the ammonia complex, it changes its chemical compo-
sition. Since BaBr2 is characterized by higher attraction to 
ammonia, at the beginning of the sorption process there 
arises a complex enriched with bromide ions, which is 
gradually saturated with chloride ions in the further sorp-
tion. In the decomposition of the complex BaHal2⋅nNH3, 
on the contrary, its composition is enriched with bromide 
ions. 
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Fig. 6.2.9. in situ XFA data for composite BaClBr. a) 
adsorption; b) desorption; ( ) ammonia complex Ba-
Hal2*n NH3, ( ) solid solution BaHal2. 

 

     
Fig. 6.2.10. Changing interplanar distances of reflec-
tions of the ammonia complex: a) adsorption; b) de-
sorption. 

 
6.2.4. Station "X-ray fluorescence analysis". 

 
The station is intended for determination of elemental 

composition of samples of different origin: geological 
rocks, biological tissues, aerosols, etc., by X-ray fluores-
cence analysis using synchrotron radiation (SR XFA). 
The elemental analysis may be done in both local and 
scanning modes. 

Participant organizations: 
• Voevodsky Institute of Chemical Kinetics and 

Combustion SB RAS, Novosibirsk, 
• the Central Siberian Botanical Garden SB RAS, 

Novosibirsk, 
• the Institute of Plant and Animal Ecology, UB 

RAS, Novosibirsk, 
• Budker Institute of Nuclear Physics, SB RAS, 

Novosibirsk. 
• the Institute of Internal Medicine SB RAMS, 

Novosibirsk, 
• the Institute of Geology and Mineralogy SB 

RAS, Novosibirsk, 
• Vinogradov Institute of Geochemistry SB RAS, 

Irkutsk, 
• the Institute of Biophysics SB RAS, Kras-

noyarsk, 
• Sukachev Institute of Forest SB RAS, Kras-

noyarsk, 
• the Institute of Geology and Geophysics, Chi-

nese Academy of Sciences, Beijing, 
• the Institute of Natural Resources, Environment 

and Cryology Sciences SB RAS, Chita, 
• the Institute of Archaeology and Ethnography 

SB RAS, Novosibirsk, 
• Nikolaev Institute of Inorganic Chemistry SB 

RAS, Novosibirsk. 
In 2012, works were carried out at the stations with the 

financial support from the following projects: 
SB RAS basic research program, Research project V.39.2.3. 
"Investigation into the mechanisms of formation and distri-
bution of aerosols in the atmosphere. Physical and chemical 
processes of transformation and migration of fine sub-
stances in environment objects"; the SB RAS Presidium 
interdisciplinary integration project #34 "Cyclicity in bio-
geological sedimentary systems of Central Asia in the ab-
solute time scale of the Holocene: global response of so-
lar-terrestrial relations"; project RFBR #12-05-31324 "In-
vestigation into the distribution of uranium and phospho-
rus in the sediments of Lake Baikal, oceanic ferromanga-
nese nodules and sediments of the Uzon caldera to iden-
tify short-period climatic oscillations (by nuclear-physical 
methods of analysis)"; RFBR project 10-06-00406-a 
"Hairs from ancient tombs as an object of interdiscipli-
nary research (study of remains of Xiongnu culture repre-
sentatives)"; SB RAS Presidium interdisciplinary integra-
tion project # 50 "Reconstruction of annual dynamics of 
glaciers of Eastern Siberia over last millenniums from 
bottom sediments of proglacial lakes and terrestrial sec-
tions"; Project #6 of the SB RAS program of innovative 
development of unique scientific instrument making. 

Some works carried out at the station: 
1. Study of the diurnal and seasonal variation of the mass 
concentration and chemical composition of atmospheric 
aerosols in the continental territory of Western Siberia. 

Examination of the diurnal and seasonal variation of the 
multi-elemental composition of atmospheric aerosols 
samples in the settlement of Kluchi and in the city of No-
vosibirsk, at the center for environmental monitoring, 
continued in 2012. In summer 2012, when intense fires 
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were observed on the northern territory of Tomsk and 
Krasnoyarsk regions, peak of smoke in Novosibirsk was 
observed visually on 4-8 July and 24 - July 28, which is 
confirmed by the satellite maps of burning natural forests. 
Examination of atmospheric aerosol samples in the pre-
smoke, smoke and post-smoke periods resulted in a con-
clusion that a transfer of smoke emission far from the 
source of combustion has no effect on the elemental com-
position of the mineral component of the air aerosol. The 
registered significant increase in the mass concentration 
of the submicron fraction of the atmospheric aerosol in 
the smoke-filled periods of 2012 is associated with the 
high content of organic matter in the atmosphere. 
2. Investigation into the role of atmospheric aerosols in 
the migration of chemical elements in the tissues of living 
organisms and in the environment 

As part of this research, animals’ (wool) and human 
(blood) tissues, vegetation and relevant soils were sub-
jected to multi-element analysis. 

The method of correlation analysis proved a relation-
ship between the total concentration of elements in at-
mospheric aerosols of the Altai Mountains and in the 
wool of the gray Ukrainian and Galloway cattle and bi-
sons brought for acclimatization in this area. The figure 
graphically displays the relation between the elements in 
the wool of the Galloway cows and in the atmospheric 
aerosol of the Altai Mountains. 

    
Fig.6.2.11. 

Interbreed and interspecific differences in the accumu-
lation of chemical elements were revealed from data on 
the content of chemical elements in the wool of the cattle. 
The results lead to the following conclusion: the bigger 
are genetic differences between herbivores, the bigger are 
differences in the content of chemical elements. 

 Collaborative research with the Institute of Internal 
Medicine SB RAS discovered a relationship of chemical 
elements with risk factors of chronic noninfectious car-
diovascular disease in the population of Novosibirsk. It 
was shown that certain concentrations of chemical ele-
ments create a background for development of cardiovas-
cular risk factors. 
3. Investigation into cyclicity in biogeological sedimenta-
tion systems of Central Asia in the absolute time scale of 
the Holocene. 

Cores from varve lakes of Central Asia were investi-
gated for creation of time series reflecting the dynamics 
of biological, lithological, geochemical and physico-

chemical processes of sediment formation in the absolute 
timeline of last millenniums. The main objects of study 
were lakes in the south of West Siberia with sediments of 
annual layers (varves): Lake Shira, Lake Bele, Lake Itkul, 
and Lake Utyachye. Scanning microanalysis of the sedi-
ment samples was performed at the experimental station 
SR XFA with steps of 100 and 200 microns at excitation 
energies of 12, 17 and 21 keV. Processing of the profilo-
grams assumed isolation of individual layers and detailed 
study of their internal structure. 

In order to study the elemental composition of core 
samples of bottom sediments by X-ray fluorescence mi-
croanalysis with high spatial resolution, we carried out 
methodological works to create a one-coordinate scanner 
with X-ray focusing optics, a policapillar lens. X-ray op-
tics offers several advantages. Firstly, the minimum focus 
size can be about 10 microns; second, a gain in the inten-
sity may be about 103-104 as compared with a collimating 
aperture. 

     
Fig. 6.2.12. X-ray optical module (left).  Model of one-
dimension X-ray scanner with installed X-ray optical 
module (right). 

 
4. Modeling of sedimentation process in Lake Sihaylong-
van. 

Analytical data on the seasonal distribution of trace el-
ements in the annual layers of the past decades, coupled 
with data of sediment traps, for samples of Lake Sihay-
longvan enabled development of a geochemical model of 
seasonal deposition in systems of carbonate and clastic-
organogenous sediments. The experimental data were 
used for verification of thermodynamic computation of 
the processes of carbonate sedimentation in complex bio-
geochemical systems. 

Results accumulated for Lake Sihaylongvan allow as-
suming several sources of sediment and their geochemical 
indicators. Classification of "clastic" and "organogenous" 
elements allows one to go to the search of climate-
dependent geochemical indicators, the content of which in 
different layers of sediment will reflect variations of the 
basic climatic parameters: temperature, amount of atmos-
pheric precipitation, wind speed, etc. Given the analytical 
characteristics and prevalence of natural elements, we 
used a time series of Zr content. Zr time series (sediments 
of Lake Sihaylongvan) in the time interval of 700-2000 
AD was processed by the EEMD method (Huang N.E. et 
al., Reviews of Geophysics, 2008) with insulation of 7 
cycles with periods of 4 to 470 years. 
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Fig. 6.2.13. An age model obtained through counting of 
annual layers visually insulated in thin sections of bot-
tom sediments of Lake Sihaylongvan [G.Chu et al., 
2009] was applied to the construction of time series. The 
model was verified with AMS 14C datings. 

 
5. Study of sediments in thermal lakes of Uzon caldera.  

In the first stage, sediment cores were scanned layer by 
layer with excitation energies of 27, 31 and 40 keV and a 
step of 1mm. Quantitative distributions of elements from 
K through Te were obtained along the entire profile of the 
cut. 

 The application of atomic absorption analysis yielded 
values of concentrations of various elements at certain 
points along the scanning profile. The SR XFA data were 
compared with those obtained by atomic adsorption. Fur-
thermore, layer-by-layer SR XFA scanning enables iden-
tification of rapidly oscillating fluctuations in concentra-
tions of elements, which cannot be carried out with other 
methods. The mere obtaining of distributions of concen-
trations of these elements in a section of thermal lakes is 
of great interest, because such work was performed for 
the first time. 

 

     
Fig. 6.2.14. Distribution of arsenic in a section of lake 
Fumarolnoe (the Uzon caldera, Kamchatka), absolute 
values in ppm for energies of 27 and 40 keV. Dots: ab-
solute values obtained by the method of atomic absorp-
tion. 

 

6. Research on remains of Hun people. 
Hairs retrieved from ancient burials of Hun people in 

several Nail-Ula mounds were analyzed by the SR XFA 
method. The content of about 20 chemical elements in the 
samples was determined. The content of copper and zinc 
turned out to be anomalous in all the studied samples. 

 For understanding the causes, investigations were car-
ried out by methods of high-resolution X-ray computed 
tomography, scanning electron microscopy and XAFS 
techniques, which gave additional information about the 
structure of the hairs. 
7. Reconstruction of parameters of deglaciation of gla-
ciers with a step of year to decade through interpretation 
of mineralogical and geochemical signals from bottom 
sediments of glacial lakes. 

The X-ray fluorescence method with SR as the primary 
excitation source (SR XRF) was applied to the research 
on the elemental composition of a core 83 cm long with 1 
mm increments from proglacial Lake Gitara, located at 
the foot of the glacier of Chersky mountain (Baikal 
Ridge, Baikal region). Concentrations of the following 
rock-forming and trace elements were determined: K, Ca, 
Ti, Mn, and Fe, as well as of the following rare and scat-
tered elements: Ni,Cu, Zn, As, Br, Rb, Sr, Y, Zr, Nb, Mo, 
Ba, La, and Ce. For determination of quantitative concen-
trations of elements with account of humidity of the 
cores, samples were taken from chucks; the material was 
dried; tablets were made and analyzed by the external 
standard method (Baikal sludge standard BIL-1). Scan-
ning (SR XFA) of three cores obtained during field work 
in 2012 is also close to completion. This work investi-
gates the content of elements that are markers of physical 
weathering (Y, Th, Ga, Rb, Zr, Nb and Rb/Sr) and, con-
sequently, increasing flow of clastic material of pelite and 
fine silt dimensions into the lake. 

A distribution of elements along a core describes the 
following processes associated with accumulation of sed-
iments: leaching of rocks and soils of the drainage basin 
of the lake, intensity of accumulation of autochthonous 
material, and intensity of physical wearing-off of silicates 
and, as a consequence, increasing flow of clastic material 
of pelite and fine silt dimensions into the lake 
8. Creation of spectrometer for X-ray fluorescence analy-
sis of nanoinclusions of trace elements by the method of 
total external reflectance. 

The main goal of this project is the development of X-
ray fluorescence analysis (XFA) of liquid samples using 
the technique of total external reflectance (TIR) to deter-
mine ultralow concentrations of rare (heavy) elements and 
their chemical state. 

A pilot TIR XFA spectrometer was made and put into 
operation at the SR XFA experimental station. Tests 
showed that scattered light background and signals from 
the substrate decrease significantly in the TIR operation 
mode. A Si (111) crystal was used as the substrate. 
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Fig. 6.2.15. TIR XFA spectrometer at the experimental 
station (left). Detector signal at angles less and greater 
than the critical one (right). 
 
6.2.5. Station "Hard X-ray diffraction". 

 
The station is intended for diffraction research on the 

structure of matter at high pressures and temperatures. 
Participant organizations: 

• the Institute of Geology and mineralogy SB 
RAS; 

• the Institute of Solid State Chemistry and 
Mechanochemistry SB RAS; 

• the Institute of Solid State Chemistry UB 
RAS; 

• the Institute of Inorganic Chemistry SB RAS. 
 

In 2012, works at the station were carried out with the 
financial support of the following projects: 

• RAS (Division of Earth Sciences) program of 
basic research "Petrology, mineralogy and geochemistry 
of metamorphic rocks formed at different P-T parameters, 
fluid regime and geodynamic conditions (by the example 
of Central Asia)", 2012-2014, RAS order; 

• RFBR project 10-05-00483-a "Structural evolu-
tion of Ca and Na zeolites and microporous heterosilicate 
equivalents at high pressures" 2010-1012; 

• RFBR project 11-05-01121-a "Dynamics of lat-
tices of microporous minerals in their interaction with 
aqueous medium at high pressures", 2011-2013; 

• RFBR project 12-05-31431-mol-a "Sources of 
potassium in subducting oceanic lithosphere and its be-
havior in subduction metamorphism", 2012-2014; 

• RFBR project 12-05-00841-a "Conditions of sta-
bility of hydrocarbon compounds at high pressures and 
temperatures and implications for the deep structure of the 
Earth and planets", 2012-2014. 

Some works carried out at the station: 
1. Within a research on water inclusion in the structure of 
silicates at high P-T parameters in connection with the 
problem of water transport in the Earth’s crust, a transi-
tion in natural cordierite at a high water pressure of 45-50 
kbar was studied. Excessive hydration, which disturbs 
regular compression (Fig. 6.2.16), is caused by the fact 
that Н2О molecules gradually occupy positions in the cen-
ter of 6-fold rings. Anisotropic deformation of structure 
and reduced compressibility along the a-axis at P> 50 
kbar are associated with the orientation of the hydrogen 
bonds of H2O molecule in a 6-fold ring, which bonds pre-
vent compression. 

     
Fig. 6.2.16. Disturbance in regular compression of cor-
dierite in an aqueous medium and a corresponding 
change in its structure (appearance of new H2O positions 
and deformation of the 6-fold ring). 
 

2. Within a research on the equations of state of poly-
cyclic hydrocarbons at high pressures and temperatures in 
connection with modeling of deep fluids, compressibility 
curves and temperature dependences of elastic parameters 
were obtained for naphthalene (Fig. 6.2.17). Here are 
compressibility parameters of naphthalene with the Wien 
equation of state for the 298 K isotherm: V0 = 361 Å3, K0 
= 9.3 GPa, and K’ = 6.0. 

    
Fig.6.2.17. Pressure dependence of naphthalene С10Н8 
unit cell volume (space group Р 21/c) at 298-773 K 
(open squares: data of low-temperature measurement at 
atmospheric pressure). 
 

3. Study of the stages of phase formation under high tem-
peratures during chemical interaction of nickel and cobalt 
with liquid tin, indium, bismuth and other metals and al-
loys. 

Interaction in a solid-liquid system goes in two main 
directions. The first is diffusion, through which atoms of 
one kind penetrate into a layer of the other substance and 
chemical compounds form in the boundary layer. The 
second is dissolution of the solid component or reaction 
product in the liquid component and formation of crystal-
lites either on the boundary between the solid and the liq-
uid phase or in the near-boundary space in the liquid 
phase. 
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These processes go simultaneously, but at different 
speeds. For determination of a process that prevails dur-
ing the interaction, research is carried out at temperatures 
2-5 °C below the temperature of liquid phase formation 
and at temperatures 2-5 °C above this temperature. 

It has been found that in cobalt-tin and cobalt-indium 
systems, the interaction begins only in the presence of the 
liquid phase, and in nickel-tin and nickel-indium and sys-
tem it occurs in the solid phase, too. 

 
6.2.6. Station "X-ray microscopy and tomogra-
phy". 

 
The station "X-ray microscopy and tomography" is in-

tended for research on the structure of samples with high 
spatial resolution. 

 Participant organizations: 
• Budker Institute of Nuclear Physics SB RAS, 

Novosibirsk; 
• the Institute of Geology and Mineralogy SB 

RAS, Novosibirsk; 
• Lavrentiev Institute of Hydrodynamics SB RAS, 

Novosibirsk; 
• the Institute of Chemical Kinetics and Combus-

tion SB RAS, Novosibirsk; 
•  the Institute of Archaeology and Ethnography 

SB RAS, Novosibirsk; 
•  the Institute of History of Material Culture, 

RAS, St. Petersburg. 
In 2012, works at the station were carried out with the 

financial support from the following projects: 
1. RFBR grant #09-05-00985-a "Zonal-sectorial 

structure of diamonds from kimberlite deposits of Yakutia 
as reflection of evolving conditions of their formation". 

2. RFBR grant #12-03-13502-ofi_m_RA "Investi-
gation into the kinetics of physical and chemical processes 
under the influence of pulsed laser radiation on crystalline 
condensed systems". 

3. SB RAS project 24 "Unknown pages in the his-
tory and culture of ancient civilizations in the 1st century 
BC – 1st century AD (the Han Empire, Parthia, the Ro-
man Empire, and the Empire of the Huns) from the results 
of interdisciplinary research on archeology findings from 
"royal" tombs in northern Mongolia". 
Works in 2012: 

• Examination of defects and micro-inclusions in 
natural diamonds from kimberlite deposits of Yakutia. 

