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Introduction

Introduction

The Institute of Nuclear Physics of the USSR Academy of Sciences was established in accordance with
the decision of the Council of Ministers in May 1958. The Institute was based on the laboratory of new ac-
celeration methods, directed by G.I. Budker, at the Institute of Atomic Energy, headed by Igor Kurchatov.
RAS member A.N. Skrinsky has been the director of the Institute since 1977.

Currently, BINP is the largest academic institute of the country (about 2700 employees). The scientific
staff of the Institute of 4141 members includes 10 members and corresponding members of the RAS and
226 PhDs. A distinctive feature of BINP is the large-scale experimental workshop (about 1000 employees)
with high-level technical and technological equipment.

The Institute is actively engaged in the training of research and technical personnel of high qualifica-
tion. BINP is the base institute for seven sub-departments of the Physics Department of Novosibirsk State
University (NSU) and the Physical Engineering Department of Novosibirsk State Technical University
(NSTU), which educate about 200 students. 50 young people pursue post graduate studies at BINP, NSU
and NSTU.

BINP is one of the world's leading centers for a number of fields in high-energy physics, accelera-
tor physics, and plasma and controlled fusion physics. The Institute conducts large-scale experiments in
elementary particle physics on electron-positron colliders and a unique complex of open plasma traps and
develops up-to-date accelerators, intense sources of synchrotron radiation and free electron lasers. As
concerns most of BINP research directions, there are no other institutes in Russia that can be compared
with BINP.

The major achievements of BINP in science and technology include the following:
In the field of elementary particle physics and nuclear physics:

»  pioneering work on the development of the method of colliding beams, which is now the main
method in high energy physics):

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

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

- the world's first observation of double bremsstrahlung (1967);

- pioneering works on two-photon physics (1970);

»  study of the characteristics of vector mesons on colliding electron-positron beam facilities: VEPP-
2, VEPP-2M and VEPP-4 (since 1967);

» discovery of the phenomenon of multiple production of hadrons in the electron-positron annihila-
tion (1970);

»  precise measurement of the contribution of hadronic vacuum polarization to the value of anoma-
lous magnetic moment of muon for one of the most sensitive tests of the Standard Model, conducted in
collaboration with Brookhaven National Laboratory (1984 - 2005);

* development of the method of resonant depolarization for precise measurements of the mass of
elementary particles, reaching a record-high precision of measurements of the mass of K-, p-, ®-, ¢-, y- and
v-mesons (1975 - 2004);

» discovery of parity nonconservation in atomic transitions and confirmation of the unified theory
of electroweak interaction (1978);

* development of conduction of experiments on internal hyperfine targets in storage rings (since
1967) and study of the electromagnetic structure of deuteron in polarization experiments (1984);

» development of the method for generation of intense fluxes of tagged high-energy gamma quanta
through the use of inverse Compton scattering (1980 - 1982) and experimental observation of photon split-
ting in a Coulomb nuclear field (1997);
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e development of new methods for detection of high-energy charged and neutral particles and cre-
ation of unique detectors for colliding beams (OLYA, CMD-1, MD-1, CMD-2, CMD-3, ND, SND, and
KEDR) (since 1974);

* development of X-ray detectors for medical purposes and creation on their basis of the low-dose
digital radiographic device with ultra-low patient exposure and X-ray inspection system for screening
people («Sibskany, since 1981).

In the field of theoretical physics:

* development of the resonance theory of dynamical chaos and pseudo chaos in classical and quan-
tum mechanics (since 1959);

» the first calculation of charge renormalization in the Yang-Mills theory (1969);

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

*  prediction of large enhancement of parity violation in neutron resonances in heavy nuclei (1980

* development of the theory of hard exclusive reactions in 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 during the passage of charged particles and high-
energy photons through single oriented crystals (since 1978);

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

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

In the field of accelerator physics and technology:

*  successful long-term experience in creating storage rings and colliders;

* invention, development and experimental testing of the method of «electron cooling» of beams of
heavy particles, which is currently used at laboratories around the world; equipping accelerator complexes
for heavy ions in Germany and China and at CERN with effective «coolers» (1965-2005);

* invention and development of new types of high-power RF generators (Gyrocon, relativistic klys-
tron, and Magnicon) (since 1967);

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

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

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

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

» theoretical and experimental investigations into the stochastic instability and collision effects
limiting the luminosity of colliding beam facilities (since 1966);

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

*  proposal and development of the method of ionization cooling of muons for creation of muon col-
liders and neutrino factories (1969 -1981 - 2002);

e development and creation of high-power and low-energy electron accelerators for various tech-
nological applications, environmental protection among them, including the 500 kW ELV-12 accelerators
with an energy of 1 MeV and the ILU-10 accelerators with power as high as 50 kW and an energy of 5 MeV
(since 1963);

*  proposal and implementation of the energy recovery linac scheme for high-efficiency free elec-
tron lasers (1979 - 2003).

8
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In the field of plasma and fusion physics:

* invention (1954) and creation (1959) of the “classical” open magnetic trap (magnetic mirror) for
hot plasma confinement;

* invention and development of new schemes of open traps: multimirror, with a rotating plasma,
ambipolar, gas-dynamic; pilot multimirror confinement of plasma with sub-thermonuclear parameters in
the GOL-3 trap; pilot stabilization of MHD instabilities in the axially symmetric gas dynamic trap on the
GDT facility (since 1971);

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

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

* development of high-intensity surface-plasma sources of negative ions, which became widespread
throughout the world (1969 - 1981);

*  proposal and development of the concept of high-power thermonuclear neutron source based on
open trap for materials science (1987);

» theoretical prediction of the Langmuir collapse (1972) and experimental detection 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-tempera-
ture plasma study for a number of large facilities (since 1997).

In the field of synchrotron radiation and free electron lasers:

e application of the synchrotron radiation of the BINP storage rings to various scientific and tech-
nological objectives and creation of the Siberian Centre for Synchrotron Radiation based on VEPP-2M,
VEPP-3, and VEPP-4 (since 1973);

* theoretical and experimental studies of emission of particles 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);

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

* development and creation of the powerful free-electron laser (for photochemical research and
technological applications as well as for transferring energy from the Earth to a satellite) on the basis of the
most promising scheme using a ERL microtron; generation of high-power (400 W) laser radiation in the
terahertz range (since 1987);

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

The unique plants and equipment of the Institute make a core infrastructure for a wide range of inter-
disciplinary scientific and technological research at the four share-use centers established at the Institute:
the Siberian Synchrotron Radiation Center, the Center for Photochemical Research, the Center for Geo-
chronology of the Cenozoic, and the Center for Electron Beam Technology. Hundreds of organizations
work on the facilities each year.

The application works of BINP are entirely based on the results of its fundamental studies and focused
in the following key areas:

*  high-power industrial electron accelerators used for modification of polymers; for purification of
industrial and domestic waste; production of nanopowders of pure metals, silica, and metal oxides, carbides
and nitrides; radiation processing of food; sterilization of medical equipment and disposable instruments
and clothing; and other technological applications;

* low-dose digital radiographic installation of scanning type with ultra-low patient exposure, for
medical and security systems;

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

*  plants for electron beam welding;

» radiographic equipment for the defense research.
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Over the past 20 years BINP has actively used the basic and applied research funding received due to
execution of contract works. Annually, BINP develops, manufactures and supplies diversified high-tech
products in the value of more than half a billion rubles for customers in Europe, Asia, and North and South
America (20 countries) as well as in Russia. Funds received in this way made it possible to complete and
commission the VEPP-4M accelerator complex with the unique detector KEDR and design and build new
large up-to-date unique facilities: the electron-positron collider VEPP-2000, the free electron laser, and the
new injection complex ensuring the work of the existing and future installations of BINP. Since the disinte-
gration of the USSR, these funds have supported the continuous work of BINP facilities and infrastructure.

BINP activity is characterized by the wide long-term international cooperation with most major for-
eign and international centers. A striking example of such cooperation is the BINP participation in the
today’s largest international project — the creation of the Large Hadron Collider at CERN (Geneva). Within
the framework of this work, BINP has developed, manufactured and delivered to CERN unique high-tech
equipment in the value of over 100 million Swiss francs. Another example of international cooperation is
the participation in the projects of B-factories in the U.S.A. and Japan and major European projects: syn-
chrotron radiation source PETR A-III and X-ray free electron laser (DESY, Hamburg), heavy-ion accelera-
tor complex (GSI, Darmstadt) and many others.

BINP has a key role in several major Russian projects, including the Center for Synchrotron Radiation
at the Research Center "Kurchatov Institute", the synchrotron radiation source of the TSC in Zelenograd,
the neutron source for the JINR in Dubna, and the radiographic equipment for defense studies for the Fed-
eral State Unitary Enterprise "VNIITF", Snezhinsk.

The Institute takes an active part in the shaping of the innovation economy of the country. A strik-
ing example of this is the development in conjunction with the ICG SB RAS and the company "Siberian
Center for Pharmacology and Biotechnology" of a unique technology of electron-beam immobilization of
biomolecules on an inert carrier, which is used for mass production of the world’s first oral thrombolytic
"Trombovazim".

The Institute is deeply integrated into the work of RAS and SB RAS, exercising implementation of
20 projects under the program of the Presidium and Branches of the RAS, 16 interdisciplinary integration
projects, and 8 joint projects of SB RAS with regional RAS institutes, the National Academies of Sciences
of Ukraine, Belarus and China, two custom projects of SB RAS (as a co-executor), 4 state contracts under
the Federal Program "Research and development on priority directions of scientific-technological complex
of Russia in the years 2007 - 2012" (unique stands and installations and share-use centers); 19 government
contracts under the Federal Program "Research and educational personnel of the innovation Russia" for the
years 2009 - 2013 and over 50 RFBR projects.

Every year the Institute members present about 300 reports at Russian and international conferences,
publish about 300 articles in leading Russian and foreign scientific journals, and issue monographs and
training aids. According to materials published in the review "Bibliometric indicators of the Russian Sci-
ence and Russian Academy of Sciences" (Herald of the Russian Academy of Sciences, June 2009, Volume
79, Ne 6), the number of references to works by BINP members in 1997-2007 accounted in the reputable
international database ESI is 28 267. According to the survey, this value is the highest result among all the
institutions of the Russian Academy of Sciences. 4 members of the Institute have got the special award of
Elsevier Publishing as the most cited authors in the natural sciences in the area of the former USSR.

The BINP Scientific Council found the following works to be the best in 2010:

In the field of physics of elementary particles and fundamental interactions:

1. The fundamental parameters of the family of y-mesons — the masses and leptonic widths — were
measured with the world’s best accuracy in the experiment with the KEDR detector on VEPP-4M.

2. The meson-photon transition form factors for pseudoscalar mesons 7 > n, n’ and 1 , were measured
with the world’s best accuracy at large squared transfer momenta — from 4 to 40 GeV? — in the BABAR
experiment (Stanford, USA).

3. The upper limit on the mass of the right intermediate boson in the mirror-symmetry model was
found in the experiment with the ATLAS detector on the Large Hadron Collider with the record energy
2E =7 TeV.

4. A new powerful technique of calculating loop integrals, based on the dimensional recurrence rela-
tion and analyticity of integrals as functions of the space-time dimension, was formulated and developed.
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In the field of basic nuclear physics:

5. The difference in the elastic scattering of electrons and positrons on a proton was measured for the
first time with high accuracy in the experiment DEUTERON on VEPP-3.

In the field of plasma physics:

6. The theoretical model and a set of programs for calculating the nonlinear relaxation of high-power
electron beams in a plasma were developed. They describe well the existing experiments and predict high
efficiency of collective plasma heating in an open-trap fusion reactor.

7. The collective relaxation of a relativistic electron beam in the plasma of the multimirror trap GOL-
3 was shown to occur with high efficiency even at a strong longit dinal plasma inhomogeneity: the beam
passes up to 55% of its energy to the plasma.

In the field of physics and technology of particle accelerators, synchrotron radiation and FEL souces:

8. In experiments with colliding beams of heavy ions on the Large Hadron Collider at recrd energies,
the jet suppression phenomenon was observed directly for first time. A key element that allowed storing
ionms of required intensity is the electron cooling system that was designed and developed by BINP an-
dinstlled on the low-energy ion storage ring LEIR.

9. The high-current injector of the linear induction accelerator was completed and successfully tested.
The design parameters of the installation, dramatically surpassing those of all the world’s counterparts,
were attained.

10. Stable generation of epithermal neutrons was realized on the facility BNCT, equipped with an
electrostatic tandem accelerator. The first experiments on irradiation of tumor cells with neutrons were
carried out.

11. They on the electron-positron collider VEPP-2000 attained luminosity in the mode of round collid-
ing beams throughout the energy range of the storage ring. The first experiment with the SND and CMD-3
detectors was carried out in the energy range of 1000 - 1900 MeV with an integrated luminosity of 15
inverse picobarns.

12. A unique 119-pole superconducting wiggler with a period of 3 cm was created for the Synchrotron
Radiation Center ALBA-CELLS (Spain).

13. The X-ray position detector DIMEX with microsecond time resolution was developed for the study
of the dynamics of fast processes and nanostructures with the use of synchrotron radiation.

In 2010, in accordance with the presidential decree No. 678 dated 06.06.2010, Nikolai A.Vinokurov
was awarded the State Prize of the Russian Federation in Science and Technology, 2009, for the achieve-
ments in the development and creation of the free electron lasers. A team of six members of the Insti-
tute, including A.N. Skrinsky, G.N. Kulipanov, V.V. Kubarev, O.A. Shevchenko, M.A. Scheglov and V.M.
Petrov, was awarded the State Prize of the Novosibirsk region for their cycle of works "Development and
creation of the high-power terahertz free electron laser." According to the results of the 2009 contest, a
team of young scientists of the Institute, consisting of A.V Bogomyagkov, I.B. Nikolaev and K.J. Todyshev,
was awarded the RAS medal for young scientists in the field of nuclear physics for their work «Precise
measurement of the t-lepton mass». A team of young scientists of the Institute, including E.I. Soldatkina
and VV Prikhodko, was awarded the award of the Government of the Novosibirsk region in 2010 in the cat-
egory of «physical and mathematical sciencesy for their work «Methods for improving plasma confinement
in a thermonuclear neutron source model based on a gas dynamic trap.» Postgraduates K.A. Martin and
V.I. Aleinik got grants of the Novosibirsk mayor contest for young scientists and specialists in the sphere
of innovation activity in 2010.

Four research teams of the Institute under the guidance of RAS members Skrinsky, Kruglyakov, and
Kulipanov and Professor Onuchin have the status of leading scientific schools, which is adjudged by the
Council on Grants of the President of the Russian Federation. The same Council distinguished three teams
of young scientists of the Institute as young PhDs. Three BINP Dissertation Councils with the right to ex-
amine PhD theses continued their work in 2010. A total of 15 meetings were hold, at which 15 PhD theses
were defended.

Over 50 tours to the BINP facilities were organized for about 1700 pupils, students, and teachers of
schools and universities, employees of other organizations and guests of the Institute.

Offsite lectures were given at Novosibirsk schools.
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1.1 CMD-3 Detector

Fig.(1.1)1. CMD-3 detector. 1 — the magnet yoke, 2 — the superconducting solenoids of VEPP-2000, 3 —
the crystal-BGO electromagnetic calorimeter; 4 — the drift chamber; 5 — the crystal-Csl electromagnetic
calorimeter; 6 — the superconducting solenoid of CMD-3, 7 — the Z-chamber, 8 — the liquid-xenon electro-
magnetic calorimeter.

A schematic longitudinal section of the CMD-3 detector is shown in Fig.(1.1)1.

Experiments with the CMD-3 detector on the VEPP-2000 collider started in 2010. Events of goes with
e’ e beams were used for measurement of experimental resolutions of the detector systems. The spatial
resolution of the drift chamber of the detector in a plane perpendicular to the axis of the beams was about
100 microns; the average particle momentum resolution in events of ¢* e scattering at a beam energy of 850
MeV was found to be cp/p = 5%. The energy resolution of the barrel electromagnetic calorimeter, which
includes a crystal-Csl calorimeter and a liquid-xenon calorimeter, was ¢ ./E = 6%.

From March to June 2010, experimental data corresponding to a luminosity integral of 1.5 pb™! were
recorded in the center-of-mass system at 7 energy points in the range of 1.3-1.9 GeV. Preliminary analysis
of data for measurement of cross sections of the processes e* ¢ —» ' wand e" e —» n" w " © was performed;
the results of the analysis for ¢* ¢ — n* 7 n" 7 are shown in Fig. (1.1) 2. It can be seen that even the small
number of events recorded in the early experiments was sufficient to significantly improve the accuracy
of the measurement of cross section of production of four charged pions at energy above 1.4 GeV in the
center-of-mass system.

During the summer of 2010 the staff of the laboratory was actively working on finalizing the T2Q and
ADIS boards to adapt them to the physical requirements of the charged and neutral triggers of the detector.
Reading signals from sectors of the Z-camera was switched from T2A boards of the KLY UKVA standard
to T2Q boards. To switch the reading of signals from the strips of the liquid-xenon calorimeter and cathode
strips of the Z-camera to the new electronics, the members of the laboratory are developing the AWF-32
board. It is necessary to make 100 such boards, which can be done by the fall of 2011. In December 2010,
a physical go into the energy of the ¢ (1020) resonance was carried out with the CMD-3 detector. The ex-
perimental data obtained correspond to a luminosity integral of 0.67 pb™! in the resonance scanning mode.
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In the peak of the ¢(1020) resonance, the integrated luminosity was 0.46 pb™ The energy dependences of
the cross sections of the processes ¢ — K K and ¢ — K°, K" were investigated. The VEPP-2000 collider
energy was calibrated by the measurements of the ¢(1020) mass in this study.
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Fig.(1.1)2. Energy dependence of the cross section of production of four charged pions, obtained with the
CMD-3 detector on the VEPP-2000 collider, in comparison with results of other experiments.

Besides, processing of the data obtained with the CMD-2 detector on the VEPP-2M collider continued
in 2010. Basing on joint analysis of the four main channels of the ¢(1020) meson decay, the electron width
of this resonance was measured. The following value was obtained: I', =1.235 & 0.006 + 0.022 keV. This
measurement is consistent with the results of previous experiments, and its accuracy is comparable with
the world’s average value.

1.2 The SND detector

1.2.1 SND upgrade and results of the first experiments at VEPP-2000

During the experiments at the VEPP-2000 collider in February-June and December 2010 the tracking
system has shown a stable and satisfactory performance.

In 2010, production has begun of the second exemplar of the SND tracking system with a modified
structure of the internal cathode allowing to reduce mutual interferences between the strips. The second
exemplar uses a new element base for high-voltage power supply. In March-May the body of the new track-
ing system was assembled and since October work began to install and tighten the wire structure.

Aerogel Cherenkov counters subsystem, with a aerogel refractive index n=1.13, was used in experi-
ments since the time of its installation at the SND detector in 2009. In experiments with recorded cosmic
rays, data from the Cherenkov counters were used for testing and calibration of various detector subsys-
tems. The collected experimental data has allowed to measure the dependence of the maximum number
of photoelectrons and the light collection inhomogeneity of the counters on time. It was found that at the
end of the pilot experimental season of 2009-2010 the average amplitude of the counters for electrons was
at the level of 4-5 photoelectrons. Such a low level of the signal is caused mainly by the deterioration of
the aerogel properties, namely by decrease of the scattering length in it. It was decided to rebuild the sub-
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system counters to conduct tests of each element of the counter: aerogel, shifter and photomultiplier tube
(PMT with MCP). As a result, properties of the aerogel were almost completely recovered after annealing
procedures and the shifter plates have not shown any sign of deterioration of their properties. Two photo-
multipliers had to be replaced due to degradation of their photocathode quantum efficiency.

At present, the subsystem is fully restored and installed at the SND detector. With renewed subsystem,
experiments were conducted and the collected data will allow to get the value of the maximum amplitude
of the signal for charged particles in near future. Besides the response of the counter for various types
of charged particles will be also investigated experimentally. In particular, the threshold behavior of the
amplitude as a function of the momentum for the charged n-mesons and subthreshold probability for the
counter to be triggered by charged K-mesons were measured.

In 2010, the calibration of the SND calorimeter was performed by using the events of the process e*e”
— e*e collected during the scanning of the center-of-mass energy interval from 1 to 2 GeV. The obtained
energy resolution is consistent with the one in experiments performed in 1995-2000. New front-end elec-
tronics plates were developed for the calorimeter and their production was launched. Four plates of the new
modification have been installed on the calorimeter first layer and regularly worked for the past six months.

In 2010, the development of the SND detector data acquisition system (DAS) software was continued.
In particular, the following tasks were performed:

- item support of DAS during the experiments in the course of 2010, support of DAS users, solution
of problems in case of failures in electronics and computer network subsystems;

- item development of the operator’s interface;

- tem the number of active windows was increased;

- item interfaces of the launching and operational managements of the run were refined, as well as
interfaces which control the DAS processes, display the current values of scalers and information from the
VEPP collider, allow viewing of the raw events;

- item preservation of parameters of VEPP and the detector into the database was organized, work
was started on visualization, a prototype code was developed to show the history of the signal changes in
the last 12 hours;

- item reading of the new digitizer plates for the signals from the proportional chamber was
implemented;

- item processes of the slow control of the electronics and control of the detector state based on the
recorded events were integrated in DAS;

- item computer farms, performing tasks of the tertiary trigger, were reformatted by using the virtual
machines (XEN technology based approach).

The following tasks were performed in the realm of “offline” software:

- item the software development process organization was modified (transition to subversion, TRAC,
wiki);

- item cluster-finding algorithm was refined for strips;

- item simulation of the strips in the proportional chamber was realized;

- item merging of the strip clusters and tracks in the drift chamber in an object *“particle” was
implemented;

- tem an algorithm which takes into account a possible displacement of phase in the drift chamber
reconstruction was realized,;

- item profiling of the simulation and reconstruction jobs, and their optimization were carried out;

- item a set of control algorithms was enlarged for processes of the detector control by using recorded
events;

- item a set of adapted primary generators for simulation was significantly enlarged;

- item a lot of errors were corrected in already implemented software modules.

In 2010, an experiment was conducted with the upgraded SND detector at the new electron-positron
collider VEPP-2000 in the energy range 2E=1.0+1.9 GeV. Integrated luminosity was about 6 inverse pi-
cobarns that is comparable to the luminosity recorded at the previous e*e colliders. Recorded data is cur-
rently being processed. Using the new data to calibrate the collider energy, excitation curve of the ¢ meson
in channels ¢ — 3m, K K| was measured.
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Experimental data at the energy 2E = 1900 MeV (above the threshold of the nucleon pairs production)
were used to obtain preliminary results for the nucleon-antinucleon pairs production cross section and to
estimate the background. The results are shown in Fig.(1.2)1 and Fig.(1.2)2. For the process e*e—pp the
obtained cross section is fairly reasonable a(e*e—pp) = (0.8 = 0.2) nb. While for the process e*e—nn the
background was too high and work continues at present to reach its suppression.
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Fig.(1.2)1 Cross section of the e*e” — pp pro- Fig.(1.2)2 Cross section of the e*e- — nn pro-
cess. the black dot shows the preliminary result of  cess. Vertical stripe specifies the region for which
the SND measurement using a part of the accumu- the SND experimental data is currently under pro-

lated experimental data. For comparison, results cessing.
of the previous measurements of BaBar is also
shown.

In 2010, work was invested in the design and development of a energy calibration system for VEPP-
2000 based on the Compton backscattering method. CO-laser was purchased and launched. Vacuum cham-
ber was manufactured, with high-vacuum window made of ZnSe, for insertion of the laser radiation into
the collider vacuum chamber.

1.2.2 VEPP-2M data analysis

Analysis was continued of the data of experiments conducted with the SND detector at VEPP-2M in
the period from 1995 to 2000. In 2010, the SND team obtained the following main results in the elementary
particle physics:

The cross section of the process e*e—#nr’m was measured in the channel #—2y in the energy range
2E = 1.0£1.4 GeV. The used integrated luminosity was 9.05 pb! accumulated at the collider VEPP-2M. The
results obtained (Fig.(1.2)3) does not contradict the previous data from BaBar and CMD-2 and have higher
statistical accuracy. Our data confirm the vector dominance model and will be used to refine this and other
models.
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Fig.(1.2)3 Cross section of the process e'e—#nm'nm depending on the energy measured by SND and the
approximating curve. For comparison, results of previous BaBar and CMD-2 measurements are also shown.

Search of the lepton number violation process e¢*e—eu was undertaken in the experiment with SND
detector in the energy range of about 1 GeV. A model independent upper limits, at the 90 % confidence
level, were obtained for the e"e'—eu process cross section: g, < 0.6 nb, as well as for the corresponding de-
cay p—eu: B(p—eu) <2 - 10°%, In this energy region, these limits were obtained for the first time and they
can be used, together with the similar limits for the J/y-meson, to constrain a hypothetical e—y transition.

An article was published devoted to the search of the process e'e — K'K'z’ in the energy range from
1.2 to 1.38 GeV. The following upper limits were obtained on the cross sections o(e’e— on — K'Kn°)
<0.023 nb and o(e*e’ — KK*(982) — K'K7")<0.059 nb at the 95 % confidence level.

Analysis is finished for the following processes: e'e”— e'eyy, e'e— K°K * (K, — n'm),

e'e” — e'eyy and the corresponding articles are being prepared for publication.

Work is continued on the analysis of the following processes:

ete—nl, ete— nw(2E> 115B), ¢'e > n'nn'w, e'e— ntry.

1.2.3 Participation in international projects

In 2010, the Beijing c-7 factory (BEPC-II) energy measurement system was launched. It is based on the
Compton backscattering method. A systematic uncertainty in the beam energy determination turned out to
be about 50 keV. This number was obtained by comparing the measured mass of the ¢” resonance, obtained
by using the Compton backscattering system, with the PDG value of the mass.

In the work participated:
G.N. Abramov, E.G. Avdeeva, P.M. Astigeevich, M.N. Achasov, V.M. Aulchenko, A.Yu. Barnyakov, K.I.
Beloborodov, A.V. Berdyugin, V.E. Blinov, A.G. Bogdanchikov, A.A. Botov, D.A. Bukin, A.V. Vasiljev, V.M.
Vesenev, V.B. Golubev, T.V. Dimova, V.P. Druzhinin, L.V. Kardapoltsev, D.P. Kovrizhin, A.A. Korol, S.V.
Koshuba, E.A. Kravchenko, A.Yu. Kulpin, K.A. Martin, A.E. Obrazovsky, A.P. Onuchin, V.M. Popov, E.V.
Pakhtusova, S.1. Serednyakov, Z.K. Silagadze, A.A. Sirotkin,K.Yu. Skovpen, A.N. Skrinsky, [.K. Surin, A.I.
Tekutev, Yu.A.Tikhonov, Yu.V.Usov, P.V.Filatov,A.G.Kharlamov, Yu.M. Shatunov, D.A. Shtol,A.N. Shukaev.
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1.3 Detector KEDR

The KEDR detector is an universal magnetic detector working on the e*e” collider VEPP-4M in the
energy region from 2 to 11 GeV in the center of mass system.

Fig.(1.3)1. The KEDR detector. 1 - vacuum chamber of the collider, 2 - vertex detector, 3 - drift cham-
ber, 4 - aerogel Cherenkov counters, 5 - time of flight counters, 6 - liquid krypton barrel electromagnetic
calorimeter, 7 - superconducting solenoid, 8 - magnet yoke, 9 - muon chambers, 10 - end cap electromag-
netic calorimeter based on Csl crystals, 11 - compensating solenoid.

The main systems of the KEDR detector are shown in Fig.(1.3)1. Besides this, the detector includes
the system of detection of the scattered electrons for study of the yy physics, and the luminosity monitor.
Parameters of the detector are similar to those of the best detectors, operating in the world in this energy
region; in detail, the detector is described elsewhre.

An unique feature of experiments with the KEDR detector is a possibility of the precise beam energy
determination. Two methods are used for this: the resonant depolarization method and the Compton back-
scattering method. Determination of the beams energy with high precision plays important role for receiv-
ing meaningful physical results from the detector.

The most important results of works of 2010 on the modernization and improvement of the detector
systems operation are described below.

GEM-detectors are included in the electron tagging system

In 2010 an upgrade of the electron tagging system (TS) was performed: the two-coordinate triple-
GEM (Gas Electron Multiplier) detectors were placed in front of each module. Usage of the GEM detectors
allows to improve resolution in the radial coordinate and, consequently, in the energy of scattered electrons
measured in the TS. This also, due to measurement of the vertical coordinate, helps to suppress the back-
ground from the single bremsstrahlung,.

The design and dimensions of the two-layer plate with strip structure of the GEM detector is shown in
Fig.(1.3)2. The line string in the center of the picture shows change of the slope of strips of the lower layer
(from 30° at the center up to 11° at the edge).

The distribution of difference between the measured in the GEM detector coordinate and the calcu-
lated one is shown in Fig.(1.3)3. The width of the distribution is 89 pm,corresponding to the resolution of
one chamber o, ~ ameas/\/3/2 ~ 73 um in direction transverse to strips of the upper layer.
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The detector efficiency attains the 98% plateau at the gas amplification 2.5 - 10*. One should note, that
during the 2009-2010 season the GEM-TS detectors worked at the gas amplification in the range (3-6) - 10*
without breakdowns and other visible problems due to the high voltage. Budker INP is one of three places
in the world (with the CERN and the BNL), where these new devices are used.
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Fig.(1.3)2. Design and dimensions of the read- Fig.(1.3)3. Distribution of the difference be-
out plate of the GEM detector with varying inclina-  tween the measured and calculated coordinate from
tion of the lower layer strips. the GEM detector. Space resolution ¢, ~ 73 um.

Laser calibration system of the TS started operation

The laser calibration of the TS uses two lasers with different wave lengths, which by turns give some
light to beam. The spectrum of electrons scattered due to the Compton effect has a sharp edge, unambigu-
ously connected with the initial photon frequency (accuracy 10°°) and with the accelerator energy (accu-
racy 5+ 10%). Measurement of the coordinate of the spectrum edge allows to perform the TS calibration with
accuracy better than AE/E<10-* (E and AE are the scattered electron energy and its error). Now the optical
system is tuned for operation with one laser. The systematic errors due to the orbit instabilities are under
study. For inclusion of the second laser additional optical elements are necessary, which are in production.

The consumption of liquid helium in the cryogenic system of the detector is reduced in two times

In the season of 2010-2011 considerable lower consumption of the liquid helium in the cryogenic sys-
tem of the superconducting magnets provision of the KEDR detector was reached: from 700-900 to 360-
500 liters per twenty-four hours. For the gas-expansion piston of the helium refrigerator a pistol pair with
diminished (on 4 um) slot clearance was produced. As a result the leakage of cold helium from the working
area was diminished considerably and by this the efficiency of work was improved noticeably.

1.4 Results of work of the KEDR detector at the VEPP-4M
collider in 2010

In the season 2010 the KEDR detector continued the experiment at the VEPP-4M collider, processing
of the statistics collected earlier and the new one. The most important results are the following.

- Collection of statistics: in 2010 the luminosity integral 2.1 pb™' at the y/(2S)-meson and 0.65 pb™ in
the energy interval 2E=1850 - 3100 MeV scanning was written.

- Measurement of parameters of the J/y-meson: the values of the mass and the decay probability J/y
— 17,y were obtained.

- Measurement of parameters of the w(2S)-meson: precision in the value of the mass was improved
considerably, preliminary results of the values I, x Br(y(2S) — hadrons), T, *x Br(y(2S) — e’e), I x
Br(y(2S) — p'w )u T, % Br(y(2S) — t't ) were obtained.
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- Measurement of parameters of the y/(3770)-meson: the form of resonance excitation curve was done
more precise, the mass and the width were obtained.

- Measurement of the t-lepton mass: the work on the mass estimation using full statistics is being
carried out.

- Search for narrow resonances: in the energy region 2E=1850-3100 MeV the limit on the product of
electron width of narrow resonance to probability of its decay to hadrons was lowered.

Description of these works in some detail follows below.

1.4.1 Measurement of parameters of J/i/-meson

In 2010 the processing of the experimental statistics collected for study of the J/-meson properties
was continued. New results are presented here.

Measurement of the J/y mass

On statistics of 2003 and 2005 a new value of the J/iy-meson mass with the best in the world accuracy
was obtained:

M, =3096.913 + 0.006 + 0.009 MeV (KEDR).

The accuracy of the M 'y, Was improved in comparison with our measurement (published in 2003), which
determines average value of the J/{y-meson mass in the tables of elementary particles of the Particle Data
Group (PDG). Measurement of the J/{y-meson mass in different experiments and the average value of the
mass from the PDG tables of 2010 (vertical band of 2 standard errors width) are shown in Fig.(1.4)1.
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Fig.(1.4)1. Mass of the J/iy-meson in different experiments and its average value (shown with the vertical
band).

Radiative decay J/yy — 7y
Interest to measurement of the branching ratio J/y — 7y is due to the fact, that during long time
there was only one measurement of this probability done by the Crystal Ball group, and the result differed
noticeably from the theoretical calculations. Only recently, in 2009, a new measurement of this branching
by the CLEO was published. Circles in Fig.(1.4)2 represent experimental results (CLEO 09 and CBAL 86),
which PDG uses for determination of the average value (Br(J/y — 1.y) = (1.7 £ 0.4)%), and the result of
measurement of this value by the KEDR detector (in 2010):

Br(J/w — 1 y)=(2.59 £0.16 £ 0.31)% (KEDR).
The theory calculations (squares) are shown also. Average decay probability from the PDG-2010 is shown
in Figure (1.4).2 with vertical band. Our result agrees with the CLEO result and is close to the theory pre-
dictions.
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Fig.(1.4) 2. Value of the Br(J/y — 1) in dif- Fig.(1.4) 3. Value of the 5 -meson mass in
ferent experiments and its average value (shown different experiments and its average value
with the vertical band), as well as the theory predic- (shown with the vertical band).

tions (squares).

In this experiment the mass of the n -meson was measured also:
M =2978.1+1.4+2.0 MeV (KEDR).

Our measurement is close in accuracy to the best measurements of the n -meson mass (Fig.(1.4)3) and
agrees within one standard error with the average value of this mass in the tables PDG-2010
(M,,=2980.3 + 1.2 MeV).

Measurement of the J/i lepton widths
In assumption of the lepton universality, the value

T % Br(J/y — I'l) = 0.3320 + 0.0041 + 0.0050 keV (KEDR)

was obtained (2010). Using the independent value Br(J/yy — e*e’) = (5.94 + 0.06)% (PDG-2008), one
obtains result for the lepton width:
[,=5.59+0.12 keV (KEDR),
which has a better accuracy, than the table average (PDG-2008) I' = 5.55 + 0.14 £ 0.02 ke V.
The full width equals
'=94.1+2.7 keV (KEDR).
This value agrees with the average value I'=93.2 +2.2 keV (PDG-2008).

1.4.2 Measurement of the y(2S)-meson parameters

In 2010 processing of the statistics, collected for research of the w(2S)-meson properties, was contin-
ued. New results are submitted here.

Measurement of the mass
In 2010 an accuracy of the mass measurement of the y(2S5)-meson has been greatly improved in com-
parison with the result, published in 2003 (based on the scan of 2002). The new value is obtained as the
average of the scans of 2002, 2004, and 2006, systematic errors have been made more accurate as well. The
new value of the mass is equal to

M . =3686.123 +0.008 = 0.012 MeV (KEDR).

w2s)
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This value is within one standard error consistent with the table value M, = 3686.093 +0.034 (PDG-
2010) and has two times better accuracy.
Data of different measurements are shown in Fig.(1.4)4.
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Fig.(1.4)4. The mass of the y(2S) from various experiments. Vertical band is the average value without
new result of KEDR.

In 2010, our measurements of the J/y - and y(2S)-meson masses equalized in terms of accuracy, they
are on 5th-6th place among the most accurate measured masses of elementary particles: between n* and n°.

Measurement of I' < Br(y(2S) — hadrons)
In 2010, the data analysis was performed to measure the value of I' x Br(y(2S) — hadrons). The fol-
lowing result was obtained
[ x Br(y(2S) — hadrons) =2.27+0.02 = 0.04 keV (KEDR).
This result is in a good agreement with the value in the PDG tables of 2010: 2.30 = 0.04 keV.

Measurement of the lepton widths
In 2010 processing of data sample of 4.9 pb™', recorded at the y(2S) resonance and in the continuum,
was done with the aim of direct measurement of values I' | x Br(y(2S5) — I'l’). The following preliminary

results were obtained:
r xB,=21.7£0.7+1.6 eV, T, x BW= 222+09+1.1 eV (KEDR).

Measurement of these quantities for the w(2S) has been done for the first time in the world, therefore
they are absent in the PDG tables. Our measurement agrees with the value 19 + 2 eV, which can be obtained
as the product of values I, and Br(y(2S) — ['l) from the PDG tables. (Note that the table values B,
B, and I, were obtained as a result of joint fitting the results of many experiments on the measurement
of the w(2S) parameters). We have plans to improve accuracy of our measurements by the inclusion in the
processing the statistics, collected on the w(2S) in 2010 (full luminosity integral equals 6 pb™).

Data of the KEDR detector allow to calculate the value I' . Using the above results for the I' x
Br(y(2S) — hadrons) and the independent value Br(y(2S) — hadrons) = (97.85 + 0.13) % (PDG-2010), we
obtain the following value of the electron width I"  for the y/(2S) meson:

T =2.320+0.045 keV (KEDR).

This value differs from the table value (I, =2.350 + 0.040 keV) less than by 1 sigma and has comparable
accuracy.

During the data processing for the tau-lepton mass measurement (see below) simultaneously the value
I, X Br(y(2S) — t't) was obtained. The preliminary value is equal to

[, xBr(y(2S) —t't)=9.0+2.6 eV (KEDR).

It is in agreement with the table value equal to 7.2 + 0.8 eV (PDG-2010).
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1.4.3 Measurement of the y(3770)-meson parameters

In 2010 new results in processing of the experiment on measurement of the y(3770)-meson parameters
were obtained. For processing we used statistics of 2.7 pb, collected in three scans of the w(2S)-w(3770)
region in 2004-2006. Data were fitted with the non-relativistic p-wave Breit-Wigner distribution with the
energy dependent full width. The non-resonant DD pairs production cross section was taken proportional
to the sum of cubes of the D-meson momenta. In our analysis parameters of the y(3770)-meson were
determined with account of the w(3770)-meson form factor described with the vector dominance model.
Interference of the resonance with the non-resonant DD-pairs production was taken into account also.