•  Obtaining data on the microstructure of high-
energy materials by computational X-ray tomography 
(CXT) with high spatial resolution. 

• Quality control of X-ray masks for LIGA tech-
nology. 

•  Examination of archaeological findings by the 
non-destructive method of CXT. 

The unique properties of synchrotron radiation (high in-
tensity, small angular divergence, wide range, and natural 
polarization) allow one to work at the station in the 3-

crystal topography scheme, which is practically unfeasi-
ble with X-ray equipment, because of very long expo-
sures. The spatial resolution of the resulting images is 2-3 
microns for a monochromatic radiation with a wavelength 
of 1.13 Å. We have developed a scheme that provides 
maximum possible sensitivity to disorientation of crystal-
lographic planes for several arc seconds; see Fig. 6.2.18 
(a). 

The RT was supplemented with a method based on dif-
fraction of backscattered electrons (DBSE). The research 
was carried out on the scanning electron microscope "Hi-
tachi S-3400" equipped with the attachment "Oxford In-
struments HKL". We apply DBSE to imaging of crystal 
orientations and microdeformation in diamond samples 
with a spatial resolution of 5-10 µm. The accuracy of de-
termination of direction of crystallographic axes makes 
parts of degree and depends largely on the quality of the 
sample surface. DBSE is applicable to examination of 
block or multiple crystals of diamond with disorientation 
of crystallographic planes of a few degrees; see Fig.6.2.18 
(b). In this case, RT gives detailed information only about 
individual units of the crystal, and the full picture can be 
obtained by the DBSE method. 

 

=1000 µm; Copy of Map3; Step=7 µm; Grid427x384

 (а) (б) 

    
Fig. 6.2.18. Image of diamond crystals obtained using 
RT (a) and DBSE (b). 

To understand how the microstructure of high-energy 
materials is interrelated with the crystalline structure of 
the sample, we performed experiments using the methods 
of X-ray computer tomography and diffraction. 

 The research was carried out on miniature (with a 
characteristic dimension of 0.8 mm) samples cut from 
FTDO/DNP mixture drops crystallized under various 
temperature conditions. Fig.6.2.19. presents images of 
tomographic slices of samples of the mixture FTDO/DNP 
= 75/25. The slices were crystallized at temperatures of 
+20 0С and -20 0С. The thickness of slice is 2 mm; the 
spatial resolution is at a level of 3-4 microns. 

 
(а) 

0.1 мм     

(б) 

0.1 мм  
Fig. 6.2.19. Tomographic slice of samples of the mix-
ture FTDO/DNP = 75/25 made at temperatures of -20 
0C (a)  and 20 0C (b). 
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The samples differ in concentrations of pores, which 
are shown black in the figure. Apparently, with rapid 
crystallization occurring at low temperatures, gas bubbles 
result from the chemical reaction do not have time to be 
pushed by growing crystallites on the surface of the sam-
ple. 

 With an addition of 3% nano-size titanium oxide cata-
lyst (Fig. 6.2.20), the pore concentration in the sample 
stays low and depends on the crystallization temperature. 
This fact requires further investigation. 

 

 

(а) 

0.1 мм     

(б) 

0.1 мм  
Fig. 6.2.20. Tomographic slice of samples of the 
FTDO/DNP = 75/25 mixture with an addition of 3% 
TiO2, cut at a temperature of -20 ºC(a)  and 20 ºC(b). 
 
The light-colored points in Fig. 6.2.20 are agglomerates 

of micron-size TiO2 nanoparticle, which indicates un-
evenness of distribution of the catalyst in the sample. 

 In all tomographic slices there are white bands, which 
are due to the boundaries of crystallites and indirectly in-
dicate the direction of their growth. 

 From diffraction patterns in Fig. 6.2.21, recorded by 
the Debye-Scherrer method, one can see that the crystal-
lite growth has a preferential direction, which causes un-
even intensity in the diffraction rings. 

 

 

(а) 

     

(б) 

 
Fig. 6.2.21. Diffraction pattern6s of the samples of 
FTDO/DNP = 75/25 (20 ºC) (a) and FTDO/DNP = 
75/25 with an addition of 3% TiO2 (20 ºC) (b), received 
in a radiation with the wavelength λ=0.727 Å. 

 
One can also see from the point reflections on the De-

bye rings (Fig. 6.2.21 (a)) that rather large crystallites 
arise in the samples at a temperature of +20 ºC without 
any admixture of TiO2. 

Data on the internal structure of samples of crystallized 
mixtures are used for control and improvement of the 
technology of sample preparation and for detection of re-
lation of results of fire tests with sample quality. Similar 
data were obtained earlier for samples of a molecular 
compound and a eutectic mixture (FTDO/DNP = 49/51 

and 65/35, respectively). These measurements will be 
continued for mixtures with a FTDO content of up to 
90%, with a more detailed analysis of the structure of 
samples. 

 

1 см 

  
Fig. 6.2.22. Consolidated perforation in the wolf bone 
that was found on a site of ancient people at the mouth 
of the Lena River. Tomographic slice (left) and photo 
of the bone (right). 
 

100 мкм 

 
Fig. 6.2.23. Microstructure of fragment of perforated 
fabric that was found during excavations of burial 
mounds in northern Mongolia. 
 
Non-destructive analysis carried out at the station "X-

ray microscopy and tomography" is very important in the 
research on interesting archaeological finds that required 
detailed inner study. Fig.6.2.22 and Fig.6.2.23 present 
last-year examples of such studies performed at the sta-
tion. 

 
6.2.7. Station "Diffraction movie". 

 
The station is intended for X-ray diffraction research on 

the structural and phase transformations in solids in 
chemical reactions. After the installation of the two-
coordinate detector MarCCD, station is also used for dif-
fraction research on single crystals. The 2D detector en-
ables examination of small amounts of material, as well 
as samples of a pronounced texture. 

  Participant organizations: 
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• The Institute of Inorganic Chemistry SB RAS, 
Novosibirsk, 

• Novosibirsk State Technical University, No-
vosibirsk, 

• the Institute of Solid State Chemistry and 
mechanochemistry SB RAS, Novosibirsk. 

 
Works in 2012: 
1. Determination of structural characteristics of bismuth 
complex. 

Bismuth citrate complexes are used in medicine as a 
basis for anti-ulcer drugs, eg Denol. However, the struc-
ture and structural characteristics of the active compound 
have not been determined, as it exists in solution and un-
dergoes a series of transformations and loses its activity if 
one tries to produce a crystal. 

The size of the complex was estimated from diffraction 
patterns at small angles. 

Transmission patterns of the samples were recorded. 
The wavelength was 1.516 Å. The cell was made of two 
mica plates. The solution was placed in the cell and then 
the plates were compressed to a thickness allowing partial 
transmission of direct beam. Plot 1 in Fig. 6.2.24 presents 
a diffraction pattern for the pure solvent. Then, the cell 
was filled with Deanol solution of initial concentration 
(plot 3) and diluted four times (plot 2). 

The broad peak was processed, and its position (3.82°) 
turned out to correspond to an interparticle distance of 
~22 Å, and the width of the peak (3.57°) was found to 
correspond to a particle of ~ 22 Å in size. Diluting the so-
lution resulted in a simultaneous increase in the interpar-
ticle distance and the particle size to 26 Å. This may indi-
cate that some amount of water molecules penetrated into 
the structure of the complex. 
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Fig. 6.2.24. Diffraction patterns of pure solvent (1), 
complex solution of initial concentration (3), and di-
luted 4 times (2). 
 

2. Research on the structure of calcium phosphate films 
on surfaces of medical implants 

Implants made of titanium and its alloys are widely 
used in dentistry and orthopedics. Implants of alumina ce-
ramics have been introduced lately. Problems associated 
with improving the biocompatibility of materials and fixa-
tion of a prosthesis in a bone, accelerating the healing 
processes and increasing the life of implant have been 

successfully solved via coating the implant surface with 
resorbable bioactive hydroxyapatite (HA). 

The growth and crystallization of HA film on a porous 
surface of alumina ceramics and oxidized titanium are 
practically unstudied. In addition, in structural annealing 
it is important to ensure minimum temperature in order to 
reduce thermal stress and prevent destruction of the film. 
Dehydroxilation of HA at a temperature above 800 °C 
and decomposition of the material are an additional case 
for reduction of the temperature and time of annealing. 
The purpose of this paper is in situ SR XRD research on 
the structural transformation in thin calcium phosphate 
films on the surface of medical implants made of ceramic 
alumina and oxidized titanium. 

Calcium-phosphate films were applied by the method 
of RF magnetron sputtering. After the sputtering, the sam-
ples were placed in a chamber for thermal annealing. The 
samples were heated during 2.5 hours from the room 
temperature to 750 °C. Diffraction spectra were recorded 
every 5 minutes. Immediately after the deposition, films 1 
µm thick are virtually amorphous; the degree of crystalli-
zation does not exceed 20-25%. There are observed only 
HA-typical spectrum lines corresponding to reflections 
from crystallographic planes 2Θ = 25.8 (002), 31.7 (211), 
and 32.2 (112). Changes in the spectra occur at tempera-
tures of ~ 400 ° C, and active crystallization of the coating 
begins at 520 ... 530 °C. At 700 °C, the structure of the 
coating gets formed and will not change. There appear 
practically all the peaks corresponding to the structure of 
hydroxyapatite. It should be noted that at temperatures of 
about 400 °C, in the diffraction pattern there appears a 
diffraction peak (2θ = 36.5°), which corresponds to cal-
cium oxide (CaO). The presence of calcium oxide is 
probably due to the excess of calcium in the films as 
compared with the stoichiometric one. No peaks of other 
calcium phosphate compounds resulting from decomposi-
tion of HA were found. 
   The research revealed the following general regularities 
of formation of HA film structure on a variety of medical 
implants: 
 - regardless of the material and substrate surface mor-
phology (porous ceramics, titanium with porous coating, 
pure titanium, and polished silicon),  the main component 
(over 85%) of the calcium phosphate coating structure 
applied via RF magnetron sputtering, after annealing at a 
temperature of 700 °C, is hexagonal synthetic hydroxya-
patite corresponding to JCPDS-09-432; 
 - dynamics of structural changes in the film during the 
annealing process is virtually the same for all the studied 
substrates; 
 - the minimum size of the polycrystalline grain amounts 
to 10-100 nm. 
 
6.2.8. Station "EXAFS spectroscopy". 

The station "EXAFS spectroscopy" is intended for re-
cording of X-ray absorption spectra (EXAFS and 
XANES) of different, usually X-ray amorphous, samples 
in liquid and solid states. The obtained data enable deter-
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mination of the electronic structure and parameters of the 
near local environment (coordination number and intera-
tomic distances) of ions under study, including samples 
that do not allow radiographic structural methods. The 
station is mainly used for research on fine objects:  nano-
materials and catalysts. Depending on the applied meth-
ods, the volume, surface or near-surface layers are ana-
lyzed. The following techniques of spectra recording have 
been implemented: transmission, X-ray fluorescence, and 
total external reflectance. Unique methods of sample 
preparation have been developed for recording spectra of 
reaction-active compounds and catalysts under inert con-
ditions. Samples can be investigated at temperatures of 77 
to 900 K in conditions of a given atmosphere (in situ). 

Participant organizations: 
• the Institute of Catalysis SB RAS (Novosibirsk) 
• the Institute of Inorganic Chemistry SB RAS 

(Novosibirsk) 
• the Institute of Chemical Kinetics and Combus-

tion SB RAS (Novosibirsk) 
• the Institute of Solid State Chemistry and Mech-

anochemistry SB RAS (Novosibirsk) 
• the Physical-Technical Institute UB RAS 
• Topchiev Institute of Petrochemical Synthesis 

RAS. 
 

In 2012, works at the station were carried out with the 
financial support from the following projects: 

• RFBR grant 12-02-00262-a. "Research on the 
microstructure and electronic structure of calibrated gold 
clusters in cucurbit[n]urils with application of XAFS 
spectroscopy"; 

• RFBR grant 11-03-00219-a. "Inclusion com-
pounds of complexes and clusters of nickel and copper in 
cavitand cucurbit[8]uril: chemical experiment, spectro-
scopic analysis, and quantum-chemical modeling"; 

• RFBR grant 12-03-00131 "Non-equilibrium 
phase formation in ternary oxide films produced via dop-
ing of HfO2 with rare earth elements"; 

• RFBR project 11-03-12014-ofi-m-2011 "Multi-
functional nano-sized mixed metal-oxide systems based 
on layered silicates as catalysts for steam reforming of 
methane, sustainable to sulfur-containing compounds"; 

• State contract № 16.513.11.3043 "Formation of 
space-ordered/correlated arrays of semiconductor het-
erostructures based on germanium and compounds of its 
isoelectronic series with controllable band gap for promis-
ing elements of nano-electronics and nanophotonics"; 

• Grant 12-03-00306-a "Determination of the 
structure of active centers of acid-base catalysis on lay-
ered niobates produced via exfoliation"; 

• Grant 12-03-00173-a "Determination of the in-
fluence of the structure of quaternary ammonium cation 
on the catalytic activity of tungsten peroxocomplexes in 
reactions of oxidation of organic compounds"; 

• Grant 12-03-90821-mol_rf_nr "EXAFS and 
XANES research on the composition and structure of 
supported palladium catalysts produced by various meth-

ods for liquid-phase selective hydrogenation of acetylene 
to ethylene after exposure to a reaction medium"; 

• Grant 12-03-01154 "Research on the local struc-
ture of active component of bimetallic heterogeneous 
supported catalysts promising for alternative power engi-
neering and environmental catalysis"; 

• Grant 11-08-12104-ofi "Method of introduction 
of carbon nanotubes and nanowires in aluminosilicate 
matrix to create oxide ceramic filters”. 
Works in 2012: 

1. Hydrogen production systems for portable power 
units. 

Amorphous metal borides have been intensively inves-
tigated over the past 20 years because of their unique 
electronic, magnetic and catalytic properties. Particular 
attention is paid to cobalt borides as cheap but effective 
catalysts of selective hydrogenation, hydrodesulfuriza-
tion, and reduction, as well as hydrolysis of sodium boro-
hydride (NaBH4) for hydrogen production for portable 
power units. 

 The CoCl2 + NaBH4 system is the most investigated 
one. Nevertheless, the nature of the resulting cobalt bor-
ide (СохВ) has not been identified completely yet. Fresh 
cobalt borides are X-ray amorphous. Diffraction patterns 
contain a little-information broad line at 2θ=45±2°, which 
can be a superposition of peaks of cobalt borides of dif-
ferent composition (СоВ, Со2В, and Со3В) and metallic 
cobalt Со0. Structural data on the amorphous phase of the 
СоВх system can only be obtained using EXAFS. 

EXAFS data have shown that the active phase is an 
amorphous boride of unknown structure. Its structure 
does not match any of the known stoichiometric borides. 
When calcinated, this structure is destroyed, and there 
arises an inactive metallic cobalt. 

 
Fig. 6.2.25. Structure of amorphous boride and its 
transformation to pure metal during crystallization. 
 
These results allow building a provisional model of the 

structure of the resulting amorphous boride. The idea is 
that the reduction is accompanied by formation of two-
dimensional particles of metallic cobalt of hexagonal 
structure, which corresponds to bulk crystal structures of 
metallic cobalt. These nanoparticles of a thickness of one 
layer of cobalt atoms are crosslinked by boron atoms. Al-
ready at a temperature of 200 °C there appear far ditances  
from the metal hexagonal cobalt phase, which are marked 
as Со-Со2 and Со-Со3 in the figures. 
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Fig.6.2.26. Model of the structure of amorphous borides. 
 
2. Production f ethylene from acetylene for oil-

associated gases. 
At present, one of the most pressing problems is the 

processing of oil-associated gases to products of higher 
value. In addition to traditional approaches (through in-
termediate production of synthesis gas), the last decade is 
associated with the development of a technology based on 
acetylene extraction from oil-associated gases, followed 
by liquid-phase catalytic hydrogenation of acetylene to 
ethylene and oligomerization of the latter with production 
of  components of engine fuels. The key step in the proc-
ess is selective hydrogenation of acetylene to ethylene. 

 Pd-Ga and Pd deposited on Al2O3 are the most active 
and selective ingredients in the reaction of liquid-phase 
hydrogenation of acetylene to ethylene. These properties 
are associated with the formation of intermetallic com-
pounds of palladium and gallium (Pd3Ga7 and PdGa). The 
increased stability of the catalysts and their selectivity to 
ethylene are due to the "isolation" of the acetylene ad-
sorption sites, which leads to a change in the character of 
acetylene fixation to an active site. 

The catalytic properties of palladium-gallium catalysts 
in the liquid-phase reaction of selective hydrogenation of 
acetylene to ethylene have been studied. Furthermore, the 
composition and structure of active nuclei in the 
Pd/Ga2O3 catalyst in dependence on the preparation con-
ditions were studied using EXAFS spectroscopy. 

 

 
Fig. 6.2.27. Environment of palladium in the Pd/Ga2O3 
catalyst reduced in hydrogen at 200 °C. 

 
Since no Pd-Pd distances exceeding 2.82 Å, which are 

typical to the stoichiometric intermetallic compounds, are 
observed in the catalysts studied, one can conclude that 

no bulk phase of the intermetallic compound arises in this 
case. However, the presence of a short distance of 2.55 Å, 
which is modeled via the Pd-Ga distance, may indicate a 
heterogeneous-composition alloy of palladium with gal-
lium. 

 According to the data obtained, at the first step of 
preparation of the catalyst, palladium interacts with gal-
lium oxide and forms mixed oxides. 

 

 
Fig.6.2.28. Model of intercalation of palladium to gal-
lium oxide in application. 
 
When reduced, the resulting metallic palladium acti-

vates hydrogen, which reduces not only palladium inter-
calated with Ga2O3 but also gallium to the metallic state. 
In this system, the corresponding alloy is formed due to 
the diffusion of atomic gallium from the surface into pal-
ladium particles; the metal (Pd) exists only in the nucleus 
of a particle and the alloy is on the surface. Thus, satura-
tion of the surface of a metallic palladium particle with 
gallium results in formation of inhomogeneous microal-
loy in the subsurface area, the metallic palladium nucleus 
remaining. 

 One of the problems of the modern materials science is 
the development of approaches to production of new 
functional nanomaterials based on the study of fundamen-
tal laws – relationship of chemical and phase composi-
tions, structure, and physical and electrical properties of 
thin films and multilayers. This problem includes produc-
tion of films of binary oxides, emerging in systems based 
on hafnium oxide. 

The current considerable attention to hafnium oxide 
films and solid solutions based on them is, first of all, due 
to the necessity of production of materials with high di-
electric constant ("high k", dielectrics) for technologies of 
micro- and nano-electronic devices. Hafnium oxide films 
are very attractive because of the large values of dielectric 
constant and band gap, as well as thermodynamic stability 
in contact with silicon. 

This, however, applies only to amorphous films. HfO2 
films have a disadvantage of tendency to crystallization, 
and the crystalline phase has high conductivity. One way 
of amorphization of the films or decrease in the crystallite 
size is doping them with rare earth elements, aluminum 
and silicon. 

For binary oxides HfO2-Al2O3 it has been shown that 
alloying of HfO2 with aluminum causes amorphization of 
the films at aluminum concentration of ~ 30 at.% 9. There 
arise amorphous films of solid solutions instead of me-
chanical mixtures of respective oxides. 
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Fig. 6.2.29. Functions of radial distribution of atoms of 
hafnium local environment for a) HfO2 and b) 8 (HfO2)x 
*(Al2O3)1-x on silicon. 

These results are supported by STM data. 
 

     
Fig.6.2.30. AСM image of the surface morphology of 
HfO2(a) and (Al2O3)x(HfO2)1-x films. 

 
The surface morphology of HfO2 films changes when 

films are doped with aluminum (Fig.6.2.30). The rough-
ness of the films is 2.4 nm for HfO2 and 0.65 nm for 
(HfO2)1-x(Al2O3)x. 

 
 

6.3. WORKS ON SR BEAMS FROM 
VEPP-4M 

 
6.3.1. Metrological Station "Space". 

 
In 2012, the station "Space" was involved in the devel-

opment of research methodologies on the degradation of 
silicon photodiodes under the influence of EUV and soft 
X-rays. The first problem to solve was production of SR 
beams of a given spectral range and a power flow density 
(PFD) sufficient for observation of degradation of detec-
tors under its influence within a reasonable time (1 to 10 
hours). The characteristic values of the energy flow den-
sity (EFD) leading to significant degradation of detector 
equal (depending on the photon energy) 100 mJ/cm2 to 
100 J/cm2. As a rule, PFD after a monochromator at the 
station "Space" makes parts of nanowatt per square cen-
timeter, which is not enough. In this regard, some optical 
circuits have been developed for isolation of a relatively 
broad spectrum band with high PFD from a "white" SR 
beam. The optical system includes a mirror of total exter-
nal reflectance (TIR) and thin-film X-ray filter. The TIR 
mirror suppresses high energy photons, while the filter re-
stricts the flow of low-energy photons. Position of the 

spectrum cutoff boundary is defined by the material and 
thickness of the filter, as well by the sputtered material 
and the angle between the SR beam and TIR mirror. 
Fig.6.3.1 presents spectral properties of the optical ele-
ments and a typical SR range of such a filter system. 

 

 
Fig.6.3.1. Spectral properties of the optical elements for 
quasi-monochromatic radiation in the range of 78-138 
eV. A(E) is the absorption factor of the Nb/Zr filter 0.2 
micron thick. R(E) is the reflectance of a pair of gold 
TIR mirrors (the angle between the beam and the mirror 
surface is θ=14°); W(E) is the resulting SR spectrum 
after the optical system. 

 
A number of such optical systems have been devel-

oped, which enable covering a spectral interval of 50 eV - 
3 keV. 

We tried to increase the radiation power using optical 
schemes with only one TIR mirror. From the methodo-
logical point of view, the main shortcoming of such 
schemes is the increased complexity of tuning and the 
need to arrange "theta-2theta" kinematics schemes inside 
the vacuum chamber. We also tried a number of schemes 
including a focusing spherical (R = 10 m) gold-plated 
mirror. The focusing allowed us to increase the power 
density approximately one order of magnitude. The high-
est-aperture scheme of this type (with a working zone of 
0.7 to 1.7 keV) made it possible to attain a PFD of about 
40 mW/cm2 at a storage ring current of 20 mA. Detectors 
of the FDUK-100UV type (developed by PTI, 
St.Petersburg) and AXUV-100G type (produced by IRD 
Inc, USA) have been irradiated in the following three 
spectral regions: 19.5-45 eV, 78-138 eV, and 700-1 700 
eV; the acquired doses amounted to 30, 300 and 8000 
mJ/cm2, respectively. 

The essence of the technique to study radiation hard-
ness of the detectors was to locally irradiate the surface of 
the detector with a quasimonochromatic SR beam and 
then compare sensitivity of exposed and unexposed parts. 
The measurements were carried out via scanning with the 
detector relative to a monochromatic beam of 0.5 mm. 
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Fig. 6.3.2. Map of the AXUV-100G detector response, 
which was thrice irradiated with photons with an energy 
of 10 eV and EFD of 2.7 mJ/cm2. There are local places 
of 10% degradation of the sensitivity of the detector. 
The measurements were carried out at an energy of 100 
eV. 
  
Furthermore, we compared the spectral response of the 

detector in the irradiated and non-irradiated areas. The 
measurements were carried out in the spectral range of 
90-120 eV (near the Si L-III absorption edge), using the 
regular two-mirror monochromator of the station "Space". 
The ratio of the spectral responses (Fig.6.3.3) demon-
strates an additional 12 nm dead layer of silicon at the 
place of irradiation of the detector. 

 

 
Fig.6.3.3. Top: spectral response of the detector to 
monochromatic radiation in the non-irradiated (trian-
gles) and irradiated (diamonds) regions. Bottom: ratio of 
the two above graphs. The sensitivity jump in the vicin-
ity of the L-III edge of silicon allows one to estimate the 
thickness of the additional dead layer of silicon on the 
surface of the detector (about 12 nm). 

 
6.3.2. Outcoupling of radiation from 7-pole 
wiggler into SR bunker on VEPP-4. 

 
The station "Detonation" on the 8th SR beam line of the 

VEPP-4 storage ring with a 7-pole wiggler (five main 
poles with a field of 1.4 T and two side ones with half the 
field) is intended for research on ultrafast processes in 

detonation wave and in shock wave front and chemical 
reactions under extreme conditions. As compared with the 
station on VEPP-3, this new station has significantly bet-
ter basic parameters of the experiment, such as intensity 
and hardness of the SR spectrum, explosion chamber vol-
ume, and allowable weight of samples to explode. This 
enables a significant reduction in the influence of im-
pediment factors typical to small explosive samples and 
associated with the influence of close surface, front curva-
ture and so on. 

This new station will be equipped with the single-
coordinate detector DIMEX-3. Its use at the station "Ex-
plosion" of the VEPP-3 storage ring proved SR methods 
using to be promising in research on ultrafast processes. 

 Fig. 6.3.4 shows the field distribution along the wiggler 
in bench tests with a maximum achievable current of 1.8 
kA; the operating current will be increased up to 2 kA. 

 The wiggler emission spectrum for a field of 1.3 T, 
provided that the electron energy equals 4 GeV and the 
current in the storage ring is 20 mA, is shown in Fig.6.3.5 
for a horizontal angle (fan) of 1 mrad (integral over the 
vertical angle). It also shows the spectrum after beryllium 
foils (of a total thickness of 12 mm) and after a nickel-
plated mirror at an angle of 2 mrad to the SR beam. 

 

 
Fig. 6.3.4. Magnetic field distribution (T) vs x-
coordinate (cm) at the wiggler center at the main coil 
current Icoil= 1.8 kA. 

 
Quick beam chopper with two working edges based on 

the integrated servodrive SPSH10 ("Servotechnika") and 
the Kratky collimator are placed in the pumped volume. 

 An ionization sensor for precise control of the beam 
vertical position and intensity is placed upstream the 
pumped volume. 

The beam chopper opens the beam for a time of about 
60 microseconds, which is enough for an explosive ex-
periment and not enough for formation of a slow ion 
cloud, distorting the desired signal, in the detector DI-
MEX. The time-averaged intensity of the beam after the 
chopper is attenuated more than a hundred times, and this 
reduces the thermal load on next important element of the 
beam line, a nickel-coated grazing reflection mirror at an 
angle of about 2 mrad to the beam. The mirror makes it 
possible to remove the hard component of the beam (Fig. 
6.3.5). 
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Fig. 6.3.5. SR range (a current of 20 mA, an electron 
energy of 4 GeV, a 1.3 T field of the main poles of the 
wiggler, a critical energy of 13.8 keV) from the source, 
after the Be foils and the nickel-coated mirror (an angle 
2 of mrad). 
 
The most voluminous element of the installation, the 

explosion chamber with mufflers and inputs, is placed af-
ter the mirror. The chamber is connected to the system for 
purging and removal of gaseous products of reaction. 

 The beam line ends with the recording unit. It is a ra-
diation-protected volume accommodating the following: 
(a) an automated system of filter change (up to seven fil-
ters, plus "pure" beam), which are used for calibration 
purposes etc., (b) a knife to cut off a direct beam (for 
SAXS experiments, one automatically controlled degree 
of freedom), (c) detector DIMEX and a system for its 
fixation (for both horizontal and vertical positioning) and 
fine positioning (three automatically controlled degrees of 
freedom). As compared with the recording unit on VEPP-
3, there was added an additional level of automatically 
controlled adjustment related to rotation about the vertical 
axis (the yaw angle circuit) and the change of filters was 
automated. 

 

 
Fig. 6.3.6. General view of the 8th SR beam line from 
the 7-pole wiggler of VEPP-4. 

 
Fig. 6.3.7. Synchrotron radiation of the 8th beam line  
from the 7-pole wiggler in the SR bunker of VEPP-4. 
 
 



 131

6.4. WORK WITH TERAHERTZ RADIA-
TION BEAMS 

  
6.4.1. Novosibirsk terahertz free electron laser 

  
Novosibirsk free electron laser (FEL) is still the most 

powerful source of terahertz radiation in the world. The 
maximum value of average output power at a pulse repeti-
tion of 11.2 MHz is 500 W. In 2012, the time of Novosi-
birsk FEL operation for users was about 1000 hours. With 
the standard operation for users at a repetition rate of 5.6 
MHz, the average radiation power at the stations de-
pended on the radiation wavelength and tuning of the ac-
celeration system and was about 100 W. The FEL radia-
tion is linearly polarized and fully spatially coherent; the 
wavelength is tunable in the range of 40 - 240 microns; 
the relative spectral width (FWHM) is less than 1%; the 
pulse duration (FWHM)  is less than 100 ps.  

One of the two main objectives of the year 2012 was 
the organization of regular work at the six user stations. 
The second task was the preparation for the commission-
ing of the third stage of Novosibirsk FEL.  

  
6.4.2. Experiments on THz beams  

  
22 groups from 13 research institutions of Novosibirsk, 

Moscow, and South Korea worked with terahertz beams 
at the Siberian center of synchrotron and terahertz radia-
tion.  

Works on the terahertz beams of Novosibirsk free elec-
tron laser largely determine the current world’s level in 
this area. The following activity should be noted:  

- pioneering works on the application of THz radiation to 
nondestructive soft ablation of biological objects, poly-
mers, and mineral clusters, as well as the development of 
rapid examination of the fractional composition of re-
sulting aerosol particles (the Institute of Chemical Kinet-
ics and Combustion of the Russian Academy of Sciences 
(SB RAS), the Institute of Cytology and Genetics SB 
RAS, and Budker Institute of Nuclear Physics SB RAS);  

- ultra-fast precision terahertz time-domain spectroscopy 
of chemical objects (Budker Institute of Nuclear Physics 
SB RAS and the Institute of Chemical Kinetics and 
Combustion SB RAS);  

- study of the effect of THz radiation on biological ob-
jects (DNAs, proteins, cells, and microorganisms) (the 
Institute of Cytology and Genetics SB RAS and Budker 
Institute of Nuclear Physics SB RAS);  

- study of the interaction of THz radiation with new reso-
nant metamaterials (Novosibirsk State University and 
Budker Institute of Nuclear Physics SB RAS);  

- production of carbon nanotubes and nanohorns using a 
focused THz radiation beam (Budker Institute of Nu-
clear Physics SB RAS and the Institute of Inorganic 
Chemistry SB RAS); 

- study of the interaction of THz radiation with materials 
based on carbon nanotubes (Rzhanov Institute of Semi-

conductor Physics SB RAS, the Institute of Inorganic 
Chemistry SB RAS, and Budker INP SB RAS);  

- plasmon spectroscopy of surfaces and films using THz 
radiation (Moscow State University, Novosibirsk State 
University, and Budker INP SB RAS);  

- development of tomography, holography, and metrology 
with a source of coherent monochromatic THz radiation 
(Novosibirsk State Technical University, Novosibirsk 
State University and Budker INP SB RAS);  

- development of methods for diagnostics of flames (the 
Institute of Chemical Kinetics SB RAS and Combus-
tion and Budker INP SB RAS; 

- ellipsometric measurements in the THz region of the 
spectrum (Rzhanov Institute of Semiconductor Physics 
SB RAS);  

- study of combustion of H2 - O2 with tuning of THz ra-
diation to the H2O absorption line (Lavrentyev Institute 
of Hydrodynamics SB RAS, the Institute of Chemical 
Kinetics and Combustion SB RAS, and Budker INP SB 
RAS);  

-  study of detonation and explosive processes in gas mix-
tures using THz radiation (Lavrentyev Institute of Hy-
drodynamics SB RAS, Institute of Chemical Kinetics 
and Combustion SB RAS, and Budker INP SB RAS);  

- speckle photography and speckle interferometry in THz 
radiation (Novosibirsk State University and Budker 
INP SB RAS); 

- Talbot metrology in the THz range (Novosibirsk State 
University and Budker INP SB RAS).  
Below are listed some works carried out in 2012 and 

their executors.  
1.  The effect of THz radiation on the spin state of a pho-

toswitchable polymer complex was studied. Budker 
INP SB RAS and the International Tomography Cen-
tre SB RAS.  

2.   A unique method of ultrafast high-resolution spectral 
measurements in the terahertz range was developed. 
Direct measurements of time dependence of narrow-
band terahertz emission from molecules excited with 
a powerful and relatively short FEL pulse were car-
ried out for the first time. Budker INP SB RAS and 
the Institute of Chemical Kinetics and Combustion of 
the SB RAS.  

3.   Sensing of thin films on metal surfaces by the method 
of plasmon-polariton spectroscopy was demon-
strated. Budker Institute of Nuclear Physics SB RAS 
and Scientific and Technological Center of Unique 
Instrumentation (Moscow). 

4.  A technique of examination of condensed media with a 
THz attenuated total reflection spectrometer was de-
veloped. Budker INP SB RAS and Novosibirsk State 
university.  

5.   Properties of semiconductors promising as concerns 
creation of THz detector arrays were investigated. 
Budker INP SB RAS and Rzhanov Institute Semi-
conductor Physics SB RAS.  
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Fig. 6.4.1. General view of the energy recovery linac with free electron lasers installed on the first, second, and fourt-
tracks. A circulating electron beam was obtained on the third and fourth tracks in 2012. 
 
 6.4.3. Upgrade of the FEL and commissioning 
of the third stage of the energy recovery linac  
 

In 2012, components for upgrade of the RF generator 
were designed and manufactured. Cables for measure-
ment of voltage phases on the accelerating RF cavities 
were replaced to air-insulated ones, which increased the 
absolute measurement accuracy. The upgraded output 
stage of the RF generator was tested. Parameters of the 
output circuits were tuned for suppression of self-
excitation. An additional high-voltage rectifier was de-
signed for increasing the anode voltage.  

The magnetic-vacuum system of the third stage of the 
FEL is situated on the third and fourth tracks of the en-
ergy recover linac (ERL) (see Fig. 6.4.1). It consists of 10 
bending magnets and 7 large and 26 small quadrupole 
magnets. Besides, it includes vacuum chambers with ion 
pumps, electron beam position monitors, vacuum valves, 
and units for synchrotron radiation extraction. 

In 2012, the mode of fourfold acceleration and fourfold 
deceleration of electrons in the four-track ERL of the FEL 
third stage was demonstrated for the first time, with eight 
different beams observed on the pickup electrodes of the 
common track at different moments of time (see Fig. 
6.4.2). One can see on this oscillogram that beam currents 
are about the same, which is an evidence of almost full 
passage of electrons throughout the ERL. More accurate 
measurements of current in the dump show that over 95% 
of electrons arrive to the beam dump.  

Fig. 6.4.2. Signal from one of the pickup electrodes of 
the common track. 

 

Transverse beam positions at all pickup stations are 
shown in Fig. 6.4.3.  

 

 

Fig. 6.4.3. Transverse beam positions at all pickup sta-
tions. 

  
Thus, the world's first four-track energy recover linac 

has been constructed and commissioned.   
This facility is a proof of the feasibility of the new class 

of accelerators, i.e. the multi-track energy recovery linacs. 
These accelerators can be used for generation of subpico-
second X-ray pulses of high brightness with a repetition 
of tens of megahertz. Ultrashort X-ray pulses are applied 
to the study of fast processes, for example, chemical reac-
tions and fast phase transitions. Another promising appli-
cation of this class of accelerators is nuclear physics ex-
periments with internal target.  