Visible cross section in the three scans (data have different detection efficiency) depending on the
energy in the center of mass in a wide range of W = 3650 + 4000 MeV is presented in Fig.(1.4)5. Fig.(1.4)6
shows a joint fitting of data near the y(3770) peak and above after subtracting the substrate of the light
quarks.
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Fig.(1.4)5. Visible cross section in three scans Fig.(1.4)6. Visible cross section in three scans
as a function of the center mass energy. as a function of the center mass energy after sub-

tracting the light quarks substrate.
The following values of the w(3770)-meson mass and full width were obtained:

+1.6 +0.6
M :3778.0_1.5 0.7 MeV (KEDR),

w(3770)

+3.9 +0.6
1—‘:22.4_3.4 05 MeV (KEDR)

They are in agreement with the table data (PDG-2010) for average values of the y(3770)-meson mass
and full width: M =37752+1.7MeV, T'=27.6+ 1.0 MeV.

w(3770)

1.4.4 Measurement of the r-lepton mass

The lepton universality principle is one of the fundamental principles of the Standard Model. It con-
sists in requirement of equality of weak interaction constants for leptons e*, p*, t*.

In the presence of p-t universality we must have

2 5
G m t 1 — Fcor m ’me
Gy mr tr Fcor (mr’me)
(Since Br(y—>evﬂ\7‘ ) =1). Using PDG data of 2010, for the experimental value of this ratio one obtains
1.0029 + 0.0045, which is different from 1 less than by 1o.
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The main contribution to the error yields from uncertainties with which the life time of the z-lepton
(+0.34%) and the value Br(t—ev_v) (£0.28%) are known. An error in the average value of the t-lepton
mass is £0.009%, its contribution to the presented above ratio is small now (£0.045%). The value of this
error was diminished noticeably, after inclusion in the PDG tables our measurement of the m_with the best
in the world precision (2007). Nevertheless, the measurement of the z-lepton mass with the best possible ac-
curacy remains an interesting task and can be claimed in the future. Such an experiment with participation
of physicists from the Budker INP is planned at the e*e” -collider in Beijing. In 2010, we continued analysis
of the full recorded statistics (15.2 pb™) in order to improve the precision of measuring of the z-lepton mass,
to diminish the systematic errors of the measurement. The following value of the mass was obtained

m = (1776.69 j9 =+ 0.15) MeV (KEDR).

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

1.4.5 Search for narrow resonances

In 2010 we continued processing of the experiment on search for narrow resonances in the energy
region 2E=1.85-3.1 GeV. Method of measurement and the data analysis are described elsewhere. The up-
per limit was lowered in comparison with the result of 2009, since in the past year additional statistics was
written it the “problematic’ points of this energy interval. The integral luminosity, included in the data

processing, was [ Ldt=300nb".
Fig.(1.4)7 shows the value of the upper limit on the product of the electron width by the probability of
the narrow resonance decay to hadrons in the energy range 1.85 - 3.1 GeV.
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Fig.(1.4)7. Upper limit on the product of the narrow resonance electron width by the probability of its
decay to hadrons in the energy range 2E=1.85 - 3.1 GeV.

Detection efficiency of the final states has been obtained using the J/y-meson hadronic decays.Accounting

of the detection efficiency dependence on the type of final state and the energy in the cms, as well as the un-

certainty, with which the beam energy spread in the storage ring is known, increases the limit in 1.5 times.

The final value of limit on the value of I” * % Br(R — hadrons) in region 2E = 1.85-3.1 GeV is equal to
I' ® x Br(R — hadrons) <120 eV, 90% CL (KEDR).

In conclusion note that the measurement with the best in the world accuracy of the fundamental pa-
rameters of the psi-mesons family: masses and lepton widths was recognized the best work of the Budker
INP in 2010 in the field of elementary particles physics and fundamental interactions.

In 2010 results of experiments with the KEDR detector were published in 7 articles, 2 preprints, 3

reports were submitted at the 35-th International conference on high energy physics (July 2010, Paris), 3
reports were submitted at the 4-th International workshop on the charm physics (October 2010, Beijing),
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one report was submitted at the XI Workshop on the tau-lepton physics (September 2010, Manchester),
one report was submitted at the III-th All-Russian conference on fundamental constants (December 2010,
Sanct-Peterburg),one PhD dissertation was defended.

This work was supported in part by the RFBR grants 08-02-00142-a, 08-02-00258-b, 08-02-00251-a,
09-02-01035-a, 09-02-01143-B, 10-02-00904-B, 10-02-05033-C, as well as by the Grant of President RF
for support of leading scientific schools of the Russian Federation NS-6943.2010.2.

1.5 Detectors for HEP

In 2010, the electronics of the detectors KEDR and SND were operating at full scale, providing stable
acquisition of statistic data. Breakdowns arising from time to time were eliminated promptly.

A number of issues related to the system of scattered electrons of the KEDR detector were resolved in
2010. The system was completely integrated into the data acquisition system of the detector. Thus, the data
acquisition system of the detector acquired significant additional capabilities.

The channel of the fast ADC (Flash ADC) for the electronics of the calorimeter was finalized in 2010.
The nomenclature of component elements was determined and their purchase was ordered. Besides, work
on the gradual modernization of the inner electronics (preamplifiers and backplanes) of the detector was
continued.

Digitizing electronics (about ninety 32-channel boards) for the calorimeters of the CMD-3 detector
worked in full scale and demonstrated high reliability.

1.6 X-ray detectors

In early 2010, a new one-coordinate detector DIMEX-3 for 512 channels was transferred to users for
regular work. It was used in the experimental studies of the dynamics of explosions and measurement of
samples on the VEPP-3 SR beam line.

Another two detectors of this modification were made in the second half of 2010. One of them is
intended for the VEPP-4 SR beam line, where large-sample experiments on the explosion dynamics will
continue.

The case of the OD-4 detector for experiments on SR wide-angle scattering was fabricated in 2010. A
multi-stage gas electron multiplier (GEM) is used in OD-4 instead of a wire structure, as, for instance, in
ODP-3, which allows, along with a high gas amplification (over 10000), creating a detector in the form of
arc with an arbitrary angular aperture. A substantial effort was made on the development of the electronics
of the detector.

Two X-ray detectors OD-3M, designed to modernize the OD-3 series in order to increase the reliabil-
ity and improve performance, were produced in 2010. Earlier, in 2009, two such detectors were made and
delivered to the customers (ISSCM SB RAS and Institute of Catalysis SB RAS).

1.7 Other works:

In the framework of international projects the sector staff continued active participation in the works
connected with the development of new data acquisition system of the BELLE-II detector (KEK, Japan).
The prototypes of the new electronics for the barrel part of the calorimeter on CsI(TI) crystals were fabri-
cated and after correction subjected to tests. In late 2010, enterprises in Korea fabricated and delivered a
new shaper in the VME standard to KEK. The shaper was made by the BINP design. At the moment it is
being tested.

Among the sector staff there are coauthors of more than 15 publications issued within the framework
of the BELLE collaboration (KEK, Japan).
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1.8 Microstructure gas detectors

The development of detectors based on gas electron multipliers (GEMs) was continued in 2010.

The work was carried out in several directions:

1) Cryogenic two-phase avalanche detectors based on thick GEMs (THGEMs).

2) Modernization of the system of scattered electrons in the KEDR experiment.

3) Low-pressure THGEM-based gas detector.

4) Participation in collaborations: RD51 at CERN (development of the microstructure gas detectors)
and TPC for the International Linear Collider.

1.8.1 Cryogenic two-phase avalanche THGEM-based detectors

The main objective of the project is to develop methods for detecting neutrinos and dark matter and
medical imaging through the development of special detectors based on gas electron multipliers and op-
erating in dense noble gases at cryogenic temperatures in the avalanche amplification mode. Many of the
applications mentioned above are based on the unique ability of GEMs to operate with high gain in pure
noble gases at cryogenic temperatures, in the gas and two-phase modes. GEM-based cryogenic avalanche
detectors can be applied to registration of coherent scattering of neutrinos on nuclei using two-phase Ar
and Xe, solar neutrino detection using two-phase or compressed He and Ne, registration of dark matter us-
ing two-phase Ar and Xe, and positron emission tomography (PET ) using two-phase Xe.

A new upgraded facility with a cryogenic chamber of 9 liters was put into operation in 2010. It was
extensively exploited for a year, which resulted in a series of research cycles on it.

a) Characteristics of Geiger multipixel avalanche photodiodes (G-APDs or SiPMs) were investigated
at cryogenic temperatures. The amplitude and noise characteristics of G-APDs (Fig. (1.8)1) were improv-
ing with decreasing temperature. In particular, at 87 K, the rate of noise was as low as a few Hz on an ef-
ficiency plateau, and the maximum gain of G-APDs was 4 times higher than that at room temperature. Fig.
(1.8)2 also shows the dependence of the quenching resistance of G-APD pixel on temperature. At 87 K it
increases by almost 3 orders of magnitude, which may affect the response speed of the device at cryogenic
temperatures.
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Fig.(1.8)1. Characteristics of the “CPTA 149-35” G-APD at cryogenic temperatures. Left: rate of single-
electron noise in dependence on bias voltage. Right: dependence of quenching resistance pixel on
temperature.

b) A two-phase THGEM-based avalanche Ar detector with optical readout of signal using G-APD
was studied. The new concept of registration of optical readout of signal in two-phase detectors was in-
vestigated, with using a G-APD registering photon avalanche scintillations from the THGEM. Effective
registration of avalanche scintillations in THGEM orifices in two-phase Ar with G-APD and without re-
emitter, i.e. insensitive to VUV radiation of Ar, was demonstrated. This means that scintillations occurred
in the near infrared region, where the G-APD is highly sensitive. For instance, Fig.(1.8)2 shows a typical
scintillation signal from the G-APD (bipolar and unipolar after filtering), together with the charge signal
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from the THGEM. It also shows the correlation between the amplitudes of scintillation and charge signals.
The amplitude of scintillation signal was significant: at an avalanche gain of 400, the amplitude was 640
photoelectrons of the G-APD for 60 keV X-ray photons absorbed in liquid Ar. This corresponds to 0.7
photoelectrons per initial electron (before multiplication in THGEM), i.e. the detector is practically capable
of working in the mode of primary electron counting. The avalanche scintillation light yield was about 4-5
infrared photons per avalanche electron into complete solid angle, which is comparable with the light yield
of argon in the VUV.
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Fig.(1.8)2. Illustration of the Ar operation of the two-phase THGEM-based avalanche detector with optical
readout using G-APD at an avalanche gain of 400. Left: a typical scintillation signal (top and middle)
and a charge signal (bottom) at a scintillation signal amplitude of 1000 photoelectrons. Right: correlation
between the amplitudes of scintillation and charge signals expressed in G-APD photoelectrons and primary
(before amplification in the THGEM) electrons.

¢) The work of the two-stage THGEM based on the new insulating material (Kapton) in gaseous and
two-phase Ar was studied. The samples were prepared in Moscow. The Kapton THGEM operated unstably
in two-phase Ar, failing in reaching gains more than a few dozens. Moreover, the Kapton THGEM resis-
tance with a given insulator thickness (240 mm) to breakdowns, even in Ar gas, turned out to be insufficient
for operation at cryogenic temperatures with gains up to 10 000: after several minutes of work it burned
down completely. It is obvious that we must find a manufacturer of better and thicker Kapton THGEMs.

d) Studies on the measurements of infrared scintillation light yield in gaseous and liquid Ar were
begun.

e) Research on the work of two-stage GEM in two-phase and gaseous xenon was begun.

Exploration of cryogenic avalanche detectors will continue in 2011.

1.8.2 Modernization of the system of scattered electrons in the KEDR experiment

The system of registration of scattered electrons is an essential part of the KEDR experiment and
makes it possible to register electrons scattered from the place of meeting at small angles. These electrons
are a characteristic feature of photon-photon interaction, and their registration and precise measurement of
momentum is an important physical task.

In order to attain the ultimate resolution in the momentum of scattered electrons, which is determined
by parameters of beam in the accelerator, as well as improve the separation of signal and background, we
equipped each of the 8 stations of the system with a detector based on a triple GEM with two-coordinate
readout. The detectors will allow measuring the coordinate in the orbital plane with a resolution of ~ 0.1
mm. In the direction perpendicular to the plane of the orbit, the spatial resolution will be ~ 0.25 mm within
+ 1 cm from the orbit and ~ I mm at a greater distance from the plane of the orbit. To obtain the required
parameters we developed a special design of the readout plane with a variable angle of stereo strips. The
dimensions of the detector are 125%100 mm to 250*100 mm depending on the type of station.
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During 2010, the system of GEM-based detectors (GEM SRSE) was completely launched and began
continuous operation as part of the KEDR data acquisition system. Since November 2010, the system has
been involved in statistics acquisition in the energy range of 3.2 - 3.7 GeV. Fig.(1.8)3 and Fig.(1.8)4 show
the coefficient of gas amplification and the efficiency of all the 8 detectors of the system in dependence on
the time since the beginning of the season.
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Fig.(1.8)3. Coefficient of gas amplification of the GEM SRSE detectors in dependence on time.
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Fig.(1.8)4. Effectiveness of the GEM SRSE detectors in dependence on time.

It can be seen that the detectors operate stably for a long time with a high gain (20000 - 40000) and
efficiency of 95-97%. No signs of breakdown and subsequent damage to the structure of the detectors and
electronics have been observed.

The first results of the joint operation of GEM SRSE and hodoscopes on drift tubes are shown in Fig.
(1.8)5. The figure presents a correlation between the coordinates of the tracks in both systems.
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Fig.(1.8)5. Correlation of track coordinates recorded in a hodoscope on drift tubes (horizontal axis) and in
a GEM SRSE detector (vertical axis).

1.8.3 Low-pressure gas THGEM-based detector

The low-pressure gas THGEM-based detector is intended for identification of ions on the AMS facil-
ity. Measurements of low-pressure detectors were continued in 2010. The amplification characteristics of
thick and thin GEMs were measured in isobutane at a pressure of several tens of Torr.

1.8.4 Participation in collaborations

The BINP group of microstructure gas detectors participates in the international collaboration RD51
(CERN) on the development of microstructure gas detectors. The collaboration was formed in 2008. In
2010, the group continued its participation in this collaboration.

In 2010, members of the group of microstructure gas detectors continued their participation in the
development of TPC for the International Linear Collider (ILC). Currently, a cascade GEM is regarded as
the most likely candidate as the end registering detector of the TPC.

The work was done with the participation of V.I. Aul’chenko, A.E. Bondar, A.F. Buzulutskov, A.A.

Grebenyuk, V.V. Zhulanov, R.G. Snopkov, A.V. Sokolov, Yu.A. Tikhonov, A.V. Chegodaev, E.O. Shemya-
kina, and L.I. Shekhtman.
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1.9 Participation of BINP in the LHCb in 2010

1.9.1 Technical support of the LHCb

Data stream from the LHCb detector, which is recorded for subsequent storage and processing, con-
sists of events of approximately 30 kB passing through a high-level trigger (HLT2) with a frequency of
about 2 kHz. Thus, the data stream to store is about 60 MB/sec or around 600 TB per year of operation.
This volume is too large to provide each analysis. Instead, the LHCb experiment is conducted with the
application of centralized off-line pre-selection of events (the so-called “stripping”). About 10% of the
events are separated from the total amount of data, which are then written to several (5-8) flows. Thus,
each stream, which contains similar events (for example, all the channels with muons in the final state or
events from the D-meson decay may be grouped in one stream), encloses a much smaller number of events
that can be handled in a relatively short time in the GRID system. In addition, data files after “stripping”
already contain information about candidate particles and combinations thereof, which additionally signifi-
cantly reduces the time of processing and obtaining a physical result. A disadvantage of this approach is
that the pre-selection procedure should be available already at the stage of data acquisition. To some extent,
this problem is solved by inclusive selection (such as muons with large transverse momenta, “topological”
selection and so on)

Members of the BINP group are responsible for developing and supporting the software environ-
ment that provides pre-selection of events (“stripping”) by selection criteria specified by the developers of
physical analysis. Since such pre-selection has much in common with a high-level trigger (which is also a
software algorithm on the LHCb), the “stripping” environment is a modification of the software for trigger
HLT2. The “stripping” environment allows simultaneous operation of several hundreds of physical event
selection processes, sends them for recording to several streams (DST files), and contains modules for per-
fection of the selection criteria and monitoring the results.

Besides that, the BINP group is responsible for supporting pre-selection of angles y measured from
tree decays of B mesons. These analyses include the channels of B decay to DX, where B is a charged (B*)
or neutral (B, or B)) B meson, D is a charged or neutral D meson which is reconstructed in one of the states
D — hh, D — hhh, D — hhhh, D — Kshh, D — Kan® (here h is a charged kaon or pion), and X is a kaon,
pion or a combination 7w, K7t or KK. These decay channels cover almost all possible methods for measur-
ing the angle y — both from the ratio of the amplitudes of allowed and forbidden decays B — DK and with
the help of time-dependent analyses or analyses of the Dalitz distribution.

Members of the BINP group continued works on the modeling of the radiation background in the
LHCDb pit and surrounding areas. Earlier this work was done using the FLUK A package and more concise
versions of the LHCb geometry. In particular, direct flows of particles, doses, and flows of hadrons with
energies above 20 MeV and an equivalent neutron flux of 1 MeV were calculated in 2000-2002 for silicon.
These calculations were necessary to evaluate the performance of the electronics located in the correspond-
ing areas and, where appropriate, to develop radiation-hard pieces of equipment. Later on, in 2004-2007,
the activation of components, in particular, the distribution of activity in the materials of the LHCb experi-
ment, and the distribution of dose rates from induced radioactivity were calculated. Currently it is neces-
sary to resume simulation of direct radiation fluxes to determine the degree of danger for the electronics
located in service areas around the LHCb with the updated geometry of the experiment and modified script
of the accelerator operation.

In 2010, the required infrastructure was restored (the latest version of the FLUKA package was in-
stalled, the geometry was tested and so on) and test runs of simulations with limited statistics were con-
ducted. Fig.(1.9)1 shows a comparison of the old simulation with the new one. The dependence of the
absorbed dose on the coordinate along the z axis of the experiment is presented.
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Fig.(1.9)1. Dependence of the absorbed dose on the z coordinate.

1.9.2 Physical results

The research program of BINP in the LHCb experiment is aimed at watching the effects beyond the
Standard Model of electroweak interactions. A particular problem within this overall project is the precise
measurement of quantities that undergo CP violation — of the angle v in the unitarity triangle and the D
meson mixing parameters.

The CP violation is responsible for the asymmetry of matter and antimatter in the universe. Within the
Standard Model, the CP violation is described by the Cabibbo-Kobayashi-Maskawa (CKM) matrix, which
characterizes transitions between different generations of quarks due to the weak interaction. One of the
CKM matrix representations is the so-called unitarity triangle (UT). Various processes are sensitive to the
lengths of the sides and the angles of the triangle. Effects beyond the Standard Model become evident in the
mismatch of measurements of UT parameters (for example, in the sum of the angles of the triangle differ-
ing from 180 degrees). Thus, precision measurements of the UT parameters complement the direct search
of the effects of "new physics" at high energies in such installations as ATLAS or CMS.

Many of the CP violating processes, which are the most sensitive to the UT parameters, are observed
in B meson decays. To date, only one angle of the UT (often called ) is measured with an accuracy of about
1 degree in the Belle and BaBar experiments at the electron-positron colliders. The LHCb experiment will
significantly clarify many other parameters of CP violation. In particular, the angle y can be measured with
an accuracy of a few degrees.

Another effect with a significant potential for observing "New Physics" manifestations is mixing of D
mesons, where a neutral D meson, initially in a state with a definite flavor (e.g., D°) acquires an admixture
of the opposite flavor (D) in the process of evolution over time. This phenomenon is predicted by the Stan-
dard Model and has already been observed experimentally. However, the CP violating effects in the mixing
of D mesons are expected to be ultimately small, and the "New Physics" effects could lead to significant
CP violation. Sensitivity achieved to date does not allow us to put any significant constraints on CP viola-
tion in D mixing.

Both measurements have many similar properties: they require considerable experimental statistics,
can potentially be accomplished with very high accuracy because of the vanishingly small theoretical
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uncertainties, and use the unique (for experiments on hadron accelerators) ability of the detector LHCb to
record decay channels with exclusively hadronic final states with high efficiency. Our group proposed a
research program that uses the advanced technique of model-independent analysis of the Dalitz distribution
for precise measurement of the angle y and D meson mixing parameters.

The most accurate measurement of the angle y uses multiparticle decays of neutral D mesons from the
transitions B — DK (such as K° " 7). These analyses study the so-called Dalitz distributions, which char-
acterize the dynamics of multiparticle D decay in the phase space volume. In the simplest (and most often
used) case of three-particle decay, the phase space volume and the Dalitz distribution are described by two
variables. Since D mesons that appeared in decays of B are a mixture of D° and D?, these distributions dif-
fer from those observed in the case of decay of the “pure” state of D° or Dand contain information on the
angle v. Similarly, the most precise measurements of CP violation in D mixing use the change in the Dalitz
distribution of the multiparticle decay of D over time.

Analyses of this kind, however, suffer from the uncertainty in the description of the decay amplitude
of the «pure» state of D: this amplitude is a complicated complex function of variables describing the phase
space. Although the modulus of this function can be obtained from decays of “pure” D, which are avail-
able in large quantities, its complex phase cannot be determined from this statistics. All analyses that had
been carried out so far are based on model assumptions on the behavior of the decay amplitude of D and
therefore contain a model uncertainty computed rather unreliably. Such an approach would limit the ac-
curacy of LHCD high-statistics measurements.

Recently, with the participation of BINP members, a method was developed which solves the problem
of model uncertainty in the measurement of the angle y. The missing information on the complex phase
in the D decay amplitude is taken from the quantum correlations of pairs of neutral D mesons produced at
electron-positron colliders at the kinematic threshold. The fact that two D mesons are observed in a coher-
ent state leads to correlations between the Dalitz distributions for multiparticle decays of two D mesons
and makes it possible to determine the complex phase (more precisely, the phase difference for the decays
of D® and D in one element of the phase space volume — exactly that information which is required at
measuring v). Technically, this approach requires dividing the phase space into regions (“bins”) with a
concomitant deterioration of the statistical accuracy. However, the proposed method of optimal dividing
allows achieving a statistical sensitivity to y by only ~ 10% worse than with the model-dependent method,
without dividing. Using this method, the CLEO collaboration recently received results on the measurement
of the complex phase, which can be used at the LHCb.
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Fig.(1.9)2. Signal D*—Dn, D— K nim observed by the LHCb detector with a statistics of 124 nb™

The measurement of D meson mixing using multiparticle D decays is much like the measurement of
v and also suffers from the model uncertainty. Recently it was shown that in the measurement of mixing
one can apply a simil ar model-independent approach using phase information obtained from the quan-
tum correlations in the DD system decays, which makes it possible to eliminate the potentially dominant
model uncertainty. Since a substantial statistics content of D decays will be acquired at the LHCD already
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in 2011, this analysis will provide competitive results in the near future. Preparation for such analysis was
performed in 2010 — assessment of the detection efficiency and reconstruction restoration of the decay time
and debugging of the event selection procedures and separation of signal from the background using the
already accumulated data. Fig.(1.9)2 shows a signal of the process D*—Dn, D— K nin, which was selected
from a small portion of the LHCb data accumulated by now.

One more way to measure the angle y was proposed and published in 2010. It can extend the research
program at the LHCb. If a neutral B meson decays into a multiparticle state DKz, with a D meson that then
also decays to a multiparticle state, one can perform analysis of the «double» Dalitz distribution — two cor-
related distributions in the phase space of the decays of B and D. A unique feature of this analysis is that,
since the relative admixture of the opposite flavor of D is much greater than in the two-particle decay of
charged B to DK, both the angle y and the complex phases in the amplitudes of B and D can be obtained
independently without involving other measurements. In particular, the phase information from the cor-
related decays of DD also becomes unnecessary, and hence exact model-independent measurement of the
angle y can be made solely from the LHCb data. Moreover, the extracted information about the phase in
the decay B— DKr can then be used in analysis which uses two-particle decays of D from the process B—
DKn. Application of this method, however, will require a considerable statistical content of B decays (a few
years of the LHCb operation).
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Fig.(1.9)3. Dalitz distribution of the decays B—D° K (left) and B—D° K= (right). Result of Monte Carlo
simulation.

Monte Carlo simulation was performed for verification of the practical applicability of the proposed
technique and determination of the accuracy of extraction of the angle y (Fig.(1.9)3). Since the proposed
method also suggests dividing the Dalitz distribution into regions, a method of optimal dividing was pro-
posed (Fig.(1.9), 4 and 5), which improves the statistical accuracy of y determination. The obtained ac-
curacy of y determination is about 1 degree for a luminosity integral at the LHCD of about 50 fb! (such a
luminosity value is expected to be acquired after upgrading the LHC collider and detector). This accuracy
is comparable with other methods of y measuring and does not contain theoretical uncertainties or uncer-
tainties associated with parameters determined from other measurements. Thus, the proposed method will
provide an additional independent measurement with accuracy competitive with that of other techniques,
which not only is important to improve the statistical accuracy but also serves as an additional test of pos-
sible systematic effects.
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In addition, the BINP group takes active participa-
tion in the investigation of the possibilities of research
of heavy quarkonia in the LHCb experiment, namely,
the charmonium and bottomonium — bound states of ¢
and b quarks. More than ten new charmonium-like states
were discovered at the B-factories at SLAC and KEK in
the past five years, with properties that poorly fit into the
picture of charmonium by theoretical models. Some of
these new states were later observed in experiments at
Tevatron. Therefore, there is reason to believe that an ap-
preciable number of such states can be produced in ex-
periments at the LHC, in particular, LHCb, which will
enable a detailed exploration of their properties. A study
was conducted that showed that the LHCb experiment is
also promising in terms of learning the different states of
bottomonium.

The works were made with the participation of A.V. Bobrov,.E.A. Cooper, S.A. Poluektov, L.I. Shekht-

man, and S.I. Eidelman.
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1.10 Belle experiment

1.10.1 Main results

* Integrated luminosity of the Belle experiment has exceeded 1040 inverse femtobarn.

»  Partial widths of the decay of 1-lepton into 3 charged hadrons have been measured.

*  Search for T decays with the violation of lepton flavor or lepton number has been performed.

*  High precision Dalitz analysis of the decay D’—n'nn® from D*—D°x has been started.

*  Work on the interference study in B*—K*n ’ decays and determination of parameters of n un '
charmonia has been completed.

* A study of the combined CP-parity violation in three-body decays using full data has been con-
tinued.

* A method of the model-independent measurement of the neutral D mesons mixing parameters and
the parameters of CP-violation in mixing using binned Dalitz analysis has been developed.

* A study of the resonant structure of the K'n*n final state in B*—J/yK'n'n and B'»y'K'n*n de-
cays has been performed. Parameters of the K (1270) intermediate state have been determined and branch-
ing fractions of the above-mentioned decays have been measured.

The main course of the Working group is the collaboration in the field of elementary particle physics
with the High Energy Accelerator Research Organization (KEK), Tsukuba, Japan, which is one of the larg-
est and fast developing laboratories in the field of high energy physics. Lately, KEK administration actively
extends the international cooperation in order to make KEK an international centre in this field of physics.
Today one of the main experiments in elementary particle physics in Japan is a study of CP-violation in B
meson decays with the Belle detector at the electron-positron collider KEKB with a very high luminosity
(so called B-factory).

A group of scientists from the Budker Institute of Nuclear Physics actively participates in the Belle
project from the beginning. Novosibirsk physicists made a large contribution to the construction of the
electromagnetic calorimeter of the Belle detector. They participated in the design project, element prouc-
tion, assembly, and setup of this world’s biggest calorimeter based on cesium iodide monocrystals.

In 2010 the Belle detector operation was stopped for an upgrade. The currently accumulated integrated
luminosity exceeds 1040 inverse femtobarn. The analysis of this experimental data is still in process. Fur-
thermore, the detector and accelerator upgrade is under way to increase the device luminosity and prepare
experiments, which will allow a one order increase of the measurement precision of the CP-violation pa-
rameters and, perhaps, an observation of the physical phenomena beyond the Standard Model.

BINP physicists actively participate both in detector upgrade and analysis of the accumulated experi-
mental data.

1.10.2 Data analysis of the Belle experiment

In 2010 one can single out two main directions in the physics of t-lepton: determination of the t-lepton
properties in allowed (non-suppressed) decays and search for new physics in rare and suppressed decays.

1. The t-lepton decays into three charged hadrons (different 7* u K* mesons combinations) and a
neutrino have been studied with the 666 fb' data samples. As a result, the branching fractions of four
decay modes have been measured and mass spectra of 3-particle hadron system have been obtained (see
Table(1.10) 1).

Table(1.10)1. Obtained branching fractions of T—(h k) V..

Decay mode Branching fraction
nnm, 1072 8.42+£0.00 %
Knar, 107 3.30£0.01 7
KK, 107 1.55+0.01 7%
KKK, 10° 329+0.17 0

Comparison with other experiments is shown in Fig.(1.10) 1.
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| Branching ratio of 1— mnav decay | | Branching ratio of 1 Knzv decay |

DELPHI 97 —e— | (4.90+0.80)x10"
. ALEPH 98 | —— (2.1410.47)x10°
CLEO3 03 * (9-1320.46) % CLEO 99 —.— (3.46-0.61)x10°
-3
BABAR 08 . (8.83:0.13) % OPAL 00 —— (3.6010.95)x10-3

CLEO3 03 —.— (3.84+0.40)x10
This work . (8.42+0.26) % OPAL 04 —e— (4.15:0.66)x10°°
BABAR 08 - (2.7320.09)x10°
This work o (3.30:0.17)x10°
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Fig.(1.10)1. Comparison of the t decay branching fractions, obtained in different experiments.

The invariant mass distribution of the hadronic system is given in Fig.(1.10) 2. One can see that consis-
tency with the simulation by the current version of TAUOLA program is unsatisfactory.

Furthermore, the analysis aimed at the t-lepton lifetime determination is being completed. The preci-
sion improvement of this important parameter will allow carrying out more sensitive tests of the lepton
universality.

2. Decays of 1-lepton with the violation of lepton flavor or lepton number are forbidden in the Standard
Model. Discovery of the neutrino oscillations removed the full prohibition, but the probability of such de-
cays is extremely small, which makes their observation almost impossible. New physics models (beyond
the Standard Model) increase the probability of the mentioned decays by many orders and at some param-
eter values bring it up to 107 - 10-%. Such probability values can be reached at the Belle and BaBar experi-
ments, therefore an intensive search of the discussed decays is carried out. Even their non-observation,
accompanied by the upper limit improvement, plays an important role, since it allows setting the constraint
on the parameter space in the new physics models. In 2010, noticeably increasing the sensitivity due to the
new selection criteria and using larger integrated luminosity (hence a larger number of t-lepton pairs), the
Belle collaboration continued a search for such decays.
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Fig.(1.10)2. Invariant mass distribution of the hadronic system.

Thus, a search for t-lepton decays into lepton / (1, €) and a pair of charged mesons / (n*, K*) has been
carried out with the 671 fb! luminosity runs. The results are shown in Table(1.10) 2. One can see that the
upper limits have been increased by (1.6-8.8) times.

Table(1.10)2. 90% upper limits on the branching fractions of T— (/A h,) decays.

Belle BaBar CLEO
Decay of 1 Branc%ling, N 106 Brancl_ling, N 106 Brancl»ling, N 106
108 i 108 i 108 i
W' 33 29 820
W 3.7 7 340
pr'K 16 26 750
prK* 10 616.6 32 203.5 740 4.4
pTK 9.4 22 700
WwKK- 6.8 25 1500
WKK- 9.6 48 600
e 4.4 12 220
e 8.8 27 190
en'K 5.8 32 640
e K"* 5.2 616.6 17 203.5 380 4.4
emK 6.7 18 210
e K'K- 5.4 14 600
e’ KK 6.0 15 380
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In another experiment a search for t-lepton decays into 3 other leptons was performed with the 782 fb™!
data samples. The results are shown in Table(1.10)3. A noticeable improvement of upper limits can be seen.

Table(1.10)3. 90% upper limits on the branching fractions of v—(/,//,) decays.

Belle BaBar CLEO
Decay of Bfafllggmg’ N_, 10° Braf;gﬁmg’ N_, 10° | Branching, 10 | N_, 10°
eee’ 2.7 4.3 290
e’ 2.7 3.7 180
ey 1.7 5.6 150
wee 18 718.7 2.0 438.4 170 4.4
[TNTT 2.1 53 190
pee 1.5 5.8 150

Finally, a search for t-lepton decays into lepton / (i, €) and one or two K’ has been carried out with
the 671 fb! data samples [4]. The results are shown in Table(1.10) 4. One can see a noticeable improvement
of upper limits.

Table(1.10)4. 90% upper limits on the branching fractions of T—/K" and v—/K’ K’ decays.

Belle BaBar CLEO
Decay of 1 Brancglng, N 10° Brancglng, N 10° Brancglng, N, 106
1 0 s 1 0 T 1 0 T
eK’ 2.6 33 431 91
WK 2.3 4.0 95
KK, 71 616.6 3 3 220 12.8
wK° K° 8.0 340

The group performed a high precision Dalitz analysis of the decay D’—n'nn® from D*—Dxt based on
673 fb! of data accumulated by the Belle detector, which corresponds to more than 200-10° signal events.
The decay model includes the vector resonances p(770), @, p(1450), and p(1700), the scalar states o(600),
£,(980), f(1370), and f (1500), and also the tensor resonance f,(1270) (see Fig.(1.10) 3). A study of this
decay will provide a more precise measurement of the scalar component in the n*m channel of D meson
decays and will allow a determination of the CP-violation degree in neutral D mesons with a high sensitiv-
ity. Along with other CP-symmetric D° final states, a detailed study of D’—n*nn’ can be used to increase
statistics of the measurement of the ¢, angle of the Cabibbo-Kobayashi-Maskawa matrix. Furthermore,
data separation into D” and anti-D° is being carried out to determine CP-asymmetry parameters of the
D>’ decay model.
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Fig.(1.10)3. Projections of the Dalitz distribution (data is shown red, fitting function after the parameter
optimization — blue, background - green).

A group of BINP scientists has studied properties of particle n_and its excited state n (2S). These
particles are bound states of ¢ and anti-c quarks (so called charmonia). Their source was considered to be
B meson decay into K meson and charmonium, followed by the charmonium decay into hadrons K K.
In Fig.(1.10) 4 the mass distribution of (K Kn) invariant mass is shown red (peaks correspond to n_, J/y,
%> and n_(2S) resonances), the combinatorial background is marked black. One can see that some events
are neither signal (peaks), nor combinatorial background — this is a so called non-resonant amplitude. In-
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terference with the non-resonant amplitude leads to a considerable model error of the measurement of B
meson and charmonium decays branching product. The procedure of taking the interference into account,
which was proposed in this work, for the first time contains no assumptions about the interference phase
or absolute value, i.e. is model independent. Results of this study are the B meson and charmonium decays
branching product and the mass and width values of n_and n (2S) mesons. Due to the large data sample, the
results have small statistical errors and allow the improvement of the corresponding world average values.
The results are being prepared for publication.
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Fig.(1.10)4. K ,Kn invariant mass distribution.

Among B meson decays into final states without charmed particles, the decays into three-body final
states are of great interest. Examples of such processes are decays B—Knn and B—KKK, which were
discovered for the first time in BINP. Special feature of multi-body (including three-body) decays is that
they usually include intermediate quasi-two-body states. Figure (1.10) 5 shows the invariant mass distribu-
tions of two-particle combinations K" and 7, and also n* and ©~ mesons from B*—K'n'n decay. One can
see that there are intermediate K*(892) and K*(1430) resonances in the M(K'm) spectrum, and also p(770)
and f (980) resonances in the M(n'n’) spectrum. Analysis of decays into multi-body final states allows
the measurement of both the probability of the corresponding b quark transitions and the relative phases
between constituent quasi-two-body amplitudes. This provides a much better sensitivity of multi-body B
meson decays to the direct violation of CP-parity. Work describes the first analysis of CP-violation in B*—

KigipgtKipin™ decays, where the indication of the direct CP-violation in B*—p°K* decays is detected.
At present time, the analysis of the full data sample of B meson decays accumulated at the Belle detector
is under way.
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Fig.(1.10)5. Invariant mass distributions of K*z~ (left) and w'n (right) pairs in B*—=K'n'wdecays.

Within the Belle experiment framework, scientists conduct a study of model-independent measure-
ment of neutral D meson mixing parameters and CP-violation parameters in mixing. Mixing parameters
are fundamental parameters, which cannot be precisely obtained by theoretical methods. Precise measure-
ment of these parameters will allow the decrease of theoretical uncertainty in other dimensions, particu-
larly, the measurement of the angle v of the unitarity triangle. Measurement of the CP-violation parameters
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will provide a test for the Standard Model, since in this model these parameters are strictly limited. The
advantage of this method is the opportunity to avoid uncertainties, associated with the model of the ampli-
tude of the three-body D meson decay, using binned analysis of the Dalitz diagrams (see Fig.(1.10) 6). In
2010 a paper describing this method was published in Physical Review D.

m? [GeVicY

25
m? [GeViic!]

Fig.(1.10)6. Binned Dalitz diagram of the D°—K. ' decay.

BINP scientists participated in the study of the resonant structure of the K'nt*m final state in
B*=JyK'nt'm and B*—y'K'n'n decays. In this study the amplitude analysis of invariant masses of the
decay final particles was carried out, taking into account the interference between different intermediate
states. Besides, the analysis of the spin-dependent angular distributions of the final state was performed. It
was shown that the intermediate state K (1270) makes a dominant contribution both in B*—=J/yK'n'n" and
B*—y'K'n'm decays. The branching fractions of K (1270) decay into Kp, Ko, K’(892)r, and K "(1430)x final
states were determined (fit results are shown in Fig.(1.10) 7). Furthermore, mass (1248.1£3.3(stat)£1.4(syst))
MeV/c* and width (119.5+5.2(stat)£6.7(syst)) MeV/c* of K (1270) state were obtained. This is one of the first
measurements of these parameters, where K, (1270) is extracted purely enough. Besides, precise measure-

ments of B'—J/yK'n*n and B*—y'K'n*n decay branchings were performed. Study results are published
in Physical Review D.
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Fig.(1.10)7. Fit results for B*—J/ywK'n'n decay. Data (points) and fit (histograms) are shown as projections
over three axes.
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1.10.3 Detector upgrade

The next stage of B-factory operation is the upgrade of both the detector (Belle 1) and the collider to
increase the luminosity up to 8x10* cm™s'. The new experiment will allow the measurement of all angles
of the unitarity triangle with a few percent precision and, perhaps, will give the opportunity to go beyond
the Standard Model. Besides the study of the CP-violation mechanism, a large data sample accumulated in
this experiment will allow new results on B meson, D meson, and t-lepton decay physics to be obtained.