  
6.4.4. Assembling undulators for the third stage 
of the FEL and correcting field in them 

  
The third stage FEL is an optical klystron with a 

buncher that accommodates a radiator. The FEL uses 
three identical permanent magnet undulators.  

Magnetic blocks are mounted on the top and bottom 
bases ("jaws") of the undulator (see Fig.6.4.4). The 
bases, in turn, are held by actuator screws fixed on the 
frame. Rotating the screws, one can adjust the working 
gap of the undulator and thus the amplitude of its field.  
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Fig. 6.4.4. Assembly of one of the three undulators of 
the third stage. 
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Fig. 6.4.5. Forward spontaneous emission spectrum in 
the measured field. The dashed line shows the ideal 
spectrum. 
 
Moving Hall probes along the undulator, we measured 

magnetic field values. The design of the undulator is such 
that any of the magnetic units can be replaced for correc-
tion of magnetic field. To be sure that the level of field 
errors is low, we calculated the motion trajectory and the 
spectrum of forward spontaneous emission (Fig.6.4.5) in 
the measured field. The deviation from a straight path is 
much smaller than the transverse size of the eigenmode of 
the optical resonator (the intensity rms size is about 2 
mm). The spectrum broadening and corresponding de-
crease in the amplitude of spontaneous emission are also 
small. The field quality in the undulator, therefore, was 
found to be acceptable.  

Besides that, some elements of the optical resonator of 
the third stage FEL were fabricated and the project of 
outcoupling of radiation from the third stage FEL was de-
veloped.  

 
 

  
6.4.5. Results of 2012 and plans for 2013 

  
Main results of 2012:  

1. The world's first energy recovery linac with four tracks 
was commissioned.  
2. Experiments using THz radiation at user stations were 
continued.  
3. Development and fabrication of components of the test 
bench for the RF injector were continued.  
  
   Plans for 2013:  
1. Mounting of the optical resonator, installation of undu-
lators, and commissioning of the third stage of the FEL.  
2. Continuation of the creation of new stations.  
3. Further experiments using THz radiation at the user 
stations of the third stage.  
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6.5. DEVELOPMENT AND CREATION OF 

 SPECIALIZED SR  GENERATORS – 

SUPERCONDUCTING WIGGLERS 
 
Contract works on the development and production of 

various superconducting cryogenic magnetic systems for 
SR generation were continued in 2012. 

 In August 2012, a trial run of a 63-pole wiggler 
(Fig.6.5.1) with a period of 51 mm, a magnetic field of 
4.0 T and a pole gap of 15.2 mm was carried out at the 
customer’s site. This wiggler is intended for the Austra-
lian Synchrotron storage ring (Melbourne). Zero con-
sumption of liquid helium was demonstrated, as well as 
negative pressure in the helium vessel with helium tem-
perature decreased to 3.5 K. This enabled attaining a mag-
netic field exceeding the planned 4.2 T. Preparation to the 
mounting of the wiggler on the Australian Synchrotron 
storage ring is underway. The final commissioning is 
scheduled for January 2013. 

    

 
Fig. 6.5.1. 63-pole 4 T wiggler for the Australian Syn-
chrotron storage ring (Melbourne). 

       
A 15-pole wiggler (Figs.6.5.2 and 6.5.3) with a field of 

7.5 T, a magnet gap of 26 mm and a period of 200 mm for 
the CAMD-LSU storage ring (USA) was assembled in its 
own cryostat in October of 2012. After a training of the 
superconducting magnetic system, the required level of 
magnetic field was achieved. Now assembling of the wig-
gler in its cryostat is close to completion. A full cycle of 
tests and dispatch of the wiggler to the customer are 
scheduled for January 2013. Commissioning of the wig-
gler on the CAMD-LSU storage ring will take place in 
March 2013. 

The "short" prototype magnetic system for the multi-
pole wiggler CATACT (Fig.6.5.4) for the ANKA storage 
ring (Karlsruhe, Germany) was successfully tested in No-
vember 2012. Now a full-length 44-pole wiggler with a 
period of 48 mm, a magnetic field of 2.5 T and a pole gap 
of 20 mm is being fabricated. 

 
 

 

     
Fig. 6.5.2. Superconducting magnetic system of the 15-
pole wiggler with a field of 7.5 T for the CAMD-LSU 
storage ring (USA). 
 

 
Fig. 6.5.3. 15-pole wiggler with a field of 7.5 T and a 
period of 200 mm for the CAMD-LSU storage ring 
(USA). 
 

 
Fig. 6.5.4. Prototype magnetic system of the multi-
pole 2.5 T wiggler CATACT for the ANKA storage 
ring (Karlsruhe, Germany). 
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      Another wiggler (CLIC) with a field of 3 T, a period 
of 51 mm and a magnetic gap of 18 mm, manufactured 
for the ANKA storage ring (Karlsruhe, Germany), dif-
fers radically in design from all previous wigglers. In 
this wiggler, cooling to low temperatures is performed 
not with liquid helium, but by means of chillers, through 
thermal mechanical contacts (Fig.6.5.5). The magnetic 
system is thus located in vacuum. A short prototype of 
such magnet was tested in December 2012. It was 
cooled to a temperature of 3 K, and the attained mag-
netic field level was 3.3 T. At the moment, the magnet is 
being tested in different operation regimes. The com-
missioning of the full-scale magnet with contact cooling 
is planned for early 2014. 
 

 
Fig. 6.5.5. Prototype of the superconducting helium-
free wiggler CLIC with a 3 T field for the ANKA stor-
age ring (Karlsruhe, Germany). 
 
The upgrade of already operating wigglers, which was 

started in 2011, continued in 2012. Contracts on the 
manufacturing of new cryogenic systems with zero con-
sumption of liquid helium for the wigglers for ELETTRA 
(Trieste, Italy) and HMI (Berlin) were concluded. Both 
the contracts are to be completed in the summer of 2013. 
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Introduction 
        BINP works in the field of radiophysics and elec-
tronics are performed mainly by the Radiophysics labora-
tories. The laboratories are engaged in the development 
and research of radio physical systems for accelerators 
and storage rings of charged particles, facilities for study-
ing the physics of high-temperature plasma and other sys-
tems. 
   These works include development of diverse radio-
electronic equipment (power supplies, control and diag-
nostics systems, computer control systems, RF accelerat-
ing systems and sources of RF and microwave energy) 
and research on behavior of charged particle beams in in-
teraction with accelerating systems and other elements 
and devices of accelerators and storage rings of charged 
particles. The main laboratories’ results are part of the 
general results of research and works carried out at the 
existing complexes: VEPP-4, VEPP-2000, FEL, the injec-
tion complex and systems for research on the physics of 
high-temperature plasma. 
    Due to their universal character, some developments 
performed by the laboratories have become a basis for 
new devices of independent scientific and technological 
value. Some developments are used at the Institute in re-
search on other topics and performance of contracts with 
Russian and/or foreign scientific centers (USA, Germany, 
Switzerland, Japan, China, and South Korea). 
    It should be noted that 2012 was a very tense year for 
the staff of the Radiophysics laboratories, because of the 
large amount of works under contracts with the research 
center at Jülich Institute (Germany), Brookhaven National 
Laboratory (USA), KAERI (Korea), TAE (USA) and 
other partners. 
    Below are summarized some results of the works car-
ried out in 2012 and guidelines for activities that will con-
tinue in 2013 and further. 
 
 

7.1. POWER SUPPLIES FOR ELECTRO-
PHYSICAL INSTALLATIONS  

  
7.1.1. Stabilized current sources. 
 
        Development of stabilized current sources for pow-
ering various electrophysical installations and their com-
ponents is one of the main objectives of the Radio Physics 
Laboratory. Those are, first of all, sources of direct cur-
rent for powering electromagnets of charged particle stor-
age rings. Depending on application, the output current of 
such sources makes up amperes to tens of kiloamperes. 
Correspondingly, the output power is tens of watts to 
hundreds of kilowatts or megawatts. Current of these 
power supplies is typically widely variable (up to 60 dB) 
with high accuracy and stabilization (error of 0.01% or 
less). Current sources are complex electro-physical de-
vices with computer control, monitoring and testing and 
with a complex system of locks and internal control de-
vices. The Russian industry produces no analogues. 

     Works on upgrading power supplies and instrumenta-
tion of the physical facilities of the Institute continued. 
 
• In 2012, the long-term work on the modernization of 

the electronics of precision sources of the "IST" se-
ries for powering electromagnets was continued. 
Such a device for a power of 50kW, 100kW and 
200kW has a thyristor regulator and a pulse suppres-
sion channel. The sources are governed by inte-
grated controllers (SEAS121), containing a single-
channel 20-bit DAC and 8-channel 24-bit ADC. 
Current is measured using contactless magnetic 
modulating pickups (DCCTs). 

• New-version current sources of the "IST" type with 
an output current of up to 400 A and power of up to 
200 kW enable testing of the electron cooling instal-
lation, which was designed and fabricated by BINP 
for Jülich Research Center, Germany . Thyristor rec-
tifiers of these current sources were manufactured at 
the Low-Voltage Equipment Plant (NVA, Rasska-
zovo, Tambov region) and furnished with electron-
ics for current control and stabilization that was de-
veloped and manufactured by BINP. 

• In 2012, a number of innovative power supplies for 
electromagnets of the booster accelerator of the 
NSLS-II synchrotron light source (BNL, USA) were 
manufactured and successfully commissioned. The 
booster is capable of operating at a repetition rate of 
up to 2 Hz, so requirements to the power sources are 
quite rigid. While meeting high requirements to cur-
rent stabilization accuracy, the sources shall have 
good dynamic characteristics. In particular, the time 
of current rise from minimum to the nominal value 
must be 0.26 seconds at most for all the power sup-
plies. The total number of developed and manufac-
tured current sources for electromagnets of the 
booster is more than 50. Table 1 shows the main pa-
rameters of these power supplies. 

• In 2012, the development and manufacturing of 
high-precision current sources with an output power 
of up to 10 kW and a current of up to 1000 A were 
continued. The sources were made with converters 
of high (about 20 kHz) frequency. That involved de-
signing and manufacturing of new high-precision 
four-quadrant power sources of the "RF-500" type 
(500A/12V), which were delivered under contracts 
to  BNL, the USA (2 items) and KAERI, Korea (4 
items). 

• Development and full-scale testing of a high-power 
(an output current of up to 800 A and maximum 
voltage of up to 400 V) precision source of pulsed 
current of arbitrary shape were completed. Such 
sources are needed for powering magnetic systems 
of synchrotrons and booster accelerators operating 
with a repetition rate of 2.1 Hertz. 
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Table 7.1.1. Main parameters of the power supplies for the NSLS-II booster. 

Power supply Q-ty 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. 229 

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 
 
 

 
 

• A substantial amount of high-precision current 
sources for correctors were produced under con-
tracts. In particular, over 50 current sources of the 
"MPS-6" type (an output current of up to 6 A), 10 
power sources of the "MPS-20" type (an output cur-
rent of up to 20 A) and 10 2-channel units of the 
“SR-20-30" type (current stabilizers with magnet 
coil shunting) were manufactured and put into op-
eration in 2012. 

• Over 30 channels of sources for corrective magnets 
with output currents of up to 3 A were manufactured 
and put into operation. The sources were delivered 
to KAERI, Korea and are also used at BINP SB 
RAS. 

• Development and production of a power system for 
correction magnets for the X-Ray Free Electron La-
ser Facility (Germany) were started. The system in-
cludes about 400 high-precision current sources. 

 
  

7.2. SOURCES OF STABILIZED HIGH 
DIRECT VOLTAGE 

 
    The Institute is successfully developing high-voltage 
sources of direct stabilized current with a wide power 
range: 
• tens of watts, for powering electrostatic devices for 

deflection or focusing of charged particle beams; 
• hundreds of watts to tens of kilowatts, for powering 

various high-voltage direct-action accelerators; 
• hundreds of kilowatts, high-voltage power for ion 

sources and atom injectors. 
    High-voltage power supplies have good stability and 
accuracy of regulation; they are protected from break-
downs and short circuiting. 
 
7.2.1. High-voltage power supplies for atom in-
jectors for diagnostics and plasma heating in 
plasma devices. 

 
    Development and creation of high-power high-voltage 
power sources for atom injectors for corpuscular diagnos-
tics and plasma heating in experimental plasma devices 
remains one of the important activities of the laboratory. 

• In 2012, we continued the development and fabrica-
tion of individual units of a high-voltage source for 
the high-power injector of negative ions which is to 
be produced under a contract with TAE, the USA. 
Parameters of the high-voltage power supply are as 
follows: U(output)=880 kV; I(output) = 10 A; 
T(imp) = 100 seconds. The high-voltage power sup-
ply consists of eight in-series connected high-
voltage rectifiers with an output voltage of 110 kV. 
The rectifiers are placed in one volume, which is 
filled with insulating gas. Regulated AC voltage for 
these rectifiers is produced by high-power voltage 
invertors (a frequency of 2 kHz and output power of 
up to 300 kW). 

• For the stand of the negative ion source to be pro-
duced under the contract with TAE, the USA, we are 
making a high-voltage power supply for 120 kV and 
100 mA. It consists of a high-voltage generator 
(voltage multiplier) and a regulated voltage invertor 
of high (20 kHz) frequency. 

 
7.2.2. High-voltage power supplies for acceler-
ating tubes. 
 
    The development, improvement and manufacturing of 
components and units of high-voltage power sources for 
electron acceleration tubes were continued in 2012. 
• The production of high-voltage power supplies for 

the FEL and electron-beam welding installations 
started using elements of cascade generator (push-
pull voltage multiplier). The PSs are designed for 
work with a beam current of 100 mA. The output 
voltage of the FEL HV power supply is 300 kV, and 
that of the EBW PS is 60 kV. 

• An HV rectifier with an output voltage of up to 60 
kV and a high-frequency (20 kHz) semiconductor 
converter for the EBW installation with power in-
creased up to 60 kW were designed and manufac-
tured. 

• A high-power (40 kW) resonant inverter with high 
conversion frequency (25 kHz) was developed for 
powering an acceleration tube with a voltage of up 
to 2 V for the electron cooling facility for the COSY 
accelerator, Germany. 
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    The creation and acceptance tests of the electron cool-
ing installation developed for Jülich Research Center, 
Germany were completed in 2012. A "high-voltage 
tower", producing a regulated stabilized voltage of up to 2 
MW with a stability level of the order of 10 ppm is one of 
the most complicated elements of the installation. The 
"high-voltage tower" consists of cascaded high-voltage 
transformers operating at 20 kHz. Additional windings of 
the transformers are used for creation of regulated current 
in solenoids distributed along the tower. The "high-
voltage tower" is a complex mix of power, control and 
measurement electronics. It has an electron beam dump 
for a power of up to 15 kW. For generation of regulated 
voltage across the dump (1 ... 5 kV), an innovative volt-
age source was designed and built with a power of up to 
15 kW under a HV potential of 2 MV. 
 
7.2.3. Switching Power Supplies for electro-
magnets of accelerator complexes. 

 
    Production of various surge current generators was 
continued in 2012. 75 switching power supplies of the 
"GID-25" type were produced for beam transport line "K-
500". One rack accommodates 8 generators of the "GID-
25" type, and automated control units. The power supplies 
have been prepared for real-load tests. 
 
 
7.3. DEVELOPMENT OF MEASUREMENT 

SYSTEMS AND DEVICES FOR 
 AUTOMATION OF PHYSICAL  

EXPERIMENTS 
 
    The laboratory participates in automation of installa-
tions, test benches and large physical complexes: 
• development and delivery of ready-made systems 

(control, diagnostics and computer systems) with 
subsequent participation of the authors in adaptation 
of the systems; 

• development of elements of control and timing of 
power supply systems with subsequent comprehen-
sive delivery of these systems to accelerators and 
charged particle storage rings and studies of their in-
fluence on the complex as a whole; 

• delivery of individual standardized modules 
(CAMAC, VME, “Cherry” and Euromechanics) to 
existing or new installations and stands; 

• development of new approaches, techniques and, as 
a result, new devices that enable solving physical 
experimental problems at a new level; 

•  modernization of existing automation, control and 
diagnostics systems on operating physical installa-
tions; 

• repair and maintenance of several thousand units of 
electronics and whole systems developed by the 
laboratory. 

    Equipment developed and manufactured by BINP is 
widely used not only at the Russian Academy of Sci-
ences, but also at many scientific organizations in Russia 
and abroad. Below are presented main results in 2012. 
• New electronics were manufactured and launched 

for 4 pick-ups installed on the VEPP-2000 storage 
ring. The electronics have high temporal resolution, 
enabling separate measurement of position of elec-
tron and positron beams passing through a pick-up 
with intervals of ~ 20 ns. The total error of coordi-
nate measurements is about 10-20 microns. The 
electronics allow turn-by-turn measurement of beam 
position. A pick-up station is a 1U Euromechanics 
module with a depth of 200 mm. 15 pick-up stations 
are planned to be produced based on this develop-
ment and installed on VEPP-4 (in addition to 3 pick-
up stations already installed). 

• New version of precision electronics for pick-ups 
was designed, manufactured and tested on VEPP-3. 
Parameters of the new electronics are comparable 
with similar parameters of the penultimate version 
by Libera Brilliance (Instrumentation Techologies, 
Slovenia). The beam position measurement error 
does not exceed a few microns. This electronics 
cannot measure position of individual bunches, but it 
enable turn-by-turn measurement for all bunches 
summed. A pick-up station is a 1U Euromechanics 
module with a depth of 330 mm. A prototype 
worked on VEPP-3 for more than six months. 5 ad-
ditional pick-up stations are planned to be produced 
based on this development and installed on VEPP-3. 