Increase of the luminosity and background load on the collider sets new requirements on the detector
systems. To provide effective calorimeter operation, it needs to be upgraded. BINP group participates in
R&D work on the upgrade of the detector calorimeter system. It has developed and proposed the calorim-
eter upgrade scheme.

For the barrel part of the calorimeter, the counter electronics will be replaced by the scheme with pipe-
line readout followed by the data fit with a known response function. Such procedure allows the determina-
tion of both the energy and the signal arrival time. Usage of the time information allows the suppression
of the fake cluster rate.

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

In 2010 the BINP scientists carried out measurements of the parameters of shaper-digitizer and con-
centrator modules in the VME standard, which were developed in BINP (see Fig.(1.10)8).
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Fig.(1.10)8. (a) 16-channel shaper-digitizer electronic module in the VME standard; (b), (c) Concentrator
electronic module in the VME standard.

Noise and linearity measurements were conducted for the shaper-digitizer. The linearity turned out to
be better than 2x10 for the dynamic range, which corresponds to 10 MeV — 10 GeV energy range (see Fig.

(1.10) 9).
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Fig.(1.10)9. (a) Pulse shape after the shaper; (b) Deviation from the linear dependency of the shaper
module.
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For the concentrator module, the XLINX project was worked out. This project allows working with
calorimeter modules in a stand-alone mode using the scheme shown in Fig.(1.10) 10. Special software was
developed to load the algorithm and the coefficient array for the reconstruction of time and energy of the
signals from crystals. This is done from a personal computer (PC) into the shaper module. After loading
projects into the XLINX scheme of the shaper and concentrator, the program activating these projects in
modules is launched at PC. After the launch signal (external or internal), the projects pack the data and
send it from the shaper module to the concentrator module, and after that to PC, where the data is written
to file. Projects and the corresponding software were developed and tested. This software allows reading
64 amplitudes from 16 channels with a 300 Hz frequency. For working with a real data acquisition system,
usage of the optic connection line is planned. This will allow a noticeable increase of the concentrator
module reading frequency. Project and software development for the optic connection line are planned for
the next year.
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Fig.(1.10)10. Scheme of the calorimeter modules operation in stand-alone mode.

The concentrator module includes a calibration module. This module allows generation of signals with
given shape to imitate signals from crystals. Fig.(1.10) 11 shows the signal from the CsI(Tl) counter and the
signal from the calibration module. Difference of these signals does not exceed 2%.
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Fig.(1.10)11. Shapes of the signal from the CsI(Tl) counter (blue) and the signal of the calibration module
(red).

For the end-cap calorimeter, where the usage of pure Csl crystals is planned, the use of new photode-
tectors is needed. It is planned to use photopentrodes — photomultipliers with three diodes (see Fig.(1.10)
12). These devices can operate in 1.5 T magnetic field.
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Fig.(1.10)12. Vacuum photopentrode by Hamamatsu company.

For operation inside a large machine, long-term working capacity and stability of the device character-
istics are very important. The BINP team continued photopentrode characteristics tests in the conditions
of heavy light load. Sensitivity variation of the photopentrodes because of the light loads does not exceed

2% (see Fig.(1.10)13).
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Fig.(1.10)13. Dependency of the *’Cs peak position on the average anode current of the photopentrode.

In studies participated: K. Arinstein, V. Aulchenko, A. Bondar, A. Buzulutskov, S. Eidelman, D. Epi-
fanov, N. Gabyshev, A. Garmash, A. Kuzmin, D. Matvienko, A. Poluektov, V. Shebalin, B. Shwartz, Yu.
Usov, A. Vinokurova, V. Vorobiev, V. Zhilich, V. Zhulanov, O. Zyukova.
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1.11 Experiment BABAR

The BABAR collaboration involves 11 BINP employees. The BABAR detector was gaining statistics
on the PEP-II storage ring at SLAC (USA) from 1999 to 2008. The accumulated data are still being pro-
cessed. Currently, about 100 processes are being analyzed. Some thirty papers were published in 2010.

The main purpose of this experiment is the measurement of the CP violation in the decays of neutral
B mesons. Another task of no less importance is precision measurement of the decays of B and D mesons
and t leptons as well as search for their rare decays. Although the detector is optimized for the study of CP
asymmetry, it is also suitable for study of other processes in this energy region.

BINP members of the collaboration participate in the analysis of the results of measurements of the
cross sections of the e "e- annihilation into hadrons using the radiative return and two-photon processes
with registration of scattered electrons. Our physicists also work on the analysis of semileptonic decays and
measurement of the module of the V , element of the CKM matrix

Series of analisys on the measurement of the meson-photon transition form factors for pseudoscalar
mesons > ', n and 1_ at high squared transfer momentum (Q?), of 4 to 40 GeV?, was completed in 2010.

The data obtained for the meson-photon transition form factors makes it possible to get unique infor-
mation about the meson wave functions. These functions describe the momentum distributions of quarks
inside mesons and are used for theoretical calculations of many processes in quantum chromodynamics
(QCD). The most important and unexpected result of these measurements is that the wave function of ©°
meson is very different from the wave functions of other light mesons 1 and 1. The measured normalized
form factors for n°, m, and ' mesons are shown in Fig.(1.4)1 as functions of Q*. The horizontal line shows
the value of the asymptotic limit of the form factor calculated within the framework of QCD. The form
factor of % meson, in contrast to the form factors of ) and 1, exceeds the asymptotic limit at Q* ~ 10 GeV?
and will approach it from above. Such behavior can be explained by the assumption that the wave function
of ° meson is much broader than the corresponding functions for 1 and 1.
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Fig.(1.4)1. Normalized meson-photon transition form factors for n° (a), 1| (b) and n'(¢) mesons. The horizon-
tal dotted line shows the value of the asymptotic limit for the form factor.

Due to the large mass of ¢ quark, the form factor of n, meson is expected to weakly depend on the
shape of the wave function. Measurements made with the BABAR detector confirm this QCD prediction.

Results obtained on the BABAR and Belle detectors showed the need for further experiments in this
energy region but with a much higher luminosity. A decision was made to build such SuperB factory in
Italy. BINP physicists actively participate in the development of the accelerator and the detector.

Identification of particles in the detector for SuperB will be performed by the DIRC — system for reg-
istration of Cherenkov rings. BINP physicists are involved in the development of the modeling program
for light collection in this system. They suggested supplementing the DIRC with the detector of Cherenkov
rings based on “focusing” Aerogel (FARICH). This proposal is now being studied by the collaboration.
The FARICH detector is to be placed between the drift chamber and end cap calorimeter. The detector uses
multilayer focusing aerogel and pixel photon detectors based on microchannel plates. The total number of
channels of the electronics is expected to be about 20 thousands. This system increases the solid angle for
identification of particles. The modelling shows that the reliability of identification of pions and kaons will
exceed 5 standard deviations in the momentum range of up to 5 GeV/c.
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1.12 Participation in the ATLAS experiment on the Large
Hadron Collider (LHC)

The year 2010 became the first successful year of full-scale experiments on the Large Hadron Collider.
On March 30, collisions of proton beams were obtained at a record-high energy of 7 TeV in the center-of-
mass system. During the year, parameters of the collider were steadily improving: the number of proton
bunches exceeded 400; the peak luminosity reached 2:10%2 cm? s™'; and the energy stored in the beams at-
tained 28 MJ.

The integral of acquired statistics was 45 inverse picobarns. Analysis of these data made it possible
to measure the cross sections of the known processes of the Standard Model in the new energy region and
start the search for the New Physics. In particular, more than 20,000 events of production of vector bosons
(W and Z) and dozens of events with the production of a top quark and antiquark were reconstructed 25
papers were published, some of them setting the world’s best upper limits for new or exotic processes.

During one month at the end of the year, data were acquired at collisions of lead ions. These events are
characterized by a multiplicity of charged particle tracks (about 1000 per collision) which is even greater
than that at collision of protons. The ATLAS detector for the first time revealed the effect of significant
imbalance in the energy of hadron jets at central collisions of heavy ions, which indicates formation of a
qualitatively new state of matter at very high energy densities. This effect was predicted by theorists (e.g.
by Bjorken) as early as in the 80s.

In 2010, BINP physicists took part in the data acquisition in the experiment control room (ATLAS
point 1) within the system of liquid-argon calorimeters. They were also working on the monitoring and
analysis of the quality of the data of the calorimeters and their calibration. As before, special attention was
paid to the “presampler” (preshower mini-detector) of the end electromagnetic calorimeter — BINP was
fully responsible for this system at all phases, from design and beam tests to installation in the detector and
putting into operation.

Work on the analysis of the physical processes is also getting more vigorous.

Since the spring of 2009, within the framework of the collaboration with the Universities of Pittsburgh
and Uppsala, BINP members have been exploring the possibility to observe heavy Majorana neutrinos in
a channel with two leptons and two jets in the final state, within the Left-Right Symmetric Model, see Fig.
(1.12)1. This model can explain the presence of a nonzero mass of ordinary light neutrinos (which follows
from observation of their oscillations) as well as the emergence of asymmetry between matter and antimat-
ter (the baryon number B and the lepton number L can be violated separately under the condition of B-L
conservation). One can notice that this model is complementary to many supersymmetric models since the
latter are characterized by large missing transverse energy in an event.

Full simulation and reconstruction of the processes of the effect (for several values of the masses of
heavy intermediate boson W and Majorana neutrinos) and background processes were carried out. All
the statistics acquired by the ATLAS detector in 2010 and available for analysis (34 inverse picobarns) was
processed. The number of selected events in the data is consistent with the expected contribution from the
background processes of the Standard Model. Fig.(1.12)2 shows the region of masses of the right vector
boson and Majorana neutrino that was excluded at the level of 95%. Even with a small statistics acquired
so far, it is a significant improvement as compared with the Tevatron results (the limit on the heavy vec-
tor boson mass is at the level of 740 GeV). A report made by the BINP member Kirill Skovpen “ATLAS
sensitivity to Left-Right Symmetry at 7 TeV” at the CERN-ISTC workshop (September 1-5, 2010, BINP,
Novosibirsk, Russia) took the first place in the competition of young scientists.
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Fig.(1.12)1. Chart of the production of heavy right W, boson with subsequent decay to lepton and heavy
Majorana neutrino N in the Left-Right Symmetric Model. Two leptons and two hadron jets are detected in
the final state.
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Fig.(1.12)2. Median expected and observed upper limits on the masses of heavy right W, boson and heavy
Majorana neutrino N. The left chart is for events with leptons of the same type and sign (SS = Same Sign)
in the final state, the right chart also includes events with leptons of the opposite sign (OS = Opposite Sign).
The boundary of the singled out (at the level of 95%) area is shown with the red shading. The contours show
the corresponding upper limits on the cross sections (pikobarns).

Much effort is also made on the development of the computer infrastructure and related software. Data
from an experiment of such scale (several petabytes of data input per year) can be stored and processed only
with well-coordinated work of many powerful computing clusters worldwide, using the advanced technol-
ogy of distributed computing GRID. The peak load of the network was as high as 6 gigabits per second.

BINP programmers had made and continue to make a substantial contribution to the creation and de-
velopment of critical services and utilities for management of the distributed computing system (ATLAS
GRID) - Monitoring of Data Replicating and Information System.

The power of the BINP GRID cluster increases; the capacity of communication channels is improved.
Cooperation with the computer centers of NSU and SB RAS is developed.

48



Elementary Particles Physics

Besides, physicists and computer programmers of BINP are actively working in the group of system
administrators for the data acquisition system and the trigger. They provide installation and maintenance of
the software of the whole system for data acquisition and monitoring. An important part of the work is put-
ting the computer hardware for the High Level Trigger (HLT) into operation. 10 crates of new equipment
were put into operation in the third and fourth quarters of 2010, which added 5 000 cores to the HLT farm.

Currently, a draft for upgrading the LHC collider is being developed with a purpose to increase the
luminosity by an order, to 10* cm™s™. In this regard, works were started on upgrading the ATLAS detector
for operation at such luminosity.

The BINP group takes part in the experiment on the study of the performance of the liquid-argon
calorimeters for the ATLAS detector at a luminosity of 10* cm?sec™! For these purpose, mini-modules of
calorimeters (electromagnetic, hadron and forward) were fabricated and placed in cryostats with liquid ar-
gon. The modules are being irradiated with the extracted proton beam of the U-70 accelerator in Protvino
with an energy of 50 GeV (the intensity of the beam can be varied in a wide range: 107 + 10'? particles per
second). The BINP group is fully responsible for the mini-module of the electromagnetic calorimeter and
participates in the data acquisition and analysis (the last run was held in April 2010).

The work is carried out with the participation of A.V. Anisenkov, O.L. Beloborodova, S.D. Belov,
V.S. Bobrovnikov, A.G. Bogdanchikov, A.R. Buzykaev, A.S. Zaitsev, V.F. Kazanin, V.I. Kaplin, A.A. Ko-
rol’, D.S. Krivashin, R.E. Kuskov, D.A. Maksimov, A.L. Maslennikov, 1.O. Orlov, S.V. Peleganchuk, A.L
Senchenko, K.Yu. Skovpen, A.M. Sukharev, A.A. Talyshev, Yu.A. Tikhonov.
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1.13 The Photon Collider

In 2004, the project of International Linear Collider (ILC) based on a superconducting technology
was launched. In addition to the e’e” physics program, the ILC will provide an opportunity to study yy
and ye interactions (photon collider or PLC), where high energy photons can be obtained using Compton
backscattering of the laser light off the high energy electrons. In 2007 the ILC Reference Desigh Report
(RDR) was published. In 2008 two detector conceptions were approved for further development. Owing to
a high ILC cost further plans are quite uncertain. The situation can change after discovery of new physics
at the LHC.

Meanwile the ILC community is searching for possible ways of the cost reduction. One of such
suggestions is a construction of the photon collider Higgs factory as a precursor to ILC. In order to produce
a single Higgs boson with the mass 120 GeV at the photon collider one needs the electron energy 2E=160
GeV, while the Higgs production in e*e” to HZ requires 2E=230 GeV and a positron production system. We
repoted our view on this suggestion at the conference ILCO8/LCWSO08. A detailed discussion took place at
TILCO09. Although we are most interested in creation of the photon collider but, in our opinion, it would
be more reasonable to construct from the very beginning the linear collider on the energy 2E=230 GeV
capable to produce the Higgs boson (if it really exists) in e*e” mode. From a financial points of view such
photon collider is unlikely to be significantly cheaper because e*e” beams will be constructed in parallel,
all this will lead only to incremental cost of the collider. Moreover, the physics community will never agree
with additional delay of e'e” experiments by 5-6 years.

Partcicipant of the work: V.I. Telnov.
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2.1 Experiments with internal targets

The results of the experiment on the measurement of the ratio (R = cse+p/c€_p) of elastic electron-proton
and positron-proton scattering cross sections were processed in 2010. This experiment is interesting be-
cause of the possibility of determination of the contribution of two-photon exchange (TPE) to this process.
Information on TPE, in turn, will probably give an opportunity to explain the dramatic contradictions in
the results of recent polarization-technique experiments at TINAF, USA, on the measurement of the pro-
ton form-factors and the results of earlier, non-polarization measurements, where the form-factors were
determined from analysis of differential cross sections of the reaction in the assumption of validity of the
one-photon approximation.

An important stage of the processing is the introduction of radiation corrections. Formulas provided
by Fadin and Feldman to describe the emission of real photons in this reaction were applied. Comparison of
the radiation corrections made by complete formulas with the so called soft-photon approximation shows
the difference in their results.

Preliminary results of the experiment are shown in Fig.(2.1)1. Results of this experiment are still being
processed.

There are plans to continue the TPE measurements with a higher accuracy under other kinematic
conditions.
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Fig.(2.1)1. Preliminary results of the experiment (black circles) compared with the available data.

Besides, the works on the construction of the photon tagging system (PTS) are underway. Dipole
magnets D1 and D3 were made and subjected to tests and magnetic measurements. The measurements, in
general, confirmed the correctness of calculations from field integrals and field homogeneity. For example,
Fig. 2 shows field integrals of magnets D1 and D3 along the electron beam trajectory in dependence on the
current in the coils of the magnets. One can see small differences in the field integrals; they will be elimi-
nated by currents of trim coils. The development effort on magnet D2 is completed. The fabrication of the
magnet is underway in the workshop of the institute.

The vacuum chamber of the experimental section is divided into three parts. The fabrication of the
first (along the beam trajectory) part of the vacuum chamber as well as the central one with a storage cell is
completed. The development effort on the last (along the beam trajectory) section of the vacuum chamber
is cmpleted; its fabrication is underway in the workshop of the Institute.

The engineering development of secondary members for diagnostics of electron beam position in the
PTS experimental section was almost completed. It only remains to develop the imaging of the output of
the third receiver (located after dipole D2) of synchrotron radiation from the vacuum chamber of the sec-
tion. It is necessary for the on-line control of electron beam in the vertical direction.
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Fig.(2.1)2. Field integrals of magnets D1 and D3 along the electron beam trajectory in dependence on
the current of the coils of the magnets. The black dots show the results of measurements of magnet D1
(multiplied by a "correct" coefficient of 1.266); the hollow squares are for the measurements of magnet D3.
The solid and dashed lines present the results of the calculation of magnets D1 and D3 by the MERMAID

program.

The tagging system will include three coordinate detectors and two scintillation counters ("sandwich-
es"). The coordinate detectors will be created based on the cascade gas electron multipliers (GEMs). The
GEMs were chosen because of a number of advantages. For instance, they can have high spatial resolution
and work in intense particle fluxes. Another important argument was the fact that BINP had already devel-
oped 3-layer 2-coordinate GEMs for the scattered-electron system of the KEDR detector on the VEPP-4
collider. The parameters of these detectors are well suited for the PTS and can be adapted for our case.
In addition, the copper coating on the GEM elements will be made 1 micron thick, which will reduce the
thickness of the detectors to 0.15% X0 (X0 is the radiation unit of length). It is important for achieving high
resolution of the PTS in the energy and angles of electron emission. The manufacturing of these detectors
was started.

A new stage of modeling the tagging system was completed. The total resolution of the PTS in the
electron energy varies from 4 to 11 MeV for final electron energies of 500 to 1000 MeV (at an initial energy
of 2 GeV). The resolution in the horizontal angle is about 2 mrad, which is about 1 mrad in the vertical
angle.

To improve the parameters of the tensor polarized deuterium target, we installed an additional pump
in the source of polarized deuterium atoms, which improved the vacuum in the second stage of the source
pump-out. This additional pump-out gave us an opportunity to study the formation of a free molecular jet
from the transient flow regime. This process is underexplored; the knowledge of the position and size of
the area after which the flow becomes a free-molecular one is necessary to select the focusing properties of
the magnetic system of the source.

This work was supported by RFBR grant Ne 08-02-01155 and Federal Agency of Education (State
contract P522 dated August 5, 2009).

The experiments with internal targets are carried out in collaboration with groups from Tomsk, St.
Petersburg, NIKHEF (Netherlands), ANL (USA), and IKF JGU (Mainz, Germany).

BINP members participating in the work: L.M. Barkov, A.V. Gramolin, V.F. Dmitpiev, S.A. Zeva-

kov, V. Karnakov, B.A. Lazarenko, E.B. Levichev, S.I. Mishnev, N.Yu. Muchnoi, D.M. Nikolenko, I.A.
Rachek, R.Sh. Sadykov, D.K. Toporkov, Yu.V. Shestakov, and L.I. Shekhtman.
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3.1 Strong interaction

Matching of the low-x evolution kernels.
V.S. Fadin, R. Fiore, A.V. Grabovsky
Nucl. Phys. B 831 (2010) 248-261

It is demonstrated that the ambiguity of the low-x evolution kernels in the next-to-leading order (NLO)
permits one to match the Mdbius form of the BFKL kernel and the kernel of the colour dipole model and to
construct the Mobius invariant NLO BFKL kernel in N=4 supersymmetric Yang-Mills theory.

Scalar contribution to the BFKL kernel.
R.E. Gerasimov, V.S. Fadin
Yadernaya Fizika,73, No. 7 (2010) pp. 1254-1268,
Physics of Atomic Nuclei,73, No. 7 (2010) pp. 1214-1228

Supersymmetric non-Abelian gauge theories, in particular the Yang-Mills theory with N=4 supersym-
metry which is intensively discussed now in connection with its integrability, contain scalar particles. The
contribution of such particles to the kernel of the BFKL equation is calculated. A great cancellation be-
tween the virtual and real parts of this contribution, analogous to the cancellation in the quark contribution
in QCD, is observed. The reason of this cancellation is discovered. This reason is common for contribution
of particles with any spin. Understanding of this reason permits to obtain the total contribution without the
complicated calculations, which are necessary for finding separate pieces.

Mbobius representation of the BFKL kernel.
V.S. Fadin
In: Subtleties in Quantum Field Theory, Ed. D.Diakonov, Gatchina, 2010, p.76-103

Discovered by L.N. Lipatov, conformal (Mobius) invariance of the BFKL equation for scattering of
colourless particles in the leading logarithmic approximation (LLA) is extremely significant for integra-
bility of the equation. Therefore, it is very important to know conformal properties of the BFKL kernel in
the next-to-leading order (NLO). Evidently, in QCD the conformal invariance is violated by running of & .
It turns out, that the ambiguity of the NLO kernel, caused by the possibility to redistribute radiative correc-
tions between the kernels and the impact factors, makes possible to find the quasi-conformal representa-
tion of the kernel, where the Mdbius invariance is violated only by terms proportional to the f-function. It
permits also to get agreement between the BFKL approach and the colour dipole model.

Check of the gluon reggeization condition in the next-to-leading order: quark part.
M.G. Kozlov, A.V. Reznichenko, V.S. Fadin
Preprint INP 2010-26, 27 p.; accepted Phys.Atom.Nucl. 74 (2011),
Yad. Phis.: 74 (2011) 784-796

The bootstrap condition for gluon production in the multi-Regge kinematics in the next to leading
order is considered. The bootstrap conditions result from the requirement of the compatibility of the Regge
form of QCD amplitudes with the s-channel unitarity and represent non-linear restraints on the Reggeized
gluon trajectory and vertices. Their fulfillment provides the gluon Reggeization, i.e. the Regge form of
elastic and inelastic amplitudes. The condition under consideration remained only one to be checked. The
demonstration of its fulfillment is the last step in the proof of the gluon Reggeization in the next-to-leading
approximation. In this paper this demonstration is presented for the quark part of the bootstrap condition.
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Low-x evolution equations in Mobius representation.
V.S. Fadin, R. Fiore, A.V. Grabovsky and A. Papa
Physics of Particles and Nuclei,41,No.6(2010), pp. 935-938

The Mdbius form of the BFKL kernel in the next-to-leading order (NLO) in theories containing fer-
mions and scalars in arbitrary representations of the colour group is presented. The ambiguity of the NLO
kernels permits to get agreement between the BFKL approach and the colour dipole model and to find the
quasi-conformal representation of the BFKL kernel.

Quantum Chromodynamics: Perturbative and Nonperturbative aspects.
B.L. loffe, V.S. Fadin, L.N. Lipatov
Cambridge University Press, 2010

The book is devoted to the strong interaction theory - QCD. It contains a brief introduction in QCD
and description of the most important properties of QCD, such as asymptotic freedom, spontaneous
violation of chiral symmetry, quantum anomalies and vacuum structure of QCD. Besides this, the book
covers various aspects of perturbative and nonperturbative approaches to QCD, which are not so widely
discussed in other sources: divergence of perturbation series, QCD sum rules, evolution equations, colour
coherence in soft gluon emission, BFKL approach, high energy effective action, integrability of the BFKL
dynamics.

Spin-dependent part of pp interaction cross section and Nijmegen potential.
V. F. Dmitriev, A. 1. Milstein, S. G. Salnikov
Physics Letters B 690, 427 (2010)

Low energy proton-antiproton interaction is considered taking into account the polarization of both
particles. The corresponding cross sections are calculated using the Nijmegen nucleon-antinucleon optical
potential. Then they are applied to the analysis of the polarization buildup which is due to the interaction of
stored antiprotons with polarized protons of a hydrogen 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 compa-
rable with the beam lifetime.

Matching QCD and HQET heavy-light currents at three loops.
S. Bekavac, A.G. Grozin, P. Marquard, J.H. Piclum, D. Seidel, M. Steinhauser
Nucl. Phys.B 833 (2010) 46-63

We consider the currents formed by a heavy and a light quark within Quantum Chromodynamics and
compute the matching to Heavy Quark Effective Theory to three-loop accuracy. As an application we ob-
tain the third-order perturbative corrections to ratios of B-meson decay constants.

Matching heavy-quark fields in QCD and HQET at three loops.
A.G. Grozin
Phys. Lett.B 692 (2010) 161-165

The relation between the heavy-quark field in QCD and the corresponding field in HQET is derived up
to three loops, and to all orders in the large-f#, limit. The corresponding relation between the QED electron
field and the Bloch-Nordsieck one is gauge invariant to all orders. We also prove that the MS anomalous
dimension of the QED electron field depends on the gauge parameter only at one loop.
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Matching QCD and HQET at three loops.
A.G. Grozin
Nucl. Phys.B (Proc. Suppl.)205-206 (2010) 301-307

QCD/HQET matching for the heavy-quark field and heavy-light quark currents with three-loop ac-
curacy is discussed.

Mass spectrum in supersymmetric QCD and problems with the Seiberg duality.
Equal quark masses.
V.L. Chernyak
JETP,110(2010)383-405,0KDT®, 137 (2010), ctp. 437-459)

The mass spectra are found analytically in supersymmetric Quantum Chromodynamics (SQCD) with
arbitrary numbers of N_ colors and N, flavors of quarks with equal small masses, within the dynamical
scenario where the quarks can condense in colorless flavored pairs (Q j-Qi), while the color remains un-
broken. The results appeared to be even qualitatively different from numerous previous publications in the
literature based on the hypothesis of duality proposed by N. Seiberg. It is shown that, unlike the ordinary
(that is, non-supersymmetric) Quantum Chromodynamics (QCD), the mass spectra and even the phase
states of this theory are highly sensitive to the ratio N, /N . The mass spectra of the original (direct) theory
and its dual variant proposed by N. Seiberg are compared and shown to be parametrically different, so that
these two theories are not equivalent.

On mass spectrum in SQCD. Unequal quark masses.
V.L. Chernyak
JETP,111 (2010) 949-961, CKOT®, 138 (2010), cTp. 1-12)

In supersymmetric Quantum Chromodynamics (SQCD) with arbitrary numbers of N_colors and N,
flavors of quarks with unequal small masses, the mass spectra and phase states are found analytically,
within the dynamical scenario where the quarks can condense in colorless flavored pairs (Q j-Qi). It is
shown that, depending on the values of N, N, and the values of quark masses the theory can be in the four
different phase states. The properties of each of these phases and their mass spectra are described.

Exclusive yy — processes.
V.L. Chernyak
Chinese Physics C,34 (2010) 822-830

A short review of the current state of experimental and theoretical studies of various exclusive reac-
tions with the two-photon initial state is presented. It is discussed in detail what information about the
hadron wave functions properties can be extracted from the recent experimental measurements of such
processes. A comparison is made with predictions of different theoretical models.

Nucleon polarization in the process e'e — NN near threshold
A.E. Bondar, V.F. Dmitriev, A.l. Milstein, V.M. Strakhovenko
e-Print: arXiv:1012.4638 [hep-ph] Dec 2010.

The process e'e — NN is studied nearby a threshold with account for polarizations of all initial and
final particles. The nucleon polarization ¥ reveals a strong energy dependence due to that of the nucleon
electromagnetic form factors G,(¢”) and G, (Q°) caused by the final-state interaction of nucleons. It is
shown that the modulus of the ratio of these form factors and their relative phase can be determined by
measuring (" along with the differential cross section. The polarization degree is analyzed using Paris
NN optical potential for calculation of the form factors. It turns out that || is high enough in a rather wide
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energy range above the threshold. Being especially high for longitudinally polarized beams, || is notice-
able even if both e*e” beams are unpolarized.

Effect of quark-mass variation on big bang nucleosynthesis
J.C.Berengut, V.F.Dmitriev,V.V.Flambaum
Phys.Lett.,B683,(2010),114

We calculate the effect of variation in the light-current quark mass, m,, on standard big bang nucleo-
synthesis. A change in m at during the era of nucleosynthesis affects nuclear reaction rates, and hence
primordial abundances, via changes the binding energies of light nuclei. It is found that a relative variation
of émq/mq = 0.016 = 0.005 provides better agreement between observed primordial abundances and those
predicted by theory. This is largely due to resolution of the existing discrepancies for ’Li. However this
method ignores possible changes in the position of resonances in nuclear reactions. The predicted ’Li abun-
dance has a strong dependence on the cross-section of the resonant reactions *He(d,p)’He and t(d, n)’He.
We show that changes in m, at the time of BBN could shift the position of these resonances away from the
Gamow window and lead to an increased production of ’Li, exacerbating the lithium problem.

Space-time dimensionality 2 as complex variable: Calculating loop integrals using
dimensional recurrence relation and analytical properties with respect to 2.
R.N. Lee
Nucl.Phys. B830 (2010) 474-492.

We show that dimensional recurrence relation and analytical properties of the loop integrals as func-
tions of complex variable 2 (space-time dimensionality) provide a regular way to derive analytical repre-
sentations of loop integrals. The representations derived have a form of exponentially converging sums.
Several examples of the developed technique are given.

Analytic Results for Massless Three-Loop Form Factors.
R.N. Lee, A.V. Smirnov, V.A. Smirnov.
JHEP 1004(2010) 020

We evaluate, exactly in d, the master integrals contributing to massless three-loop QCD form factors.
The calculation is based on a combination of a method recently suggested by one of the authors (R.L.) with
other techniques: sector decomposition implemented in FIESTA, the method of Mellin-Barnes representa-
tion, and the PSLQ algorithm. Using our results for the master integrals we obtain analytical expressions
for two missing constants in the ep-expansion of the two most complicated master integrals and present the
form factors in a completely analytic form.

Dimensional recurrence relations: an easy way to evaluate
higher orders of expansion in &.
R.N. Lee, A.V. Smirnov, V.A. Smirnov
Nucl.Phys.Proc.Suppl. 205-206 (2010) 308-313

Applications of a method recently suggested by one of the authors (R.L.) are presented. This method is
based on the use of dimensional recurrence relations and analytic properties of Feynman integrals as func-
tions of the parameter of dimensional regularization, d. The method was used to obtain analytical expres-
sions for two missing constants in the g-expansion of the most complicated master integrals contributing to
the three-loop massless quark and gluon form factors and thereby present the form factors in a completely
analytic form. To illustrate its power we present, at transcendentality weight seven, the next order of the
g-expansion of one of the corresponding most complicated master integrals. As a further application, we
present three previously unknown terms of the expansion in € of the three-loop non-planar massless propa-
gator diagram. Only multiple {-values at integer points are present in our result.
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Calculating multiloop integrals using dimensional recurrence
relation and 2-analyticity.
R.N. Lee.
Nucl.Phys.Proc.Suppl. 205-206 (2010) 135-140

We review the method of the calculation of multiloop integrals recently suggested by the author. A
simple method of derivation of the dimensional recurrence relation suitable for automatization is given.
Some new analytic results are given.

3.2 CP nonconservation

Upper Limits on Electric and Weak Dipole Moments of //-Boson.
A.E. Blinov, A.S. Rudenko
Phys. Lett. B 699, 287 (2011)

The total cross-sections of the reaction e’e” — W'W*, as measured at LEP-II at centre-of-mass ener-

gies 2E ~ 200 GeV are used to derive the upper limits on the parameters of CP-violating (P-odd and C-
even) triple gauge-boson couplings WWy and WWZ.

Can CP-violation be observed in heavy-ion collisions?
A.S. Rudenko, I.B. Khriplovich
Canadian Journal of Physics 89, 63, 2011

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

K+l3y decay revisited: branching ratio and 7-odd momenta correlation.
A.S. Rudenko, I.B. Khriplovich
Soviet Journal of Nuclear Physics 74, 1 2011

We calculate the branching ratios of the K* , decays, and the 7-odd triple momenta correlations, due
to the electromagnetic final state interaction, in these processes. The contributions on the order of v and
"’ to the corresponding amplitudes are treated exactly. For the branching ratios the corrections on the order
of w’ are estimated and demonstrated to be small. We compare the results with those of other authors. In
some cases our results differ considerably from the previous ones.

3.3 Quantum electrodynamics

Pair creation by a photon in an electric field.
V.N. Baier, V.M. Katkov
Phys. Lett. A, 374, (2010) 2201-2206.

The total probability of pair creation by a photon in a constant and homogeneous electric field is found
with using the polarization operator in this field. The approximations of this probability are developed in
four overlapping regions of photon energy. At high energy the corrections to the standard quasiclassical
approximation have been calculated. In the region of intermediate energies the saddle point method is used
for the calculation of the process probability. The probability of pair creation in an electric field in this
energy interval exceeds essentially the probability in the corresponding magnetic field. For smaller photon
energy the low energy approximation has been developed. At very low photon energy the probability of the
absorption of soft photon by the particles creating by internal field is calculated.
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Exact theory of the photoproduction of charged particles in external fields.
V.M. Katkov

Book of abstracts of the International conference "Channaling 2010", Ferrara - Italy, p.15

The probability of pair creation by a photon in a constant and homogeneous electromagnetic field of
an arbitrary configuration is calculated with using the imaginary part of the polarization operator. Separat-
ing of the photon energy divisions is the same as in an electric field. It is shown that, in the energy region
higher than the threshold of pair creation in a magnetic field, a weak electric field vanishes the root diver-
gence in the probability of pair creation on the Landau energy levels. At low photon energy the electric
field action onto the process dominates and an influence of magnetic field is connected with its interaction
with the magnetic moment of creating particles. This interaction, in particular, has appeared in the distinc-
tion of the pair creation probability by field for scalar and spinor particles.

Application of the DRA method to the calculation of the four-loop QED-type tadpoles.
R.N. Lee, L.S. Terekhov.
arXiv:1010.6117 [hep-ph]

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

Analytic Epsilon Expansions of Master Integrals Corresponding to Massless Three-Loop
Form Factors and Three-Loop g-2 up to Four-Loop Transcendentality Weight.
R.N. Lee, V.A. Smirnov.
arXiv:1010.1334 [hep-ph]

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

The induced charge generated by the potential well in graphene.
A. 1. Milstein, I. S. Terekhov
Phys.Rev. B 81, 125419 (2010)

The induced charge density, p, (7), generated in graphene by the potential well of the finite radius R
is considered. The result for p. (r) is derived for large distances  >> R. We also obtained the induced
charges outside of the radius » >> R and inside of this radius for subcritical and supercritical regimes. The
consideration is based on the convenient representation of the induced charge density via the Green’s func-
tion of electron in the field.

Effect of a strong laser field on e’e” photoproduction by relativistic nuclei.
A. Di Piazza, E. Lotstedt, A.I. Milstein, C. H. Keitel
Phys. Rev. A 81, 062122 (2010)

We study the influence of a strong laser field on the Bethe-Heitler photoproduction process by a rela-
tivistic nucleus. The laser field propagates in the same direction as the incoming high-energy photon, and
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it is taken into account exactly in the calculations. Two cases are considered in detail. In the first case, the
energy of the incoming photon in the nucleus rest frame is much larger than the electron’s rest energy. The
presence of the laser field may significantly suppress the photoproduction rate at soon-available values of
laser parameters. In the second case, the energy of the incoming photon in the rest frame of the nucleus is
less than and close to the electron-positron pair-production threshold. The presence of the laser field allows
for the pair production process, and the obtained electron-positron rate is much larger than in the presence
of only the laser and the nuclear field. In both cases, we have observed a strong dependence of the rate
on the mutual polarization of the laser field and on the high-energy photon, and the most favorable con-
figuration is with laser field and high-energy photon linearly polarized in the same direction. The effects
discussed are, in principle, measurable with presently available proton accelerators and laser technology.

Polarization of the electron and positron produced in combined
Coulomb and strong laser fields.
A. Di Piazza, A.l. Milstein and C.Muller
Phys. Rev. A 82, 062110 (2010)

The process of e*e” production in the superposition of a Coulomb and a strong laser field is considered.
The pair production rate integrated over the momentum and summed over the spin projections of one of the
particles is derived exactly in the parameters of the laser field and in the Born approximation with respect
to the Coulomb field. The case of a monochromatic circularly polarized laser field is considered in detail.
A very compact analytical expression of the pair production rate and its dependence on the polarization of
one of the created particles is obtained in the quasiclassical approximation for the experimentally relevant
case of an undercritical laser field. As a result, the polarization of the created electron (positron) is derived.

High-energy e'e photoproduction cross section close to the end of spectrum.
A. Di Piazza, A.l. Milstein
Phys. Rev. A 82, 042106 (2010)

We consider the 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. We show that the cross section essen-
tially differs from the result obtained in the Born approximation as well as from the result which takes into
account the Coulomb corrections under the assumption that both electron and positron are ultrarelativistic.
The cross section of bremsstrahlung in a strong Coulomb field by a high-energy electron is also obtained
in the region where the final electron is not ultrarelativistic.

A positron source using channeling in crystals for linear colliders.
X.Artru, R.Chehab, M.Chevallier,T. Kamitani, T. Omori, L. Rinolfi,
V.M. Strakhovenko, T. Suwada, A. Variola, A. Vivoli
Int.J.Mod.Phys.A25(2010)106

An alternative way to the conventional positron source is presented. This source is using two succes-
sive targets: the first one is a tungsten crystal, which <111> axis is aligned with the beam direction, and the
second is an amorphous target put at some distance from the crystal. Between the two targets a sweeping
magnet takes off all or part of the charged particles coming out from the crystal. A large amount of photons
is emitted from electrons of the primary beam channelled in a crystal. Consecutively, these photons create
numerous e’e pairs in the amorphous target. An optimization procedure is carried out, aiming to obtain
the highest accepted yield after the capture system and the minimum Peak Energy Density Distribution in
order to avoid thermal gradients, which are destructive for the target.
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3.4 Gravity

Integration over connections in the discretized gravitational functional integrals.
V. M. Khatsymovsky
Mod. Phys. Lett. A, Vol. 25, pp. 351-368 (2010)

The result of integration over connections is poorly defined in the discrete field theory with non-com-
pact gauge group with the Haar measure exponentially growing in some directions. This point is studied
in the case of the functional integral for the discrete first order Einstein gravity. The result is defined as
generalized function of the edge vectors or area tensors. The singular part of this function has support in
the non-physical region. The regular part is exponentially suppressed at large areas/lengths and possesses a
number of maxima at approximately the equidistant nonzero values of area. In other words, the most prob-
able are a number of the equidistant values of the elementary area (of the order of Plank scale (10**cm)?).

Defining integrals over connections in the discretized gravitational functional integrals.
V. M. Khatsymovsky
Mod.Phys.Lett.A, Vol. 25, pp. 1407-1423 (2010)

Integration over connections is studied in the discrete functional integral for the first order formulation
of the Einstein gravity. The result is defined as generalized function of the edge vectors or area tensors. The
result of the preceding work is obtained immediately in the Minkowsky spacetime, without passing to the
Euclidean spacetime. The singular part of this function has support in the non-physical region. The regular
part is exponentially suppressed at large areas/lengths. The basis integrals are calculated over which the
general functional integral can be expanded.

A version of the connection representation of Regge action.
V. M. Khatsymovsky
Class. Quantum Grav., Vol. 27, p. 065003 (2010)

We define for any 4-tetrahedron (4-simplex) the simplest finite closed piecewise flat manifold consist-
ing of this 4-tetrahedron and of the one else 4-tetrahed-ron identical up to reflection to the present one (call
it bisimplex). Gravity action for the arbitrary piecewise flat manifold can be expressed in terms of sum of
the actions for the bisimplices built on the 4-simplices constituting this manifold. We use representation
of each bisimplex action in terms of rotation matrices (connections) and area tensors. Application of this
representation to the path integral formalism is considered. One of the consequences is exponential sup-
pression of the result at large areas or lengths (compared to Plank scale). It is important for the consistency
of the simplicial description of spacetime.

3.5 Astrophysics

Capture of dark matter by the Solar System. Simple estimates.
[.B. Khriplovich
International Journal of Modern Physics D 20, 1, 2011

We consider the capture of galactic dark matter by the Solar System, due to the gravitational three-
body interaction of the Sun, a planet, and a dark matter particle. Simple estimates are presented for the
capture cross-section, as well as for density and velocity distribution of captured dark matter particles close
to the Earth.
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3.6 Nonlinear dynamics and quantum, chaos

Electron Quantum Transport Trough a Mesoscopic Device:
Dephasing and Absorption Induced by Interaction with a Complicated Background.
Valentin V. Sokolov
“Topics on Chaotic Systems; Selected Papers from CHAOS2009 International Conference”,
World Scientific, pp. 309-319, (2010)

Decoherence during ballistic quantum transport trough a 2D mesoscopic open structure is an issue of
great interest from the both, theoretical as well as experimental, points of view. Effects induced by interac-
tion with a complicated many-body environment with a weak disorder is analyzed. The doorway resonance
states excited in the structure via external channels are damped not only because of escape through such
channels but also due to the ulterior population of the long-lived environmental states. Transmission of an
electron with a given incoming through the structure turns out to be an incoherent sum of the flow formed
by the interfering damped doorway resonances and the retarded flow of the particles re-emitted into the
structure by the environment. Though the number of the particles is conserved in each individual event
of transmission, there exists a probability that some part of the electron’s energy can be absorbed due to
environmental many-body effects thus violating the time-reversal symmetry and, as a consequence, sup-
pressing the weak localization phenomenon. Besides the electron can disappear from the resonance energy
interval and elude observation at the resonant transmission energy imitating thereby loss of the particles.
The both decoherence and absorption phenomena are treated within the framework of a unit microscopic
model based on the general theory of the resonance scattering. All the effects discussed are controlled by
the only parameter: the spreading width of the doorway resonances, that uniquely determines the decoher-
ence rate.

Ballistic electron Quantum transport in a presence of a disordered background.
Valentin V. Sokolov
J. Phys. A: Math. Theor. 43(2010) 265102

Effect of a complicated many-body environment is analyzed on the electron random scattering by a
2D mesoscopic open ballistic structure. A new mechanism of decoherence is proposed. The temperature of
the environment is supposed to be zero whereas the energy of the incoming particle £, can be close to or
somewhat above the Fermi surface in the environment. The single-particle doorway resonance states ex-
cited in the structure via external channels are damped not only because of escape through such channels
but also due to the ulterior population of the long-lived environmental states. Transmission of an electron
with a given incoming E, through the structure turns out to be an incoherent sum of the flow formed by the
interfering damped doorway resonances and the retarded flow of the particles re-emitted into the structure
by the environment. Though the number of the particles is conserved in each individual event of transmis-
sion, there exists a probability that some part of the electron’s energy can be absorbed due to environmental
many-body effects. In such a case the electron can disappear from the resonance energy interval and elude
observation at the fixed transmission energy £, thus resulting in seeming loss of particles, violation of the
time reversal symmetry and, as a consequence, suppression of the weak localization. The both decoher-
ence and absorption phenomena are treated within the framework of a unit microscopic model based on the
general theory of the resonance scattering. All the effects discussed are controlled by the only parameter:
the spreading width of the doorway resonances, that uniquely determines the decoherence rate.
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Classical Versus Quantum Dynamical Chaos: Sensitivity to External Perturbations,
Stability and Reversibility.
Valentin V. Sokolov, Oleg V. Zhirov, and Yaroslav A. Kharkov
to appear in: "Topics on Chaotic Systems: Selected Papers from the CHAOS2010 International
Conference" (Chania, Crete, Greece, 1-4 June 2010), World Scientific, (2011)

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

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

To solve this problem we point out that individual classical trajectories are of minor interest if the mo-
tion is chaotic. Properties of all of them are alike in this case and rather the behavior of their manifolds
carries really valuable information. Therefore the phase-space methods and, correspondingly, the Liouville
form of the classical mechanics become the most adequate. It is very important that, opposite to the clas-
sical trajectories, the classical phase space distribution and the Liouville equation have direct quantum
analogs. Hence, the analogy and difference of classical and quantum dynamics can be traced by comparing
the classical (W9(1,0;t)) and quantum (Wigner function W¥(1,6,¢)) phase space distributions both expressed
in identical phase-space variables but ruled by different(!) linear equations.

The paramount property of the classical dynamical chaos is the exponentially fast structuring of the
system’s phase space on finer and finer scales. On the contrary, degree of structuring of the corresponding
Wigner function is restricted by the quantization of the phase space. This makes Wigner function more
coarse and relatively "simple" as compared to its classical counterpart. Fourier analysis affords quite suit-
able ground for analyzing complexity of a phase space distribution, that is equally valid in classical and
quantum cases.

We demonstrate that the typical number of Fourier harmonics is indeed a relevant measure of com-
plexity of states of motion in both classical as well as quantum cases. This allowed us to investigate in
detail and introduce a quantitative measure of sensitivity to an external noisy environment and formulate
the conditions under which the quantum motion remains reversible. It turns out that while the mean number
of harmonics of the classical phase-space distribution of a non-integrable system grows with time exponen-
tially during the whole time of the motion, the time of exponential upgrowth of this number in the case of
the corresponding quantum Wigner function is restricted only to the Ehrenfest interval 0 <t<t_ - just the
interval within which the Wigner function still satisfies the classical Liouville equation. We showed that
the number of harmonics increases beyond this interval algebraically. This fact gains a crucial importance
when the Ehrenfest time is so short that the exponential regime has no time to show up. Under this condi-
tion the quantum motion turns out to be quite stable and reversible.

66



Theoretical physics

Quantum chaos versus noisy environment.
Ya.A. Kharkov, V.V. Sokolov and O.V. Zhirov
J. Sib. Fed. Univ. Math. Phys., 2010, Volume 3, Issue 3, Pages 303-310

Quantum dynamics of a classically chaotic 1D system in the presence of external noise is studied.
Stability and reversibility properties of the motion (characterized by the Peres fidelity) as functions of the
noise level o are considered. We calculate fidelity analytically in the cases of weak and very strong noise
and find critical value, o (?), below which the effect of perturbation remains small. Decay of critical per-
turbation with time is found to be power-like after the Ehrenfest time #,. An estimate of the decoherence
time 7, (o) is presented after that the averaged density matrix becomes diagonal and its evolution turns into
Markovian process.

Google matrix, dynamical attractors and Ulam networks.
D.L. Shepelyansky, O.V. Zhirov
e-print: arXiv:0905.4162 (2009); Phys. Rev. E 81, 036213 (2010)

We study the properties of the Google matrix generated by a coarse-grained Perron-Frobenius opera-
tor of the Chirikov typical map with dissipation. The finite-size matrix approximant of this operator is
constructed by the Ulam method. This method applied to the simple dynamical model generates directed
Ulam networks with approximate scale-free scaling and characteristics being in certain features similar to
those of the world wide web with approximate scale-free degree distributions as well as two characteris-
tics similar to the web: a power-law decay in PageRank that mirrors the decay of PageRank on the world
wide web and a sensitivity to the value in PageRank. The simple dynamical attractors play here the role of
popular websites with a strong concentration of PageRank. A variation in the Google parameter « or other
parameters of the dynamical map can drive the PageRank of the Google matrix to a delocalized phase with
a strange attractor where the Google search becomes inefficient.

Towards Google matrix of brain.
D.L. Shepelyansky, O.V. Zhirov
e-print: arXiv:1002.4583v2.[cond-mat.dis-nn](2010); Phys. Lett. A 374, 3206 (2010)

We apply the approach of the Google matrix, used in computer science and World Wide Web, to de-
scription of properties of neuronal networks. The Google matrix G is constructed on the basis of neuronal
network of a brain model discussed in PNAS 105 (2008) 3593. We show that the spectrum of eigenvalues of
G has a gapless structure with long living relaxation modes. The PageRank of the network becomes delo-
calized for certain values of the Google damping factor a. The properties of other eigenstates are also ana-
lyzed. We discuss further parallels and similarities between the World Wide Web and neuronal networks.

Quantum compacton vacuum.
0.V.Zhirov, A.S.Pikovsky and D.L.Shepelyansky
it e-print: arXiv:1005.0778v1 [cond-mat.stat-mech] (2010)

We study the properties of classical and quantum strongly nonlinear chains by means of extensive
numerical simulations. Due to strong nonlinearity, the classical dynamics of such chains remains chaotic at
arbitrarily low energies. We show that the collective excitations of classical chains are described by sound
waves whose decay rate scales algebraically with the wave number with a generic exponent value. The
properties of the quantum chains are studied by the quantum Monte Carlo method and it is found that the
low-energy excitations are well described by effective phonon modes with the sound velocity dependent on
an effective Planck constant. Our results show that at low energies the quantum effects lead to a suppres-
sion of chaos and drive the system to a quasi-integrable regime of effective phonon modes.
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Two-dimensional ranking of Wikipedia articles.
A.O.Zhirov, O.V.Zhirov, D.L.Shepelyansky
e-print: arXiv:1006.4270v1 [cs.IR] (2010), Eur. Phys. J.B 77, p.523 (2010)

The Library of Babel, described by Jorge Luis Borges, stores an enormous amount of information. The
Library exists ab acterno. Wikipedia, a free online encyclopaedia, becomes a modern analogue of such a
Library. Information retrieval and ranking of Wikipedia articles become the challenge of modern society.
While PageRank highlights very well known nodes with many ingoing links, CheiRank highlights very
communicative nodes with many outgoing links. In this way the ranking becomes two-dimensional. Using
CheiRank and PageRank we analyze the properties of two-dimensional ranking of all Wikipedia English
articles and show that it gives their reliable classification with rich and nontrivial features. Detailed stud-
ies are done for countries, universities, personalities, physicists, chess players, Dow-Jones companies and
other categories.
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Plasma physics and controlled thermonuclear fusion

4.1 Scientific report about research results on GDT device for
2010 year

4.1.1 Introduction

Most projects of thermonuclear reactors based on open magnetic systems for plasma confinement
have the common structure. The main pert of the reactor is a mirror trap where thermonuclear power is
produced. Special magnetic cells for longitudinal losses of particles and energy fluxes suppression are at-
tached to the ends of the mirror trap. As mentioned in earlier investigations the simplest configuration of
thermonuclear reactor based on mirror machine cannot have a power amplification coefficient essentially
higher than unity because of longitudinal losses high level. At different times some effective methods of
longitudinal losses of particles and energy restriction were suggested: ambipolar cells, multimirror traps,
etc.

Independent from the methods of longitudinal losses suppression the aim of competitive thermonucle-
ar systems development makes demands to the main reactor part — central mirror trap. One of the demands
comes from the problem of future reactor size minimization. It’s necessary to have a maximally achievable
from technical point of view magnetic field magnitude. This demand leads to necessity of the simplest
axially symmetric magnetic configuration using. Furthermore reactor volume minimization demands con-
finement of plasma with relative pressure of about =/ ( B- relation of plasma pressure to magnetic field
pressure, f=8np/B’, where p — plasma pressure, B — magnetic field value). Third important requirement
comes from the circumstance of that thermonuclear plasma conventionally cannot have an isotropic ion
distribution function in velocity space. It can be caused by absence of ions inside of "loss cone" and by in-
jection of atomic beams with narrow angle distribution for plasma heating and particle balance sustaining.

Therefore the central mirror cell of thermonuclear reactor should be axially symmetric and provide the
confinement of non-equilibrium plasma with thermonuclear parameters and f~=/. Requirements specified
are particularly hard for reactor projects with relatively low or zero neutron flux level on so-called alterna-
tive fuels: d-°*He, p-''B.
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Fig.(4.1)1. Scheme of Gas Dynamic Trap device: 1 — central vacuum chamber; 2 — end tanks; 3 — coils
of central solenoid; 4 — mirror coils; 5 — ports of vacuum pumping; 6 — titanium evaporators; 7 — neutral
beams injectors; 8§ — beams absorbers; 9 — generator of preparatory plasma; 10 — sectioned plasma absorb-
ers (central disks are grounded, outer rings are under potential of about +300 V); 11 — limiters (also under
potential of about +300 V); 12 — warm plasma; 13 — hot ions; 14 — systems of gas puffing.

Gas Dynamic Trap (GDT) device in Budker Institute of Nuclear Physics SB RAS is a good model of
thermonuclear reactor central cell. GDT has an axially symmetric magnetic system and designed for non-
equilibrium high beta plasma confinement.

The main part of GDT device (fig. (4.1)1) is an axially symmetric mirror trap with high mirror ratio
designed for confinement of plasma which has two ion components with drastically different energies. One
of components is warm with isotropic distribution in velocity space which has temperature of about 200
eV and density n =2-10"’m’. This component is confined in gas dynamic regime. Another ion component
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is hot one created by oblique injection of neutral hydrogen or deuterium beams. Energy of injected atoms
is in range from 23 to 25 keV, fast ions formed by atoms ionization are confined adiabatically and oscillate
between turning points near the magnetic mirrors. Energetic confinement time of fast ions is mostly de-
fined by collisions with electrons and appears much less than characteristic time of their angular scattering.
Therefore hot ions have anisotropic distribution function, relatively low angular spread and peaked density
and pressure near the turning points. Mean energy of fast ions is about £,=/0 keV, density near the turning
points n,=5:10"’m~. Moreover electron temperature is up to 7, = 200 eV.

Research program on GDT is mostly oriented on decision of fundamental scientific problem of non
equilibrium high beta plasma confinement in axially symmetric mirror trap. This problem includes follow-
ing tasks:

1. To achieve the low level of transverse losses relate to longitudinal ones in regimes with high beta.
Note that axially symmetric mirror trap does not have a favorable configuration for MHD stability of
plasma in general.

2. To investigate the microinstabilities influence on plasma confinement. Microinstabilities are the
phenomena connected with electromagnetic waves generation in non equilibrium plasma. Electromagnetic
waves can sufficiently modify kinetic processes in plasma and consequently influence on its confinement.

3. To provide research on MHD equilibrium of high beta plasma. Condition =1 means significant
difference of magnetic field value inside of plasma from vacuum one. This fact can lead to number of pro-
cesses appearing which define the equilibrium configurations.

At the beginning of 2010 sufficient progress in GDT device experiment development has been made.
GDT had been modified: atomic injection power had been increased, magnetic field magnitude had been
increased, diagnostic complex had been improved. Furthermore the series of investigations on realization
and explanation of vortex confinement method for transverse plasma losses suppression were carried out.
Mentioned results allowed us to achieve values of relative pressure up to 0,6 which is a record for axially
symmetric open systems for plasma confinement.

This report includes description and results of three cycles of experimental investigations on GDT de-
vice. First series of experiments was oriented on completion of vortex confinement method substantiation
and dedicated to the direct demonstration of vortex movement of plasma. Simultaneously measurements
of maximally achievable electron temperature were carried out in optimized regimes with vortex confine-
ment as well as measurements of energy transversal losses. In the last serires of studies the survey experi-
ments on possible microinstabilities observation was provided.

4.1.2 The study of plasma motion at the vortex confinement

Vortex confinement method assumes the refusal from MHD stabilization. Its idea is to modify un-
stable motion of plasma column transverse the magnetic field in such a way to close the flux lines. It can
be realized by differential rotation zone creation near the radial boundary of plasma by means of special
electrodes: sectioned plasma absorbers and radial limiters (see fig.(4.1)1).

Fig.(4.1)2. Simplified scheme of plasma column motion without vortex confinement (left) and with vortex
confinement realization (center and right): according to theoretical model only m =1 and m = 2 modes are
available at differential rotation.
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According to numerical simulations plasma column cross section movement in the plane perpendicu-
lar to magnetic field can be either a rotation around the GDT device axis with small displacement relate to
the axis (azimuthal mode m=1) or plasma cross section has an elliptical form and rotates around the ellipse
symmetry axis which coincides with GDT device axis (fig.(4.1)2). Such a perturbations should spread along
the magnetic field on the entire length of the device (flute character of oscillations). At the beginning of
2010 vortex confinement method was sufficiently justified theoretically and experimentally, but from the
experimental side there was a lack of a very important detail — the direct observation of vortex motion of
the plasma. Since, according to the findings of the theory, the method of vortex confinement can be used in
thermonuclear systems, its final justification is extremely important.

To study the motion of the plasma column two systems of miniature magnetic probes (Mirnov coils)
was designed and built. These probes are capable to measure fluctuations of the radial component of the
magnetic field at frequencies up to 100 kHz. One system was a ring on which 16 probes were attached
equidistantly. Ring enveloped the plasma column near the hot ions turning point. Another system was an
assembly of the 12 probes located equidistantly on the line rod length 0.9 m. The linear assembly was lo-
cated parallel to the axis of the installation near the plasma column. Center of the assembly was located in
an area with mirror ratio 2. Each probe was connected to a channel of digital recorder of waveforms having
adequate time and amplitude resolution.

During the experiments, which were performed in regimes with electron temperature up to Te = 200
eV and relative pressure of up to B = 0,55, we studied the spatial and frequency spectra of plasma column
oscillations by means of Mirnov coils and other diagnostics.

signal, V
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Fig.(4.1)3. The characteristic signal form from azimuthal set of probes (oscillations of the magnetic field
radial component). Key stages: 0-1 ms — no large-amplitude oscillations with a distinct frequency; 1-2 ms
— oscillations with azimuthal number m = 1; 2.4 ms — oscillations with azimuthal number m =2; >4 ms —
plasma decay, oscillation frequency decreases significantly over the period of oscillations.

It was found that the fluctuations have a dominant mode at any time. However, in the regimes with
a maximum parameters number of modes does not remain constant during the experiment. The usual
scenario is as follows: during the first millisecond from the beginning of the atomic beams injection oscil-
lations are observed, then in the range from 1 to 2 ms the first mode is dominated, at approximately 2 ms
there is a sharp transition to the second mode, which remains dominant until the end of the experiment.
Fig.(4.1) 3 shows a signal from the azimuthal assembly at the time of changing the mode number. The first
mode in Fig. 3 dominates up to time t = 2.1 ms, this time nearby maximum stripes pass one to another.
After t =2.15 ms the second mode becomes dominant, the slope angle of maximum stripes is changing and
stripes pass next but one. Fig.(4.1)4 shows the spectra of the signal. The spectra show that in period of 1 —2
ms the first mode is dominated with a frequency around 40 kHz, and between 2 and 4 ms the second mode
plays the central role with frequency close to 20 kHz.
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Fig.(4.1)4. Spectra of signals 1-2 ms (top) and 2-4 ms (bottom).

For the results interpretation let’s note two things. First, the transition from m =1 to m = 2 is fast and
global plasma parameters that determine the confinement do not have time to change. Secondly, the mea-
sured frequency is the repetition rate of peaks by the probe, i.e. the measured frequency is the product of
the frequency of plasma rotation on the mode number. According to the findings of the frequency of plasma
rotation defined by the applied potential on the periphery is inversely proportional to the number of mode
/., =/, /m. Note also the rotational speed f, , appearing in the plasma by the "natural" way — by the ambi-
polar potential that decreases on the plasma periphery. Considering these two terms, we obtain

J=me Lo =Ii= M Sy ey

Note that without the ambipolar plasma rotation measured frequency should not depend on the mode
number. Using (1) for the transition from m = 1 to m = 2, we can calculate the characteristic frequencies:
f,=60kHz and f & =20kHz.

Longitudinal wavelengths were studied using a linear assembly of Mirnov probes and detectors of
the passed beams. Fig.(4.1)5 shows a signal from a linear probes assembly of the same experiment that the
signal from the circular assembly in Fig.(4.1)3. The signals from all probes of the linear assembly have the
same phase. This means that the wavelength exceeds the size of the linear assembly which is 1 m. And al-
lows us to assume that the fluctuations have a flute character. Additional measurements of the fluctuations
of a linear plasma density in the central section and correlation analysis showed that the azimuthal position
of the flute in the central section (measured by the detector of the passed beams) and a turning point (mea-
sured by Mirnov probes) coincide with accuracy up to 10° In other words the longitudinal wavelength is
longer than the GDT device. This finally proves the flute nature of the oscillations.
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Fig.(4.1)5. The signal from the Mirnov probe depending on the longitudinal coordinate z and time t.

According to the results of this series of experiments we can draw two important conclusions:

1. Demonstrated that in the regime with the differential rotation the motion of the plasma column in
transverse direction has a vortex character;

2. Perturbation of the plasma equilibrium in this case have character of flutes with the azimuthal wave
number m = 1 or m = 2, which is in agreement with the theoretical model.

4.1.3 The maximum achievable electron temperature and energy balance

In parallel with experiments on the study of plasma motion at the vortex confinement there was the
optimization of experimental parameters in order to achieve maximum electron temperature, which is one
of the main parameters determining the energy lifetime of the hot ions in GDT. In addition measurements
allowed to analyze the energy balance at optimized parameters were carried out.

The highest values of the electron temperature has been achieved in the regime with injection of 4.8
MW of deuterium beams into a deuterium plasma. Figure 6 shows the time dependence of the electron
temperature. The origin corresponds to the beginning of the atomic injection.
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Fig.(4.1)6. Electron temperature vs time in the regime with injection of 4.8 MW deuterium beams into
deuterium plasma: points - result of measurement, the line - result of "zero-dimensional" model taking into
account the longitudinal losses in the gas-dynamic regime.
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For comparison there are results of numerical simulation of plasma heating by atomic injection using a
model of a collisionless Maxwellian plasma flow through the mirrors, which is adequate to the experimen-
tal conditions at the GDT. Good coincidence of the results of this simulation with measurements indicates
a small value of the transverse heat loss power compared with power of longitudinal losses.

Numerical estimation of the transverse losses power ratio to the power of longitudinal ones was ob-
tained in a special series of measurements, where we used the pyroelectric bolometer allowed us to mea-
sure the distribution of power density on the plasma absorbers surface. These measurements were carried
out in the closest to a stationary regime with injection of hydrogen beams into hydrogen plasma. Power of
plasma heating (the power captured by of the atomic beams, less power of charge-exchange neutrals flux
from the plasma) was 1.4 + 0.05 MW and the measured power of longitudinal losses - 1.3 + 0.2 MW. Thus,
in this regime the power of the transverse energy losses did not exceed 20% of the power of longitudinal
ones.

4.1.4 High-frequency electromagnetic oscillations
Analysis of previous investigations shows that Alfven ion cyclotron instability can appears with to-
day’s plasma parameters in GDT. The main parameters determining the threshold of this type of microin-
stability:
p=8mn<e >/B®  relative pressure;
A = 1/Af — degree of anisotropy,
where n , <€>- density and mean energy of hot ions, B — magnetic field, AB - the characteristic angular
width of hot ions distribution. An approximate criterion of the instability threshold is the inequality
Af > k, where k = 1+10.
For today’s GDT parameters: A >> 1, f = 0.5.
For registration of electromagnetic waves in the range of the ion cyclotron frequency resonance (w =
2.7 MHz) magnetic probe able to measure fluctuations of the three components of the magnetic field (B,
B,B ) was mounted near the plasma. The characteristic features of Alfven waves in the plasma during the
development of Alfven ion cyclotron instability are the following:
1. the direction of wave polarization vector rotation coincides with the direction of the ion cyclotron
rotation;
2. B_ << B, B, - amplitude of magnetic field z-component oscillations is much smaller than the
corresponding amplitudes of r and ¢ components.
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Fig.(4.1)7. Three components of the magnetic field oscillogram fragment: the amplitude of the z-component
is small compared with the amplitudes of the other two components.

Figure (4.1)7 shows a fragment of magnetic field three components oscillogram, obtained in one of the
experimental "shots". It is seen that the amplitude of z-component is small compared with the amplitudes of
the other two components. Correlation analysis of fluctuations showed that the direction of wave polariza-
tion vector rotation coincides with the direction of the ion cyclotron rotation. Thus, we can conclude that
with high probability we deal with the Alfvén ion cyclotron instability.
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Analysis of the results of additional measurements made by the Mirnov coils system and energy ana-
lyzer of ions left the trap through the mirrors, allowed us to make following conclusions:

1. At the instability development there is an increase of the width of hot ions density peak in its turning
points (the degree of anisotropy decreases).

2. At the instability development oscillations amplitude saturation is observed and losses of particles
and energy through the mirrors increases insignificantly. According to the results of measurements of the
ions leaving the trap average energy is as follows:

<E>=1%0.03keV  —without the instability;
<E> = [.1 +0.03 keV — with the same parameters of plasma but in presence of instability.

Thus, we have shown that GDT is a good tool for further studies of a number of extremely important
issues related to microinstabilities:
1. specification the theoretical models describing the thresholds of microinstabilities and the
processes of saturation (the level of theoretical predictions accuracy today is not satisfactory);
2. studying the microinstabilities influence on plasma confinement and equilibrium.

4.2 Plasma theory

4.2.1 Plasma equilibrium and stability

Within paraxial approximation it is shown that in anisotropic plasma confined in an open-ended sys-
tem with B above the mirror instability threshold a «magnetic hole» is formed near the turning point of the
sloshing ions.

4.2.2 Dynamic plasma confinement

In 2010 we continued to study theory of the dynamic plasma confinement near unstable axially sim-
metric equilibria in open traps. Qualitative agreement of predicted theoretical scalings of the vortex con-
finement was established with data from dedicated experiments on GDT. A new feedback control method,
based bending of the plasma discharge by external transverse magnetic field was proposed. In contrast to
the vortex confinement it can be useful at a weak conductance to the end-plates as well.

4.2.3 Terahertz radiation

A phenomenological theory of generation of electromagnetic radiation of a laser spark in the frequen-
cy range 1-20 THz in the atmosphere was developed. Probability of multiquantum and tunnel ionization in
a bichromatic electromagnetic field is calculated by using imaginary time method.

4.2.4 Nonneutral plasmas
A theory of equilibrium of a nonneutral plasmas under the effect of various perturbations of the mag-
netic and electrostatic fields has been elaborated

4.2.5 Theory of plasma dust formation

The size distribution of dust particles in nuclear fusion devices is close to the power function. It is
shown that function of this kind can be the result of brittle destruction. From the similarity assumption it
follows that the size distribution obeys the power law with the exponent between -4 and -1. The model of
destruction has much in common with the fractal theory. The power exponent can be expressed in terms of
the fractal dimension. An additional assumption about the structure of fragmentation offers that the expo-
nent is close to -3. The exponent for the case of the biggest ball removing equals -3.4.

4.2.6 Theory of plasma wakefield acceleration

Proton beam driven plasma wakefield acceleration is further analyzed as a way to bring electrons to
TeV energy range in a single plasma section. Several factors that could limit accelerator performance are
considered: an external quadrupole focusing, the optimum choice of the plasma density profile, and the
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long-term driver dynamics. The optimum conditions for acceleration are found, and the consequences of
deviations from the optimum conditions are analyzed.

A model for the self-modulation instability of a long relativistic proton bunch propagating in uniform
plasmas is developed. The self-modulated proton bunch resonantly excites a large amplitude plasma wave
(wakefield), which can be used for acceleration of plasma electrons. It is shown that the self-modulation of
the proton bunch competes with the hosing instability which tends to destroy the plasma wave. A method
is proposed and studied through simulations to circumvent this problem, which relies on the seeding of the
self-modulation instability in the bunch.

To verify the novel idea of proton beam driven plasma wakefield acceleration, a proof-of-principle
demonstration experiment is now being planned. The idea is to use the available high energy proton beams
either from the Proton Synchrotron (PS) or the Super Proton Synchrotron (SPS) at CERN, to shoot the
beam into a plasma cell and to excite the plasma wakefield. Long proton beams are to be self-modulated
due to the instability. The interactions between the plasma and the proton beam are simulated as a part of
collaborative efforts. Similar effect of electron beam self-modulation can be experimentally tested at the
PWFA facility currently under construction at the Budker INP.

Earlier studies on resonant excitation of plasma wakefields by long trains of short electron bunches
are published.

4.2.7 Simulation of turbulent plasma heating by a powerful electron beam

Basic mechanisms of turbulent plasma heating by powerful electron beams are studied using numeri-
cal simulations. Both particle-in-cell and hybrid codes are used to investigate how beam- plasma instability
evolves and saturates in the case of continuously injected electron beam. It was found that for sufficiently
high plasma temperature beam driven turbulence is subjected to the constant pump, when the saturation
level of heating power is determined solely by the nonlinear interaction of beam particles with resonant
waves and does not depend on the turbulence structure in the nonresonant part of the spectrum.

The efficiency of plasma heating by low-energetic electron beams is investigated using 1D hybrid
code. We determined how the relaxation efficiency depends upon beam parameters at the stage of turbu-
lence excitation. It is shown that relaxation of a low-energetic beam appears to be more efficient compared
to the beam with the same power, but higher beam energy. It is also shown that plasma density inhomoge-
neities shift the peak of energy release to the locally uniform region.

4.3 Beam Injectors of Hydrogen Atoms and Ions

4.3.1 Beam Injectors of Hydrogen Atoms

For plasma heating in the FRC device (Tri Alpha Energy Inc., USA) two injectors of focused beams of
hydrogen atoms with 20 keV energy, 0.7 MW beam power, 5 ms pulse duration were developed and com-
missioned. lon sources are based on the power arc discharge plasma generators with discharge current of
1.2 kKA.

Modernization of four heating neutral beam injectors commissioned in TAE in 2008 year is finished.
Now the injectors operate with energy of 20 keV, ion current of 45 A, pulse duration of 100 ms. For the
injectors new ion optical systems with enlarged ion beam emission diameter were fabricated. RF plasma
generators are without modification from the previous version.

On contract with EMC2 company (Energy Matter Conversion Corporation, San-Diego, USA) heating
injector was developed and commissioned. Deuterium beam energy is 25 keV, ion current is 30 A, pulse
duration is 3 ms. Ion source is based on the power arc discharge plasma generator. Design of the plasma
generator is the same as mentioned above for the TAE injectors.
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4.3.2 Project of powerful continuous injector of beam of fast hydrogen atoms

Project of powerful continuous injector of beam of fast hydrogen atoms with 500-1000 keV energy of
atoms on the basis of negative ions is developed. The project is based on separate formation and accelera-
tion of negative ion beam. Detailed designing of the basic elements of the injector is carried out. Variant
of placing of the injector in the radiation protected hall of the DOL building is drawn. Experimental test
stand for acceleration of hydrogen negative ion beam with current ~5 A and energy 120 keV is prepared.
Manufacturing drawings of negative ion source prototype are arranged.

4.4 GOL-3 Facility
4.4.1 Introduction

GOL-3 is a unique electro-physical facility intended for studies of physics of fast collective plasma
heating by a high-current relativistic electron beam of microsecond duration and for studies of physics of
multiple-mirror confinement of high-temperature plasma in corrugated magnetic field. The main feature
of plasma behavior in the facility is the key role of collective and non-linear processes. Scientific program
of 2010 was targeted to several specific tasks of physics and technology of multiple-mirror confinement
systems for a high-temperature plasma. Development of experimental base was continued in 2010 in paral-
lel with experiments under scientific programs. New advances in a technology of generation of long-pulse
electron beams with the plasma emitter were achieved. The diagnostic complex of GOL-3 was improved
with several new diagnostics which will be described later in the text.

General view of the facility is presented in Fig.(4.4)1. The 12-meter-long solenoid consists of 103 coils
with an independent feed. In the regular multimirror configuration the magnetic field has 52 corrugation
periods (cells of multimirror system) with 22 cm length, the field in maxima is 4.8 T, in minima is 3.2 T.
The mirror ratio of the corrugated field is 1.5. This means that the operating mode of GOL-3 corresponds
to a “weak corrugation regime”. The solenoid terminates in single magnetic mirrors with the field of 8-9
T. The exit unit consists of the plasma creation system and exit expander tank with the end beam collector.
Magnetic field strength decreases to 0.05 T at the collector surface reducing therefore specific heat flux at
the surface. Metals therefore can be used as material for the collector plate.

Fig.(4.4)1. Multiple-mirror trap GOL-3.
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Typical experimental scenario is the following. Several gas-puff valves create required axial deute-
rium density distribution in a metal vacuum chamber @10 cm, placed inside the solenoid. Then a special
linear discharge creates a start plasma with length-averaged density of (1+30)-10°° m* and temperature
~2 eV. After that the relativistic electron beam is injected into this plasma with the following parameters
in a standard regime: electron energy is ~0.8 MeV, current is ~25 kA, duration is ~12 ps, energy content
is ~120 kJ, the beam diameter is ~4.1 cm (this value corresponds to 3.2 T magnetic field as in minima of
corrugated magnetic field). Such a beam is formed in a slit relativistic diode of the beam generator U-2
and then it is transformed to a circular shape and compressed by a magnetic system of U-2. As a result of
collective heating the plasma gets ion temperature 2+3 keV (in the hottest part of the plasma column). Use
of the multiple-mirror confinement scheme (the corrugated magnetic field) allows to confine the hot plasma
much longer, than in a simple solenoidal trap.

4.4.2 Experiments on injection of a beam with smoothly increasing power

In the experimental campaign of 2010 the new mode of formation of the relativistic electron beam for
the first time has been tested at GOL-3. The essence of the work was that operation of spark-gaps of the
high voltage generator of the U-2 accelerator has been reprogrammed to provide smooth growth of diode
voltage from 0.15 to 0.7 MV during approximately 8 us (unlike earlier standard mode in which starting
voltage was ~0.5 MV). Thus the current of the beam and its power also had the prolonged front, see Fig.
(4.4)2. Full duration of the beam and its energy content remained practically without changes in compari-
son with the standard mode.
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| Fig.(4.4)2. Main parameters of the electron beam for
two cases: the standard mode (thin lines) and the mode with
%. 04 - smoothly increasing cathode voltage (thick lines). Typi-
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From the point of view of fusion prospects of the scheme of plasma heating by an electron beam in
open traps, study of interaction of a less powerful beam with plasma (that is study of beam-plasma inter-
action with reduced beam to plasma density ratio) is essential. The reason is that interaction process of a
high-current relativistic electron beam with plasma is nonlinear, and optimal beam power can be found
that should provide collective heating of plasma electrons and maintain heat axial heat losses suppression
with minimal energy consumption.

In the experiments we demonstrate that growth of the plasma energy content occurs almost linearly
during injection of the electron beam even in spite of the fact that in first half of pulse beam power was
essentially lowered in comparison with a standard mode, see Fig. (4.4)3. The resulting value of plasma en-
ergy content is close to that achieved in the standard mode. This result is positive from the point of view of
prospects of planned transition to operation with a long-pulse electron beam of lowered power.
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Fig.(4.4)3. Dynamics of the full plasma energy content by diamagnetic measurements. The standard
operating mode is shown by the thin line, the mode with smooth increase in energy of electrons by the thick
line.

4.4.3 Measurement of electron distribution function

Thomson scattering system was upgraded in 2010. The main target for operation was to enable ob-
servation of dynamics of axial variation of plasma heating. The axial variability of plasma parameters is
inherent feature of mirror machines that distinguishes them from tokamaks where plasma parameter de-
pends practically only on normal to magnetic field coordinates. Another characteristic feature of GOL-3
device in contrast to other magnetic confinement systems is a strongly non-Maxwellian electron distribu-
tion function, which is the result of high power plasma heating and of turbulent mechanism of the heating.
Moreover, plasma heating at GOL-3 is far much faster than in other modern magnetic confinement devices
so it requires diagnostics with high temporal resolution. Due to the above mentioned features the upgrad-
ing required approaches that are different from those routinely used in toroidal devices. In particular, for
observation in additional axial plasma cross-section (2 m from the input magnetic mirror) the laser beam
was re-used and directed through plasma second time as it is shown in figure (4.4)4 where the layout of
Thomson scattering system is depicted. Here the laser input is shown by the arrow. Detailed measurement
of dynamics of high energy tails of electron distribution function requires two laser pulses with variable
timing (0.1-100 us) between them and with the energy of each pulse several times larger than typically used
in devices with near Maxwellian plasmas. Two laser pulses are generated by new two-module oscillator
system. The following amplifiers increase the energy of each pulse by a factor 10°.

Despite the amplification is strongly nonlinear the output laser pulses with nearly equal energy can
be produced for varied time delay between them by tuning pump power and timing of the amplifiers. An
example of the use of new Thomson scattering system is shown in Fig. (4.4)5 where plasma density and
temperature (mean energy of non-Maxwellian plasma electrons) measured at two time instants (5.5 ps
and 8 ps after the heating start) within a single shot are shown. Measurements are performed at two axial
positions along the plasma column - 2 m and 4 m from the input of heating electron beam into plasma.
The data points in the Figure have summarized from several plasma discharges. As can be seen from these
measurements respectively dense plasma flows along magnetic field from input plug to the end of facility.
So after 2.5 us the plasma density decreases at z= 2 m but slightly increases at z=4 m. The mean energy
of plasma electrons generally increases at both locations after 2.5 ps however large spread of temperature
at this time is noticeable. The more detailed examination of dynamics of plasma electron energy within
one shot shows that electron temperature sometimes decreases on the period from 5.5 to 8 pus while heating
relativistic electron beam continues passing through plasma until 11 us. Such a behavior is basically con-
sistent with the model of collective energy transfer from plasma electrons to ions. According to this model
this mechanism starts just near 7+9 us since the start of plasma heating.
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Fig.(4.4)4. The layout of upgraded Thomson scattering system for measurement at two spatial points and at

two time instants within a single plasma discharge.
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Fig. (4.4)5. Dynamics of density and mean energy of plasma electrons during the plasma heating at distance
of 2 m and 4 m from input plug. Data are obtained from Thomson scattering measurements during several

plasma discharges.