• New electronics for pick-ups for the linear accelera-
tor of the injection complex were developed. An 
electronics prototype that allows measurement of 
beam position after each shot was manufactured and 
tested on the electron linac. The beam position 
measurement error does not exceed 5-10 microns for 
electrons and 25-30 microns for positrons. 13 pick-
up stations were made. Commissioning of the new 
electronics is planned for the first half of 2013. 

• A new system (12 pick-ups) for beam position meas-
urement has been tested on the cooler for COSY 
(Germany). This system includes a subsystem for 
electron beam current modulation and a subsystem 
for processing signals from the pick-ups. The system 
enables simultaneous measurement of the position of 
electron and proton beams with a resolution of a few 
microns at an electron current amplitude modulation 
of 0.2-2 mA 

• Electronics for the ion beam phase measurement 
system for the booster NICA were developed under 
a contract with the JINR. This system complements 
the RF system of the booster, which is also devel-
oped by BINP. The system makes it possible to 
measure the beam phase relative to the accelerating 
voltage of the RF system every 10 µs with an error 
of no more than 1 degree. Both a prototype and op-
erating version of the electronics were fabricated. 
The prototype was tested and demonstrated the re-
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quired parameters. The operating version will be 
passed to Dubna and tested on the running JINR nu-
clotron in March 2013. 

• A new system for betatron frequency measurement 
was designed, manufactured and commissioned 
(without beam) at BNL. This system has a distin-
guishing speed of 1 ms. Due to this, up to 300 meas-
urements can be done during energy rise in the 
booster. The measurement error does not exceed 50-
100 ppm. The system makes it possible to measure 
betatron frequencies even at very low beam currents, 
down to 100 mA. Its software, running in the EPICS 
environment, was developed and debugged. Com-
missioning of the system with beam is scheduled for 
May and June 2013. 

• 40 electronics modules for measuring beam position 
in beam line K-500 with ‘wall current monitors’ 
were fabricated and configured. The modules are 
placed near the monitors and connected with one co-
axial cable for power supply, timing signals and date 
exchange with the host computer. 

• A new NMR magnetometer was designed and fabri-
cated. It has higher performance due to faster proc-
essing of NMR signals. The accuracy of measure-
ment of homogeneous fields (with a gradient less 
than 10-4/cm) does not exceed 1 ppm. The magne-
tometer has an embedded DAC for field feedback 
with the power supply of the magnet. 3 magnetome-
ter of new type were fabricated. One device is 
mounted on VEPP-4 and used for the main field sta-
bilization. 2 magnetometers are installed on VEPP-
2000. 

• Works on improving the system for SR beam stabi-
lization on VEPP-3 are going on. X-ray attenuation 
filters were calibrated and replaced. 

• Works on improving the quality and operational pa-
rameters of the control system of the linear induction 
accelerator for X-ray radiography (VNIITF Snez-
hinsk) are going on. This includes upgrade of the 
subsystem of synchronization and interlocks, aimed 
at more precise synchronization with experiment. 

• Upgrade of the pulsed measurement system of 
VEPP-2000 started based on earlier-developed high-
precision multi-function integrators VsDC2. 

• Using the previously created stands and software, 
we carried out the performance measurement and 
acceptance testing of pulsed magnets of the injec-
tion/extraction system of the NSLS-II booster. 

• Magnetic measurements of the quadrupole magnets 
of the NSLS-II main ring and sextupole and quadru-
pole magnets of the booster were successfully com-
pleted on specially-prepared stands. 

• Measurements of the pulse parameters of the BD 
and BF dipole magnets of the NSLS-II booster were 
carried out. Relevant equipment and software were 
provided for this. 

• Equipment for measurement of pulsed magnetic 
fields of the septum and bump magnets of the injec-
tion/extraction system of the NSLS-II booster was 
put into operation at Brookhaven National Labora-
tory. 

• Works on the mounting and commissioning of the 
thermal control system on the SR beam lines of the 
wiggler on VEPP-4 started. 

• A system for acquisition and control of data from the 
neutral beam injector of the W7X stellarator (Ger-
many) was designed, manufactured and debugged. 

• Development, manufacturing and commissioning of 
the control system and the data acquisition system 
for the stand of neutral beam injectors for the "TAE" 
installation (USA) are going on. 

• Development of the new-generation control system 
and data acquisition system for "TAE-3U” installa-
tions (USA) started. 

• Operating documentation for the control system and 
the data acquisition system of the neutral particle in-
jector (NPI) for the T-15 tokamak (Moscow) was 
developed. 

• About 50 different units with the CAN-BUS inter-
face for control systems of electrophysical installa-
tions were made, debugged and put into operation. 
These units are listed in Table 7.3.1. A detailed de-
scription of the units is available on the web-site of 
the laboratory. 

• It should be noted that these devices are widely used 
for completion of contracts. Over the past years, 
more than half of the produced modules were sup-
plied bundled with various power sources and as 
part of instrumentation systems under contracts with 
Russian and foreign partners. 
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Table 7.3.1.  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 Eu-
romechanics)  

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 (Euro-
mechanics 3U)  

CEAC121  1-channel, 16-bit DAC; 12-channel, 24-bit ADC (class 0.003%); 4-bit input and output registers (Euro-
mechanics 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 generator of delayed pulses; 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 
CEGVI8 8-channel, 16-bit generator of delayed pulses, Euromechanics 
  
• Complex testing of electronics for powering and 

control of the electron gun of the ion coolant for 
COSY was performed on the running system. 

• Works on improving the metrological and opera-
tional characteristics of the electronics for magnetic 
field alignment in the solenoid of the ion coolant 
(COSY) are going on. 

• Under the contract on the NSLS-II booster, the sys-
tem for interrogation and monitoring of thermal 
switches and vacuum control system were installed 
and tested. 

• Works on the creation of a control system for the 4-
track FEL are going on. 

• Tests of the new modulator of the electron gun of 
the FEL injector were continued. The modulator has 
the following unique parameters: a pulse duration of 
1 ns, an amplitude of 0-120 V at 25 Ohms, and a 
repetition frequency of 0-90 MHz. 

• Work on the introduction of up-to-date intelligent 
controllers in control systems of physical plants was 
continued. Another batch of controllers and CAN-

Ethernet gateways for various facilities of the Insti-
tute was made.  

• Works to improve the operational characteristics of 
the system for weld search and electron beam point-
ing were continued on the electron beam welding 
plant, as well as the creation of a modernized ver-
sion of the system for testing of welding technology. 

• Operational testing of the 2-channel high-precision 
current meter for ionization chambers (a resolution 
of 2-3 fA) was continued. The device is designed for 
experiments with synchrotron radiation. A serial me-
ter was developed based on the results. 

• A module of generator of time intervals was de-
signed, tested and put into mass production for nu-
merous pulsed systems of beam line K-500. 
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7.4. DEVELOPMENT OF TAILOR-MADE 
 AND SPECIAL ELECTRONICS 

 
    The Institute has developed a lot of tailor-made and 
special electronics. In particular, the following was made 
in 2012: 
 
• A commutator for powering of vacuum ion-getter 

pumps was designed, manufactured and tested. The 
rated current of the device is 50 A; the voltage is 30 
V. 

• The development and manufacture of capacitive and 
ultrasonic hydrostatic sensors was continued. Under 
a contract with KEK (Japan), fabrication of 20 ca-
pacitive hydrostatic sensors was started. 

• A prototype semiconductor RF generator was de-
signed, manufactured and successfully tested with 
an option of amplitude modulation of 4 MHz output 
voltage for powering the plasma emitter of the ion 
source of the diagnostics atom injector. The proto-
type, which ensures an output power of up to 20 kW 
of 4 MHz RF voltage, was tested in operation in the 
atomic injector. Fabrication of a generator for a 
power of up to 40 kW was started. 

• For the splicing area of the BINP experimental pro-
duction, an automatic control system for the new 
furnace was developed and commissioned. 

    In 2012, as in previous years, we performed the techni-
cal support to previously-manufactured electronic systems 
and their components in use at facilities of the Institute 
and beyond. 
 
 

7.5. RESEARCH RELATED TO  
MODELING AND SOLVING ELECTRO-

STATIC AND 
 ELECTRODYNAMIC PROBLEMS OF 

ACCELERATOR PHYSICS 
 
      In 2012, the work on the calculation and designing of 
elements of accelerators was continued, both for the needs 
of the Institute and within the framework of international 
cooperation. This resulted in development and upgrade of 
computational methods and programs for analysis and de-
signing of elements of accelerator equipment, as well as 
computer simulation of dynamics of charged particle 
beams, including the following: 
• Under a contract on the creation of a high-power 
source of neutral particles, the final optimization of mag-
netic field in a plasma exchange target was carried out; 
estimates were made for streams of electrons to the cham-
ber walls; the final version of the magnetic system was 
passed to the design office. 
• Under the contract on the creation of a high-voltage 
installation for electron cooling for COSY, we continued 
the creation of the electron gun and collector. Stand 
measurements were carried out; data comparison showed 

good agreement between the measured and calculated pa-
rameters. 
• Works continued on the further development of pro-
grams for calculation of electrostatic and magnetic fields 
and electron and ion guns. As for the UltraSAM set of 
programs, the work of pre- and post-processors was sig-
nificantly improved; revealed bugs were removed. 
      In accordance with the plan of the contract for the de-
velopment of the prototype injector of high-energy atomic 
beam on the basis of negative ion source, some numerical 
simulation was carried out. 
 
1. Within the framework of designing a prototype 
atomic injector with one "driver", the following was per-
formed: 
• calculation and optimization of the magnetic field of 

the plasma electrode filter; 
• calculation and optimization of the bending magnet of 

the ion-optical system; 
•  calculation of electric fields in the ion-optical system 

of the prototype atomic injector with one driver and 
"single-aperture extraction"; 

• calculation of trajectories of accelerated negative ions 
and associated electrons. 

 
2. Similar calculations were performed for the pro-
totype of the high-voltage high-power atom injector with 
four drivers and a beam current of up to 1.5 A. 
 
3. Calculations of beam passage from the ion 
source through the bending magnets and accelerator were 
done for the prototype with four drivers and a beam of 
1.5A. 
• The development of the Web page of the Radiophys-

ics Laboratory was continued. This web page is to 
contribute to a more complete and correct use of de-
velopments by the laboratory. To this end, in addition 
to descriptions of various modules, the web page of-
fers some application notes. 



 145

7.6. NEW 174 MHZ RF SYSTEM FOR 
THE BEP STORAGE RING  

BINP is creating a new RF system for the BEP stor-
age ring, which is the injector for the VEPP-2000 accel-
erator complex. The new RF system will allow increas-
ing 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 fre-
quency) and consists of an accelerating cavity, RF 
power generator and control system. 

 The coaxial accelerating cavity for a maximum volt-
age of 120 kV enables tuning of the fundamental and 
higher modes. The output stage of the RF generator for 
a maximum power of 20 kW is equipped with a GU-
92A tetrode. The pre-stages of the generator are made 
on transistors. The control system adjusts the amplitude 
and phase of accelerating voltage and synchronizes the 
filling of the separatrices of the storage ring. 

 In 2012, the BINP experimental workshop made  the 
housing and central coaxial inserts of the cavity. A 
check assembly of the cavity with all the units has been 
performed, and the first RF measurements of the operat-
ing mode have been carried out (Fig. 7.6.1). 

 
Fig. 7.6.1. New BEP cavity during check assembly in 
the experimental workshop. 

The fabrication of the parts of the feeder line connecting 
the generator to the cavity is close to completion. The 
cooling system for output stage of the generator is 
equipped with a bought-in fan. The stage will be fed 
from an existing generator. 
New units of the control system are manufactured and 
tuned (the control system will use some of the electron-
ics of the old RF system). 

7.7. 816 MHZ PASSIVE SINGLE-MODE 
RF CAVITY  

 
In May 2011, BINP has signed a contract with the 

National Synchrotron Radiation Center of China in He-
fei (National Synchrotron Radiation Laboratory) for the 
development and manufacture of a 816 MHz single-
mode passive RF cavity (Fig. 7.7.1). This cavity will be 
used in the storage ring for increasing the length of 
bunches, which enables reduction of the "Touschek ef-
fect" and increase in the beam lifetime. The cavity oper-
ates at the fourth harmonic of the accelerating RF 
power. The cavity will be excited directly by the beam. 
The required voltage level on the cavity is regulated via 
detuning of the cavity relative to the RF harmonic. The 
maximum voltage is 80 kV. 

 

 
Fig. 7.7.1. 816 MHz single-mode passive RF cavity. 

 
By now, the cavity has been assembled with all the 

units and passed the vacuum tests and measurements of 
the fundamental mode parameters and the spectrum of 
high modes. Its dispatch is scheduled for February 2013. 

 
 

7.8. WORKS WITH THE RF SYSTEM 
OF THE 

 VEPP-4 STORAGE RING  
 
Currently, the RF system of the VEPP-4 storage ring 

is arranged as follows. From the RF generator and by a 
rectangular waveguide, power is supplied to the 
waveguide splitter, which distributes this power over 
five cavities. 

The output stage of the generator is now equipped 
with two GU-101A tubes, which enables a power of up 
to 200 kW. The operating frequency is 181.8 MHz. 

For a long time, the storage ring was working at en-
ergies of up to 2 GeV. In 2012, increasing the energy of 
the storage ring up to 4.2 GeV required execution of 
some works with the RF system of the storage ring for 
better reliability of the system. The following works 
were performed: 
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1) inspection of the high voltage part of the cabinets 
of the 5 kV and 50 kV bias rectifiers. DC voltage from 
these rectifiers is applied to the electrodes of the cavities 
for suppression of the multipactor; 

2) inspection and tuning of the RF generator, tuning 
of the interstage links of the generator, and connection 
of the generator with the waveguide; 

3) inspection of the control system of the RF system; 
4) detuning of  high modes of the cavity and addi-

tional tuning of the output stage of the generator, which 
enabled increasing the threshold of phase instability of 
stored beam; 

5) a multipactor training in the range of 30 kV to 
600 kV was carried out on cavity 2, which was mounted 
in the storage ring in the fall of 2011. Now a multipactor 
zone in the region of 50 kV deteriorates the vacuum. 
This area is quickly trained, but it recovers if the RF 
power is switched off for 24 hours or more. 

The RF system works stably at an overall voltage of 
up to 2.8 MW on 5 cavities. A power of 80 kW dissi-
pates in the walls of the cavities at such voltage. The RF 
system ensures a rise in the energy of particles in VEPP-
4 up to 4.2 GeV. 

 

 
Fig. 7.8.1. 181.8 MHz cavity after the rework. 

 
In 2012, experimental workshop 1 completed the 

rework of the accelerating cavity that had been removed 
from the VEPP-4 storage ring. The design of the indium 
vacuum seals of the discs and ports of units was im-
proved; leaks in the welds of these ports were elimi-
nated. Currently, works on preparation to the vacuum 
heating of this cavity (Fig.7.8.1) are underway outside 
the VEPP-4 ring. 

Experimental workshop 1 continues the refinement 
of replacement units for the cavities of VEPP-4. 

 
 

7.9. DEVELOPMENT OF RF SYSTEMS 
FOR HIGH-POWER 

 INJECTORS OF BEAMS OF NEUTRAL 
ATOMS FOR PLASMA FACILITIES 

 
7.9.1. RF system of the diagnostic injector of 
neutral beams of RUDI-X for the "Wandel-
stein" stellarator. 

 
In 2012, BINP completed the fabrication of a diag-

nostic injector of beams of neutral atoms for Max 
Planck Institute for Plasma Physics (Greifswald, Ger-
many). Plasma in the injector is created using an RF 
discharge. An RF system for powering the plasma emit-
ter was manufactured. 

 Main parameters of the system are given in Table 
7.9.1. 

 
Table 7.9.1. Main parameters of the RF system of the 
RUDI-X injector. 

Operating frequency, MHz 4 ± 3.5% 
Load power, kW 30 
Amplitude of RF voltage on the "an-
tenna", kV 

0-8 

Modulated pulse duration, s 10 
Maximum time of "high" power level 
within a pulse, s 

2.5 

Anode supply voltage, kV      10 
DC voltage on the "antenna", kV 60 

 
A drive oscillator forms a 4 MHz signal at a small 

power level. A phase-locked loop system tunes the fre-
quency of the drive oscillator within 3.5%, following 
the resonant frequency of the oscillatory circuit formed 
by an inductor and ceramic capacitors, placed in the 
screen of the RF emitter. 

A tunable amplifier (TA) amplifies the signal from 
the drive oscillator, adjusts the output power level and 
maintains stable amplitude. The signal from the TA 
output arrives at the pre-amplification transistor stage. 
The output stage is made on the 4CW50000E metalce-
ramic tetrode made by Eimac (USA) in a shared-
cathode circuit. From the output of the stage and via an 
RF isolating (oil-filled) transformer the RF power is ap-
plied to the plasma emitter inductor. The toroidal mag-
netic circuit is made of amorphous iron. The system is 
placed in three "Euromechanica" cabinets. 

 
7.9.2. RF system for high-power continuous 
injector of beams of fast hydrogen atoms. 

 
BINP continues works on the project of injector of 

beams of 500-1000 keV fast hydrogen atoms on the ba-
sis of negative ions. The source of plasma is an RF dis-
charge. An RF system for powering the sources was de-
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signed and is being fabricated. Parameters of the RF 
system are presented in Table 7.9.2. 

 
Table 7.9.2. Main parameters of the first stage of the RF 
system of the test bench, with a beam current of 1.5 A. 
Operating frequency 4 ± 3.5%  

MHz 
Load power                               40 kW 
Operating regime                           Continuous 
DC voltage on the 
 "antenna" relative to platform 

120 kV 

Anode supply power  400 kW 
Flow of deionized water for cool-
ing the 4CW50.000E tetrode  

40 l/min 

 
Elements of the first stage of the RF system of the 

experimental bench for acceleration of 1.5 A negative 
hydrogen ion beams to an energy of 120 keV were 
manufactured. A full-scale anode supply source for the 
entire system (four channels) was manufactured and as-
sembled. The control rack, one channel of the RF gen-
erator and a 120 kV RF isolation transformer (Fig. 
7.9.1.) were assembled; their wiring was completed. 
The system is being refined now. 