4.4.4 Studies of sub-Terahertz plasma emission

In the conditions of turbulent plasma heating by a high-power relativistic electron beam there is a pos-
sibility of coupling of two Langmuir waves into an electromagnetic wave. Thus frequency of the electro-
magnetic wave approximately corresponds to double plasma frequency. For plasma density in a range 10%
+10*' m™ the doubled linear plasma frequency is within the range 180+565 GHz. Therefore investigation of
spectrum and dynamics of emission of plasma in terahertz region provide information about beam-plasma

interaction and processes that accompany relaxation of the electron beam in the plasma.
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In the year 2008 a four-channel radiometric diagnostics has been developed for measurements of ra-
diated power and spectrum of plasma emission in the vicinity of double plasma frequency. It is based on
quasioptical elements in which spectral selectivity is provided by use of anisotropic mesh filters.

In 2010 the experimental research of plasma terahertz radiation generated by the mentioned mecha-
nism proceeded. The special attention was given to features of radiation dynamics. One of possible mecha-
nisms of terahertz waves generation is concerned with occurrence in the plasma localized areas with raised
density of Langmuir fluctuations. In this case radiation power dynamics should consist of a large number
of short spikes. The similar structure of the signal is observed in the experiment, see Fig. (4.4)6.
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Fig. (4.4)6. Typical waveforms which characterize the stage of collective plasma heating by the relativistic
electron beam in GOL-3. Shown from top to bottom are: the cathode voltage of the beam generator and
the beam current; diamagnetic plasma pressure at coordinate z = 77 cm; signals of detectors of terahertz
radiation located at coordinate z=83 cm. Central wavelengths of the bandpasses of the spectral system are
designated for each detector.

It is clearly seen that terahertz radiation exists only at the stage of intensive heating of the plasma.
After 7" microsecond radiation disappeared despite beam injection still proceeds and the plasma energy
content is close to its maximum. This circumstance testifies that generation of terahertz radiation isn’t con-
nected directly with cyclotron rotation of electrons, but it is the plasma process.
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4.4.5 Results of plasma magnetic activity measurements

Magnetic activity of the plasma was found both at the stage of plasma heating and at a long time after
the end of the beam injection. In the last case (at the stage of plasma cooling) transient magnetic disturbanc-
es occur. These events correspond to short (several oscillation periods, in some cases one pulse) bursts of
oscillations with the main frequency 10° =+ 10° Hz. Integral of the magnetic field amplitude along the whole
burst duration equals to zero, i.e. the observed event doesn’t lead to generation of the mean current along
the plasma but corresponds to generation or vanishing of the opposite axially asymmetric current fila-
ments. In some cases bursts of neutron and gamma emission observed by local radiation detectors strongly
correlate in time with the magnetic activity of the plasma (Fig. (4.4)7). Statistical analysis of ~ 8000 events
in ~ 1200 shots was conducted.

Fourier analysis of the magnetic disturbances has shown three statistically dissimilar groups of events
with the main frequencies of about 0.38, 0.86 and 1.4 MHz. The least of them agrees well with the two-way
Alfven wave propagation through the whole length of the device. The disturbance was found to start on the
one end of the plasma column and propagate through the plasma with the local Alfven velocity (Fig. (4.4)8).
Its decay time corresponds to the characteristic lifetime of a short (comparable to the length of one cell of
the magnetic field) improper magnetic disturbance.
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Fig.(4.4)7. Correlation of pulsed magnetic activity and neutron/gamma emission. Above: local neutron/
gamma radiation detector data; below: azimuthal magnetic probe data.
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Fig.(4.4)8. Longitudinal correlation of the bursts. Zero lines are shifted proportionally to the coordinates of
probes (from bottom to top: 167, 288, 398, 464, and 492 cm), slope of dotted lines corresponds to the mean
Alfven velocity.

84



Plasma physics and controlled thermonuclear fusion

Final interpretation of these bursts could be given as follow. At the stage of the turbulent heating a
complex structure of opposite currents is formed in the plasma. After the end of the beam injection such
structure could not disappear instantly because of its inductance. At the stage of plasma cooling filamen-
tation of these structure could occur forming separate threads of current up to 50 A (estimation is based
on the observed amplitudes of the bursts, amplitude distribution has a power law with the power -1.87).
Observed signal could correspond to the annihilation of these threads, duration of the reconnection process
conforms to theoretical predictions.

4.4.6 Experimental investigations of tungsten erosion after powerful plasma stream
irradiation

Experimental study of tungsten behavior under plasma loads relevant to ITER divertor were per-
formed at the GOL-3 device. Experiments were performed in GOL-3 exit unit where energy density in the
exhaust plasma stream decreases correspondingly with the broadening of the magnetic flux tube in the exit
expander. Target energy loads in experiments were varied in range (0.3+12) MJ/m?.

Investigations of tungsten surfaces after irradiations demonstrated the following.

At power loads less than threshold of melting (less 0.5 MJ/m?) surface changes are small. Changes
of surface roughness were observed. Rising of power loads lead to strong melting of the surface and also
evaporation. Boiling bubbles with diameter 50-300 microns and formation of crack networks with typical
cell sizes 0.3 pm are observed with microscopy.

At moderate loads (5 pulses with energy density 2 MJ/m? per shot) corresponding to ELM type I in
ITER divertor formation of three different crack networks with typical cell sizes of 1000, 10 and 0.3 pm
are identified. Bubbles are also observed. Fig. (4.4)9 shows bubble on tungsten surface. Figure is taken by
SEM Jeol JCM-5700. Using of SEM stereopairs with MeX software allow us to reconstruct 3D view of
surface and measure depth of bubble. Fig. (4.4)10 shows bubble depth profile with typical depth 22 microns.

Fig. (4.4)11 shows SEM pictures with big magnification that allow to see structure of crack networks
with cell sizes 0.3 pm.

g

20kV X800 20pm-—~ - 40 55 SEI

Fig.(4.4)9. Even moderate energy loads (5 pulses with energy density 2 MJ/m? per shot) leads to tungsten
surface strong melting and formation of deep bubbles and cracks.
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Fig.(4.4)10. Depth profile of bubble on tungsten surface. Measured by MeX software by using of SEM
stereopair.
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Fig.(4.4)11. Crack pattern with cell sizes 0.3 pm on tungsten surface after irradiations.

It was shown that at energy loads corresponding to biggest ELM type I in ITER divertor (expected 10°
ELM per ITER shot) tungsten erosion depth will be unacceptable strong: only after 9 GOL-3 pulses with
energy density 4 MJ/m? per shot erosion depth was hundreds of microns. Surface have form of frozen melt
with waves with vertical changes of hundreds um. Only crack network with cell sizes 10 um is observed.
Fig. (4.4)12 shows typical view of surface after irradiations. Height of round object in right lower corner
was 280 pm. Altitude of upper object was 100 um, fig. (4.4)13 shows 3D view of object like this.

At energy loads 12 MJ/m? tungsten erosion depth was more than 150 pm per shot.

Comparative irradiations by powerful plasma stream of different tungsten grades was performed. Dif-
ferent tungsten grades shows different behavior under irradiations.

Experimental results set more severe limitation on tungsten surface maximal energy loads under plas-
ma stream irradiations than previous ones.

86



Plasma physics and controlled thermonuclear fusion

Fig.(4.4)12. SEM image of tungsten surface after 9 GOL-3 pulses with energy density 4 MJ/m? per shot
corresponding to biggest ELM type I in ITER divertor (expected 10* ELM per ITER shot).
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Fig.(4.4)13. 3D view of tungsten surface after 9 GOL-3 pulses with energy density 4 MJ/m? per shot. Hills
height is more than hundred pm.

4.4.7 Development of diagnostic capabilities

Quality of the obtained physical information is limited by capabilities of a diagnostic complex of
GOL-3. As well as during the previous periods considerable efforts were put into this subsystem of GOL-3
in 2010.

Macroscopical stability of the plasma column and variations in its size and position in regimes with
injection of the beam of the reduced diameter was investigated by means of imaging VUV spectrometer.
Comparison of spatial structure of VUV spectral lines of impurity ions with numerical calculation of dy-
namics of ionization balance resulted in the upper estimate of transverse diffusion coefficient in specified
regimes ~2 m?/s. The low value of transverse diffusion coefficient that was confirmed in these experiments
means that transverse losses aren’t dominant even at reduction of diameter of the plasma column to ~1 cm
scale.
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Fig.(4.4)14. Size and position of VUV-emitting plasma in a sequence of shots with the beam injection into
a non-ionized deuterium. Shades of gray shows brightness and position of the plasma, its center is marked
by a thick dash, expected beam diameter is shown as horizontal solid lines.

A new fast CCD camera VIDEOSPRINT by VIDEOSCAN company was put into regular operation at
GOL-3. This camera produces monochrome images of transient processes. Peak frame rate reaches 250000
fps at 1280%2 arrays with full resolution 1280%1024 at lower speeds. At GOL-3 this camera is used for
studying of processes of creation, heating and cooling of the plasma. External triggering of the camera and
its remote control were made. In September, 2010 the first results were produced with this diagnostics and
since that the camera is in operation.

.
(]

Diameter, mm

-100 0 100 200 300 400 500

Time, microseconds

Fig.(4.4)15. Dynamics of plasma brightness (slit scan). Preliminary plasma starts at -35 ps, the beam
starts at O ps.

Passage to an essentially new synchronization system became an important infrastructural improv-
ing. Earlier for this purpose I'BM-8M units connected under the complicated tree-like chart were used.
New multichannel independent 32-bit synchronization system «Pulse» has been developed and made for
their replacement in the Lab. 9 (by group of A. D. Khilchenko). It communicates with client computer with
100BaseTX. The «Pulse» System has up to 48 output channels in 3U 84HP IEC 60297 crate. It can be
completed with drivers having an electrical output (which is compatible on parameters and connectors with
earlier 'BU-8M), or an optical output. In total 6 crates of a different set of drivers for control of GOL-3 and
its major subsystems were made.
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4.4.8 Development of technology of creation of a long-pulse intensive electron beams based
on plasma emitters

In 2010 the first series of experiments was done on generation of intense electron beam of submilli-
second duration with injector based on arc plasma emitter. The injector was installed in exit tank (plasma
expander) of GOL-3. The aim of experiments was to test reliability of power and control systems of the in-
jector, as well as provide the beam generation with following parameters: accelerating voltage in the range
of 40 + 120 kV, emission current to up to 100 A and the beam duration 0.1 + 0.5 ms. Emitting plasma was
generated by pulsed arc discharge with cold cathode and hollow anode. The hydrogen serves as working
gas. An arc generator was fed by an autonomous power source floated under the full accelerating potential.

Accelerating voltage pulse of quasi-rectangular form was obtained by means of partial discharge of
high-voltage capacitor bank using two multigap spark switches. An electron beam was extracted from the
plasma and accelerated in the diode-type EOS with 36 emission apertures of 4 mm in diameter, arranged
in a hexagonal order. Then the beam was transported in a metallic drift tube at a residual gas pressure of ~
1-10* Torr at a distance of approximately 0.5 m and is absorbed in the end cap collector.

In the experiments the beam stored energy of 600 J and average beam power of about 4 MW were ob-
tained. The experiments were performed in the absence of an external magnetic field. Maximally achieved
(not simultaneously) in the first series of experiments, the beam parameters were: 110 keV, 70 A, 0.5 ms.
Typical waveforms of voltage and emission current are shown in Fig. (4.4)16. Thus, the first experiments
demonstrate the functionality of the chosen design of injector and the prospect of further improving the
beam parameters.
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Fig.(4.4)16. Typical waveforms of the beam and imprint on the end cap of the drift tube (50 cm from the
EOS).

4.4.9 Summary

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

out.
Third Workshop on program of GOL-3 was held in November, 2010. More than 30 reports that dis-

cussed current activities and future plans were made by involved scientists.

Participants of this work: A.V.Burdakov, A.P.Avrorov, A.\V.Arzhannikov, V.T.Astrelin, V.I.Batkin,
A.D.Beklemishev, V.B.Bobylev, V.S.Burmasov, P.V.Bykov, G.E.Derevyankin, V.G.Ivanenko, [.A.Ivanov,
M.V.lvantsivsky, PV.Kalinin, [.V.Kandaurov, [.A.Kotelnikov, K.N.Kuklin, S.A.Kuznetsov, A.G.Makarov,
M.A.Makarov, K.I.Mekler, S.V.Polosatkin, S.S.Popov, V.V.Postupaev, A.F.Rovenskikh, A.A.Shoshin,
S.L.Sinitsky, V.F.Sklyarov, N.V.Sorokina, V.D.Stepanov, A.V.Sudnikov, Yu.S.Sulyaev, LV.Timofeev,
A V.Terekhov, Yu.A.Trunev, L.N.Vyacheslavov, V.A.Yarovoy.
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5.1 VEPP-2000 in 2010

To begin with we will remind that the first bunch in VEPP-2000 has been received in September, 2007.
The first measurements of luminosity and scanning @—meson resonance have been spent with detector
SND in 2008. In 2009 detector CMD-3 has been established on the store, and VEPP-2000 has taken the
present form.

Fig.(5.1)1. VEPP-2000 with SND and CMD-3 detectors.

5.1.1 First experimanal work with SND and CMD-3 detectors 2x(500-950MeV)

In the end of 2009 CMD-3 was ready to the beginning of measurements. Naturally, it was necessary to
begin a season calibration of CMD-3 systems in area of ¢-meson resonance. Simultaneously this measure-
ment has served as a starting point for calibration of a scale of bunches’ energy in VEPP-2000. After that
the decision to pass energy area above @-meson with step of 50 MeV and with a set in each point of lumi-
nosity integral of an order 500 nb™! was accepted. This work should allow to calibrate systems of particles’
identification in both detectors, to check up working capacity of all power supply systems of the store, to
fulfill details of operating programs and interaction of three computer clusters (the accelerator and two
detectors). Experiment proceeded 6 months.

Measurement of luminosity of the store was carried out on both detectors by elastic scattering of elec-
trons and positrons. By the season end the total integral of the luminosity which has been written down by
detector SND, has made nearby 7000 nb™. Distribution of the luminosity integral on energy is presented
in Fig.(5.1)2.
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Fig.(5.1)2. Luminosity integral (SND data).

Decrease of the gathered luminosity in the high energy region is connected with limitation of particles’
injection energy from booster storage ring BEP. In spite of the fact that the maximal magnetic field in BEP
is sufficient to accelerate the beams up to 900 MeV, real limitations of boosting high currents (50—-60 mA)
have arisen because of not enough voltage of RF cavity and weak sextupole correctors. Above 800 MeV
acceleration was performed into collider VEPP-2000. The absence of beams separation system in interac-
tion points has considerably complicated this process. Besides, eddy currents induced in nitrogen screens
of superconducting solenoids due to energy change led to sufficient betatron tunes shifts (up to = 0.02). This
effect reduced as boost speed from injection energy to experimental one, and duration of opposite descent,
that led to the big loss of time and currents of colliding beams.

Thus, the first experimental work has shown with all evidence necessity of increasing the booster BEP
energy up to 1 GeV that VEPP-2000 on any energy could work in “a factory mode”. The first study of this
idea, considering transition to bunches from an injection complex, indicates that BEP modernization to
1 GeV is not very expensive (see chapter “BEP modernization™).

5.1.2 Radiative polarization and energy calibration

In the end of the first experimental season week attempt of calibrating VEPP-2000 energy by a method
of a resonant depolarization has been undertaken. First of all, it is necessary to tell that presence of strong
solenoids in magnetic structure of the store leads to considerable restrictions for radiating polarization of
bunches. Polarization is possible only at opposite polarity of solenoids in each experimental dift. More-
over, the result depends as well on sequence of solenoids’ polarities on a ring as a whole. If arrangement
of solenoids underlines the first orbital harmonic of a longitudinal field radiative polarization is possible in
energy range from 0.6 to 1 GeV with rather small polarization time. In Fig.(5.1)3 the computations with
ASPIRRIN code of degree (top) and time (in the middle) of radiative polarization are shown in dependence
on energy.

Ideally, when integral of solenoids’ filed is equal to zero (left) the integer resonance (spin tune is v =2)
as well as betatron ones (v =4 - v nv =v, - 2) are absent. However, these resonances immediately arise at
symmetry break of longitudinal field.

The bottom part of Fig.(5.1)3 presents a situation, when solenoids’ layout creates the second orbital
harmonic. Here polarization can exist only in low energy range 200—600 MeV. Large polarization time in
this region does not allow one using radiative polarization in VEPP-2000. However, resonant depolariza-
tion is possible in this case with the beam preliminary polarized on high energy in booster BEP.
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Fig.(5.1)3. Calculations of radiative polarization in VEPP-2000.

To register an effect of beam depolarization by measuring counting rate of particles scattered inside
a bunch two mobile scintillation counters have been put in one technical drift of VEPP-2000 (Fig.(5.1)4).
Besides, we have developed 2-channel RF multiplier feeding depolarizer, which consists of 4 short (10 cm)
plates in the storage ring vacuum chamber. Plates’ layout allows one to excite magnetic field of any direc-
tion in the plane transversal to the beam orbit.

Fig.(5.1)4. Probes for particles counters.

For the first measurement the energy of 750 MeV has been chosen, at which polarization time is about
half an hour and there are no strong depolarizing resonances, even in the assumption of solenoids’ sym-
metry break to level of 1%.
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The depolarizer worked on frequency f, = f (2 - v). Originally depolarizer frequency scan was per-
formed in frequency range of about A f, ~ 0.01 f, with a rate of 10 Hz/s. After observation of first jumps in
counting rate, normalized to square of beam current, the frequency range has benn narrowed in two times
and scanning rate — in 10 times. The data of these measurements is presented in Fig.(5.1)5.
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Fig.(5.1)5. Measument of energy by method of resonant depolarization.

As one can see from Fig.(5.1)5 a jump of the counting rate occurs in narrow region of depolarizer fre-
quencies, so we can determine beam energy as E=750.67 £ 0.03 MeV. The energy value obtained is in good
agreement with expected one, which is based on magnetic measurements and energy calibration by mass
of ¢-meson resonance.

5.1.3 Correcting the orbit and magnetic structure of VEPP-2000

While energy of VEPP-2000 change in wide range for a long time of work the need of correcting
equilibrium particles’ orbit and tuning optical system of storage ring arises inevitably. For VEPP-2000 it is
especially actual, considering work of magnets at strong saturation.

The main task at correction of the closed orbit (CO) in VEPP-2000 is minimizing its deviation from
magnetic axes of chosen elements. After correction of closed orbit, it is possible store position of the beam
in all the beam position monitors (BPM), and to use these data for further orbit corrections. As BPM on
VEPP-2000 we use 16 CCD, which detect synchrotron radiation of electrons and positrons from dipoles,
and 4 image current monitors (pick-ups). CCDs are not fixed tightly, therefore from time to time their posi-
tion changes, hence one need to make regular calibrations for orbit correction by data from BPM.

First method of orbit correction (OC), which has been automated on VEPP-2000, is method of correc-

tion relative to magnetic centers of quadrupoles. If a particle has an error Sl = (0x,0y) in quadrupole,

then variation of gradient in this quad on 6G will lead to CO shift equal to one from dipole corrector with

the field SH = (6x8G, 8 yS5G) . Measuring orbit deviations in BPMs, caused by gradients errors in quad-

rupoles, it is possible construct response vectors 5X

exp,i *

As the accelerator structure is known, we can calculate theoretical responses 5X

m

od; to dipole cor-

rectors in corresponding quads. To find absolute coordinate of CO in a quadrupole number i, X one

err,i ?
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should minimize following functional:

F(/ll) = (fmod,in//i’i - fexp’in)z 4 min

Here %, oain 1 Xewpin — are measured and model response vectors, normalized to accuracy of mea-

surements 0, :
— _ é‘xmod,i 1 . §xmod,iN
Z mod,in ) )
O_i 1 G[N
— _ é‘xexp,il 5xexp,iN
V4 exp,in > 9
0y O

Functional has minimal value with the next parameters:

(;? mod,i 7? exp,i )

A =

‘min,i -2
Zmod,i
Now absolute coordinates of the beam in quadrupoles are calculated with these equations:
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Fig.(5.1)6. An example of restored orbit deviation.

For some elements, such as long solenoids of final focus in VEPP-2000, it is necessary to know the
exact information on passage of CO trajectory concerning magnetic axis of the element.Fig.(5.1)6 shows
recovered orbit inside VEPP-2000 final focus solenoids relatively to their magnetic axes. Solenoids xSl
and xS2 are coils of one solenoid and should be coaxial. Apparently, the huge stresses arising in solenoids
and errors at manufacturing have caused distinctions in the measured shifts. The big synchronous orbit
shift is a consequence of intended distortion of the orbit, which purpose was to reduce background noise
in detectors.
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To repair CO distortions X, we need to calculate response matrix M, consisted of CO shifts, caused

by unit currents in correctors from the chosen group. Then one should find such currents 7, which would

minimize ||F ||
F = Xi Mij I 2 2 2
i - jo O; =O0gu, to

O. (o

1 1

syst,i*

Code for correctors’ optimization in VEPP-2000 uses SVD decomposition to inverse rectangular ma-

trices: 4
EANA

J
o; SVD g;

Discrepancies of theoretical model lead to errors at orbit correction, so we need several iterations.
Fig.(5.1)7 shows the decrease of CO distortion from magnetic centers of quadrupoles after correction.
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Fig.(5.1)7. An example of orbit correction.

5.1.4 Optimizing the correctors strength

Some times there is a situation when some correctors work against each other, so we can significantly
reduce their currents almost without changing the CO. On VEPP-2000 complex a special program has been
developed, which allows one easily optimize correctors’ strength. At the first stage the program collects
data about strength of chosen correctors and computes CO distortion induced by them:

Xdist = Z Xz’ = Mcorrlcorr,i‘
After that the code calculates optimal currents making CO distortion differ from initial to acceptable

value:
-1

Ioptimal,i = (Mcorr )SVD Xdist
A/‘(CO = Mcorr (Icorr,i -

Ioptimal,i )

Operator controls the difference between CO before and after optimization by selecting the quantity

. e . . -1 .
of singular values participating in inverse matrix calculation (M corr ) o - After adjustment of the correctors

strength, one should make orbit correction as the theoretical model of accelerator is slightly differs from
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real. In Table(5.1)1 the results of described procedure are presented.

Table(5.1)1. Correctors strength tuni.

Before tuning After tuning After correction

1
coer 0.52 A 022 A 0.28 A

corrs

5.1.5 Correcting the accelerator structure

One of the major problems when an accelerator is put into operation as well as its regular work is
detection and eliminating the errors in linear magnetic structure of the machine. To correct the magnetic
structure of VEPP-2000 the program has been written, which realizes algorithms from publisher papers.

The main idea of the method consists in minimizing the value of ;(2 by selection of the chosen parameters:

2
(Mmod,ij - Mmes,ij ) _ V2
2 o Z k(ij)*

g

=Y
iJ

Here M uM — are experimental and theoretical response matrices of CO in i-th BPM de-

exp,ij mod,ij

pending on variation of j-th corrector, o; — accuracy of appropriate measurements. The main feature of
this code is that it uses 6D phase space when making calculations of responses on dipole correctors.

Table(5.1)2. Avaraged changes of currents in quadrupoles in 4 sequential iterations

Iteration 1 2 3 4
Al T
100x 2. quad _~ quad 6.17 3.24 0.85 0.24
quads

After improvement of the code "sixdsimulation" the procedure of correcting accelerator structure is
made automatically. Interaction of operator with the program is organized through a sequence of dialog
boxes, in which is is possible to set necessary parameters. One iteration takes about 60 minutes. 50 min-
utes are needed to measure the CO response matrices on dipole correctors, betatron tunes and dispersion
function. The next 10 minutes one spends to go through series of dialog boxes and to tune correction pa-
rameters. Table 2 and Fig.(5.1)8 illustrate successive correcting strong distortion of VEPP-2000 magnetic
structure.
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Fig.(5.1)8. An eample of correcting the VEPP-200 structure.

For operational management of storage ring so called “adjustment knobs” have appeared very useful
for changing betatron tunes along and across to coupling resonance; for correcting the value of coupling
between X and Z oscillations; for repairing the leading orbit’s distortion harmonics; for making local orbit
shifts (“bumps”), etc. The main tool is the program “ORBIT”, which combines optical measurements from
CCDs in 16 points along the ring and data from 4 pick-ups placed in triplet drifts.

The same program is used for studying beam-beam effects. In Figures below calculated and measured
envelopes of transverse beam sizes are shown for two cases. Fig.(5.1) 9 shows “natural” sizes with small
beam currents, when beam-beam effects are absent. One can see good agreement of values that was ob-
tained after correcting optics as described above. However in a case of interacting high electron current
I' = 45 mA with small positron one I = 3 mA the sizes of the last are increased significantly outside the

interaction region (Fig.(5.1) 10).
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Fig.(5.1) 9. Beam sizes and envelopes.
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Fig.(5.1)10. Strong-weak beam-beam effects.
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5.1.6 Luminosity measurements

Luminosity measurements on VEPP-2000 are performed since 2007 based on data from detectors
SND and CMD-3. However, such measurements are slow enough (one procedure takes 30 s) and have large
statistical error leading to their fluctuations, which is inconvenient to tune the accelerator. As an alternative
tool independent luminosity measurement based on beams’ sizes has been realized. Actually to calculate
the luminosity one has to know sizes at interaction point and intensities of colliding bunches. Even in a
machine with one ring the sizes of electron and positron beams are different because of beam-beam effects:
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dynamical emittance ¢ and beta function §* depend on current of opposite beam. And besides linear effects
there is stochastical gain of emittance due to linear betatron and generated by beam-beam effects nonlinear
resonances. This does not allow one to predict a dependence of luminosity on current in the case of strong
colliding bunches.

Measuring beam sizes directly in interaction point is technically impossible. However, we have 16
points along the ring for measuring beam sizes with CCD cameras using synchrotron radiation from bend-
ing magnets: 8 points for each beam. In case of no opposite beam the optics and transfer matrices between
points of measurement are known very well, so all the sizes can be recalculated to one azimuth for com-
parison and analysis. Beam-beam effects change beam emittances and introduce focusing distortion, but
this disturbance is localized at interaction point (IP), so all transfer matrices outside the IP are unchanged.

Calculation of sizes and luminosity is made with such assumptions:

1. Optics of unperturbed ring is known, including transfer matrices, dispersion function and
momentum spread in the beam.

2. Two arcs between IPs are always identical to each other, mirror symmetry is kept.

3. Optics is uncoupled, so we can use independent transfer matrices 2x2.

For transfering beam sizes to IP through focusing solenoid that is not true: solenoid makes rotation
of betatron oscillation plane on a certain big angle. But total rotation has no value, therefore in a transport
matrix focusing by the solenoid is considered only.

It is convenient to make fitting unknown parameters (¢ and £8,) in mirror symmetry point of the ring,
e.g. in the middle of the technical drift, where Twiss parameter oo = 0. A transfer from mirror symmetry
point with a = 0 to the i-th point of the ring can be done very simple:

-1
ﬁi :ﬂo '(tll)i +1Bo '(tlz)i
here 7,— elements of transfer matrix 2x2. Fitting the emittance & and beta function f, in mirror
symmetry point by using measured sizes o, in i-th points is performed by procedure of minimizing
sum of squared residuals:

S:Z:(\/g'i'g”_o_")2 :Z(\/g(ﬂO B 'l‘lz,»z)—ai)

2 2 2 2
; o +o, ; o +o,

where o, — error of sizes determination, and o, — measured size minus dispersion part 0, =0 —D —L£

Pairs of (g, B,) are adjusted for horizontal and radial motion, for electrons and positrons independently.
After fitting, the received parameters are transferred to IP and the luminosity is calculated:

L — NI NZf(‘)
27r\/(c71x2 + 0'2)(2 )((fly2 + (szz)

where N — number of particles in a bunch, f, — revolution frequency.

The described method of measuring luminosity is in good agreement (at level of 10 %) with readouts of
luminosity monitors from detectors SND and CMD-3 at rather low currents. At limiting values of currents
(beam-beam parameter & ~ 0.1-0.15) there is a strong deformation of transverse distribution of particles, so
that distribution becomes significantly non-Gaussian. Determination of beam sizes by pictures from CCD
cameras as well as fitting emittances and beta functions become incorrect.

5.1.7 Booster BEP modernization

Magnetic structure of booster BEP consists of 12 periods, each of them contains dipole magnet, two
quadrupoles and two sextupoles to compensate for residual chromaticity of focussing. The main part of
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chromaticity is suppressed by sextupole part of quadrupoles’ field, because poles of quads are made of
special shape. Initially this ring was designed to have large energy and transverse acceptance for accumu-
lation of positrons. The other task of BEP working is obtaining beams with small transverse phase-space
volume. This BEP property allowed us to build small-aperture channels of injection into VEPP-2M and
VEPP-2000.

With the transition to the use of quality beams from injection complex this large BEP acceptance be-
comes useless. It is logical to take an advantage of this condition to increase maximal booster energy up to
1 GeV by decreasing pole gaps in dipoles and quadrupoles. We will keep the whole ring optics and won’t
change commutation of dipoles’ and quadrupoles’ coils, which are fed in series from power rectifier with
current of 10 kA.

Fig.(5.1)11. Booster BEP .

To approve this idea we have carried out calculations of magnetic fields of dipoles and quads. Some
improvements in pole shapes required to achieve this goal are shown in Fig.(5.1)12.

40,2 cm

)

Fig.(5.1)12. Improvements in dipoles (left) and quads (right) of BE.
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The saturation curve of magnetic field in dipole with a gap of 32 mm is presented in Fig.(5.1)13. Re-
quired field of 26 kGs needed for working at 1 GeV can be achieved with rectifier current of 9.5 kA, that is
provided by existing rectifier.
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Fig.(5.1)13. Calculated saturation curve of BEP magnetic field in gap of 32 mm.

Vacuum system of BEP consists of 12 drifts, two of them are occupied with injection and ejection
magnets, one rooms RF cavity. Remaining drifts have pumping including two with kicker plates. In new
configuration all drifts are kept unchanged except RF cavity and injection magnet for particles from injec-
tion complex at energy 500 MeV. New injection magnet is ready. New RF cavity with frequency 174.4 MHz
and accelerating voltage 110 kV is designed (Fig.(5.1)14) and put into manufacturing.

Vacuum chamber in dipoles and qudrupoles represents an oval profile from aluminum alloy with
longitudinal hole for water cooling and welded flanges from stainless steel on the ends. Test improvement
of such chamber to new configuration of dipoles and quads is already made in BINP manufacture. As it
is shown in Fig.(5.1)15 chamber’s shape is flattened to 31.5 mm in a dipole magnet and slightly changed in
defocusing quadrupole. The remaining part of vacuum chamber keeps original cross-section.
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Fig.(5.1)14. New RF cavity for BEP.
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Fig.(5.1)15. Improvements in vacuum chamber of BEP.
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5.2 The accelerator complex VEPP-4

The accelerator complex VEPP-4 is a unique facility for experiments with colliding electron-posi-
tron beams of high energy. The complex includes the injector «Positron», the multifunctional storage ring
VEPP-3 and the electron-positron collider VEPP-4M with the universal magnetic detector KEDR. The
main goal of the collider VEPP-4M is the experimental study of properties of elementary particles and
parameters of the resonance and cross sections of electron-positron annihilation.

5.2.1 Distribution of working time

In 2010, the staff and users of the electron-positron collider VEPP-4M continued the experiments on
high energy physics with the KEDR detector. The following experiments were prepared and conducted:

*  measurement of the R parameter in the beam energy range of 0.9 - 1.5 GeV;

e scanning of the y (2s) meson.

In addition to the high-energy physics research, the users of the facility carried out experiments using
synchrotron radiation beams extracted from the VEPP-3 and VEPP-4M storage rings.

A series of works was carried out to upgrade the VEPP-4 facility:

e the system for measuring the VEPP-4M beam energy by the method of inverse Compton back-
scattering (CBS) was upgraded;

* the operation mode with a frequency of 1.5 Hz was perfected on the «Positron» facility to im-
prove the speed of positron injection;

* alongitudinal feedback system was put into regular operation on VEPP-4M;

e anew system for temperature monitoring was adjusted in the mode of locking the magnet power
supplies in case of overheating.

VEPP-4: SR
3.7%

Shutdown
24.6%

VEPP-4: KEDR
33.2%
Maintenance
2.3%
Repair
10.5%
VEPP-4: _
beam physics VEPP«: ;;ﬂjﬂctor
1.9% | VEPP-3: SR >
VEPP-3: Deuteron | 15.29%,
0.0%

Fig. (5.2)1. Distribution of VEPP-4working time.

Fig.(5.2)1 shows the distribution of VEPP-4 time for different tasks in 2010. It can be seen from the
figure that the working time of the complex was distributed in main between the high energy physics ex-
periments with the KEDR detector (33.2%) and those using synchrotron radiation (15.3% of the VEPP-3
time + 3.7% of the VEPP-4M time). The time allocated for the study of beam and accelerator physics (7.9%)
is necessary both to keep the facilities in the operation mode required for experiments and to conduct
topical beam physics research. Routine maintenance work (2.3%) is performed weekly. Time loss due to
failures (10.5%) and repair is caused by the variety, complexity, and depreciation of the equipment, most
of which has operated for decades.
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5.2.2 High Energy Physics

Experiments on high energy physics with the KEDR detector continued in 2010. Currently, the main
experiment is the measurement of the cross section of the e+/e— annihilation into hadrons over a wide range
of energy of 1.8 GeV to 8 GeV in the center of mass frame (the energy of particle beams is 0.9 GeV to 4
GeV). In addition, the scanning of y (2s) meson was carried out.

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

Statistics for beam energy of 0.9 - 1.5 GeV was being accumulated in 2010 as part of the experiment
on R measurement. The system for determination of the beam energy and energy distribution from the
CBS of laser photons was applied to the monitoring of beam parameters at scanning. Besides, several high-
precision measurements of beam energy by the resonant depolarization method were carried out in order
to calibrate the CBS system.

The main problem in this experiment is a significant drop in luminosity with decreasing beam energy;
theoretical calculations give the dependence L ~ E * In addition, since the VEPP-4M was not planned for
use at such low energies, there are some problems contributing to the luminosity loss. In particular, the
negative impact of the collective effects of beam dynamics and the collision effects, lowering the limit
beam currents, increases significantly at low energies.

Fig.(5.2).2 shows the luminosity measured for the year 2010 as a function of beam energy in compari-
son with the calculated curve As can be seen in the figure, generally, the maximum luminosity agrees well
with the theoretical curve.
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Fig. (5.2)2. Measured and calculated luminosity as a function of beam energy.

5.2.3 Modernization of the CBS system

The method of measuring the absolute beam energy by the CBS was implemented on VEPP-4M in
2005, for the first time for colliding beam facilities. Since then it has been a routine tool for monitoring
beam energy.

Before the upgrade, the zone of interaction of laser radiation with electron beam was at the place of
collision of the electron and positron beams. In this case, luminosity is a source of the large background
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of high-energy gamma quanta from the e+/e— scattering through small angles. So, the luminosity monitor
was inserted when the statistics data were acquired and removed when the energy was calibrated, which
led to losses in the effective time of the experiment.

In 2010, the zone of interaction of the laser and electron beams for energy measurement by the CBS
method was moved to the gap between magnets NEM1 and NEM2, as shown in Fig. After the removal of
the interaction zone from the collision place and the corresponding relocation of the detector, the opera-
tion of the system for energy measurement does not depend on the operation mode of VEPP-4M: with or
without luminosity. Now the HPGe detector is continuously, with a constant speed, acquiring a set of CBS
spectra; the beam energy is measured in 15 minutes with a statistical error of 50 keV.
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O

Fig.(5.2)3. The setup for measuring the beam energy by CBR.

Such a modification of the system allowed us

e  toavoid hard gamma quanta from the e+/e- scattering through small angles getting into the HPGe
detector. Now the energy measurement is carried out continuously and in parallel with acquiring statistics
using the KEDR detector, and there is no need in moving the luminosity monitor;

e torestore the scheme of laser calibration of the system for registration of scattered electrons of the
KEDR detector.

In 2010, in addition, the calibration of the energy scale of the HPGe detector was supplemented with
the 6.13 MeV line from the Pu-C13 source. This allowed reducing the systematic error of the method to in
the energy range of Jiy - y (2s) (1.55 — 1.85 GeV). Fig.(5.2).4 (top graph) shows an example of joint measure-
ment of the energy of the VEPP-4M beam during 24 hours by the CBS and resonant depolarisation (RD)
methods. The bottom graph presents the beam energy spread as measured by the CBS method for the same
period of time.
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Fig.(5.2)4. Measurement of the VEPP-4M beam energy by the CBS and RD methods.

In 2010, the applicability of the Compton backscattering (CBS) to calibration of beam energy above 2
GeV was studied experimentally. For a beam energy of 3 GeV, the accuracy of the method — 500 keV —is
sufficient for the experiment on the R measurement in this energy region.

5.2.4 Upgrade of the “Positron” injector

To a large extent, the effectiveness of VEPP-4 operation in experiments on high energy physics is
determined by the rate of accumulation of positrons in the VEPP-3 booster storage ring. To increase the
speed of injection of positrons we refined the operation mode on the “Positron” facility at a frequency of
1.5 Hz. For this end, we conducted a number of preparatory works during the scheduled shutdown in the
summer 2010:

» the charging circuits of the high-power pulse generators feeding the magnetic elements of the B-4
synchrotron and beam transport line were upgraded as well as all the pulse generators feeding the low-
voltage correction magnets;

* asystem for additional cooling of the B-4 commutator was designed and implemented;

»  spare blocks control units for B-4 commutation were designed and fabricated;

» the thermal regime of the facility loads was investigated and a long run of all pulsed power sourc-
es of the «Positron» facility was performed.
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Fig.(5.2)5. Accumulation of positrons in the VEPP-3 booster storage ring.
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Fig.(5.2)6. VEPP-3 beam current as a function of time.

Fig(5.2).5 illustrates the accumulation of positrons in the VEPP-3 booster storage ring; an average ac-
cumulation rate of 66 pA/s was attained; Fig.(5.2).6 shows the VEPP-3 beam current as a function of time.
As one can see, accumulation of a positron beam with a current of 50 mA in two bunches takes about 15
minutes.

A significant contribution to improving the reliability of the facility was made due to the installation
of the multicell cathode of the ELIT-3A gun (electron source) and software-aided reduction in the heating
of the ELIT-3A gun and the linear accelerator in modes without beam accumulation in VEPP-3. As a result,

»  ELIT-3A has worked for two years with no opening required;

*  the number of breakdowns at operation in the 900 J mode declined about 50 times;

* akind of record was set in the electric strength of the ELIT-3A accelerator: 1 breakdown for 1 000
000 pulses.

Fig.(5.2).7 illustrates the operation of the complex at an experiment on high energy physics; the top
chart shows the VEPP-3 beam current as a function of time; the lower plot presents the measured luminos-
ity of the VEPP-4M electron-positron collider. It is evident that reliable operation of the “Positron” injector
and VEPP-3 booster storage ring allows reaching luminosity above 1.5 - 10* cm? s at a VEPP-4M energy
of 1.8 GeV in a durable run.
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Fig.(5.2)7. VEPP-4 operation in the experiment mode.

Work on the improvement of the reliability of the facility is going on. We take measures on the im-
provement of the forced cooling of the high-current pulse generators feeding the powerful source of elec-
trons ELIT-3A, magnets of the B-4 synchrotron, and the beam transport lines, as well as the thyristor block
of the power supply systems of the B-4 synchrotron. The air conditioning of the room for the pulse power
supply of “Positron” and the system controlling the starts of the low-voltage pulse power sources (shutdown
of the injector in modes without beam storage in VEPP-3) were upgraded.

5.2.5 VEPP-4M longitudinal feedback system

An operation mode with two electron bunches and two positron ones, which drastically increases
the luminosity, was implemented for conduction of experiments on high energy physics on the VEPP-4M
electron-positron collider. A side effect of the increase in the number of bunches is the instability in the
longitudinal motion of beams, which leads to large-amplitude phase oscillations. Phase oscillations lead
to a sharp decrease in the luminosity and lifetime of beam. Moreover, the hit of the beam particles to the
drift chamber of KEDR detector can trigger a high-voltage breakdown and damage the chamber itself. The
instability is caused by the resonant excitation of higher modes in the accelerating cavities by the beam.

Three controllable mechanisms are provided to suppress higher modes in each of the five cavities
of VEPP-4M. Certain areas of stable beam motion correspond to particular settings of the suppression
mechanisms. However, when the temperature of the cavities changes, their geometrical dimensions vary,
withdrawing the cavities out of the area of stable beam motion.
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Fig.(5.2)8. Block diagram of the VEPP-4M longitudinal feedback.

For reliable suppression of instability in VEPP-4M we developed a longitudinal feedback system and
put it into operation. Its block diagram is shown in Fig.(5.2).8, where only one channel for one type of par-
ticles (electrons or positrons) is shown. Fig.(5.2).9 presents photographs of the control and power electron-
ics (left) and RF kicker (right). Since there are two pairs of bunches (e+ and e—) circulating in the storage
ring, the feedback system must suppress four coupled modes of oscillations — two for electrons and two
for positrons. The introduced damping decrement is about 500 s!, which is about 30 times greater than the
decement due to radiation losses.

Fig.(5.2)9. VEPP-4M longitudinal feedback system.

At each revolution, a fast phase detector, which is connected to the beam pickup, obtains signals pro-
portional to the longitudinal phase of each bunch. The signals are recorded using a sample-and-hold circuit,
the output signals of which are digitized in a fast ADC and stored in the on-line memory. The digital infor-
mation is read from the memory and converted by 4 DACs into 4 analog signals, each proportional to the
instantaneous phase of the corresponding bunch (2 e+ and 2 e—). The sum signal of each pair corresponds
to the in-phase oscillation mode and the difference signal, to the antiphase one. These signals are used to
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modulate the RF voltage applied to the kicker by means of two balanced modulators. The circuit has two
built-in carrier-frequency generators: one tuned to the even 398th harmonic of the revolution frequency
for suppression of the in-phase mode and second tuned to the odd 397th harmonic for suppression of the
antiphase mode. The output signals of the balanced modulators are summed and delivered to the power
amplifier.

Two RF kickers are used in the system: one for electrons and the other for positrons (Fig.(5.2).9, right).
Each kicker consists of a pair of cavities, the resonant frequency of which fc = 325.5 MHz is midway be-
tween the 397th and 398th harmonics. The distance between the cavities of each pair was chosen to equal
the wavelength quarter 230 mm. The frequencies of higher modes of the kicker cavities are above the criti-
cal frequency of the vacuum chamber (2500 MHz), which minimizes possible problems with wake-fields.
The output power of the RF amplifier is divided by a directional coupler and transferred to the cavities
through cables of equal length. The cavities are connected so that for particles of a certain polarity (e+ or
e-) moving in their direction the phase of the RF voltage in the second cavity is shifted by n/2 relative to the
voltage phase in the first cavity. Thus, the particles of this polarity receive a double kick, while the kicker
has no virtual influence on particles moving in the opposite direction.

Practical tests of the feedback system were carried out with a real multibunch instability excited via
restructuring the higher modes of the accelerating RF cavities. The tests showed that the feedback system
can suppress the oscillations with amplitude by an order of magnitude higher than the maximum permis-
sible level of safe operation of the KEDR detector.

The longitudinal feedback system was put into regular operation and is used to suppress phase oscil-
lations in the mode of experiments with the KEDR detector.

5.2.6 The temperature monitoring system

The new temperature monitoring system uses sensors that measure the temperature of the cooling
water, magnets, tunnel walls, and air in the tunnel and sensors that lock the magnet power supply in case
of overheating. The system is based on high-accuracy temperature sensors.

Currently, VEPP-4 is equipped with 283 measuring and 206 interlock sensors. 25 controllers control
the sensor and pick up data. All measurements are stored in the VEPP-4 database. Fig.(5.2).10 shows a
photograph of a controller and a temperature sensor.
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Fig.(5.2)10. A controller and a temperature sensor.

The fragment of the system (6 controllers) responsible for switching off the power sources of the mag-
nets in case of overheating was put into operation in the experiment section of VEPP-4M in 2010.

Controllers that take data from the temperature sensors can have several controlled relays. The tem-
perature threshold and type of operation — opening or closure of circuit — can be set for each relay. A
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specific relay that will switch to the opposite state according to the specified temperature threshold can be
assigned to each temperature sensor. The memory of controller stores actual temperature values, which are
updated every second, and control parameters of the sensors — the temperature thresholds and the numbers
of relay contacts that are closed when temperature goes beyond a specified range.

Settings for the temperature controllers are stored in the VEPP-4 database and used by the thermal
control system programs.

Two relays of each controller are involved in blocking powering of the magnets. One relay is to switch
on the audible alarm when the first temperature threshold (set to 55 °C) is reached at least on one blocking
sensor. The other relay is to turn off the corresponding power supply circuit when the second temperature
threshold (set to 60 °C) is reached at least on one blocking sensor.

Temperature measurements are recorded to the database every 5 seconds. The latest temperatures
values are displayed in descending order. The following color code is foreseen: the yellow color is for the
precautionary temperature threshold; red color lights upsimultaneously with the audible alarm; the red
indicator is flashing at operation of the relay disconnecting the power supply (the audible alarm goes on).

If necessary, the duty operator can disable the audible alarm. As the overheated magnet has cooled,
each relay returns to its original state and the power supply of the corresponding magnet is switched on
manually.

5.3 VEPP -5 injection complex

In 2010 construction of Injection Complex (IC) has been very dynamic. The IC can provide with elec-
trons and positrons already existing in BINP electron — positron colliders VEPP — 2000 and VEPP — 4M
as well as future Charm — Tau Factory simultaneously and ample. The operation of these installations is
crucial for basic program of investigation of BINP SB RAS in High Energy Physics.

The Injection Complex is unique in Russian Federation and stays among the best installations of this
kind all over the word. Moreover, some of its parts and subsystems have record-breaking characteristics
and no analogues.

In the current year a construction of positron linear accelerator (see Fig. (5.3)1) that is the last required
elements of new VEPP — 5 IC has been completed. The last module 4, which consists of 4 accelerator sec-
tions, has been assembled, pumped up to working vacuum and is in process of training and adjusting.

Fig.(5.3)1. Linear positron accelerator of VEPP — 5 IC.
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During the year we’ve received the last fifth klystron for klystron preinjector gallery (see Fig. (5.3).2)
and have prepared it for operation.

Fig. (5.3)2. Klystron preinjector gallery of IC VEPP — 5 with all klystrons.

In the frame of work for improvement and finishing IC the following steps were performed:
Master generator of IC was moved to radio-control room from klystron gallery.

The system of positron inlet-outlet for storage ring is prepared for operation.

The assembling of cable routing has been finished.

Sewage system of IC channels was assembled.

Fire alarm system for IC channels was mounted.

The reverse power supplies for downtake channel were mounted.

New racks of pulse power supplies for the IC channels were assembled.

The rack of ion pumps power supplies for IC channels was mounted.

The cooling system of downtake channel to VEPP — 3 was mounted.

A S SN e

Fig. (5.3)3. Master oscillator-power amplifier at radio equipment room of IC.
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Fig. (5.3)4. The system of positron inlet-outlet for storage ring is prepared for operation.

Fig. (5.3)5. General view of channel to VEPP — 2000 with magnetic elements, cable trays
and ground loop.
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Fig. (5.3)6. Elements of downtake Fig. (5.3)7. The elements of fire alarm
channel to VEPP — 3 with coolant circuit. system at the channel of IC.

Fig. (5.3)8. Cable trays and ground loop at IC channel.
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Fig. (5.3)9. New rack of ion
pumps power supplies. IST for IC channels.

Fig. (5.3)11. New racks of pulse power supplies for the IC channels.
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5.4 Linear inductive accelerator LIA -2

In the frame of R&D work under the Contract No. 07-96 from 01.01.2008 “Design of injector of linear
inductive accelerator for Russian Federal Nuclear Centre - All-Russian Research Institute of Technical
Physics (RFNC — ARRITP)” a linear inductive accelerator LIA-2 has been designed, constructed, tested,
and delivered to customer. Before the shipping in BINP SB RAS its full test was carried out.

The tests were performed from 21.10.2010 till 29.10.2010. Injector (LIA — 2) presented to customer is
completed and stuffed with controlling system (see photos in Fig. (5.4).1 — (5.4).3). All injector assemblies
are up to quality of technical standards according to test certificate No. 040-19/4544 from 27.07.2010.

During tests 20 of adjusting and 10 of working startups with gamma-burst were performed. For each
pulse the following parameters were registered: electron beam energy, beam current in pulse, pulse dura-
tion, diameter of electron beam on the target and X-ray radiography ability. The test results are presented
in Table (5.4)1.

Table (5.4)1. Base parameters of LIA — 2.

Parameter Required data | Experiment results
Electron energy, MeV 2 1.9
Electron current in pulse, kA 2 2
Electron beam current pulse duration , ns 200 180
Diameter of electron beam on the target , mm? 1+2 1.8
Radiography ability at 1 meter from the target , mm Pb? - ~90

! — Measuring of electron current and pulse duration was by means of current transformer with amorphous
iron. A typical current pulse oscillogram is presented in Fig. (5.4)4;

2 — Electron beam diameter is a diameter of a hole in tantalum target. One can see the photo in Fig. (5.4)5;
3 — Transparent ability was not stipulated and presented for reference.

Tests performed proved LIA — 2 to be fully operational and meet our customer’s requests.

Been tested installation was dismounted, shipped from BINP SB RAS to the Russian Federal Nuclear
Centre - All-Russian Research Institute of Technical Physics in November and assembled there in Decem-
ber 2010. During 2011 LIA-2 will be tested, adjusted, and put to operational regime, simultaneously with
local stuff training.

Fig. (5.4)1. High voltage modulators of LIA — 2 accelerator.
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Fig. (5.4)3. General view of accelerator (rear view).
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Fig. (5.4)4. Oscillogram of current pulse.

Fig. (5.4)5. Target of LIA — 2 with holes burned up by an electron beam.
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5.5 Electron beam welding

Electron beam facilities for electron-beam technology have been produced and tested with success
in BINP for Scientific Research Technological Institute “Progress”, Izhevsk, Russia. At present time they
have been installed on technological equipments at six plants of Russia. These facilities operate in electron
beam technological complex.

Electron beam facility can be used for electron-beam technology. Firstly, in case of sharp focused
electron beam — for welding and cutting metals and alloys including refractory alloys. The power density
can achieve 100 kW/mm? on the center of sharp focused beam. In case of smearing focusing, the beam can
be used for warming up to high temperature and melting including thick layer on the substrate.

Electron — optic column can be installed on the outside of vacuum chamber as well as inside the cham-
ber by the handler.

Table (5.5)1. Basic technical parameters.

Maximal electron beam power 30 kW
Accelerating voltage 60 kV
Beam current 0.5-500 mA
Accelerating voltage instability, not more +0.5%
Beam current instability, not more +2 %,;
Parallel displacement of beam done
Stored energy in reactive element of high voltage circuit, less 10J
Power consumption, not more 36 kW
Weight, not more 1200 kg

In the current year the electron gun was upgraded to improve its reliability and to increase the cathode
life time:

e Electron beam guide was made from the metal in order to avoid rubber gaskets;

*  Cross section of electron beam guide was expanded;

* In order to improve breakdown strength, the shapes of driving electrode and anode were changed;

*  New cathode unit with indirect heating (by electron beam) was developed and fabricated (see
Figure (5.5)1).

Also in current year electron beam facility unit for Scientific Research Technological Institute “Prog-
ress”, Izhevsk, Russia (see Figure (5.5)2) was upgraded.

Electron beam facility was exhibited on XIII International Siberian industrial exhibition “MANU-
FACTURING. METAL-WORKING. WELDING. METALLURGY” at Novosibirsk from 23.03.10 to
26.03.10 and was awarded Small Golden Medal.

The experiment with shielding window system on the base of liquid lead was carrying out during sum-
mer 2010 by using electron gun.
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Fig. (5.5)1. The electron — optic column with
indirect cathode heating (by electron beam) on
the experimental chamber.

Fig. (5.5)2. Modified electron — optic column
for Scientific Research Technological
Institute “Progress”, Izhevsk, Russia on
experimental chamber.
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Fig. (5.5)3. Awards of Siberian industrial exhibition.
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Fig. (5.5)4. Welding gun on the shielding window test stand with liquid lead.

In the current year, a development of the electron beam facility was began in the frame of ISTC project
No. 4022 «Development of vacuum system and production technology for high luminosity electron-posi-
tron colliders”. At present electron positron collider (KEKB, Japan) is in process of upgrading in order to
increase its luminosity for several orders. That will increase thermo-mechanical stress of vacuum chamber
due to huge power of synchrotron radiation and in turn will cause additional problems with the impedance
of vacuum chamber and emission of secondary electrons and photoelectrons that will lead to the beam
instability. The technology under consideration should provide accelerator with vacuum chamber to meet
with hard conditions mentioned above.

Fig. (5.5)5. Vacuum chamber of welding facility which develop in frame of ISTC project “Development
of vacuum system and production technology for high luminosity electron — positron colliders”.
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5.6 Design and construction of electron guns

In 2010 electron gun group kept on designing and producing wide range of cathode units for different
installations at BINP as well as for our contractors overseas.

In the frame of the contract with BNL, USA, electron gun units with LaB, and IrCe-alloy emitters
were produced and tested. They will be used in existing EBIS RHIC, and future electron lens of RHIC. You
can see the samples in the photo below.

A contract for design and production electron guns for EBIS CARIBU, Argonne National Laboratory,

CIIA, was signed. Some preliminary simulations of electron optics and engineering calculations were
performed.

Fig. (5.6)1. General view of the cathodes for BNL (USA).

The group produced and tested about 150 cathode units 10 mm and 6 mm in diameter for industrial
accelerator ELV-type. In Fig.(5.6)2 one can see the heating characteristics as well as dependence of surface
temperature from the heating power for this cathodes. Their lifetime depends on vacuum conditions and
can achieve 10 thousand hours. The cathodes permit up to 30 thousand of instantaneous switchings.
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Fig. (5.6)2. Heating and temperature characteristics of the ELV-type cathodes.
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The group continued to produce electron gun units with LaB, emitters 17 and 20 mm in diameter for
industrial accelerators ILU — type. They have two types of heaters made from 0.8 and 1 mm in diameter
tungsten wire, and can have spherical as well as plate emitting surface. The characteristics of the cathode
with heater of 1 mm wire presented in Fig. Z.Z.3. Their lifetime at current density from the cathode 5 A/
cm? is 10000 hours.
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Fig. (5.6)3. Heating and temperature characteristics of the cathode unit ILU — type 20 mm in diameter.

In the picture (5.6)4 below one can see the unique cathode gun for linear induction accelerator LIU — 2.
Its dispenser emitter has diameter 180 mm and was made in Thorium, Moscow while all the rest including
the heater and cathode electrode at the BINP. The heater made of tantalum band fixed on insulators inside
heater’s tank and allows having difference in temperature along the emitter surface less than 5 degrees. In
Fig. (5.6)5 its heating and temperature characteristics are presented. The cathode emission corresponds to
the best results for dispenser cathodes and turned to be higher in the installation compeer to test vacuum
chamber due to better vacuum conditions in the actual induction accelerator (10~ torr in LIU — 2 u 10 torr
in test chamber with the cold cathode).

Fig. (5.6)4. General view of the LIA — 2 cathode prepared for testing.
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Fig. (5.6)5. Heating and temperature characteristics of the cathode of LIA — 2.

5.7 Creating electron cooling for a beam energy of up to 2 MeV

In 2010, the main task of laboratory 5-2 was the scientific support of the designing and manufacturing
of the electron cooler for the COSY storage ring. The key elements were designed and manufactured by the
end of the year. Their assembly and testing started. Experiments at COSY for better understanding of the

processes of electron cooling were conducted in collaboration with the BINP staff.

The development and creation of the new electronic cooler for the German accelerator complex COSY
are now in full swing. New scientific and technological solutions for high-rate cooling of proton beam
interacting with the internal target were developed. The creation of the facility is to be completed in 2011.

Fig.(5.7)1. Mounting the cooler in the hall for tests.
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For generation of a high-quality magnetic field in the cooling section of the electron cooler, it was
proposed to use a magnetic field sensor located in the vacuum chamber of the accelerator. For this purpose,
a prototype sensor similar to a compass placed in a gimbal suspension was made. For higher stability of
measurements after heating of the vacuum chamber, the compass needle was made of special material,
which reduces the sensitivity of the instrument to temperature as compared with a design with permanent
magnets based on NdFeB. The first experiments on the stand showed a sufficient sensitivity of the compass
in a field of 100 G but revealed insufficient repeatability due to a lacking precision in the manufacturing of
the gimbal suspension.

For high-voltage power transmission to the accelerator column sections, a cascade transformer was
designed and its prototype consisting of 3 sections was made.

Fig.(5.7)2. Transformer section under testing.

5.8 Work with the accelerator mass spectrometer

The following results were obtained with the accelerator mass spectrometer created at BINP:

»  stable operation of the accelerator mass spectrometer with the accelerating voltage of 1 MV was
achieved;

*  beam of stripped three-charged carbon ions with a current of 2 pA and energy of 4 MeV was
generated;

* 1% agreement in the measured concentrations of radiocarbon in pressed carbon filaments (modern
sample) was demonstrated. The concentration of radiocarbon in MPG graphite (dead specimen) is approxi-
mately 1% of the modern level;

* the automated process of measuring the concentration of radiocarbon in samples was demon-
strated with a drum fully loaded by samples (23 pieces);

* the first measurements of radiocarbon in tree rings from Akademgorodok were conducted. The
radioactive carbon concentration matches the worldwide values as shown in Fig.(5.8)1.
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Fig.(5.8)1. The measured concentration of radiocarbon in tree rings. Each sample was made of several tree
rings (the line width in the figure) at the collective research centre "Geochronology of Cenozoe".

5.9 Developing of hadron cancer therapy

The development of hadron cancer therapy continued at BINP in 2010. The development of prototype
tandem accelerator was completed; a carbon ions current up to 3 pA was achieved at a 1.25 MV nominal
voltage in the high-voltage terminal. A prototype dipole magnet for the booster synchrotron with the mea-
surement system was assembled; magnetic measurements for the determination of the shape of the transi-
tion region and the edge chamfer began. A vacuum of 2:10-'° Torr was achieved on the measurement stand
with a pickup and prototypes of the vacuum chamber of main synchrotron, and pumping port. Prototypes
of the electrostatic septums for injection into the booster and extraction from main synchrotron were pro-
duced.

An R&D work "Development of a physical design of an accelerator complex for medical treatment on
the basis of the C-230 synchrotron" was performed for Konstantinov PNPIL.

A contract for the manufacturing of dipole magnets for the synchrotron accelerator complex for ion
cancer therapy Med Austron, Austria, was started.

5.10 Vacuum systems

5.10.1 High-vacuum infrared optical window

In 2010, BINP continued the development of soldering technology for infrared crystal windows.

A SeZn polycrystal was soldered to a titanium ring with lead solder (see Fig.(5.10)1). The advantage of
this window type in comparison with the GaAs window (developed in 2009) is a broader spectral range
0.45 = 20 microns, which allows using this window in the visible range, too. The transmission spectrum of
the window is shown in Fig.(5.10)2.

A setup for measuring the energy by the Compton backscattering of a CO, laser beam on relativistic
particles in the accelerator complex BEPC-II (IHEP, Beijing) was workin during 2010. The spectrum of
the residual gas is shown in Fig.(5.10)3. The pressure in the vacuum chamber is about P=1x10""° Torr. No
turbidity of the copper mirror was revealed during this period.
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Fig.(5.10)1. Design of the high-vacuum SeZn window.
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Fig.(5.10)2. Transmission spectrum of the ZnSe window, with duplitized SiO , film 0.6 pm thick.
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Fig.(5.10)3. Residual gas spectrum in the vacuum chamber with the GaAs window in the accelerator com-
plex BEPC-II.
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This work was partially supported by RFBR grants 08-02-00328-a, 08-02-00251-a, and RFBR-NNSF-
08-02-92200-a and SB RAS fundamental research projects No.32, carried out jointly with the China Acad-
emy of Sciences.

5.10.2 Cryogenic equipment for testing the accelerating modules XFEL (DESY)

In 2010, BINP members were designing the cryogenic equipment for the XATB test bench (XFEL
AMTF Test Bench).

The performance of the accelerating modules will be tested on test benches. The tests include ex-
amination of the cryogenic performance and performance characteristics of the resonators. The cryogenic
tests include integral check of the tightness of all vacuum systems, cryogenic pipelines, current leads and
devices and measurement of static thermal load at different temperatures.

In the course of the tests of the performance of the resonators of the module at 1.9 K, the maximum
accelerating field of the resonators and the corresponding quality factor Q A without load will be assessed,
as well as X-rays and corresponding dark currents. The Q factor will be monitored by measuring dynamic
cryogenic heat loads.

In total, 100 units must be inspected within two years.

Tests of a fully assembled resonator at high energy should be carried out at 1.9 K in order to evaluate
the effectiveness of the cavity, including all its characteristics, such as the main energy of RF matching,
quality factor, tuning and testing the volume for LHe. The test conditions are identical to the operating con-
ditions in the accelerator, except for the electron beam parameters. Tests at high energy will be carried out
in horizontal cryostat adapters, which will be connected to a cryogenic supply system of one of the bench.

Each facility for testing the accelerating modules consists of the test bench itself and the pipeline
connecting the test bench with the distribution box. Each test facility will be surrounded with a concrete
shielding and covered with a protective roof for the sake of radiation safety in all parts of the test build-
ing of the AMTF (Accelerator Module Test Facility). The module, or, respectively, the horizontal cryostat
adapter, can be moved with the platform in the room for mounting/testing and back into the main hall of
the test building.

The main pipeline connecting the stand with the distribution box supplies helium to the 4.5 K and 40
K circuits.

A specific feature of the distribution box stand is the usage of two heat exchangers: sub-cooler and
countercurrent heat exchanger. 1.9 K helium is obtained using the Joule-Thompson valve with subsequent
pumping-out to P = 31 mbar.

Various-temperature flows of one bench are controlled using 13 cold pneumatic valves, including 3
Joule-Thompson valves and 11 warm air vents.

Dynamic heat loads on one bench are supposed to be measured with 12 pressure meters, 29 low-tem-
perature TVO sensors for the ranges of 1.5 + 300 K, 4 + 300 K and 40 + 300 K, 7 low-temperature platinum
Pt1000 sensors for the range of 40 + 300 K, and 3 Coriolis flow meters.

The vertical legs of the platform and fixed support withstand a load of about 100 kN in the compression
operating mode and a tear load of about 120 kN in the event of an accident.
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Technical data
Dim ensions:
Total length -18m
Module length - 1142m
Cryostat-adapter length -2 2m
Movable support

-133m
Fixed support lensth  -2.6m
Total heizht 23m
Beam tube height 1.332m
Rail-gaure 1045m
Width 12m
Weights:
Alodule T
End Cap 0%
Feed Cap =15t
Crvostat-adapter =18t
Aovable support -7t
Fized support =20t
Total movable weight - 1511
Total weight -18.6¢

Fig.(5.10)5. Technical specifications of the BINP equipment.
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Fig.(5.10)6. End unit. Fig.(5.10)7. Cold part of the distribution unit.

Fig.(5.10)8. Cross section of the distribution box with two heat exchangers.

Fig.(5.10)9. Testing an individual resonator with a cryostat adapter.
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5.10.3 Vacuum system of the NSLS-II booster

The booster for NSLS-II ensures accumulation of 200 MeV electron bunches and beam energy rise
to 3 GeV. The total charge is around 10 nC, which corresponds to an average beam current of 20 mA. The
perimeter of the booster is 158.4 meters. The residual gas pressure after acquiring an integral current of
about 1 A'h should be no worse than 107 Torr. The vacuum is ensured by means of ion pumps (70 pumps
in total) from Gamma Vacuum Company with a pumping-out speed of 45 1/s. The pumps are located, on
average, at a distance of 2.3 meters from each other.

Calculations showed that, despite the pulse operation of the booster (the duty factor in the intensity of
synchrotron radiation is 1/7 at a repetition rate of 2 Hz), desorption of gas under SI influence will exceed
the thermal desorption. Fig.(5.10)10 shows an example of calculation for one of the straight sections.
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Fig.(5.10)10. Pressure distribution in the straight section.

One of the important parameters of the vacuum chamber is its resistance to various external factors
such as atmospheric pressure.

Because of the relatively power of SR (the maximum power is equal to 44 W/m in the bending magnets
BD) no special radiation dumps are required. However, such radiation can cause stresses in the vacuum
chamber.

It was found that a synchrotron radiation with a power of about 44 W/m falls on the wall of the vacuum
chamber, which leads to uneven heating of the chamber at the place of falling, by 60 degrees Celsius (AT
=62 °C).

Current was applied to the chamber under the atmospheric pressure, which was closed so as to prevent
convective heat exchange with the environment. We measured the heating not only of the chamber itself
but also of the magnet yoke. At a power of about 41.7 W/m, the average heating of the chamber was 40
°C, which agrees well with the calculations. The coefficient of convective heat transfer = 8.6 W/m**K was
found. Fig.(5.10)11 shows the dependence of the heating on the power.
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Fig.(5.10)11. Dependence of heating on power.

The second part of our experiments was to determine not the average temperature of the chamber
heating and the coefficient of convective heat transfer but the heating throughout the cross section of the
chamber. For this purpose, we created a prototype of the vacuum chamber with a 41x24 mm aperture. The
Institute of Hydrodynamics SB RAS performed deposition of aluminum oxide (Al,0; about 100 microns,
over which a nichrome strip 200 um thick and 5 mm wide was applied.

Imitation of SR beam was carried out using a conductor with current of a corresponding value equal
to the SR power.

Fig.(5.10)3. shows the location of the thermocouples on the prototype of the vacuum chamber. The
experimental data are presented in Table (5.10) 1.

Thermocouple
Ne2
SR
Thermocouple
Nel
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Thermocouple
Ned
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+ »

Fig.(5.10)12. Arrangement of thermocouples on the prototype vacuum chamber.
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Table (5.10) 1. Experimental and theoretical data on the measurement of the temperature of heating.

Power AT, AT, AT, AT,
W ’ thermocouple thermocouple thermocouple thermocouple
1,°C 2,°C 3,°C 4,°C
Experiment 41.7 60 37 30 39
Calculation 41.7 62 39 32 39

Heating of a narrow strip (= 1 mm) of the chamber makes the chamber undergo mechanical stresses of
about of 114.5 MPa, while up to 150 MPa is allowable.

S5.11 Electron-beam source of multicharge ions MIS-1

All functional units and systems of the electron-beam source of multicharge ions MIS-1, including the
supply and control systems, were installed and adjusted in 2010. The installation was prepared for the test
and commission phase in 2011.

A particular attention was paid to the high reliability of the equipment and functional units.

The time of the installation work-cycle and the electron beam operation time, including ionization and
ion beam extraction time, ranges from 100 microseconds to 2.5 seconds (in the future, if the vacuum condi-
tions allow, the work-cycle time can be increased).The duty factor exceeds 10.

During the operation, the electron beam at a current of 1 to 20 A and an energy of 50 keV goes along
the axis of the drift structure. The electron beam current density J e can be as high as 2 kA/cm?2 (the elec-
tron beam diameter is ~ 1.1 mm). The beam power reaches 1 MW, and the power density is as high as 100
MW/ecm?2.

Any mismatch in the electric and magnetic fields of the electron-optical system (EOS) from the elec-
tron gun cathode to the electron collector may lead to a serious accident. To ensure the required level of
reliability of the MIS-1 installation it is necessary to provide two levels of protection.

Fig.(5.11)1. Drift structure of MIS-1. Fig.(5.11)2. System for dosed injection of atoms
of solids and the inner part of the gas system.
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Fig.(5.11)3. Anode modulator. Fig.(5.11)4. High voltage regulable rectifier
with a capacity of 100 kVA.

The first level of protection is ensured by the power supply system of the installation, which provides
for the sequence of turning on and off all the functional systems of power supply as well as the overload
protection and guaranteed availability of necessary locks: for the distillate cooling system, the air cooling
system, the required vacuum in the vacuum chamber, and the nominal focusing field of 3 T within the drift
structure.

The second level of protection is provided by the electronic control system. It ensures the required
high-speed locks, matching parameters of the EOS and magnetic focusing system, and control of the pa-
rameters of the other systems.

In the near future, the installation will be mounted and mechanically adjusted, and the mutual align-
ment of the electron-beam system and the magnetic focusing system of MIS-1 will start in a safe mode with
an electron-beam current of 1.5 A or less, the pulse duration of 100 ps to 1 ms and a focusing magnetic
fieldof 1to 3 T.

This should secure the minimum possible electron beam losses. In the electron gun area, the current
precipitation is to be ~ 10-3 on the anode and 10-5 Je in the area of the drift structure and the ion trap.

The vacuum chamber and the internal-pumpdown system based on an internal non-evaporable getter
(NEG) will be pre-heated.

Upon completion of the adjustment of the EOS and the magnetic focusing system, there will start a
commissioning of all the installation working systems as well as preparation for carrying out experiments
on multicharge ion beams production and their analysis.

Two samples of solid elements, niobium and graphite, with a system of pulsed dosed injection of their
atoms are installed in the ion trap; there are internal components of the gas system mounted, which should
provide a dosed injection of gaseous elements in the area of the ion trap.
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5.12 Works on the electron-positron factories and beam
physics

In 2010 there were two commitments made in this field.

In the course of lectures on “Collective effects in the beam physics” there has been felt a certain incom-
modity due to a contracted presentation of the issues dealing with dephasing of beams and bunches, and
Landau damping of coherent oscillations in the tutorial by D.V.Pestrikov on coherent oscillations. Initially
it was meant that the students would learn the missing material when solving the tasks and doing exercises.
The presentation of these issues in the monograph "Physics of intense beams in storage rings" (Science,
1989) by N.S. Dikansky and D.V.Pestrikov had a similar drawback. To eliminate these shortcomings, N.S.
Dikansky and D.V. Pestrikov released a new tutorial "Landau damping and dephasing of coherent oscil-
lations of beams in storage rings" (NSU, 2010). Along with a more systematic and detailed exposition of
these issues, the tutorial helps to familiarize the students with a practical application of common methods
of linear coherent oscillations to solving these problems.

The other work was devoted to the study of the effect of variations in the vibration frequencies of par-
ticles on the development of fast instabilities of transverse coherent oscillations of single bunches in storage
rings. We were interested in instabilities with a large number of overlapped synchro-betatron modes of co-
herent oscillations of the bunch. These instabilities are observed in the up-to-date storage rings of charged
particles (such as the ESRF in Grenoble, France). These storage rings tend to unavoidably memorize the
bunch-induced fields on the orbit. In contrast to the LINACS, this memorizing leads to dividing the coher-
ent signal of the bunch into the self-consistent part and the part, describing the effect of the bunch inter-
ruption. If the memorizing of induced fields does not lead to resonant instabilities, the self-consistent and
non- self-consistent parts of the coherent signal develop in the same way in the bunch without a frequency
spread. Due to the multifrequency modes of the beam, their total contribution to the signal increases with
time slower than the amplitudes of individual modes. The spread in frequencies leads to the Landau damp-
ing of the self-consistent modes and dephasing of the non- self-consistent part of the oscillations. The ef-
fect of the Landau damping sets thresholds of the instability development. This occurs when the increment
of the most unstable mode reaches the boundary of stability of the bunch coherent oscillations. In this
case, the effect of interruption of the bunch consists in that the amplitudes of coherent oscillations at the
instability threshold increase until they reach a steady value. Above the threshold, the amplitude oscilla-
tions increase; and below it, they decay. The dependences of the threshold effects on the parameters of the
problem were studied.

5.13 Pulse magnet for the positron source of the KEK
Super-B Factory

In the framework of the international cooperation in 2010 there was developed and manufactured a
conversion (pulsed) magnet, and improved the power supply (Fig. (5.13)1) for KEKB factory. These items
were delivered to Japan. In the course of this project there was completed a comprehensive layout modifica-
tion of the magnet power supply to remove structural drawbacks and improve the system reliability. As a
result, there was attained a considerable power supply noise reduction, and improved the energy efficiency
due to the replacement of the saturation choke with snubber elements in each thyristor assembly, as well
as to the replacement of high-voltage commutation elements. This work was carried out in the first half of
2010. In the summer period the power supply was scheduled to reach its rated parameters (the maximum
longitudinal magnetic field of 100 kG, and the pulse repetition frequency of 50 Hz), it was also planned to
remove minor drawbacks resulting from the noise induced by high voltage elements of the power supply
in the control circuits.

In autumn 2010, the knocked-down power supply, the conversion magnet (Fig.(5.13)2) and the vacuum
chamber were shipped to Japan for further endurance tests and magnetic field measurements. In Japan, the
magnet power supply was assembled and the entire system was tested for performance. With the cover of
the vacuum chamber removed, the magnetic field value of 60 kG was reached at a repetition rate of 50 Hz.
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Fig.(5.13)1. Power supply of the conversion magnet.

A further increase of the magnetic field seamed unfavorable because of the threat of an electrical
breakdown in the air.

Later on, the conversion magnet was placed at the test bench of BINP, where comprehensive measure-
ments of magnetic fields at a low field were carried out for 3 weeks together with Japanese collaborators. A
three-dimensional map of the magnetic field was made based on the results of the measurements. It will be
used for computer simulation of the capture of positrons, and for comparison of the simulation results with
those obtained in the real experiments at the positron source of the KEK-B LINAC.

Later on, the jacket of the vacuum chamber was replaced and the conversion target was installed. The
magnet in the vacuum chamber and the power supply were transferred to the klystron gallery of the KEK
Linac for further endurance tests.

Fig.(5.13)2. Pulsed magnet for the positron source of the KEK Super-B Factory.
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5.14 Works on the injection-extraction systems

A new source of high-voltage pulses on the TPI thyratrons (Fig. (5.14) 1) was developed for powering
the VEPP-2000 kickers. Unlike the earlier-used TGI1000/25 with oxide cathode, these thyratrons have a
hollow cathode allowing to work with large pulse currents (TPI1-1k/35 for up to 4 kA in the pulse mode).
As the experience of working with TGI1000/25 shows, a current exceeding 2 kA leads with time to irre-
versible changes in the structure of the cathode and is caused by an unstable operation and self-breakdowns
when high voltage pulses are applied to the anode. In addition, the small glow power of the new thyratrons
allows using the power supply built in the start unit instead of a bulky filament transformer. The glow
power in operation is 2 W or less, which is approximately 60 times lower than that of the TGI1000/25 thyra-
tron, and a year's work makes a difference of more than 1 MW h per thyratron. A higher operating voltage
(up to 35 kV) allows reaching an output voltage higher by 30% without a significant change in the scheme,
except for other elements of the generator circuit (capacitors for higher voltage and decoupling chokes). To
achieve 1 GeV on VEPP-2000, apart from alterations in the BEP ring and VEPP, it is necessary to increase
the kicker impact by 25%.

In view of the small dimensions it is impossible to do without a sealed, Carbogal-filled enclosure for
the thyratron, with terminals for the grid and anode. In the air, the operating voltage is limited by the break-
down in ceramics at a voltage of 23 kV or less.

A new thyratron control unit will be a significant change required for the replacement of the TPI thy-
ratron in the generators. The reason is that other parameters of the pre-ionisation and running signals are
needed.

Besides, additional kicker plates are fabricated for the injection at an energy of 1 GeV. They will be
installed in the VEPP ring and powered from generators based on the new TPI thyratrons. There were
manufactured 50-ohm loads (Fig.(5.14)1) for the VEPP-2000 complex, done under a contract with Kharkov
Institute.

The switches in the circuit for switching the polarity and sending a pulse to the plates of the VEPP-
2000 inflector turned out to be a weak point in the transmit path. The block comprised and involved one
16-contact and two 8-contact switches for the RK50-24-17 cable, the whole system together with the cable
conductors being under an insulating gas pressure of 2 kg/cm?2. The contact areas in the switch were not
designed for a current exceeding 2.5 kA in a pulse mode and got out of order. After that, the technology
for manufacturing the contacts was improved. In addition, the switching circuit was simplified: one large
switch was left, and the connection of the kicker plates to the ballast resistors for harmonization in the
switching mode was discarded. This made it possible to free up two 8-contact switches, one of which would
be included in the layout of the power supply for two additional plates of the inflector. The injection mode
of the complex is less than 1 Hz. Therefore, it was decided to upgrade the high-power charging system for
the high-power supply of the generators of the injection system: accord — high-voltage transformer — the
working capacity of the generator, replacing it with a compact inverter with voltage multiplication, located
right in the casing of the generator.