 

 
Fig. 7.9.1. RF isolation transformer. 

 
 

7.10. CCDTL ACCELERATING 
STRUCTURES FOR LINAC4, CERN 

 
Together with VNIITF (Russian Federal Nuclear 

Center - All-Russia Institute of Technical Physics, Snez-
hinsk), BINP is making 7 accelerating modules for the 
CCDTL (Coupled Cavity Drift Tube Linac, a linear ac-

celerator with drift tubes and connection cells) for ener-
gies of 50 to 104 MeV for the 160 MeV new linear ac-
celerator of H- ions under construction at CERN within 
the framework of the upgrade of the LHC injection 
complex. 

The fabrication of the housings of the cavities of all 
the 7 accelerating modules was completed in 2012. Drift 
tubes were made for 6 modules. 

 Modules 2 to 6 with drift tubes have been assem-
bled, tuned and subjected to RF measurements on a 
BINP bench. Modules 2 and 3 have been dispatched to 
CERN. In the Linac4 tunnels, the CCDTL modules are 
mounted on rigid support frames made by BINP. Before 
the dispatch to CERN, module 2 was assembled and ad-
justed on a frame (Fig. 7.10.1.). 

 The BINP team has assembled modules 2 and 3 at 
CERN (Fig. 7.10.2.). 

 
 

Fig. 7.10.1. Adjustment of module 2 at BINP (with the 
participation of CERN representatives). 
 

 
Fig. 7.10.2. BINP team assembling CCDTL module 2 at 
CERN. 

 
Module 3 was placed on the bench for conduction of 

"hot" tests (Fig. 7.10.3) at a rated voltage on the mod-
ule. After 2 weeks of RF training, the rated voltage in 
the short-pulse mode was achieved (Fig. 7.10.4). 

 Completion of the works is targeted for 2013. 
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Fig. 7.10.3. Module 3 on the bench for "hot" tests at 
CERN. 

 

 
Fig. 7.10.4. First results of "hot" tests of module 3. 
 

 
7.11. ACCELERATING RF STATIONS 

OF ION BOOSTER OF NICA-MPD  
COLLIDER 

 
The booster of the NICA-MPD accelerator complex 

is designed for acceleration of Au32+ ions injected from 
the linear accelerator with an energy of 2 MeV/nucleon 
to an energy of 600 MeV/nucleon, as well as for elec-
tron cooling of bunches. 

The booster is supposed to have two modes of op-
eration: within the NICA project and independently. 

For work within the NICA project: 
• adiabatic capture into acceleration and acceleration 

up to 40 MeV/nucleon at the sixth harmonic of the revo-
lution frequency; 

• exit to the magnetic field ‘table’ for electron cool-
ing; 

• adiabatic capture and acceleration of cooled beam 
to an energy of 600 MeV/nucleon at the second har-
monic of the revolution frequency; 

• two-step bypass of two bunches from the Booster 
to the Nuclotron. 

For independent operation: 
• adiabatic capture into acceleration and acceleration 

to an energy of 600 MeV/nucleon at the fifth harmonic 
of the revolution frequency; 

• slow delivery to the target. 
The accelerating system of the booster consists of 

two identical acceleration stations, each giving a half of 
a set maximum acceleration voltage of 10 kV. Parame-
ters of the accelerating system of the booster are given 
in Table 7.11.1. 

When a bunch is bypassed from the Booster to the 
Nuclotron, the accelerating systems of the two accelera-
tors work at the second harmonic of the revolution fre-
quency. The perimeter of the booster is 216 m; the pe-
rimeter of the Nuclotron is 251.52 m. Two bunches are 
bypassed. The accuracy of getting to the center of the 
separatrix of the Nuclotron is 1 ns. 

 
Table  7.11.1. Parameters of the accelerating system of 
the booster. 
№ Parameter  
1. Frequency tuning range, MHz 

(NICA) 
0.5 – 2.5 

2. Frequency tuning range, MHz 
(independent) 

0.5—5.5 

3. Harmonic number (NICA) 6/2 
4. Harmonic number (independ-

ent) 
5 

5. Cavity external diameter, m < 1.2 
6. Vacuum chamber dimensions, 

mm 
160 х 70 

(or Ø160) 
7. Cavity length, m 1.4  
8 Height from the cavity axis to 

the accelerator floor, mm 
1500 

8. Number of cavities 2 
9. Minimum voltage amplitude in 

the adiabatic capture, V 
100 

10. Voltage amplitude in the ac-
celeration, kV 

10  

11. Duration of acceleration 
(NICA), s 

~0.3+~1.5=1.8 

12. Duration of acceleration (in-
dependent), s 

1.5 

 
The control system has a revolution-frequency driv-

ing oscillator. It links the frequency of this oscillator 
with the magnetic field and corrects the frequency in 
accordance with the beam position monitor. The control 
system also adjusts the amplitude of the accelerating 
voltage in accordance with clock signals and a given 
program. The system of control of the accelerator sta-
tions should be integrated into the overall control sys-
tem of the NICA-MPD accelerator complex. The match-
ing parameters will be determined after additional con-
sultations. 

Requirements to vacuum conditions: pressure of 
5·10-11 or lower. 

The booster operates (NICA) as follows: 
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- 80 successive acceleration cycles; 
- independent operation for about 1 hour. 
A cycle of magnetic field change (one acceleration 

cycle) lasts 4 seconds. During such a cycle, the RF sys-
tem operates in the areas of field growth, the total dura-
tion of which is 2 seconds. 

In the offline mode of the booster, the cycles are 
continuously repeating. 

The acceleration cycle is 6 seconds long (1.5 sec-
onds of growth, 3 seconds of shelf, and 1.5 seconds of 
decay). The time of work with RF power is 1.5 seconds. 

The thermal conditions were defined for maintaining 
an RF amplitude of 10 kV in the areas of magnetic field 
growth. 

 
Structure. 
The accelerating cavities are mounted on frames 

with four removable feet and equipped with lifting eye 
bolts. On the bottom of the removable feet there are 
mounted adjustable supports for accurate alignment. For 
correct positioning of the cavities in the accelerator, a 
few fiducials are placed on the accelerating cavities. 
The accelerating cavities are essentially broadband 
fixed-frequency inductive-resistive loads of amorphous 
iron ribbons wound in 44 rings. A ribbon of amorphous 
iron of 5V-M grade of a thickness of ~ 30 µm and a 
width of 15 mm is wound in rings of an outer diameter 
of 500 mm and an inner diameter of 250 mm. The rings 
are glued together by two and envelope the vacuum 
chamber from both sides, symmetrically about the ce-
ramic insulator of the accelerating gap (Fig.7.11.1.). 

 

  
Fig. 7.11.1. Structure of accelerating cavity of the accel-
erator station of the booster. 

 
There are clearances between the pairs of rings for 

radial passage of cooling air from the center. Fig. 7.11.2 
shows impedance versus frequency in the operating fre-
quency band for a half resonator. 

 The RF generator module with the anode and screen 
supply sources is driven on rolls under the cavity, and 
the accelerating gap is connected to the anode of the tet-
rodes with short LC chains, which partially compensate 
the reactive load on the tubes in the operating band. The 
output amplification stage of the RF generator is a 
broadband symmetrical double-step one on SU-36B1 
tetrodes in a shared-cathode circuit. The RF station is 
cooled with air with an inlet fan, via a flexible hose. The 
fan is placed in a separate box with air filters on the out-

side walls. The anode voltage of the tetrode supply is 4 
kV; the screen voltage is 1 kV. The tetrodes operate 
without cut-off in the "A" regime in the most linear por-
tion of the current-voltage characteristic.  In these con-
ditions, power released on the anodes is close to the 
maximum allowable value, but the average power dissi-
pating on the tubes is much less, since the control grid 
bias unlocks the tubes only for time  when an exciting 
RF signal is applied during an acceleration time of 1.5-
1.9 seconds with intervals of 4 - 4.5 seconds. The value 
of fixed bias on the control grids of the unlocked tubes 
is selected individually for aligning the currents and 
preventing the RF ferrite choke of the anode supply 
from magnetization. Fig.7.11.3. presents RF circuit 
schematics of the output stage. 

 
Fig. 7.11.2 Impedance of the half accelerating cavity. 

 Fig. 7.11.3. Circuit of the high-frequency output stage 
of the RF generator. 
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The input signal from the preamplifier is divided 
equally and is delivered in opposite phase to the control 
grids via 100-ohm twisted-pair lines on ferrite and with 
no ferrite. 

 
State of work. 
Shipment to the customer is scheduled for the 4th 

quarter of 2013. Currently, the fabrication of the accel-
erating cavities and supports for them is close to com-
pletion; boards for the input and output circuits of the 
output stage, transformers and chokes of the power sup-
plies have been made; the manufacture of the housings 
for the output amplifier and the box of the fan has 
started; almost all components have been purchased. 
Fig. 7.11.4. shows the inner segments of the vacuum 
chamber for the half cavities; Fig. 7.11.5 shows the 
housing of half cavity with openings for cooling air. 

 

Fig. 7.11.4. Parts and components of the RF cavity in 
the workshop. 

 

 
Fig. 7.11.5. Housing of half cavity with openings for 
cooling air. 
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7.12. RECONSTRUCTION OF RF SYS-
TEMS OF THE ELECTRON ACCELERA-

TOR OF THE RESEARCH CENTER 
KAERI, REPUBLIC OF KOREA 

 
Under a contract between BINP and the research 

center KAERI, Republic of Korea, the laboratory partici-
pated in the restoration of the RF systems of the electron 
accelerator after a fire in April 2009. The accelerator has 
two RF systems. The first system operates at a frequency 
of 176 MHz and has three independent channels with the 
total power of the RF generators in continuous mode of 
200 kW. Two channels of the second RF system operate 
at a frequency of 352 MHz. The total power of the supply 
RF generators is 100 kW. Tthe first part of the contract, 
i.e. the restoration of the first RF system, was fulfilled in 
2012. 

During 2012, BINP made new power supplies for 
the RF generator source, including a 9.0 kV anode recti-
fier with an output power of 600 kW in continuous mode 
and a control system with a set of control programs. In 
May - June 2012, a group of experts of the laboratory 
went to Korea to mount the equipment and prepare the 
rest for operation of the accelerator. Power supplies for 
the RF generator were mounted and adjusted; the RF 
stages of the power amplifiers were tuned; maintenance 
and preventive works on the accelerating cavities were 
done. When the whole system was switched on, the re-
quired RF voltages on the accelerating cavities were at-
tained, and the electron beam was accelerated to the de-
sired energy. The second RF system will be restored next 
year, and thus the contract will be completed. 

 
7.13. RF INJECTOR OF MICROTRON-

RECUPERATOR 
 
First tests of the RF injector for the microtron-

recuperator consisting of a 90 MHz accelerating cavity 
with built-in grid hot cathode unit were successfully con-
ducted in 2012. The tests were carried out on a specially 
designed stand. 

The tests included RF training of the cavity for crea-
tion of a high accelerating gradient. The cavity has been 
trained to a nominal voltage of 300 kV in continuous 
mode and to 450 kV in pulsed mode. Good vacuum char-
acteristics of the cavity were achieved. The works were 
carried out at a pressure below 10-6 Pa. After the training, 
the threshold of radiative emission because of dark cur-
rents was elevated from 100 kV to 250 kV. Tests with 
beam have been carried out. 

Bunches with a charge of 1.5 nC and duration adjust-
able in the range of 0.5-1.5 ns have been output at the exit 
of the RF injector. The duration varies in dependence on 
the gating impulse phase relative to the RF phase in the 
cavity, which is consistent with calculations. The energy 
of bunches in the tests was set in the interval of 100-250 
keV. The minimum bunch repetition frequency, 20 kHz, 
was chosen with a view of prevention of beam overheat-

ing of the load. The unit of gating impulses, which con-
trols the grid-cathode assembly, went through a test on 
production of bunches with a nominal repetition rate of 90 
MHz (on a similar unit of an RF tube GS-34). 

Works on the stand will be continued in 2013. In par-
ticular, after the installation of enhanced radiation protec-
tion and a 30 kW load for the beam, the beam energy will 
be increased to a nominal magnitude of 300 keV and the 
average beam current, to 100 mA. A beam diagnostics 
system is being created and refined on the stand now. A 
bending magnet to measure the beam energy and the 
beam energy spread is being installed. Equipment for 
measurement of the emittance and other beam characteris-
tics is being prepared for installation. 

 
7.14. RF GUN FOR ACCELERATOR OF 

VNIIEF 
 
BINP is developing an injector for the accelerator of 

VNIIEF, Sarov. The main part of the injector is a grid-
controlled hot-cathode RF gun on a 100 MHz RF coaxial 
resonator, which is fed from an RF generator with a 
power of up to 20 kW. The average current of the RF in-
jector is 40 mA and higher; the energy of electrons is 50 
to 100 keV. If compared with static guns, RF guns have 
an advantage of immeasurably larger life time of cathodes 
at high average beam current, because their cathodes are 
not bombarded by accelerated ions of the residual gas, 
ionized by the electron beam. A similar hot-cathode RF 
gun, created by BINP for the microtron-recuperator, is 
under testing on the bench now. 

 
 

7.15. UPGRADE OF THE RF SYSTEM OF 
THE FEL MICROTRON  

 
Works on the upgrade of the RF generators of the FEL 

microtron were continued. GU101A tubes were gradually 
replaced with TN781 ones made by THALES. Power 
supplies for generators on the TN781 tubes were opti-
mized with the aim of increasing the output power of the 
generators. 
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8.1. ACCELERATOR SUPPLIES 
 
Since 1983 the ILU accelerators are supplied abroad 

where they are used for researches and are working in the 
industrial lines. Some of these machines are working 
round the clock for years. The reliability and technical 
level of these machines is confirmed by the new supplies. 

2 converters with collimators for X-rays generation 
were designed and produced according the contract with 
the Korean firm EB-TECH Co., Ltd. The converters are 
purposed for 2 electron accelerators with beam power up 
to 10 kW and electron energy range of 5 – 7.5 MeV. The 
presence of the controlled collimators was stipulated by 
the customer from the very beginning. The collimators are 
absorbing the radiation generated by the converter’s target 
on the broadsides.  

The adjustment works started on the ILU-10 machine 
mounted in the Park for Nuclear Technologies, town of 
Kurchatov, Kazakhstan. 

The works on the ILU-14 machine delivered and 
mounted in the Federal Medical Biophysical Center 
named by Burnazyan, Moscow, were continued during the 
year of 2012. 

In 2012 2 ILU-10 machines were mounted, tuned and 
put into work in the company SFM-Pharm, Biotech-
nopark, town of Koltsovo, Novosibirsk region. Fig. 8.1.1 
shows the ILU-10 machine in Koltsovo – the vacuum tank 
with the resonator and RF generators. The beam extraction 
device and the underbeam conveyor are shown in Fig. 
8.1.2. 

The contract for design, manufacturing, mounting and 
adjustment of the ILU-8 machine for radiation treatment 
of cables was signed with public corporation OKB KP, 
Mytischi, Moscow region. 

 
8.2. DEVELOPMENT OF NEW POWER-

FUL ELECTRON ACCELERATORS 
 

8.2.1. Development of the beam scanning system 
with independent power supply. 

 
In the ILU machines the powerful electron beam is ex-

tracted into atmosphere through the beam window cov-
ered with titanium foil. To prevent the local overheating 
and foil breaking the electron beam is scanned along the 
window. The beam extraction and scanning system is the 
essential accelerator’s part – the accelerator will not work 
without this system. 

The ILU accelerators are the pulse machines, pulse du-
ration is about 0.5 ms, pulse repetition rate – up to 50 Hz. 

The development of the new beam scanning system for 
ILU-10 machine was carried out during the year of 2012. 
The system was designed for electron energy up to 5 
MeV and pulse beam current up to 400-500 mA. During 
the beam pulse (0.5 ms) the beam scanning system ought 
to generate the current pulse having the form and ampli-
tude sufficient for electron beam turning and its scanning 

along the beam window in such a manner that the ab-
sorbed dose nonuniformity should be minimal. 
 

 
 

Fig. 8.1.1. ILU-10 machine in Koltsovo – the vacuum 
tank with the resonator and RF generators. 

 

 
Рис. 8.2.1. The underbeam conveyor and ILU-10 standard 
trigonal beam extraction device, Koltsovo, Novosibirsk 
region. 

 

 
Fig. 8.2.2. Modernized beam extraction device with the 
new beam scanning system and the underbeam conveyor, 
ILU-10 machine, Kurchatov, Kazakhstan 
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The new magnetic system was designed, the beam pas-
sage through the extraction device was simulated, the new 
power supply and control system for magnet feeding was 
developed. 

The magnet system scanning coils are placed around 
the neck of the extraction device in the atmosphere, and 
the magnetic field propagates into the beam channel 
(where the high vacuum is maintained) through the thin 
stainless steel walls. At the pulse duration of 0.5 ms the 
stainless steel walls sufficiently alter the magnetic field 
created by the scanning coils. The pulse magnetic field 
formation in the beam channel was simulated considering 
the influence of the walls.  

The beam extraction device design was developed for 
this new system. Fig. 8.2.1 shows the standard trigonal 
beam extraction device of the ILU-10 machine, and Fig. 
8.2.2 shows the extraction device of the new design in-
stalled in the Park for Nuclear Technologies, town of 
Kurchatov, Kazakhstan. Unlike the standard beam extrac-
tion device (that has one Panofsky lens) the new device 
has 2 Panofsky lenses for beam bending before passing 
the window foil. These 2 lenses are installed one over an-
other (their yellow windings are seen in Fig. 8.2.2).  