Fig.(5.14)1. Thyratrons TPI1-1k/35 and TGI1000/25 and a 50 ohm load (from left to right).
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The power consumed by the source is 6 W, which allows not only to mount two extra power generators
for the new plates in the high-voltage unit but also omit cable lines and bulky transformers, which provides
space for maintenance and a more rational arrangement of the equipment in the unit. Currently, the charg-
ing source prototype is being tested at the test bench with the parameters similar to those of the working
generators (Fig.(5.14)2).

Fig.(5.14)2. Test bench for testing the charging source.

Long-term operation studies of bulk resistors for the kicker loads were carried out at the injection com-
plex. The problem with the distillate quality causes degradation of resistors at an operation with high volt-
age. A significant increase in resistor rating occurs, sometimes even with physical destruction (burning)
of the contact areas down to the inner layers of ceramics. Thus, a dozen of resistors were replaced during
the operation of the complex, which is unacceptable for the operation mode. One of the ways to solve this
problem is to replace the cooling system of distillate with an air one. Tests show that at a pressure of the
air supply to the load of up to 2 kg/cm? and a power, equivalent to operation at 50 Hz, and the maximum
voltage, the resistor is heated up to a temperature of 110 ° C without changes in conductivity parameters. It
was decided to replace the cooling of the loads at the injection complex to the air one. Besides, there were
made some modifications in the loads themselves.
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Introduction

The share-use Siberian Center of Synchrotron and Terahertz Radiation (SRSTR) at BINP has worked
for over thirty years. Works at the STSSTI are conducted in two directions: with synchrotron and terahertz
radiation.

The "Synchrotron radiation" direction includes works on synchrotron radiation (SR) beams from
VEPP-3 and VEPP-4, designing and construction of accelerators and special magnetic systems for SR gen-
eration for Russian and foreign centers and creation of experimental equipment for work with SR beams
(radiation extraction beam lines, monochromators, detectors, etc.).

The "Terahertz radiation" direction includes works using radiation from Novosibirsk free electron
laser (FEL) (in the range of 110-240 pm and 40-120 pm), further development of Novosibirsk FEL and
participation in international projects in this research area.

Besides, the program of the Center includes education and training of undergraduate and graduate
students.

In 2010, 1.220 and 294 hours were allocated for work on SR beams from VEPP-3 and VEPP-4M, cor-
respondingly. The experiments engaged 10 stations on 7 beamlines for SR extraction from VEPP-3 and
2 stations on radiation from VEPP-4M. Research groups from 55 institutes and other organizations con-
ducted their experiments on SR in 2010. Work with terahertz radiation was organized on 6 user stations.
An important task for 2010 was the commissioning of the second stage of Novosibirsk FEL and installation
of the third stage systems.

About 750 hours of the working time was allocated for research on beams from Novosibirsk terahertz
FEL. Research staff from 8 SB RAS institutes as well as teachers, students and graduates of Novosibirsk
State University (NSU) and Novosibirsk State Technical University (NSTU) worked at the stations.

Work of the Siberian Center for Synchrotron and Terahertz Radiation in 2010 was supported by a large
number of integration projects of SB RAS, RAS, RFBR and other funding sources, which are indicated
below. The Siberian Center for Synchrotron and Terahertz Radiation was also involved in the following
federal target programs: "Research and development in the priority directions of the scientific-technolog-
ical complex of Russia for 2007-2012", contract 02.552.12.7001 the theme "Development of the Center of
share-use of scientific equipment for provision of comprehensive research in the field of nanotechnology,
environmental management, and living systems using synchrotron and terahertz radiation" (2008-2009);
"Research and development in the priority directions of scientific-technological complex of Russia for
2007-2012", contract 02.552.11.7081, the theme "Carrying out exploration using synchrotron and terahertz
radiation in the field of living systems, the industry of nanosystems and materials, ecology and environ-
mental management at the center of share-use of scientific equipment "Siberian Center for Synchrotron and
Terahertz radiation (SCSTR)"(2009-2010).

In 2010, Nikolai Vinokurov was awarded the State Prize of the Russian Federation in Science and
Technology in 2009 for achievements in the development and creation of free electron lasers. The State
Prize of the Novosibirsk region for participation in the development of free electron lasers was awarded to
G.N. Kulipanov, A.N. Skrinsky, V.V. Kubarev, O.A. Shevchenko, M.A. Shcheglov, and V.V. Petrov.

6.1 Work on SR beams VEPP-3

6.1.1 Station “Explosion” (Extreme states of matter)
The station “Explosion” (Extreme states of matter) is intended for recording transmitted radiation and
small angle X-ray scattering (SAXS) in the study of detonation and shock-wave processes.
Participating organizations in 2010:
* Russian Federal Nuclear Center All-Russian Research nstitute of Technical Physics (VNIITF),
Snezhinsk;
* Budker Institute of Nuclear Physics SB RAS, Novosibirsk;
* the Federal Nuclear Center of Russia, Russian Research Institute of Experimental Physics, Sarov
(VNIIEF);
* the Institute of Hydrodynamics SB RAS, Novosibirsk;
* the Institute of Solid State Chemistry and Mechanochemistry (ISSCM) SB RAS, Novosibirsk.
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In 2010, the work was carried out with financial support from the following projects:

1. SB RAS Integration project No. 11 "Study of the behavior of the crystal lattice of explosives and
condensed nanoparticles during detonation by the methods of synchrotron radiation diffractometry";

2. RFBR grant 10-08-00859-a "Study of the shock wave front in nanostructured SiO, aerogel using
synchrotron radiation";

3. RFBR grant 09-03-01155-a "Synchrotron radiation application to the study of model mechan chem-
ical processes with nanosecond time resolution";

4. RFBR grant 08-03-00588-a "Investigation into the dynamics and kinetics of detonation processes
using a improved method of synchrotron diagnostics";

5. RFBR grant 07-02-01079-a "Exploring the application of synchrotron radiation with energies of 30-
60 keV to the study of detonation and shock-wave processes in explosive charges to 1500 g —development
of the station “Detonation” on VEPP-4.

Themes of works in 2010

One of the priorities of the Russian Federal Nuclear Center is the safe use of products containing ex-
plosives, which includes a wide range of issues, namely:

1. Safe use of products at higher temperatures. Existing fighting explosives withstand temperatures
below 200° C. The skin of aircraft flying at low altitude can get as warm as 300° C. Munitions suspended
outside shall endure until reaching the goal.

2. Safety during emergency situations (collision, fire, etc.). Explosives in products should be insensitive
to shock and high temperatures.

3. Safety during prolonged storage. Explosives should keep their properties during prolonged (over 20
years) storage in the temperature range from -50° to +50° C.

Of all existing explosives, TATB (1,3,5-triamino-2,4,6-trinitrobenzene)-based compounds are the
most promising. TATB is characterized by low sensitivity (lower than that of TNT) and good fire safety. It
retains its properties at of up to 300° C and does not explode at temperatures above 320° C (it decomposes).
Therefore, the study of TATB-based compositions is a priority for the RFNC.

Investigation of explosives by conventional methods requires a lot of experimentation and time. There-
fore, the use of new, up-to-date techniques, some of which were developed by BINP, ISSCM, and LIH, is
topical.

1. Technique for measuring the density distribution behind the detonation front. The density of matter
is one of the main parameters in the physics of explosion. Our technique enables simultaneous measure-
ment of the detonation velocity and mass velocity of the products, which allows one to compare data ob-
tained with other techniques. Until now, there have been no other methods for rapid density measurement.
The existing sensors for measuring pressure influence parameters of the medium. This is especially true
for charges of small diameters.
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Fig.(6.1)1. Density distribution behind the TATB detonation front.
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2. Technique for reconstruction of fields of pressure and velocities from a known density distribution.
Using only the continuity equations and momentum conservation equations, we managed to obtain the
distribution of pressure and mass velocity behind the detonation front.
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Fig.(6.1)3. Spatial distribution of pressure in TATB.

3. Technique for measuring SAXS behind the detonation front. Now there is no way to measure evo-
lution of diffraction signals. This is the only technique of determination of the size of particles of the
condensed phase of carbon. 10 to 30% of energy is released behind the detonation front due to the particle
condensation.
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4. The method of X-ray microtomograms. Detonation velocity stability is one of the main parameters.
This can be achieved by controlling the uniformity of density (the size of inhomogeneities should not
exceed 10 microns). The installation on beamline 5 is Russia’s the only facility that allows seeing inhomo-
geneities of about 5 microns inside a sample. (In the U.S. there are facilities measuring inhomogeneities to
10 nm in size).

Fig.(6.1)5. Plasticized TATB. Room temperature (left). A temperature of 200° C (right). A 60 pm cavity can
be seen.

5. Technique for measuring lattice parameters at temperature changes. The method of heating and
cooling explosives is essential to controlling the stability of parameters during prolonged storage. Cyclical
changes in temperature can mimic a long-term storage of explosives. Measurement of the positions of
diffraction peaks allows controlling lattice parameters. Together with microtomography, this technique
allows better control of explosive stability.
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Fig.(6.1)6. Dynamics of the positions of diffraction peaks in TATB heated from 20° to 240° C.

6.1.2 Station “LIGA-technology and X-ray lithography”

The station is intended for experiments on X-ray lithography in thick resistive layers for manufacturing
of microstructures including X-ray masks.
Participating organizations:
* Budker Institute of Nuclear Physics SB RAS, Novosibirsk;
» the Institute of Cytology and Genetics SB RAS, Novosibirsk;
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» the Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk;
* the Institute of Automation and Electrometry SB RAS, Novosibirsk;
* Novosibirsk State University.

Works in 2010 were carried out with financial support from the following projects:

1. SB RAS interdisciplinary integration project No. 55 "X-ray LIGA technology for synthesizing 3D
diffraction structures";

2. State contract No. 02/04, dated November 30, 2010, for the needs of the Russian Research Centre
"Kurchatov Institute" "Conducting research in the field of hybrid microfluidic systems in the following
directions: "basic elements of hybrid microfluidic systems for bio-sensing and other technologies" and
"biosensors for detection and analysis of very low concentrations of biologically active compounds".

Themes of works in 2010:

1. Modernization of the SR station "LIGA" — design, assembly and testing of the X-ray generator of
images for direct formation of microstructures (Budker Institute of Nuclear Physics, SB RAS).

2. Development of the methods for fabrication and testing X-ray masks for deep X-ray lithography
(Budker Institute of Nuclear Physics, SB RAS and the Institute of Solid State Chemistry and Mechano-
chemistry SB RAS).

3. Design, manufacture and testing of selective elements of the THz range. Thin films of mesostruc-
tured silicate materials (Budker Institute of Nuclear Physics, SB RAS, the Institute of Solid State Chemis-
try and Mechanochemistry SB RAS, and Novosibirsk State University).

4. Development of basic elements of hybrid microfluidic systems for bio-sensing and other technolo-
gies (the Institute of Cytology and Genetics SB RAS, Budker Institute of Nuclear Physics SB RAS and the
Institute of Solid State Chemistry and Mechanochemistry SB RAS).

Examples of works in 2010

1. Development of methods for fabrication and testing X-ray masks for deep X-ray lithography.
BINP together with ISSCM SB RAS developed and implemented a technological process for manufactur-
ing X-ray masks with a gold absorbing pattern on glassy-carbon substrate without using the expensive
stages of electron beam lithography, fabrication of an intermediate X-ray mask and X-ray lithography in
the soft SR spectrum for making a working pattern.

A microfluidic system layout pattern (developed by ICG SB RAS) was formed using the Direct-LIGA
method, based on the principle of vector formation of a micropicture immediately in a thick layer of X-ray
resist on a conducting radiotransparent substrate with a needle-like SR microbeam at the station “LIGA”.

S$3400 10.0kV 16.3mm x550 BSE3D 50Pa 10/9/2010 18:21 ' 100um

Fig.(6.1)7. Fragment of a work-piece for X-ray mask — a microstructure of the SU-8resist 29 um high on a
glassy-carbon substrate.

A gold layer 20 um thick was electrochemically deposited on the work-piece for fabrication of a high-
contrast X-ray mask. The fabricated X-ray mask was checked with optical and electron microscopes. The
X-ray contrast was checked using synchrotron radiation at the station “X-ray Microscopy and Tomogra-
phy” by a specially developed technique.
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2. Development of basic elements of hybrid microfluidic systems for bio-sensing and other tech-
nologies.

Micro/nanofluidic systems (MNFS) are integrated devices — laboratories placed on chips and formed
by a system of channels with a laminar flow of fluids, which creates the best and easy-to-control conditions
for running of transport and diffusion processes; functioning of bacterial and eukaryotic cells; and running
of biomolecular, molecular genetic, biochemical, and chemical reactions. The main advantage of MNFS is
that they enable work with extremely small volumes of reagents — 10°-10"°1 and picograms of substances.

Microfluidic modules of two types were developed - for the immunodiffusion reaction (detection of
antigens or antibodies in a fluid to test) and to automatically obtain the concentration gradient of an analyte.

10 disposable replaceable microfluidic modules of PMMA were made to conduct the immunodiffusion
reaction as well as 10 disposable replaceable microfluidic modules - gradientators for positioning cells of
genosensors. A high-contrast X-ray mask was made via electrochemically depositing a gold layer 20 pm
thick on the work-piece.

Rapid control of the manufacturing of X-ray mask and microfluidic modules was carried out using the
optical microscope MII-4 and the scanning electron microscope HITACHI S3400N.

Fig.(6.1)8. Fragment of a work-piece of X-ray mask (an SU-8 structure before the galvanic deposition of
gold).

Fig.(6.1)9. SEM photos of fragments of the microchannel module.

Fig.(6.1)10. Photo of a disposable replaceable mi-
crofluidic module — gradientator for positioning
cells of genosensors. For clarity, the channels are
filled with ink.
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These measurements showed that microfluidic modules fabricated by the LIGA technology fully cor-
respond to the topology, design documentation, and specification requirements. The width of channels of
different modules is 55 microns to 60 microns. The roughness was less than 3%.
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Fig.(6.1)11. Quality control of manufacturing of microfluidic modules using the profilometer Profile (TDI

DT SB RAS).

Specimens of microfluidic systems were successfully tested at [C&G SB RAS.

6.1.3 Station “Anomalous Scattering”

The station is intended for precision studies of the structure of polycrystalline materials by the meth-

ods of X-ray diffraction with high angular resolution.
Participating organizations:

* Boreskov Institute of Catalysis SB RAS, Novosibirsk;

* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;

* the Institute of Semiconductor Physics SB RAS, Novosibirsk;

» the Institute of Solid State Chemistry and Mechanochemistry SB RAS , Novosibirsk;

» the Institute of Chemistry and Chemical Technology SB RAS, Krasnoyarsk;

» Tomsk Polytechnic University;

» Tomsk State University;

* Institute of Strength Physics and Materials Science, Tomsk.

Works in 2010 were carried out with financial support from SB RAS and RFBR:

1. SB RAS interdisciplinary integration project No. 82 "Oxygen permeability of massive and applied
membranes based on perovskites of mixed conductivity";

2. RFBR grant No. 09-03-90424-Ukr f a "Development and study of metal-oxide catalysts for hetero-
geneous catalytic processes of production and purification of hydrogen".
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Themes of works in 2010:

1. Mesostructured alumina-silicate materials, variation in the size of mesopores with different tem-
perature of hydrothermal treatment (the Institute of Catalysis SB RAS and the Institute of Chemistry and
Chemical Technology SB RAS, Krasnoyarsk).

2. Heterostructures based on germanium and silicon. Quantum dots (the Institute of Semiconductor
Physics SB RAS and the Institute of Catalysis SB RAS).

3. Oxygen-conducting materials based on perovskite-like oxides (Boreskov Institute of Catalysis SB
RAS and the Institute of Solid State Chemistry and Mechanochemistry SB RAS).

4. Strengthening of coatings based on titanium nitride (Tomsk Polytechnic University).

5. Copper-cerium catalysts for hydrogen production and purification from CO impurities (the Institute
Catalysis of SB RAS).

6. Relaxation processes in zirconium during plastic deformation (the Institute of Strength Physics and
Materials Science, Tomsk).

7. Catalysts based on nickel-aluminum intermetallic compounds for the processes of carbon dioxide
conversion of methane (the Institute of Catalysis SB RAS and Tomsk State University).

8. Oxide catalysts of perovskite-like structure for the processes of carbon dioxide conversion of meth-
ane (the Institute of Catalysis SB RAS).

9. Heterostructures based on cadmium sulfide (the Institute of Semiconductor Physics SB RAS and
Institute of Inorganic Chemistry SB RAS).

10. Thin films of silicon carbonitrides of different composition and origin (the Institute of Inorganic
Chemistry SB RAS).

Examples of works in 2010:

Mesostructured silica and the silicate-containing materials. Currently, more than 90% of industrial
chemical processes are carried out on adsorbents and heterogeneous catalysts. Effectiveness of their use
depends on the chemical and phase composition and structural features and textural characteristics of
the material: specific surface area, pore volume and distribution on the effective size. Therefore, directed
regulation of textural parameters of catalysts and adsorbents seems to be a topical task. From the view-
point of catalysis, large specific surface area (up to 1000 m?/g or more), large porosity (over 1 cm?/g)
and narrow pore size distribution are attractive and unique properties of silicate and silicate-containing
mesoporous mesophase materials (MMMs). A typical example of MMM is the SBA-15 silicate, which
has two-dimensional hexagonal packing of uniform-size pores with shape close to cylindrical. Textural
parameters of such materials can be regulated by varying the hydrothermal treatment temperature (HTT)
in the course of synthesis to remove the structure-forming agent (surface-active agent (surfactant) Pluronic
P123). Introduction of impurity cations to the structure of mesoporous silicate on the stage of MMM syn-
thesis allows making catalytic systems with catalytically active hetero-elements embedded in the silicate
wall. The textural characteristics (specific surface area of mesopores, specific mesopore volume, distribu-
tion of mesopores and micropores by size) of materials to synthesize are determined by the method of
low-temperature nitrogen adsorption; the structural ones (the two-dimensional unit cell parameter and the
degree of structure regularity) are found using X-ray diffraction at the station “Anomalous Scattering” at
the Siberian Center for Synchrotron Radiation.

The synthesis of mesoporous silicates and aluminosilicates was realized in 2010 with thermostating of
the synthetic mixture during synthesis in the range of 20 - 150° C. MMM s were synthesized by deposition
of SiO, and Al precursors in the presence of the surfactant Pluronic P123. The synthesis was carried out
at pH of 1+3 because exactly under these conditions getero-elements are precipitated from soluble forms.
Aluminum sulfate (AL(SO,),) was used as a source of aluminum in aluminosilicate mesophases. After the
HTT, the resulting material was filtered, washed with distilled water and dried in air. Then the material was
calcined in order to remove the surfactant.
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Fig.(6.1)12. Shows the distributions of pore volumes on sizes for silicon oxide and alumina-silicate material,
calculated from nitrogen adsorption isotherms at 77 K which were measured on the automated adsorption
unit ASAP - 2400 (Micromeritics). With increasing temperature of hydrothermal treatment the size of ma-
terial pore also increases due to the surfactant thermal expansion prior to polycondensation of the silicate
wall.
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Fig.(6.1)13. Shows radiographs of the silicate and aluminosilicate materials, measured in the small-angle re-
gion. All the materials are characterized by diffractograms corresponding to a two-dimensional hexagonal
packing of pores of identical size. With increasing temperature of hydrothermal treatment, the reflections
are shifted towards the area of smaller angles and, correspondingly, the unit cell parameters increase. In
addition, with increasing temperature the degree of structural perfection of MMM also increases, as evi-
denced by the appearance of reflections of higher orders in the diffraction patterns.

The textural characteristics of the materials calculated from the adsorption and X-ray data are pre-
sented in Table (6.1)1
Table (6.1)1. Textural and structural characteristics of silicate and aluminosilicate MMMs
obtained at different temperatures of hydrothermal treatment.

Specific Pore volume, Cell Pore diameter,
surface area, y parameter, a,,
HTT m?/g m'/g nm nm
SiO, Al-SiO, | SiO, | Al-SiO, | SiO, Al-SiO, | SiO, Al-SiO,
23°C 456 720 049 | 0.59 9.26 10.7 5.1 6.1
50°C 460 696 0.67 | 0.65 10.61 11.1 6.5 6.9
90°C 648 - 099 | - 12.13 - 8.7 -
120°C 578 843 0.95 |0.85 12.43 11.7 9.5 10.6
150°C 391 700 1.01 | 0.66 12.74 14.2 11.,2 11.3

The studies have shown that thermal treatment of aluminosilicate mesophase materials makes it pos-
sible to adjust the pore size in the range of 6 - 11 nm, which is slightly less than was expected. X-ray dif-
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fraction showed the presence of only one two-dimensional hexagonal phase, which was expected when
planning the experiments. However, reducing the treatment temperature leads to a broadening of the dif-
fraction peaks.

6.1.4 Station “Precision Diffractometry”

The station is intended for exploration of the change in the structure of polycrystalline materials under
the influence of high temperature and reactive media by the methods of X-ray diffraction with time resolu-
tion.

Participating organizations:

* Boreskov Institute of Catalysis SB RAS, Novosibirsk;

* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;

* Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk;
* Tomsk Polytechnic University;

*» Tomsk State University;

* Institute of Strength Physics and Materials Science SB RAS, Tomsk.

Works in 2010 were carried out with financial support from SB RAS:

SB RAS interdisciplinary integration project No.82 "Oxygen permeability of massive and coated
membranes based on perovskite-like oxides of mixed conductivity".

Themes of works in 2010:

1. Oxygen-conducting materials based on perovskite-like oxides (Boreskov Institute of Catalysis SB
RAS and the Institute of Solid State Chemistry and Mechanochemistry SB RAS).

2. Catalysts based on nickel-aluminum intermetallic compounds for the processes of carbon dioxide
conversion of methane (the Institute of Catalysis SB RAS and Tomsk State University).

3. Oxide catalysts with a perovskite-like structure for the processes of carbon dioxide conversion of
methane (the Institute of Catalysis SB RAS).

4. Structural changes and relaxation processes in palladium at introduction of hydrogen (Tomsk Poly-
technic University).

5. Reduction of noble metal complexes (the Institute of Inorganic Chemistry SB RAS).

6. Aluminium-cobalt catalysts for the Fischer-Tropsch process (the Institute of Catalysis SB RAS).

7. Copper-nickel catalysts for the growth of nitrogen-containing carbon nanofibers (the Institute of
Catalysis SB RAS).

8. Reduction of nanodispersed bismuth from oxides (the Institute of Solid State Chemistry and Mecha-
nochemistry SB RAS).

Examples of works in 2010:

1. In-situ X-ray diffraction study of Ni-Cu catalyst in the growth of nitrogen-containing carbon nano-
fibers. Carbon nanofibers (CNFs) are used in various fields of science and technology, from electronics
and materials science to catalysis and absorption. CNFs with inclusion of nitrogen are synthesized to be
used as catalyst supports for ensuring better adhesion of the active component on the support surface. The
synthesis is usually carried out from the gas phase by decomposition of hydrocarbons on catalysts — transi-
tion metals and their alloys. When different metals are used, CNFs of different morphology are produced.

This work studied the changes in the phase composition of the nickel-copper catalyst for the growth of
nitrogen-containing CNFs (N-CNFs) in the process of the reaction of decomposition of ethylene/ammonia
mixture under high temperature. The sample was placed in an X-ray reactor chamber Anton Paar XRK-
900. The flow of gas was passed through the sample at a rate of 0.5 cm3/s and temperatures from ambient
to 550° C. The initial sample was reduced directly in the reactor chamber in the hydrogen flow at 550° C in
15 min. Radiographs were recorded sequentially, by frames with an exposure time of 0.5-1 min.

The initial sample is a mixture of two components, containing primarily copper and nickel, corre-
spondingly. According to the estimates and the Vegard law, the amount of nickel dissolved in copper
and copper dissolved in nickel is about 15-20%. In the process of catalyst activation and subsequent de-
composition of the ethylene-ammonia mixture the catalyst undergoes a series of transformations. Judging
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by the nature of the radiographs, the main changes in the catalyst involve the nickel-containing com-
ponent, whereas the copper-containing component is weakly transformed. Our experiments show that
in the course of the reaction the lattice parameter of the nickel-rich alloy increases presumably due to
dissolution of carbon and nitrogen, resulting from thermolysis of the initial reagents (Fig.(6.2)14). When
the catalyst is cooled to a temperature of 440-450° C, formation of a new phase of unknown compo-
sition is observed. Re-heating of this phase to a temperature of 550° C leads to its disappearance and
return of the catalyst to its former state. In this case, there is no formation of the nickel carbide phase.
If pure nickel is used as a catalyst for CNF growth, a shift of reflections of nickel towards large angles
is observed at a temperature of 550° C, which indicates formation of the unordered nickel carbide phase.
Cooling of the catalyst in the reaction medium leads to the ordering and formation of the stoichiometric
nickel carbide phase.
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Fig.(6.1)14. Phase transformations of the nickel-copper catalyst for CNF synthesis in the course of reaction
at different temperatures.

2. Study of hydrogen reduction of solid solutions of Co, Al O,. Deposited cobalt systems are of inter-
est as catalysts for the Fischer-Tropsch synthesis. The precursor of the active component of the catalyst is
cobalt oxide Co,0,, which is activated via reduction in an industrial reactor. Investigation into the process
of Co,0, reduction is of interest for clarification of the regularities of formation of the active state of the
catalyst. The behavior of cobalt-containing catalysts at reduction is often studied using model systems —
bulk samples of Co,0O, and solid solutions of Co, Al O,.

Using in situ X-ray diffraction, we studied reduction of the Co, Al O, (at x = 0 — 0.5) and Co,0,/y-
AL O, catalyst in a hydrogen flow at temperatures of up to 450° C. It was shown that reduction of solid
solutions occurs in 2 stages: Co,0, is reduced to CoO and then to metallic Co (Fig.(6.2)5.). The same two-
phase reduction is characteristic to the catalyst Co,0,/y-Al,O,. With increasing aluminum content in the
solid solution, the temperature of the transition Co,0, — CoO also increases. Thus, the introduction of
aluminum prevents reduction of cobalt oxide.
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Fig.(6.1)15. The process of cobalt reduction from the solid solution of Co, (Al O, in a hydrogen flow.

6.1.5 Station “X-ray fluorescent elemental analysis”

The station is intended for determination of the elemental composition of samples of different origin:
geological rocks, biological tissues, aerosols, etc., by the method of X-ray fluorescence elemental analysis
using synchrotron radiation (SR XRF). The elemental analysis can be carried out both in a local and in a
scanning mode.

Participating organizations:

» the Institute of Theoretical and Experimental Biophysics, Pushchino;

» the Institute of General and Inorganic Chemistry RAS, Moscow;

* Indian Institute of Technology, Kharagpur, India;

» the Institute of Cell Biophysics RAS, Pushchino;

» the Institute of Archaeology and Ethnography SB RAS, Novosibirsk;

* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;

» the Regional Institute of Pathology and Pathomorphology SB RAMS, Novosibirsk;
* Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk;

* the Institute of Earth Crust SB RAS, Irkutsk;

* Vinogradov Institute of Geochemistry SB RAS, Irkutsk;

* the Institute of Water and Environmental Problems (IWEP) SB RAS, Barnaul;
» the Institute of Biophysics SB RAS, Krasnoyarsk;

» the Institute of Cytology and Genetics SB RAS, Novosibirsk;

¢ the Institute of Chemical Kinetics and Combustion SB RAS, Novosibirsk;

* Budker Institute of Nuclear Physics SB RAS, Novosibirsk.

In 2010, work was carried out under the following projects (grants):

SB RAS interdisciplinary integration project No. 38, SB RAS interdisciplinary integration project
No.120, Project No.16-17 of the Fundamental Research Program of the RAS Presidium “The environment
in a changing climate: extreme natural events and disasters”, RFBR Project No. 08-05-00680 - a, and
RFBR Project No. 09-05-90210-Mong-a.

Themes of some works in 2010:

Urban ecology: analysis and evaluation with the help of XRF-SR on the example of Novosibirsk. This
work was supported by RFBR grant 09-05-00839 and SB RAS integration project No.84.
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Conclusions of the work:

» Composition of aerosols reflects the aerosol pollution during winter; the elemental composition of
birch and poplar leaves, for the vegetative season. Snow survey in late winter and sampling vegetation in
autumn will make it possible to maintain a year-round urban environmental monitoring.

* The tin plant is a source of intense urban pollution with compounds of As, Sn, T1, Cd, Cu, Zn, Pb, Sb,
Bi, Ag, Br, and Hg, which is reflected in the composition of soil, vegetation and snow cover of surrounding
areas.

Comprehensive instrumental examination of the orientation and periodicity of global and regional climate
changes and the environment in the geological history of the Late Cenozoic of Siberia to predict their
changes in the near future.

Due to the sharp fluctuations in the climate of the planet, taking place in recent decades, and unpre-
dictable threatening, perhaps even catastrophic consequences for the nature and man, the research of the
climate of past eras has a particular significance. For identification of the geological, mineralogical and
geochemical features of these changes chemogenic sediments are studied by a complex of methods, includ-
ing XRF-SR. Studying the elemental composition of lake sediments is necessary to determine patterns
of variation in the relative concentrations of elements in dependence on the ambient temperature. The
identification of these patterns and comparing them with other indicator traits can decipher “paleoclimatic
records”, determine the boundaries of climatic changes and identify fluctuations of lower order in separate
periods of cooling/warming. Such systematic studies of small lakes in Central Asia have been performed
for the first time.

Over 350 samples from the sedimentary sequences of four lakes in the Baikal region, Chita region and
Baraba Lowlands were analyzed using X-rays in 2010. Series of analyses were carried out with a step of 1-2
cm. The content of the following elements were determined: Ca, K, Ti, V, Cr, Mn, Fe, Ni, Cu, Zn, Ga, Ge,
Br, Rb, Sr, Y, Zr, Nb, Mo, Pb, As, Th, and U. The data obtained are now being processed and systematized.

Reconstruction of the absolute values of average annual temperatures of the Altai region in the an-
nual scale in the last 1500 years from data of scanning XRF microanalysis of the bottom sediments of Lake
Teletskoye. The work was carried out under SB RAS interdisciplinary integration project No.92 "Forecast
of climate changes in Central Asia based on analysis of annual records in lake sediments, tree rings and
glaciers of the region."

Box samples and a new core 2 m long were taken in 2010 in the deep area of Lake Teletskoye (Gorny
Altai) from a motor ship belonging to the IWEP SB RAS. The core was opened and documented; its hu-
midity and magnetic susceptibility were measured; solid preparations were made and analyzed with an SR
XRF scanner with a step of 0.1-0.5 mm. The initial data were normalized to the one-year timescale using
isotope chronology by '*’Cs and C together with an estimate of the rate from a series of determinations
in the Radiocarbon Laboratory of Poznan, Poland. The reconstruction was performed by multiple linear
regression with function training from meteorological data of Barnaul station for the years 1840-2004.
Fig.(6.1)17 presents the resulting climatic reconstruction of the regiona average annual temperature in the
interval of 1500 years ago in comparison with a set of reconstructions for the Northern Hemisphere. It is in
good agreement with the global trends and presents regional characteristics.
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Fig.(6.1)16. Graph of reconstructed temperature (as deviation from the mean regional value for the period
of 1961-1990, solid line, left scale) smoothed by the moving average method on 30 points is superimposed

157



Synchrotron Radiation Sources and Free Electron Lasers

on the temperature reconstruction for the Northern Hemisphere for 1300 years (deviation from the mean,
shades of gray, right scale ). The separate line in the interval of 1856-2005 years presents instrumental data.

Wavelet (Fig.(6.1)17) and Fourier analysis revealed the following main periodicities: 750, 480, 250, 72,
58, 40, 22, 13 and 8 years.
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Fig.(6.1)17. Continuous wavelet transform of the reconstructed temperatures.

Exploratory research in the field of assessment of biosafety of nanoobjects in dependence on elemental
composition and size at the center of share use of scientific equipment “Genepools of laboratory animals”
of the Institute of Cytology and Genetics SB RAS. State contract with the FASI: 2009-07-5.2-00-09-027.

As aresult, a comprehensive approach consisting of tools and techniques to pre-assess and predict the
likely consequences of exposure of the human body and other living objects to nanocomponents was devel-
oped. The integrated approach included analysis of the distribution of nanoparticles in mice by the methods
of atomic emission spectroscopy, X-ray fluorescent analysis, magnetic resonance tomography and laser
scanning confocal microscopy. Various methods of exposure of animals to nanoparticles — intravenous and
intraperitoneal injections, skin and intranasal applications, and by aerosols with different concentrations
of nanoparticles — were developed.

Accumulation of gold and Tarkosil nanoparticles was revealed in the spleen of experimental animals,
which agrees well with the newly emerging concepts that nanoparticles are not biologically neutral and are
involved in immunoregulatory processes. It was shown that the use of atomic emission spectroscopy and
X-ray analysis allows high-efficiency singling out organs and tissues that are potential targets for nanoscale
materials.

A short list of other most important works that had been executed and are performed at the station SR
XRF:

Development of scientific and technological grounds for monitoring and modeling climatic processes
in the area of Greater Vasyugan swamp. The work was carried out under interdisciplinary integration
project IP-66.

X-ray fluorescent study of natural and bio-technology silk structures. The work was done under RFBR
grant No. 09-04-92663-IND_a "Study of extracellular fibrillar biopolymers — natural silk fibers, protein
network of silk and proteoglycan fibrils of both mucus and extracellular matrix of tissue."

Study of macro- and microelement composition of archaeological samples (fragments of textiles,
wool, hair, plants, and soil from the burials of Knyazhiy Gori (the Princely mountains) and Noin-Ula
(Mongolia). The work was done under RFBR grant No. 10-06-00406-a "Hair from ancient tombs as an
object of interdisciplinary research (study of the remains of the Xiongnu culture)".

Regional climate changes during the Holocene and late Pleistocene and their indicators. Geochemical
indicators of changes in depositional environment and climate during the Holocene and Late Pleistocene.
Core of sediments of Lake Hovsgol GC-46 was studied in the course of the project. The content of
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biogenic silica in the core varies from 1.42 to 7.24% in the range of 47-75 cm, whereas from 9.00 to 24.52%
in the range of 0-47 cm. Judging by the content of biogenic silica in the sediments, the upper 48 cm of core
GC-46 can be attributed to the Holocene; and the interval of 48-75 cm of it, to the Sartan stage of the late
Pleistocene glaciation. Comparison of the elemental composition data with the SiO,,, content showed a
series of elements reflecting the transition from the Holocene to the glaciation.

Besides, to assess the accuracy of the results of the study of sediments we carried out elemental
analysis of the following reference materials: bottom silt of Lake Baikal (BIL-1), sediments of Lake Baikal
(BIL-2), carbonate background silt (SGH-1), background terrigenous silt ( SGH-3), meadow grass mixture
(Tr-1), and Canadian pondweed (EK-1). The work was conducted under RFBR grants No. 09-05-90710 and
No. 08-05-98108-r_sibir_a.

Biogeochemistry of stratified organogenic marsh and lake sediments (peat and sapropel) and geo-
chemical barriers to flows of chemical elements from the atmosphere. The work was done under RFBR
grant No. 08-05-000392.

Creation of a time model of the sedimentary records of climate in Lake Shira (Khakassia) based on
counting the annual layering and isotopic determinations of global and regional developments. This work
was supported by RAN project 16.17. "Reconstruction of the sequence of events of climate aridization in
Central Asia and Siberia in the late Cenozoic on the basis of a comprehensive study of lake sediments and
peat".

6.1.6 Station “Diffractometry using hard X-rays”

The station is intended for in situ diffraction studies of the structure of materials under physical and
chemical influence.
Participating organizations:
* the Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk;
* Boreskov Institute of Catalysis SB RAS, Novosibirsk;
* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;
» the Institute of Geology and Mineralogy SB RAS, Novosibirsk;
» the Institute of Metal Physics UB RAS, Ekaterinburg;
* the Physico-Technical Institute, [zhevsk.

The work in 2010 was carried out with financial support from the SB RAS and RFBR:

1. SB RAS project collaboration No. 138 "Finding fundamental principles of the influence of activa-
tions on the regulation of interaction of solid metals and their compounds with melted metals to create
functional materials of desired structure and properties".

2. RFBR grant No. 10-08-00945-a "Materials; phases and states with improved thermoelectric proper-
ties at ultrahigh compression.”

3. RFBR grant No. 08-03-00738-a "Selective oxygen permeability of nanostructured nonstoichiomet-
ric perovskites."

Themes of works in 2010:

1. Investigation into high-temperature interaction processes in metals and alloys in the solid (Cu, Ni,
and Co) and liquid (Sn, In, Bi, and their eutectic melts) states.

2. Investigation into the processes of contact melting and eutectic crystallization on the basis of two-
and three-component systems between Sn, In, and Bi.

3. Investigation into the morphology of explosives as well as changes in their structure under static
high pressure.

4. Studies of phase transformations in microporous silicates at high pressures and temperatures.

5. Investigation into the structure and physicochemical properties of fine-grained paracetamol in the
process of production of frozen solutions in the acetone-water-paracetamol system via vacuum drying.

6. Study of metastable high-pressure phases in the glycine-water system.

7. Study of changes in the crystal structure of crystals based on bismuth telluride under a pressure of
10-*° GPa.
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8. Study of the formation of the structural-phase composition of the Fe(Fe3C, Fe5SiC) SiO2 nanocom-
posites in the course of mechanosynthesis.

9. Investigation into the structural transformations at cycling of electrode materials in the lithium-ion
cells (LICs) by the method of in situ SR diffraction.

1. Investigation into the structural transformations at cycling of electrode materials in LICs by the
method of in sifu SR diffraction

In the course of cycling of LICs, different mechanisms of introducing/extraction of lithium ions to
from the structure of the electrode materials, determining their electrochemical properties, are realized.
Changes in the size of the particles, modification, etc. vary the mechanism of the processes. So, lithium iron
phosphate (LiFePO,) is characterized by a biphasic mechanism (there are both the initial and final phases
at each point of charge-discharge). The biphasic mechanism restricts the movement of the interface, which
is a consequence of the low mutual solubility and slow migration of the charge carriers, which adversely
affects the technical characteristics of LICs. Reduction in the size of the particles leads to an increase in the
areas of formation of solid solutions. As shown by diffraction studies, in the course of charging the LICs,
the two-phase mechanism is partially replaced by the single-phase one due to partial substitution of Mn?**
for Fe*'.
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Fig.(6.1)18. Charge-discharge curve.