 The beam scanning system with power supply inde-
pendent on accelerator pulse was manufactured, mounted 
checked and adjusted. This system is supplied with the 
ILU-10 machine installed in the Park for Nuclear Tech-
nologies, town of Kurchatov, Kazakhstan. 

Beam scanning system parameters: 
Magnetic field – up to 0.1 Tl; 
Scanning coils current – up to ±250 A; 
Charging voltage in the scanning coils feeding circuit – 

up to 700 V. 
The beam scanning system permits to correct the form 

of scanning current to achieve the good absorbed dose 
uniformity along the beam window. 

 
8.2.2. Development of the control system for 
ILU machines powerful pulse modulators. 

 
The RF generators of the powerful (up to 100 kW) 

ILU-14 machine with energy up to 10 MeV and pulse 
beam current up to 600 mA are fed by pulse power supply 
units (modulators), see Fig. 8.2.3. The RF generators are 
using the powerful triodes type GI-50A.  

 

Fig. 8.2.3. ILU-14 block diagram.  

To optimize the feeding electric net loading the control 
system was developed for driving the 3 ILU modulators. 
The periods for energy storage in the inductive reactors in 
these 3 modulators were shifted in time. The generation 
of the powerful pulsed for RF generators feeding is done 
synchronously by all 3 modulators. The work on this 
power supply and control system was continuing in the 
year of 2012. 

The development of the new equipment for the ILU 
machines was carried out according to the BINP Plan for 
the Research Work within the framework of the State 
Program. 

  
 

8.3. NEW RADIATION TECHNOLOGIES 
DEVELOPMENT 

 
Radiation-thermal hardening of the bore bits was car-

ried out, the resulting abrasion resistance increase in 2 
times, it means its lifetime also increased in 2 times. Fig. 
8.3.1 shows the bore bit section, the hardened zone is 
darker.  

The work was performed in collaboration with Institute 
of Theoretical and Applied Mechanics, Siberian Branch of 
Russian Academy of Science.  
 

 
 Fig. 8.3.1. Bore bit section, the hardened zone is darker. 

 
The study of electron beam treatment on optical cables 

was carried out in collaboration with Institute for Auto-
mation and Electrometry, Siberian Branch of Russian 
Academy of Science. The radiation creates the defects 
that can become the active centers for lasing, and this ef-
fect can be used for transmission laser amplification. 

The development of the radiation-thermal ferrite syn-
thesis process was carried out in collaboration with 
Tomsk Polytechnical University. 

The mixed feed electron beam treatment was carried 
out in collaboration with the Institute of Experimental 
Veterinary for Siberia and Far East, Siberian Branch of 
Russian Agricultural Academy, to prolong the keeping 
time for the products delivered to the Northern Territories 
of Russia. 

The irradiation influence on samples made of various 
polymers (polyethylene, fluorocarbon polymer, poly-
methylmethacrylate, etc.) was carried out to study the 
changes in strength properties (plasto-elastic deforma-
tions). The work was performed in collaboration with the 
Institute of Hydrodynamics, Siberian Branch of Russian 
Academy of Science, to set the data for deformation 
analysis models. 
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The irradiation influence on samples made of specially 
prepared nylon films with various  impregnations was 
carried out to create the blood vessels prothetics. The 
work was performed in collaboration with the Institute of 
Chemical Biology and Fundamental Medicine, Siberian 
Branch of Russian Academy of Science. The first prothet-
ics were successfully implanted in mice. The final goal – 
the growth of the body’s own tissues on these prothetics. 

The radiation-induced epoxide resin condensation was 
studied. 

The process of the electron beam methylmethacrylate 
polymerization in oil solution was elaborated in collabo-
ration with the Institute of Solid State Chemistry and 
Mechanochemistry, Siberian Branch of Russian Academy 
of Science. 

The possibilities of electron beam treatment for the 
heavy hydrocarbon compounds (including tar oil and 
pitch) were studied in collaboration with the Institute of 
Solid State Chemistry and Mechanochemistry, Siberian 
Branch of Russian Academy of Science. 

The electron beam treatment of the silver stearate and 
the silver salts solutions was carried out in collaboration 
with the Institute of Solid State Chemistry and Mechano-
chemistry, Siberian Branch of Russian Academy of Sci-
ence, to obtain the silver nanoparticles.  

The chemical reactions mechanisms in the incapsulated 
systems based on the nanostructured oxides formed by the 
mechanochemical and radiation thermal processes were 
studied aiming the formation of materials with the set 
functional properties. The work was carried out in col-
laboration with the Institute of Solid State Chemistry and 
Mechanochemistry, Siberian Branch of Russian Academy 
of Science, within the framework of the SB RAS Integra-
tion Project.  
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9.1. THE CUTTENT STATUS ON BNCT 
 

9.1.1. Introduction. 
 
Presently, Boron Neutron Capture Therapy (BNCT) is 

considered to be a promising method for the selective 
treatment of malignant tumours. The results of clinical 
tests, which were carried out using nuclear reactors as 
neutron sources, showed the possibility of treating brain 
glioblastoma and metastasizing melanoma incurable by 
other methods. The broad implementation of the BNCT in 
clinics requires compact inexpensive sources of epither-
mal neutrons. At the BINP the source of epithermal neu-
trons based on 2 MeV Vacuum Insulation Tandem Accel-
erator (VITA) and neutron generation through 7Li(p,n)7Be 
reaction were proposed and realized. Although the accel-
erator is designed to obtain a 5 mA proton beam, but in 
the experiments carried out in 2008-11 we usually got the 
proton beam currents of hundreds of microamperes, and 
occasionally for a short time - a few milliamps. Such a 
current was enough to demonstrate the generation of neu-
trons and monochromatic gamma-quanta, to carry out ini-
tial in vitro investigations, but it is clearly not sufficient 
for the thorough BNCT research and other applications. 
The main goal of our work in 2012 was to increase the 
current of the proton beam and improve the stability of 
the accelerator. 

 

  
Fig. 9.1.1: High-current vacuum insulation tandem accel-
erator. 1 – H– ion source, 2 – diaphragm, 3 – magnetic 
lenses, 4 – corrector, 5 – a temporary location of the beam 
detector, 6 – accelerator, 7 – electrodes, 8 – high voltage 
electrode, 9 – stripper, 10 – high energy beam transport, 
11 – turbo molecular pumps, 12 – insulator. 

 
General view of the accelerator is shown in Fig. 9.1.1. 

Negative hydrogen ions are injected and accelerated up to 
1 MeV by potential applied to the electrodes, then H- turn 
into protons in the charge-exchange target and at last the 
protons are accelerated up to 2 MeV by the same poten-
tial. Pumping of the gaseous charge-exchange target is 
carried out by cryogenic and turbomolecular pumps 
through the blinds. The potential of the high-voltage and 

five intermediate electrodes is supplied by a high-voltage 
source through the insulator which has a resistive divider. 

 
9.1.2. Dark currents. 

 
The accelerator has a high electric field in the electrode 

gap - about 25 kV/cm, and a large total area of the elec-
trodes - tens of square meters. In such a system in the 
electrode gap dark currents of different nature must inevi-
tably occur, which may have a significant impact on the 
potential distribution along the accelerating channel. 

When training the accelerator, at the time of voltage in-
creasing, a dark current is recorded. It is associated with 
the appearance of micro-discharges, accompanied by de-
sorption of adsorbed gases on the surface of the elec-
trodes. Usually within an hour of training the value of the 
dark current decreases from the typical values of 100 - 
300 µA to ten microamperes and then to few microam-
peres. 

In a series of experiments in order to increase the H- 
beam current the apertures of electrodes were increased 
from 20 to 58 mm, except for the high-voltage electrode, 
in which the diameter of the hole was still 20 mm. This 
change resulted in frequent registration of dark current of 
high intensity – up to 3 - 4 mA. Flowing of such a current 
compared to the standard training mode led to a nearly 
100-times increase in radiation. The latter fact assumed 
high energy of electrons which is possible when the cur-
rent flows not in the gap between adjacent electrodes but, 
for example, between the case of vacuum tank and the 
high-voltage electrode. This assumption was confirmed 
by measuring the X-ray spectrum by BGO-spectrometer: 
the maximum of the spectrum was shifted from 120 to 
400 keV. It was found that when the aperture of the chan-
nel increases, the electric field on the sharp edge of the 
cathode part of diaphragm mountings increases by 20% - 
up to 51 kV/cm, which leads to increased emission of 
electrons directly into the acceleration channel. To pre-
vent the occurrence of this phenomenon the aperture of 
the channel has been reduced and sharp edges of dia-
phragm mountings has been rounded. This study shows 
the danger of exceeding the electric field strength of 
50 kV/cm. Earlier in we found that the 70 kV/cm electric 
field leads to dramatic increase of field emission current 
in the high-voltage gap. 

 
9.1.3. Beam injection. 

 
Negative ion beam with energy of 21 keV and current 

of 5 mA is created by surface-plasma source with Penning 
discharge and hollow cathode. After turning at an angle of 
15 degrees the peripheral part of the beam is cut off by 
28mm cone diaphragm and the rest center of the beam en-
ters into the transport channel. Then the divergent beam is 
focused by two magnetic lenses and can be shifted by two 
correctors for subsequent precise input into the accelera-
tor. Tandem accelerator with vacuum insulation is charac-
terized not only by a high rate of acceleration, but also by 
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a strong entry electrostatic lens between the cover of the 
accelerator and the first accelerating electrode. To study 
the influence of the lens and to optimize H- beam injec-
tion the 22-channel detector has been produced and in-
stalled at the entrance of the accelerator. Beam detector is 
mounted directly on the first electrode of the accelerator. 
Using the detector we have measured the dependence of 
the relative maximum beam current density on the focus-
ing magnetic lenses current. It has been determined that 
the best agreement with the numerical calculation is 
achieved by assuming the full compensation of the space 
charge in the transport channel and setting the transverse 
ion temperature equal to 1 eV at the plasma boundary of 
the ion source. This study described in detail in resulted in 
better focusing of the beam required for acceleration of 
the beam without significant losses. 

 
9.1.4. Charge-exchange target. 

 
To increase the current flow a new charge-exchange 

target has been made. It is designed as a cooled tube hav-
ing length of 400 mm and internal diameter of 16 mm, 
with argon gas valve in the middle. Previously we used a 
tube with diameter of 10 mm. 

Negative ion beam with energy of 21 keV was injected 
into the accelerator with the high-voltage electrode poten-
tial of 800 kV. When there was no gas supply in the 
charge-exchange target the Faraday cylinder at the exit of 
the accelerator registered negative current. This current 
was the current of negative hydrogen ions, which were 
first accelerated and then decelerated. When the charge-
exchange target is filled with argon it exchanges negative 
hydrogen ions into protons. When the thickness of the 
target is 0.29·1016 cm-2 the number of appeared protons is 
comparable to the number of negative hydrogen ions and 
detected current becomes equal to zero. Registration of 
the moment of the current transition from negative to pos-
itive with changing argon pressure has become a useful 
direct diagnostics of charge-exchange target thickness. 
Also the thickness of the target is indirectly characterized 
by the residual gas pressure, because the experimentally 
measured dependence of the residual pressure on the 
amount of supplied argon is linear in operating range of 
parameters. With a further target density increase there is 
a growth of output current and its saturation. When in-
jected H- current is around hundreds of microamps the 
dependence measured experimentally is in good agree-
ment with the calculated one (Fig. 9.1. 2). 

 
9.1.5. Modification of the insulator. 

 
 The insulator of the tandem accelerator consists of 24 

glass sections, which are sealed to the electrodes using 
indium. Inside the vacuum part of the insulator there is a 
resistive divider, providing uniform distribution of poten-
tial between the electrodes of the accelerator. The insula-
tor having such a construction requires regular mainte-
nance followed by obligatory keeping in rest the collected 

insulator for a month until the working thickness of in-
dium seals will be achieved in sections. Modification of 
the electrodes of the insulator was performed, allowing 
the use of rubber seals and significantly reducing the time 
spent on maintenance. It is planned to create a new insula-
tor, having no resistive divider in the vacuum part, which 
will increase the technical inspection periods up to several 
years. 
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Fig. 9.1. 2: Measured and calculated (solid line) depend-
ence of the detected output current of the accelerator on 
the residual gas pressure. 
 
 
9.1.6. Dark matter. 

 
A new method is proposed for the generation of mo-

noenergetic neutrons of any energy. Generation of neu-
trons is carried out using a proton beam obtained from an 
accelerator and a neutron producing target. The method is 
based on the use of threshold reaction of neutron genera-
tion and the use of a thin neutron producing layer. Mo-
noenergetic neutron beam is formed of neutrons emitted 
in the direction opposite to the direction of the protons. 
Neutron energy is clearly determined by the energy of the 
protons and the angle of emission. Monochromati-city of 
the beam is determined by the energy of the protons, the 
solid angle and the thickness of the neutron producing 
layer. 

The implementation of the proposed method is consid-
ered in details for 77 keV neutrons using the reaction 
7Li(p,n)7Be. It is shown that a beam of 77 keV neutrons is 
best suited for measuring the quench factor of liquid ar-
gon used as a sensitive material for a dark matter detector. 
It is defined the plan of works on the facility for calibra-
tion of the dark matter detector. 

 The above described ideas were checked for infringe-
ment, then united in a single conception and sent as an 
application "Method of producing a beam of monoener-
getic neutrons, device for its realization and method of 
calibrating the dark matter detector using the resulting 
beam of monoenergetic neutrons" for registration of intel-
lectual property rights. 
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9.1.7. Results and prospects. 
 
The above-described investigations allowed us to move 

to a long stable operation with a much higher average cur-
rent - 1.5 - 2 mA instead of previously achieved 0.1 - 
0.7 mA. This current provides the possibility of measur-
ing neutron spectrum by the time-of-flight technique, car-
rying out in vitro and in vivo studies and developing other 
techniques for BNCT. Numerical simulation is used to op-
timize beam forming unit for epithermal neutrons and, in 
addition to the standard mode with a 2.5 MeV proton 
beam, there are determined 2 more acceptable modes: i) 
at the near-threshold energy of 1.95 MeV, which is char-
acterized by low activation of the lithium target and the 
facility, and ii) orthogonal at 2.5 MeV, characterized by 
high therapeutic dose - up to 3 Sv/min @ 10 mA. Discov-
ered modes allow changing in the design of installation 
for hospitals, which can make it more attractive. 

Also on the facility it is possible and it is planned to 
carry out the investigations of i) testing the method of fast 
detection of explosives and narcotics by resonance ab-
sorption of monochromatic gamma rays, ii) measuring the 
cross section and the spectrum of α-particles from neu-
tronless thermonuclear reaction 11B(p,α)2α, iii) dating of 
rock formation (apatite) by inducing the fission of ura-

nium nuclei which it contains, iv) forming monochro-
matic beams of epithermal neutrons for calibration of 
dark matter detector.  

This work is carried out as part of the research project 
II.13.3.7 ''Neutron source for neutron therapy of cancer 
based on a tandem electrostatic accelerator'' the funda-
mental research program of the SB RAS on the physics 
and technology of charged particle accelerators. Partial 
support for the work is ensured by the government con-
tracts № 16.518.11.7038 and № 14.518.11.7039, interdis-
ciplinary integration projects of fundamental research of 
SB RAS № 52 "Carcinogenesis of gliomas and reparation 
of the human brain" and № 134 "Implementation of size 
effects in the original nanobiocomposites with a con-
trolled complex of magnetic-, neutron-, gamma-, X-, pho-
to-, radiation-sensitive and highly biospecific properties 
to new quality level of low- or non-invasive radiation di-
agnosis and treatment", and the RFBR grant 12-02-31402 
"Obtaining of monoenergetic neutrons for calibration of 
the dark matter detector".  
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9.2. X-RAY DETECTORS FOR MEDICINE 
AND EXAMINATION OF PEOPLE 

 
9.2.1. Low Dose digital Radiographic Device 
(LDRD) "Siberia". 

 
The development of linear detector for digital 

fluorography with parameters optimal for this type of X-
ray examination was completed early in 2012. As 
compared with a similar detector, D1536, which has been 
fabricated by BINP since 2010, the new detector D2048 
has higher spatial resolution (2.5 lp/mm vs 2.0 lp/mm) 
and larger entrance window (426 mm vs of 400 mm). 
Furthermore, the D2048 detector is more manufacturable. 
With the newly-developed software, this detector can be 
used  as part of a radiographic instalaltion. The 
technology of manufacturing and the new software of the 
new detector were purchased by a Chinese company 
under contract � RU/E-11034. Works under this contract 
were completed in late 2012.  

 
Fig. 9.2. 1 D2048 detector. 

A pilot detector was fabricated and used in test 
measurements. Characteristics of the detector (spatial 
resolution, contrast sensitivity, DQE, irradiation doses, 
etc.) derived from the measurements are fully consistent 
with the design calculations. 

 
9.2.2. System for Radiographic Control (SRC) 
“Sibscan” for people examination. 

 
In 2012, a new technology for the manufacture of lin-

ear detector for SRC was developed and implemented. As 
compared with the D768 detector, which had been devel-
oped and manufactured by BINP, the new D512 detector 
allows more than 2 times reducing the irradiation doses 
during examination. The D512 detector is much easier in 
manufacturing than the D768 detector. New software was 
developed for application of the D512 detector as part of 
SRC installation. SRC installations equipped with the 
D512 detector have been installed at several Russian 

 
Fig. 9.2. 2 X-ray image of lungs made with the D2048 de-
tector. 
 
airports. BINP has organized small-scale production of 
the D512 detectors. 

Characteristics of the D512 detector and those of a 
scintillation detector of similar destination were compared 
in detail. The latter detector has been made at the Institute 
of Applied Physics (Novosibirsk) with the use of lumino-
phor {Gd2O2S:Tb} and a scintillator {CsJ:Tl}, the light 
detected with photodiodes. It was found, that the spatial 
resolution and contrast sensitivity of both detectors to be 
approximately equal. The scintillation detector is more 
manufacturable than the gaseous D512 detector, but has a 
lower efficiency of gamma-ray detection and worse radia-
tion resistance, which leads to a shorter lifetime. 

In total for 2012 the following quantity of detectors 
has been made and delivered consumers: five D1536 de-
tectors, one D2048 detector, four D768 detectors, and 
twelve D572 detectors. 
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45. 37th International Conference on Infrared, 
Millimeter and Terahertz Waves, University of 
Wollongong, September 23 - 28, 2012, Australia.  

46. 23rd All-Russian Particle Accelerator Conference 
(RuPAC'2012), September 24 - 28, 2012, Saint-
Petersburg, Russia. 

47. XII Workshop on Tau Lepton Physics, September 
2012, Nagoya, Japan.  

48. 4th Euro-Asian Pulsed Power Conference and 19th 
International Conference on High-Power Particle Beams 

(EAPPC 2012/BEAMS 2012), September 30 - October 4, 
2012, Karlsruhe, Germany.  

49. Taipei International Workshop "QCD in Two 
Photon Processes, 2 - 4 October, 2012, Taipei, Taiwan.  

50. 24rd IAEA Fusion Energy Conference, 8 - 13 
October, 2012, San Diego, USA.  

51. International Workshop on Linear Colliders 
(LCWS 2012), October 24, 2012, Arlington, US.  

52. Workshop "Scattering Amplitudes and the Multi-
Regge Limit", October 24 - 26, 2012, Madrid, Spain.  

53. IV All-Russian Conference "Physical and 
Physical-Chemical Foundations of Ion Implantation" 
(with participation of foreign scientists) and the 
International Youth Conference "Radiation-thermal 
Effects and Processes in Inorganic Materials", October 23 
- 26, 2012, Novosibirsk, Russia. 

54. International Scientifically-Practical Congress 
«Perfection of a Control System, Prevention and 
Damping Consequences of Emergency Situations of 
Regions and a Problem of Ability to Live of the 
Population», October, 25 - 27, 2012, Novosibirsk, in 
Russia. 

55. VII International Scientifically-Practical Confe-
rence «Counteraction Means to Terrorist and Criminal 
Explosions», October, 2012, St-Petersburg, Russia. 

56. International Scientifically-Practical Congress 
«Perfection of a Control System, Prevention and 
Damping Consequences of Emergency Situations of 
Regions and a Problem of Ability to Live of the 
Population», October, 25 - 27, 2012, Novosibirsk, Russia.  

57. International Conference-Session of the Section of 
Nuclear Physics of PSD RAS. November 12 - 16, 2012, 
MEPhI, Moscow, Russia. 

58. 2nd Joint HiLumi LHC-LARP Annual Meeting, 
14 -16, November, 2012, INFN, Frascati.   

59. Accelerators for a Higgs factory (HF2012), 
November 15, 2012, FNAL, US.  

60. International Workshop "Low Threshold Detectors 
and Their Application in Neutrino Physics", International 
Conference-Session of the Section of Nuclear Physics of 
PSD RAS, MEPhI, November 16, 2012, Moscow, 
Russia.  

61. International Workshop LHC on the March, 
November 21, 2012, Protvino, Russia.  

62. Unwanted Beam Workshop (UBW), 19 - 20 
December, 2012, Berlin.  

63. 3rd International Congress on Radiation Physics 
and Chemistry of Condensed Matter, High Current 
Electronics and Modification of Materials with Particle 
Beams and Plasma Flows, 2012, Tomsk, Russia.  

64. 54th Annual Meeting of the APS Division of 
Plasma Physics,  2012.  

65. 9th Intern. Workshop on Personal Computers and 
Particle Accelerator Controls, December 4 – 7, 2012, 
Kolkata, India. 
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List of Collaboration Agreements 
between the Budker INP and Foreign Laboratories 

 
Name of 

Laboratory 
Title or Field of 
Collaboration Dates Principal 

Investigators 
№ 1 2 3 4 

1 Daresbury 
(England) 

Generation and utilization of SR. 1977 G. Kulipanov (INP); 
I. Munro (Daresbury) 

2 BESSY 
(Germany) 

Development of the wigglers for BESSY-2. 1993 A. Skrinsky, 
N. Mezentsev (INP); 
E. Jaeschke (BESSY) 

3 Research Centre 
Rossendorf 
(Germany) 

Physical foundations of a plasma neutron source. 1994 E. Kruglyakov, 
A. Ivanov (INP); 
K. Noack (Germany) 

4 Nuclear Centre 
''Karlsruhe'' 
(Germany) 

1. Development of conceptual project and data 
base for neutron source on the basis of GDT 
device. 

2. Simulation of processes in diverter of ITER  
device. 

1994 E. Kruglyakov, 
A. Ivanov, 
A. Burdakov (INP); 
G. Kessler (Germany) 

5 GSI 
(Germany) 

Collaboration in the field of accelerator physics: 
electron cooling; electron-ion colliders. 

1995 Yu. Shatunov, 
V. Parkhomchuk (INP);
H. Eickhoff (GSI) 

6 DESY 
(Germany) 

Elementary-particle physics, synchrotron 
radiation, accelerator physics and technology, 
electronics and experimental equipment. 

1995 A. Skrinsky, 
G. Kulipanov (INP); 
А. Vagner, 
K. Scherff (DESY) 

7 CIEMAT 
(Spain) 

Accelerator technology and plasma physics. 2007 Е. Levichev (INP), 
J. Rubio (CIEMAT) 

8 CELLS 
(Spain) 

Collaboration in the field of application of new 
equipment for SR sources. 

2008 Е. Levichev (INP); 
 Joan Bordas and 
Orpinell (CELLS) 

9 INFN 
(Italy) 

Development of intense source for radioactive 
ion beams for experiments in nuclear physics 

1984 P. Logachev (INP); 
L. Techio (INFN) 

10 University 
of Milan 
 (Italy) 

Theoretical and numerical studies of dynamic 
chaos in classic and quantum mechanics. 

1991 A. Skrinsky, 
V. Sokolov (INP); 
Т. Montegazza, 
J. Kasati (Italy) 

11 INFN-LNF 
(Italy) 

Development of collider project DAFNE-II 2004 Е. Levichev (INP); 
S. Biscari (INFN-LNF) 

12 University 
of Padua 
 (Italy) 

Development of cryogenic detectors for 
experiments in neutrino physicist. 

2008 Yu. Tikhonov, 
А. Bondar (INP); 
A. Gudlielmi (Italy) 
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№ 1 2 3 4 

13 National Nuclear 
Center.  

Park of Nuclear 
Technology 

(Kazakhstan) 

Development and application of industrial 
accelerators, generation and utilization of neutron 
beams, development of SR sources, RF-
generators. 

2007 G. Kulipanov (INP); 
K. Kadyrzhanov, 
A. Kusainov  
(Kazakhstan) 

14 National Nuclear 
Center. Al-Farabi 

National  
University  

(Kazakhstan) 

Creation and development of a multi-purpose 
research complex of radiation technology and 
teraherz radiation. 

 

2009 G. Kulipanov (INP); 
K. Kadyrzhanov, 
B. Zhumagulov  
 (Kazakhstan) 

15 Institute 
of Morden Physics 
and Techniques, 

Lanchzou (China)  

Collaboration in the field of accelerator physics: 
electron cooling. 

. 

2000 V. Parkhomchuk (INP);
S. Yang (PRC) 
 

16 WOER Сompany, 
Shenzhen, 
(China)) 

Using of electron accelerator ILU-10, exchanging 
of personal, information and experimental 
equipment. 

2005 A. Bryazgin (INP); 
 Leo Li (WOER) 

17 SINAP 
Shanghai, (China) 

Researching in field of industrial electron 
accelerators. 

2006 А. Bryazgin (INP); 
 Hu Hounku (SINAP) 

18 IHEP 
(China) 

Work of Chinese scientists on BINP installations, 
work of BINP scientists on IHEP installations. 

2007 A. Skrinsky (INP); 
H. Chen (IHEP) 

19 Industrial and 
Technological 

Center of 
Cooperation with 

Russia and 
Belorussia of 
Heilongjiang 

Province (P.R.C) 
(China) 

Exchange of information about BINP-developed 
devices and the technology and product demand of 
the Chinese factories. 

2009 D. Grigoriev (INP); 
Zhan Hun-Vei (PRC) 

20 POSTECH 
(Korea) 

Creation of beam accelerators, add-on devices, 
SR experiments. 

1992 A. Skrinsky, 
N. Mezentsev (INP); 
H. Kim (POSTECH) 

21 KAERI 
(Korea) 

Development of FEL and accelerator-recuperator. 1999 N. Vinokurov (INP); 
B.Ch. Lee (KAERI) 

22 BNL,  
Brookhaven 

(USA) 

1. Measurement of the magnetic muon ano-
maly. 

2.  Joint research of RHIC spin. 

1991 
 

1993 

L. Barkov (INP); 
J. Bunse (BNL) 
Yu. Shatunov (INP); 

S. Ozaki (BNL) 

23 ANL, Argonn 
(USA) 

1. Experiments with polarized gas jet target at 
VEPP-3. 

2. SR instrumentation. 

1988 
 

1993 

L. Barkov (INP); 
R. Holt (ANL) 
G. Kulipanov, 
A. Skrinsky (INP); 
G. Shenoy (USA) 
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№ 1 2 3 4 

24 University 
of Pittsburgh 

(USA) 

Experiments on VEPP-2M and φ-factory. 
 

1989 S. Eidelman, 
E. Solodov (INP); 
V. Savinov (USA) 

25 University  
of Duke (USA) 

Free electron lasers. 1992 N. Vinokurov (INP); 
J. Wu (Duke) 

26 BNL, Brookhaven 
(USA) 

Collaboration on electron-ion colliders. 1993 V. Parkhomchuk (INP); 
I. Benzvi (USA) 

27 FERMILAB 
(USA) 

Collaboration in the field of accelerator physics: 
electron cooling; conversion system. 

1995 V. Parkhomchuk (INP); 
O. Finli (FERMILAB) 

28 FERMILAB 
(USA) 

Exchange of scientists and engineers for 
scientific research. 

2005 А. Skrinsky (INP); 
P. Oddone (FERMILAB) 

29 SLAC, 
Stanford 
(USA) 

Obtainment of submicron beams and intensive 
positron beams, development of B-factory 
elements, detectors, RF-generators based on 
magnicons. 

1994 А. Skrinsky (INP); 
Persis Drel (SLAC) 

30 Institute  
of Plasma  

Physics ASCR  
(Czech Republic) 

Collaboration in the field of plasma physics and 
plasma diagnostics research. 
 

2008 A. Ivanov (INP); 
P. Hruška  
(Czech Republic) 

31 CERN 
(Switzerland) 

1. Research and development of the detectors 
for LHC. 

 
2. Development of the LHC elements. 

1992
 
 

1996

А. Bondar, 
Yu. Tikhonov (INP); 
Т. Nakada, 
P. Yenni (CERN) 
V. Аnashin (INP); 
L. Evans (CERN) 

32 Paul Scherrer  
Institute 

(Switzerland) 

Collaboration in the field of particle physics. 2009 D. Grigoriev (INP); 
D. Месот 
(Paul Scherrer Institute) 

33 CERN 
(Switzerland) 

Research and development of micro-pattern 
detector technology.. 

2009 Yu. Tikhonov (INP); 
S. Bertolucci (CERN) 

34 CERN 
(Switzerland) 

Collaboration in the development of the 
electron-positron colliders with super-high 
luminosity. 

2009 Е. Levichev (INP); 
S. Myers (CERN)  

35 RIKEN 
Spring-8 
(Japan) 

Collaboration in the field of accelerator physics 
and synchrotron radiation 

1996 G. Kulipanov (INP); 
H. Kamitsubo (Japan) 

36 KEK 
(Japan) 

Research in accelerator physics and allied fields, 
development of elementary particle detectors. 

1995 А. Skrinsky (INP); 
A. Suzuki (KEK) 

37 Center of Plasma 
Research, 

Tsukuba (Japan) 

Collaboration on Open traps. 2007 А. Ivanov (INP); 
T. Imai (Japan) 
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Research Personnel 

Members of Russian Academy of Science 
 

Academicians: 

Barkov Lev Mitrofanovich 
Dikansky Nikolai Sergeevich 
Kruglyakov Edward Pavlovich 
Kulipanov Gennady Nikolaevich 
Skrinsky Alexadr Nikolaevich 

Corresponding members: 

Bondar Alexandr Evgenievich 
Vinokurov Nikolai Alexandrovich 
Dimov Gennady Ivanovich 
Logachev Pavel Vladimirovich 
Parkhomchuk Vasily Vasilievich 
Khriplovich Iosif Bentsionovich 
Shatunov Yury Michailovich 

 
Director Board 

Director: 

Skrinsky Alexadr Nikolaevich 
 
Deputy Director (scientific): 

Ivanov Alexandr Alexandrovich 
Kulipanov Gennady Nikolaevich 
Levichev Evgeny Borisovich 
Tikhonov Yury Anatolievich 

Adviser RAN: 

Kruglyakov Edward Pavlovich 
 
Scientific Secretary: 

Vasiljev Alexei Vladimirovich 

 
 

Scientific Council 
1.   Academician, Chairman 
2.   Doctor of phys.-math. science, Co-Chairman  
3.   Academician, Co-Chairman 
4.   Doctor of phys.-math. science, Co-Chairman  
5.   Doctor of phys.-math. science, Co-Chairman  
6.  Candidate of phys.-math. science, Sci. Secretary  
7.  Candidate of techn. science  
8.   Doctor of phys.-math. science, Professor  
9.   Academician 
10.  Doctor of phys.-math. science  
11.  Corr. Member RAS   
12.  Doctor of phys.-math. science   

        13.  Corr. Member RAS   
14. Academician  

Skrinsky A.N. 
Ivanov A.A. 
Kulipanov G.N.  
Levichev E.B. 
Tikhonov Yu.A. 
Vasiljev A.V. 
Anashin V.V.  
Arzhannikov A.V. 
Barkov L.M.  
Blinov V.E. 
Bondar A.E.  
Burdakov A.V. 
Vinokurov N.A. 
Dikansky N.S. 
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15. Corr. Member RAS   
16. Doctor of phys.-math. science 
17. Doctor of phys.-math. science 
18. Academician  
19. Doctor of techn. science 
20. Corr. Member RAS   
21. Candidate of techn. science 
22. Doctor of phys.-math. science 
23. Corr. Member RAS   
24. Doctor of techn. science, Professor   
25. Doctor of phys.-math. science, Professor  
26. Doctor of phys.-math. science, Professor 
27. Doctor of phys.-math. science 
28. Corr. Member RAS   
29. Corr. Member RAS   
30. Candidate of techn. science 
31. Candidate of phys.-math. Science 

 
32. Candidate of phys.-math. science 

Dimov G.I.   
Druzhinin V.P. 
Koop I.A. 
Kruglyakov E.P.  
Kuper E.A. 
Logachev P.V.  
Medvedko A.S. 
Mezentsev N.A. 
Parkhomchuk V.V. 
Salimov R.A. 
Serednyakov S.I. 
Fadin V.S.  
Khazin B.I. 
Khriplovich I.B.  
Shatunov Yu.M. 
Shiaynkov S.V. 
Taskaev S.Yu. – Representative  
     of Trade Union 
Shoshin A.A. – Representative 
    of Council of Young scientists 

 
 

Specialized Sections of Scientific Council 
 

Accelerators for Applied Purposes 

Kulipanov G.N. (Chrmn.) 
Gorbunov V.A. (Secr.) 
Anashin V.V. 
Antokhin E.I. 
Batrakov A.M. 
Bondar A.E. 
Bryazgin A.A. 
Chernyakin A.D. 
Churkin I.N. 
Dikansky N.S. 
Erokhin A.I. 
Fadeev S.N. 
Goldenberg B.G. 
Gurov D.S. 
Ivanov A.A. 
Karpov G.V. 

Knyazev B.A. 
Kolmogorov V.V. 
Korchagin A.I. 
Kuksanov N.K. 
Kuper E.A. 
Kuper K.E. 
Kurkin G.Ya. 
Levichev E.B. 
Logachev P.V. 
Medvedko A.S. 
Mezentsev N.A. 
Mishnev S.I. 
Nemytov P.I. 
Nikolenko A.D. 
Onuchin A.P. 
Parkhomchuk V.V. 

Petrichenkov M.V. 
Petrov V.M. 
Pindyurin V.F. 
Pyata E.E. 
Rakshun Ya.V. 
Salimov R.A. 
Shatunov Yu.M. 
Shevchenko O.A. 
Skaruba V.A. 
Skrinsky A.N. 
Tribendis A.G. 
Tumaikin G.M. 
Vinokurov N.A. 
Vostrikov V.A. 
Zolotarev K.V. 
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Plasma Physics and Controlled Fusion Problems 
 

Ivanov A.A. (Chrmn) 
Kandaurov I.V. (Secr.) 
Anikeev A.V. 
Akhmetov T.D. 
Arzhannikov A.V. 
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Murakhtin S.V. 
Polosatkin S.V. 
Popov S.S. 
Postupaev V.V. 
Prikhodko V.V. 
 

Sanin A.L. 
Sinitsky S.L. 
Skrinsky A.N. 
Soldatkina E.I. 
Solomakhin A.L. 
Sorokin A.V. 
Sulyaev Yu.S. 
Taskaev S.Yu. 
Timofeev I.V. 
Shiyankov S.V. 
Volosov V.I. 
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Voskoboinikov P.V. 
Vyacheslavov L.N. 

 
 
 

Colliding Beams 
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Anashin V.V. 
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