Fig.(6.1)19. Diffraction patterns obtained in the course of charging LICs.

2. Investigation into the contact melting and the eutectic crystallization and development of the tech-
nology of contact thermosetting melting with lead-free solders

Contact melting and eutectic crystallization have been used in engineering practice for a long time.
Nevertheless, there is no consistent, predictive theory of these phenomena. It is obvious that processes
occurring at the interface between the solid and liquid phases are reversible and hence they are different
manifestations of the same phenomenon. Most of the research process of contact melting and especially
eutectic solidification was conducted using various microscopic techniques on frozen samples. Diffraction
studies are also mostly conducted either on frozen samples or on melts near the melting point. In so doing,
the process of contact melting and eutectic solidification remained outside the experiment. Improvement
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of the experimental techniques, especially development of high-intensity synchrotron radiation sources
and two-coordinate detectors enabled in situ diffraction studies. Contact melting and subsequent eutectic
solidification in the In-Sn and Bi-In systems were studied.

Fig.(6.1)20 presents fragments of diffraction patterns obtained at melting of crystallization in the Bi-In
system.

(A= 2
i \n.‘-__‘,?! S

Fig.(6.1)20. Fragments of diffraction patterns obtained in the course of eutectic crystallization:
(a) 5 minutes after the onset of crystallization; (b) 12 minutes after the onset of crystallization.

From the form of diffraction patterns we can conclude that a bicrystal formed in the crystallization
zone. The phase of the indium in this crystal seems to be in the form of plates; and the phase of Biln,, in the
form of needles or inclusions. Bragg reflections in the diffuse scattering bands indicate coherent boundar-
ies between the phases.

From the results of research, one can see that eutectic alloys are natural composite materials, which
differ in their physicochemical properties from other alloys. Using temperature-time exposure and chemi-
cal interaction with other substances, one can develop a technology of contact thermosetting soldering.

Replacing the traditional types of solders with leadless materials is not only an order of the day but
also a requirement of numerous international committees on ecology. The In-Sn system is an eutectic-type
system with an eutectic temperature of 119° C. Two intermetallic phases, In,Sn and InSn,, with wide ho-
mogeneity areas were revealed in it. When tin and indium are made to contact at temperatures above 119°
C, the liquid phase forms in the contact zone (the melt points of indium and tin are 156° C and 232° C, re-
spectively). Using coating of indium and tin with a thickness ratio of 1:4 on parts to connect, one can make
a soldered joint at temperatures from 120 to 150° C. In this case, after a required exposure, unsoldering can
be performed at temperatures above 180° C.

T<119°C T>119°C  After equalizing
. Cu (Ag.Au) - Eutectic melt
In B InSm
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Fig.(6.1)21. Scheme of the contact thermosetting soldering using the In-Sn system.

161



Synchrotron Radiation Sources and Free Electron Lasers

It should be noted that soldering will be made only at the places of contact; no liquid phase forms at
other places. In some cases, contact thermosetting soldering may be more feasible than wave soldering.

6.1.7 Station “X-ray Microscopy and Tomography”

The station "X-ray Microscopy and Tomography" is intended for the study of the three-dimensional
structure of samples with high spatial resolution.
Participating organizations:
* Budker Institute of Nuclear Physics SB RAS, Novosibirsk;
* Sobolev Institute of Geology and Mineralogy SB RAS, Novosibirsk;
* Lavrientiev Institute of Hydrodynamics SB RAS, Novosibirsk;
* the Institute of Chemical Kinetics and Combustion SB RAS, Novosibirsk;
* the Institute of Archaeology and Ethnography SB RAS, Novosibirsk.

Themes of works in 2010:
* Investigation into the morphology of natural diamonds by the method of X-ray topography.
* Study of growth dislocations in synthetic diamonds by the method of X-ray topography.
* Obtaining data on the three-dimensional structure of samples of explosives and propellants by
the method of computer X-ray tomography (CXT) with high spatial resolution.
» Study of archaeological findings by the non-destructive method of CXT.
* Quality Control of X-ray patterns for LIGA technology.

The works were carried out under the following:

1. RFBR grant No. 09-05-00985-A "Zone-sectorial structure of diamonds from kimberlite deposits in
Yakutia as reflecting the evolution of the formation conditions."

2. SB RAS interdisciplinary integration project No. 51 "The influence of environment on the morphol-
ogy, actual structure and isotope composition of carbon in diamond".

Monochromatic X-rays with a wavelength A = 1.13 A extracted from the continuous SR spectrum with
a monochromator based on single silicon crystal with the working plane [111] are used at the station. A
collimator facing the sample cuts off spurious reflections of the monochromator and forms a beam with
geometric dimensions of 2x2 mm?. Precision mechanics aligns a sample, which provides linear movement
with an accuracy of 1 um or better and angular travel with an accuracy of 0.001°. "Bragg magnifier" based
on the increase in the linear dimensions of an X-ray beam reflected from crystals with an asymmetrical
cut, is used for improvement of the spatial resolution of the images. The enlarged image is recorded by a
highly sensitive X-ray detector on the basis of CCD matrix. The matrix (4008x2670) with a 15.5 x 15.5 pm?
pixel size ensures detection of signal with a dynamic range of 16 bits, allowing high-quality images at a
second-scale exposure.

Together with the Institute of Geology and Mineralogy SB RAS we continue investigating the mor-
phology of natural diamonds from kimberlite pipes and placers of the Yakutsk diamond province. Using
the method of X-ray topography (XT), we obtain information on defects due to disorders in the structure of
the diamond crystal lattice. The possibilities of the topographic facility allow capturing images of diamond
both in the passed beam and in radiation reflected at the Bragg angle (Fig.(6.1)22).

Extremely low absorption of X-rays in diamond due to the low atomic weight of carbon and selected
operating wavelength makes it possible to obtain high-quality images of crystal structure defects in the
transmitted radiation. When registering the passed radiation, we get a mixture of images caused by X-ray
absorption in the crystal and intensity weakening due to the Bragg reflection (Fig.(6.1)23).
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Fig.(6.1)22. Images of diamond in the passed beam and in radiation reflected at the Bragg angle.

Fig.(6.1)23. Topographs of diamonds with different morphology, made in transmitted radiation.

In this case, we can well correlate the internal heterogeneity of the crystal lattice with the geometry
of the crystal. However, for a more thorough characterization of the morphology of the crystal it may be
necessary to obtain information not misrepresented by surface defects and the size of the crystal. In this
case, registration in the reflected radiation makes it possible to record an image determined only by defects
in the diamond crystal structure (Fig.(6.1)24).

Fig.(6.1)24. Topographs of diamond of different morphology made in reflected radiation.

It should be noted that recording in reflected radiation is associated with a number of difficulties aris-
ing from the alignment of the facility and takes quite a long time, unlike previous scheme, which requires
a few seconds. Therefore, recording in the reflected beam is conducted primarily for unique patterns of
interest.

Together with the group working at the station “LIGA technology and X-ray lithography” we conduct
research on the characterization of X-ray patterns manufactured at our institute (Fig.(6.1)25).
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Fig.(6.1)25. Image of an X-ray pattern and profile of X-ray intensity along the line.

Study of the three-dimensional structure of energetic materials (EMs) using the method of computer
X-ray tomography (CXT) allows assessing their manufacture quality from bulk density distribution in an
objects to study. The presence of inhomogeneities and pores affects the rate of combustion and propagation
of detonation front, which is an important parameter in the production of EMs.

Fig.(6.1)26 shows tomographic slices (3 um thick) of EM specimens, obtained at different temperatures
of crystallization.

These data clearly show that sample M1, made at +20° C, has a more porous structure in comparison
with sample M2, made at a lower temperature.

Using the CXT, we explored the determination of the age of complexes containing timber of acceptable
preservation. A variety of wooden objects (ornaments, harness decoration, weapons, utensils etc.) was ac-

cumulated in the course of archaeological research. Timber is often represented by small wooden articles
rather than large samples from burials.

T, +20°C T.-18°C

Fig.(6.1)26. EM samples based on the FTDO/DNP mixture, obtained at various temperatures of crystal-
lization.

One of the main obstacles is the impossibility of investigating wooden articles by conventional meth-
ods, which are applicable in dendrochronology and first of all involve sampling in the form of transverse
saw cuts or cores or preparing a plane and hence are associated with damaging the object of study. For
obvious reasons, is impossible for archaeological objects due to their uniqueness and museum value.

164



Synchrotron Radiation Sources and Free Electron Lasers

35 mm

4

T b T

5 10 15
distance mm

Ancient button

Fig.(6.1)27. Examination of a wooden article by the method of computer X-ray tomography: (a) general
view of a quiver plate, (b) cross-section of the object with the radius of measurement, (c) density curve,
reflecting the variability of the width of tree rings.

A three-dimensional image obtained by CXT allows making a virtual cut in an object in any desired
plane (Fig.(6.1).27), including a cross-section, which is usually used to fix the width of tree rings. The avail-
able software makes it possible to measure the width of the rings and finally obtain data required for tree-
ring analysis in their usual format - a series of numbers or a graphical curve. All further procedures with
these data are then performed using already familiar tools of dendro-chronological research: individual
series are compared with one another and then cross-dated by generalized tree-ring chronologies of monu-
ments or prolonged absolute dendro-scales.

6.1.8 Station “Diffractive Movie”

The station is intended for the X-ray diffraction studies of structural and phase transformations in
solids in the process of chemical reactions. After installation of the two-coordinate detector MarCCD, the
station is also used for research by the method of diffractometry of mono-crystals. The application of a
2D detector makes it possible to study small amounts of substances as well as samples with a pronounced
texture.

Participating organizations:

* Boreskov Institute of Catalysis SB RAS, Novosibirsk;

* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;

* the Institute of Hydrocarbons Processing SB RAS, Omsk;

* the Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk.

Works in 2010 were carried out with financial support from SB RAS and RFBR:

1. SB RAS interdisciplinary integration project No. 13 “Development of the X-ray diffraction analysis
of biologically important objects.”

2. RFBR grants 08-03-00335-a, 10-03-00451-a, and 08-03-00119-a.

Themes of works in 2010:

1. Development of the X-ray diffraction analysis of biologically important objects (the Institute of
Catalysis SB RAS).

2. Study of formation of the phase composition of supported Pd and Ag catalysts prepared by the meth-
od of surface self-propagating thermosynthesis (the Institute of Hydrocarbons Processing SB RAS, Omsk)
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3. Pd/y-Al,O,/ glass fabric catalysts prepared by the method of surface self-propagating thermosyn-
thesis in the reaction of selective hydrogenation of C,H, to C,H, (the Institute of Hydrocarbons Processing
SB RAS, Omsk).

1. Supported catalysts

Activity of catalysts is defined by both their composition and the method of preparation; and their
hydrodynamic properties depend on their geometry. The appearance of supports on the basis of glass fab-
rics (GF) and method of surface self-propagating thermosynthesis (SST) opens the possibility of obtaining
samples with improved catalytic and hydrodynamic properties.

Unfortunately, in situ study of the dynamics of phase composition is not always possible at SST of
catalysts. That is why a method was developed for determination of phase transitions, based on the rapid
quenching of solid combustion front with subsequent scanning of the front region while the sample is
moved under a beam of collimated synchrotron radiation.

Front of flameless combustion is an area of chemical, physical and physicochemical processes, which
altogether provide the required heat release. The front consists of several zones, each having a certain
extent: the zone of heating (ZH), where heat transfer and heating of the sample occur as well as partialde-
composition of the fuel additive; the main reaction zone (ZR); the zone of afterburning (ZA), where the
chemical reactions continue, but they are no longer affecting the speed of the front; the zone of secondary
physco-chemical transformations that define the composition and structure of the end products (ZST).

The purpose of this study is to investigate formation of the phase composition of the Pd/GF, Pd/A1,0,/
GF, Ag/SiO,/GF and Ag/AI20,/GF catalysts using the method of SR X-ray phase analysis.

KS-151-LA-grade GF, containing ~10% of ZrO,, and the same GF modified by y-Al,O, (14% of the
mass of the support) were used as supports for Pd catalysts. The reagents were Pd (NO,), and citric acid or
glucose. The content of Pd was 1% of the mass of the support.

A support of Ag-containing catalysts is an openwork-weaving silica glass fiber of the KS-11LA grade
without special additives modified with SiO, and Al,O, oxides (10% of the mass of the support). During
the preparation of the samples, the silver content varied (~ 7 to ~ 20% mass). In so doing, the Ag content
per unit of surface area varied in the range 0f 0.01-0.03 g, /m’. The experiments were conducted with frag-
ments of glass fiber (thread) fixed on a special holder. The scanning was performed with a step of 0.5-2.0
mm perpendicular to the front propagation. Signals were recorded by transmission. A point of registration
was chosen and controlled with the goniometer “mardtb” using abuilt-in camcorder. Diffraction patterns
were registered with a two-coordinate detector MarCCD SX-165.

a).

Fig.(6.1)28. shows a sequence of diffraction patterns for samples of Pd/GF(a, b), Ag/Al,O,/GF (c) and
Ag/SiO,/GF (d).
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The data all owed us to determine the length of the ZH, ZA and ZST, the phase composition in the ZA
and ZST as wellas the change in the size of the coherent-scattering region of the ZST phases. The corre-
sponding areas of the front are indicated for the samples of Pd/GF (Fig.(6.2.)28, a) and Ag/Al O,/GF (Fig.
(6.2.)28, ¢). It was also found that for samples of Pd/GF the SST parameters depended on the nature of the
fuel additive: for a sample where glucose was used the zone of secondary transformations is by order longer
than for a sample with citric acid. For the samples of Pd/Al,O,/GF and Pd/Al,O,/GF the phases of PdO and
Pd are not identified in the diffraction patterns, which is apparently associated with the very high dispersion
of these phases. For the samples of Ag/SiO,/GF and Ag/Al O,/GF, the diffraction patterns of the precursors
are similar, suggesting that for them the precursors of the active ingredient are in the same form.

2. The first experiments with biological crystals

One of the challenges of modern crystallography is the determination of the spatial structure of both
the initial proteins and their complexes with other proteins or molecules (receptors). It is necessary, for
example, to reveal the mechanisms of action of drugs. Within the frameworks of the integration project, a
unit consisting of the two-coordinate detector MarCCD SX-165 on the goniometer mardtb and cryogenic
attachment was mounted on beamline 5b (Fig.(6.2)29). Biological objects are studied at 100 K, which is
necessary to ensure their stability. In addition, low temperatures reduce the amplitude of thermal vibra-
tions, which leads to an increase in the spatial resolution at structure reconstruction.

The technique is currently elaborated on test crystals. Fig.(6.2)29 presents a diffraction pattern from
crystals of beta-galaktidazy. We are now mastering the software and processing the data.

_19/07/2010

a) b)

Fig.(6.1)29. Photograph of the experimental station a) and a diffraction pattern from crystals of beta-
galaktidazy.

6.1.9 Station “EXAFS Spectroscopy”

The station is intended for the study of the structure of the local environment of atoms of a selected
chemical element (the coordination number and interatomic distance). Depending on the methodology, the
object of analysis is the volume, surface or surface layers.

Over 200 samples were investigated and more than 500 spectra were recorded at the station EXAFS
spectroscopy in 2010. More than 50 works were published and accepted for publication, including articles
in refereed journals (over 20), conference proceedings and abstracts of conferences.

Participating organizations:
» the Institute of Catalysis SB RAS;
* the Institute of Inorganic Chemistry of SB RAS;
t he Institute of Chemical Physics RAS, Moscow;
« the IGIC RAS, Moscow;
* Rostov State University;
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« the IOC RAS, Moscow;

» the Institute of Petrochemical Synthesis RAS, Moscow;

» the Institute of Hydrocarbons Processing SB RAS (IHP SB RAS);

* Saratov State University;

* the Institute of Chemical Kinetics and Combustion;

* the ISSCM SB RAS;

 the Limnological Institute SB RAS, Irkutsk;

» Hahn-Meitner-Institut, Berlin, Germany;

» the Institute for Semiconductor Physics SB RAS;

» Max-Planck-Institut fiir Kohlenforschung, Germanys;

» the Institute of High Temperature Processes & Chemical Engineering, Patras, Greece;

» the Institute of Chemistry: Humboldt University, Berlin, Germany;

* Ohldenburg University, Ohldenburg, Germany;

* the Institute of Coal and Coal Chemistry, Kemerovo, Russia;

* Frumkin Institute of Electrochemistry, Moscow, Russia;

» the Institute of Geology and Mineralogy SB RAS;

* Institute of Metal Physics, UB RAS, Ekaterinburg;

» Abo Akademi University, Turku, Finland;

¢ University of Oulu, Oulu, Finland;

» Udmurt State University, [zhevsk, Russia;

* the Physico-Technical Institute UB RAS, Izhevsk;

* Centro de Nanociencias y Nanotecnologia, UNAM, Ensenada, BC, Mexico, Mexico;

* Instituto de Ciencia de Materiales de Sevilla, Spain;

* Centro Mixto CSIC-Universidad de Sevilla, Spain.

Works in 2010 were carried out with the support of the following projects
RFBR (08-03-00861a), RFBR (09-03-00369a), RFBR (09-03-00346a), RFBR (09-03-00780a), RFBR

(08-02-00404a) Research (08-03-01016a), RFBR (08-03-00823a), RFBR (09-03-90424-Ukr f a) Re-
search (09-03-00089a), RFBR (09-03-00133a), RFBR (09 -03-00328a), RFBR (AF-080391758a), RFBR
(08-03-92502-NTsNILa), FASI (No. 02.513.11.3203), TOTAL, RFBR (09-03-00514a), the Presidium of
RAS (20, 21, 27), Research (09-05-98019a), RFBR (08-02-00404a), RFBR (08-03-00603a), RFBR (09-
03-00780a), RFBR (09-03-00346a), RFBR (09-03-00540a), RFBR (08-03-00335a), RFBR (09-03-01013a),
DGAPA-PAPIIT - IN 1207063.

The main directions and summary results of 2010:

Development of methods for studying complex ultra-diluted and poly-component nanosystems.

The possibilities of the method of fluorescence X AFS-spectroscopy using a new multi-element detec-
tion system for the study of complex nanoscale systems were shown. Energy-resolved registration of XAFS
spectra by the fluorescence yield makes it possible to study samples of extremely low concentration (less
than 0.1%) and nanometer-scale deposited system. The first results of the use of the detector and software
for studying the hetero-metal nanostructured catalysts, geological samples, thin films and submonolayer
coatings were obtained.

Study of model mono- and bimetallic catalysts for the transformation of industrially important substrates
(methane and ethylene)

We investigated the genesis and structural features of the formation of the active ingredient for model
bimetallic Pd-Me (Me = Co, Ce, Zn) catalytic nanosystems for methane reforming, deposited on oxide sup-
ports (membranes) via a complex of physical and chemical methods using synchrotron radiation (XAFS,
XRD, XPS). The synthesis of palladium-containing catalysts was carried out by unorthodox methods
based on mono- and bimetallic acetate and polycarboxylate metal complexes, at varying the processing
conditions and using oxide supports of different nature. Possible models for structural stabilization of the
palladium nanophase for bimetallic catalysts compared to monometallic analogues are discussed in detail.

XAFS spectroscopy, X-ray anomalous scattering and RFA were used for the comprehensive study of
the genesis and structural features of model copper-nickel-Al O, catalyst in the process of decomposition
of ethylene in the presence of ammonia. It was found that decomposition of ethylene, in this case, goes
through formation of a complex nanophase “NiCuxCyNz”. The prospects of application of this catalyst to
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the synthesis of nitrogen-containing carbon nanomaterials with desired characteristics were shown.

Studies of nanocomposite thin films and spatially correlated nanostructures based on semiconductor
compounds of the Ge isoelectronic series

A study of germanium thin films and nanostructures stabilized on various smooth and porous sub-
strates (SiO,, Si, Al,O,, etc.) was carried out. The samples were prepared by thermal evaporation of powder
of the material in ultrahigh vacuum, which ensured high chemical purity of the samples in a wide range of
temperatures of condensation. AFM, TEM, XRF-SR, and EXAFS studies of the surface morphology and
local atomic structure of germanium films and nanostructures were performed. It was shown that continu-
ous thin films have a mixed amorphous-nanocrystalline structure, whereas filamentous germanium nano-
structures consist mainly of small amorphous clusters. It was found that the percentages of the amorphous
and crystalline phases depend on the temperature of condensation. We found that the dependence of grain
size for samples obtained at a condensation temperature of 100° C does not quite correspond to a classical
linear relationship.

Methods of EXAFS, X-ray diffraction on synchrotron radiation and SEM were used for the study of
the ZnS and ZnSe nanostructures created by depositing the material on porous films of anodic alumina.
The temperature of the matrix during the deposition was 0-150 ° C. From a comprehensive analysis of
data it was revealed that the nanostructures are composed of a mixture of wurtzite and sphalerite phases
of the material, but a dominating growth occurs in the crystallographic direction (111) of the structure of
the B3 type (sphalerite). With increasing pore diameter there was observed a growth of nanostructures in
the form of “rings”, which indicates a possible mechanism of filling the pores of the matrix from the wall
to the center.

Complex studies of low-percentage (from ~ 1%) new-generation nano-structured catalysts based on noble
metals (Pt, Au, and Pd)

Surface stabilized forms of Pt in low- percentage monodisperse platinum catalysts deposited on oxide
supports of different nature (carbon, Al,O,, SiO,, and TiO,) were investigated by the methods of XAFS,
XPS, and HRTEM. Currently, the supported platinum catalyst systems are widely used in the redox pro-
cesses involving CO and/or hydrocarbons. It is obvious that reliable information on the active component
and stabilization of its various surface forms will make it possible to optimize the methods of preparation
and activation of catalysts with specific structural and functional characteristics, which would make the
catalytic system more efficient. Supported monodisperse catalysts were prepared from non-chloride pre-
cursors via dry or wet impregnation of oxide supports. Control and regulation of the size of particles of the
deposited metal were provided by pre-treatment of the supports and varied composition of the impregnat-
ing solutions. The charge state of the active component and the surface elemental composition of the cata-
lysts were studied by the XPS method; the morphology and size of nanoparticles of platinum were defined
from HRTEM data. XAFS was applied to the study of the structure of the local environment and the state
of platinum in the samples. A technique was suggested for estimating the phase composition subject to the
nano-size effects and changes in the oxidation of the metal active component from XAFS, XPS and TEM
data. The effect of the support character on the morphology and phase composition of nanoparticles of the
active ingredients, which are fine defective oxide or multi-phase metal-oxide systems, was shown.

A study of model low-gold catalyst systems promising for oxidation of CO and methane was carried
out. The catalysts were prepared by Au deposition on nanoscale mixed oxides of aluminum, cerium and
zirconium, prepared by the sol-gel method from organometallic compounds of these metals. Analysis of
data obtained by a complex of the methods of XANES, EXAFS, HRTEM, ESDR, and XPS revealed that
there might be various forms of stabilization of gold on the surface of the support, depending on the type
of modifier and the sample history. It was shown that reduction in hydrogen at temperatures of 150-200°
C does not lead to a significant contribution of Au(1+) ions and clusters of metallic gold. Apparently, prac-
tically all the gold in the initial samples and those reconstructed in the mild conditions is in the form of
Au(3+) ions, localized on the surface of the support in a slightly distorted octahedral oxygen coordination.
A further increase in the reduction temperature to 400° C leads to formation of metallic gold nanoparticles
of about 1-3 nm.

An study of model low-percentage (less than ~ 0.5%) Pd/AL O, catalysts was performed by the meth-
ods of XAFS and EPR. Currently, these catalysts are of considerable interest for neutralization of car
exhaust and industrial emissions of gases. Using XANES it was revealed that palladium in the samples is
mainly in the form of Pd(2+) ions in the nearest square-planar oxygen environment. No metallic phase of
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Pd°® was found within the accuracy of the method. EXAFS was used in a detailed study of the local struc-
ture peculiarities of the active component for samples with different prehistory. The possibility of purpose-
ful variation of the state of oxide palladium nanostructures formed on the surface of Al,O,, from atomically
dispersed to PdO nanoparticles, was shown and possible options for their structural models were consid-
ered. The EPR method showed the important role of donor centers in Al O, surface in the stabilization of
atomically dispersed ionic forms of palladium.
Studies of promising catalysts for processing products of biomass _fermentation into biofuel components

A study of the state of metals and their local environment was carried out by the method of XAFS
spectroscopy of promising catalytic nanosystems W-Re/Al O, and Pd-Zn/Al,O,, which are used in produc-
tion of fractions of alkanes and olefins C,-C ,, — components of fuels — from biomass fermentation prod-
ucts. Considerable attention has been paid recently to the search for alternative, high-efficiency ways of de-
velopment of the energy sector by means of renewable resources. Processing of renewable biomass energy
may become one of the ways. A number of alcohols (ethanol, butanol, isopentanol, etc.), which are products
of fermentation of biomass, can be components of fuels, both in pure form and after catalytic processing,
which provides more effective and quality fuel components. Initial samples of catalysts were prepared by
the sol-gel method based on mono- and bi-metal oxymethylates and carboxylates of metals of groups II-
VII on the oxide support of y- Al O,. For all the systems under study there is a significant dispersion of the
active component on the support surface. During the formation of the Pd-Zn system there appear surface
mixed oxides ZnO- Al O,, whereas Pd is predominantly in the form of nanoparticles of the oxide PdO, the
size of which depends on the concentration and presence of the second Me. A strong interaction of the ac-
tive ingredient with the support Al O,, with the formation of distorted structures (WO _, W-O-Al, ReOy,
(ReO,) ,,-O-Al), was shown for the W-Re system. It was found that the local environment of the catalysts
derived from bimetallic precursors has some differences from that in the case of samples synthesized based
on mono-compounds. The genesis of the investigated nanosystems was described in detail; the correlation
of their catalytic properties and structure was shown.
Comprehensive study of supported gold catalysts used for fine organic chemicals and environmental
catalysis

The methods of EXAFS, XANES, TEM, EDX, and XPS were used for a comprehensive study of low-
gold catalytic nanosystms deposited on alumina. A detailed study of the nature of various forms of gold
stabilization is necessary to develop new efficient catalysts for various applications. These nanosystems
are promising for industrial-important processes of fine organic synthesis and environmental catalysis
—oxidation of secondary alcohols and CO. The synthesis of the catalysts was carried out with various
methods of preparation (sol-gel, ion exchange, and impregnation), calcination temperature, and activation
and modification of the support. It was found that the active ingredient consists essentially of a metal defec-
tive nanophase Au’. A correlation between the size and morphological and structural features of the gold

nanoparticles and catalytic activity in selective oxidation of secondary alcohols was found.
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Fig.(6.1)30. XANES spectra (Au-L, edge; * indicates the white line) and atomic radial distribution (ARD)
functions of the local environment of gold for these samples and frames of reference.
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6.1.10 Application of a 9-channel SCD to fluorescent XAFS-spectroscopy

For more than 20 years users of the SCSR have successfully registered XAFS spectra with the system
for fluorescence signal detection, which cuts off the signal of elastically/inelastically scattered photons with
the Z-1/Z-2 filter. However, in this case is impossible to investigate nanoscale systems of a rather complex
elemental composition and low content of an element to study (~ 0.5% or less). For nanosystems including
closely spaced chemical elements and/or containing a “heavy matrix” as well as ultradiluted samples it is
necessary to use a detector with a sufficient energy resolution to separate the fluorescence signal namely
of an element to study.

For a comprehensive solution to this problem, works on the commissioning of a unique 9-element de-
tector made by Canberra (Fig.(6.1).31) were carried out at the station for EXAFS spectroscopy (beamline
8).

For the sake of better measurement parameters, we solved the problem of matching the detector with
the fast digital spectrometric channel made by XIA. A software system was developed, allowing tuning the
detection system and recording fluorescence XAFS spectra in the counting mode.

Studies of test samples were carried out for evaluation of the method of fluorescence X AFS-spectros-
copy using the new detection system. The prospects of this approach were shown; the first results on the
use of the detector and software to study supported catalysts of complex composition, ultra-diluted systems
and geological samples were obtained.

Sysems that were studied:

1) ~ 0.1-0.2% Pd model test catalysts supported by a “heavy Ce-Zr matrix” (cleaning of gas emissions).
The prospects of the approach were shown; new information on the localization of Pd clusters on CeO, was
obtained (Fig.(6.1)32 and Fig. (6.1).33).

2) Model test low-percentage Pt/Al,O, samples. The possibility of obtaining reliable data on the local
structure in diluted systems containing not more than ~ 0.05% of an element under study was shown on the
example of this nanosystem (Fig.(6.1)34 and Fig. (6.1)35).

3) A preliminary study of geologic samples (a conglomeration of bacteria and fungi that accumulate
compounds of germanium) from geothermal sources (Lake Baykal, ~ 50 ppm of Ge) was carried out. The
prospects of the approach were shown; new data on the immediate environment of Ge were obtained (Fig.
(6.1)36.).

Fig.(6.1)31. 9-element detector made by Canberra on beamline 8 (the EXAFS spectroscopy station).
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Fig.(6.1)33. Curves of atomic radial distribution in the local environment of palladium for the samples of ~
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Fig.(6.1)35. Curves of atomic radial distribu- Fig.(6.1)36. Curves of atomic radial distribu-

tion in the local environment of germanium for the
studied geologic samples (a conglomeration of bac-
teria and fungi, which accumulate germanium com-
pounds) from geothermal sources (Lake Baykal,~50
ppm of Ge).

tion in the local environment of platinum for the
studied model test platinum samples.

6.2 Works on SR beams from VEPP-4M

6.2.1 Station “Cosmos”

The station is intended for metrology in the soft X-ray and VUV spectral ranges (10-1000 eV). The
station is located in the SR bunker of VEPP-4 and receives radiation from bending magnet 3 in the northern
inset of VEPP-4M (extraction beamline 10).

Participating organizations:
* Russian Federal Nuclear Center - All-Russian Research Institute of Experimental Physics, Sarov;
* Russian Federal Nuclear Center - Zababakhin All-Russian
* Research Institute of Technical Physics (VNIITF), Snezhinsk;
* Lebedev Physical Institute, RAS, Moscow;
* loffe Physico-Technical Institute named, St. Petersburg;
* Federal State Unitary Enterprise, Vavilov SOI, St. Petersburg.

Contract works on the calibration of silicon photodiodes in the spectral range of 100-1000 eV were
carried out at the station for VNIITF, Snezhinsk, in 2010.

Examples of works in 2010:

1. Building a model of the sensitivity function for a silicon photodiode

Since the 1990s, the development of the technology of manufacturing of silicon photodiode detectors
has made it possible to create detectors of acceptable radiometric quality for the VUV and soft X-ray rang-
es. Commercial availability, temporal stability, sufficiently radiation resistance, and easiness of handling
made these detectors the most convenient devices for detecting radiation in the soft X-ray spectral range. At
photon energies of 100 - 1000 eV, however, the spectral sensitivity of the detectors requires regular calibra-
tion since it is affected by numerous factors — from the method of manufacturing of the detector to the thin
films appearing on the receiving window during the operation. Calibration of the detectors in the soft X-ray
range is a fairly complex task, requiring serious hardware and methodological support.
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For this purpose, a technique was developed for construction of the analytic sensitivity function of a
semiconductor detector from a set of calibration points. For objective reasons, any detector can be cali-
brated only from a finite number of points of the energy spectrum. Construction of an analytic function
allows correct interpolation between the experimental points. The formula is based on a physical model of
the detector, which takes into account its structure and manufacturing technology. A silicon photodiode
calibrated at the German National Metrology Centre PTB is used as a reference detector at the station
"Cosmos". The model sensitivity function of the diode is represented in the following parametric form:
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whre S is the sensitivity of the detector; w is the energy of formation of electron-hole pair in silicon (3.6
eV); d. and o, are parameters by which the model is optimized to the experimental results; /IC, /1&.02, A, and
4 are tabulated values of the optical constants of materials in the detector. A model function of this form
describes the calibration data with an accuracy of 1% or better and allows a continuous interpolation of

calibration data in the spectral region of 50-1800 eV:
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Fig.(6.2)1. Upper graph: experimental calibration data of the reference detector (squares) and approxima-
tion of the data (solid line). The horizontal dotted line marks the level of maximum achievable sensitivity

for the silicon photodiode (Smax). Lower graph: difference between the calibration data and the function
approximation, %. All data are in the error corridor of = 1%.

2.Exploration of the band characteristic of the secondary electron multiplier SEM-6

The band characteristic (distribution of the efficiency of the detector over the area of its entrance win-
dow) is a very important operating characteristic. The measurements were carried out via two-coordinate
movement of the detector realtive to the probing monochromatic beam. The transverse size of the probe
beam was 200x200 um?. The measurements were performed for photon energies of 268 €V and two differ-
ent supply voltages of the SEM-6 dynode system.
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Fig.(6.2)2. Band characteristics of SEM-6 at a photon energy of 268 eV and dynode supply voltages of 2kV
and 2.4 kV.

A strong heterogeneity of the band characteristic of the multiplier can be seen. It is funnel-shaped, with
a sharp increase from the periphery to the center of the detector window. At the center of the window, on
a site of about 1 mm?, again a sharp dip of sensitivity to almost zero can be seen. When the supply voltage
of the dynode system increases, the overall detection efficiency grows, as well as heterogeneity. We should
expect a strong dependence of the SEM-6 band characteristic on the angle of photon incidence. Thus, it
would be reasonable to perform an absolute calibration of the SEM-6 only as part of a complete measuring
device with rigidly fixed collimators of radiation, providing reproducibility of the measurement geometry.

3. Manufacturing of X-ray filters

A monochromat of high metrological quality is made at station “Cosmos” using loose-hanging thin-
film filters. A filter is usually a thin (0.2 to 5 microns) film of metal glued on a special frame. Since such
a filter is very fragile and ephemeral structure, there arose the problem of manufacturing such filters in-
house. A technique of making single-component filters of several metals (Cu, Ti, Al, and Mo) 0.3 to 1.5 m
thick with a working area of 5x10 mm?was elaborated in 2010. The metal film is sputtered on a specially
prepared substrate (with a layer of carbon as an adhesive or a water-soluble salt on the surface) by means of
the electron-beam or magnetron method, with subsequent separation and attaching to the frame.

Fig.(6.2)3. General view of the filters and a mi-
crograph of a cleavage of Mo film. The thick-
ness is approximately 1 micron. Work is under-

way to improve the homogeneity and mechanical
strength of the molybdenum filters.

175



Synchrotron Radiation Sources and Free Electron Lasers

The existing sputtering facility is being upgraded now, which will result in the opportunity to pro-
duce multi-layered loose-hanging films. The technique of making multi-layer films will result in filters
with more diversified spectral properties and improved mechanical parameters. Increase in the mechanical
strength is expected to allow manufacturing of filters to 0.2 um thick with an aperture of up to 30 mm.

6.3 Work with beams of terahertz radiation

6.3.1 Novosibirsky terahertz free electron laser

Novosibirsk free electron laser (FEL) is still the world’s most powerful source of terahertz radiation.
The maximum value of the average output power achieved at a pulse repetition frequency of 11.2 MHz is
500 W. In 2010, Novosibirsk FEL worked for users for about 750 hours. In the standard mode of operation
for users at a repetition rate of 5.6 MHz, the average radiation power at the workstations depended on the
wavelength and tuning of the accelerator system and was about 100 W. In this case, the FEL radiation is
linearly polarized and fully spatially coherent; the wavelength is tunable in the range of 120 - 240 pm; the
relative spectral width is less than 1% (FWHM); and the pulse duration is about 100 ps (FWHM).

In 2010, work on the FEL involved employees of Budker Institute of Nuclear Physics SB RAS, the
Institute of Chemical Kinetics and Combustion SB RAS, the Institute of Cytology and Genetics SB RAS,
the Institute of Inorganic Chemistry SB RAS, Rzhanov Institute of Semiconductor Physics. SB RAS, the
Institute of Theoretical and Applied Mechanics SB RAS, the Technological Design Institute of Scientific
Instrument, and the Scientific-Technological Center of Unique Instrumentation RAS (Moscow) as well as
teachers, students and graduates of Novosibirsk State University and Novosibirsk State Technical Univer-
sity.

One of the two major tasks in 2010 was the organization of regular work at the six user stations. The
second task was to commission the second stage of Novosibirsk FEL.

6.3.2 Experimental station on THz radiation beams

6.3.2.1. The "Metrology" station is intended for diagnostics, monitoring and optimization of the parameters
of the FEL radiation and conducting physical experiments with the radiation.
Participating organizations:
* Budker Institute of Nuclear Physics SB RAS, Novosibirsk;
* the Institute of Semiconductor Physics SB RAS, Novosibirsk;
* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk.

In 2010, the works were carried out with financial support from the RAS, SB RAS, and RFBR:

1. RAS Presidium Program No. 2720 “Creating highly sensitive photodetectors based on PbSnTe: In
films for optical spectroscopy and spectroscopy in the terahertz range”;

2. RAS Presidium Program No. 2734 "Study of the spectrum of electronic states in Si/CaF2 BaF2/
PbSnTe:In nanoheterostructures";

3. RFBR grant No. 09-02-12303-ofi_m "Investigation into the interaction of terahertz radiation with
new functional resonant metamaterials for devices controlling the polarization, phase, intensity and direc-
tion of propagation radiation";

4. SB RAS Interdisciplinary Integration Project No.24 "Metamaterials based on precision micro-and
nanoshells for the terahertz and infrared ranges";

5. RFBR Grant No. 09-02-12121-0ofi_m "Development of methods for measuring and controlling pa-
rameters of high-power terahertz radiation"; and

6. RFBR Grant No. 10-02-90005-Bel a "Investigation into the interaction of terahertz electromagnetic
radiation with materials based on carbon nanotubes."
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Works in 2010

1) Lasing was attained at the third harmonics in the long-wave range of the terahertz FEL. The quality
of radiation in this regime was no worse than that at the fundamental frequency. The laser was emitting a
linearly polarized Gaussian beam with a wavelength of about 70 microns with an average power of about
30 W at a repetition frequency of electronic pulses of 5.6 MHz. There were three possible modes, switch-
able by certain manipulations with the optical resonator: pure first harmonic mode generation, pure third
harmonic generation and generation at both harmonics simultaneously. Fig.(6.3)1 shows the spectra of FEL
radiation in these three modes. Lasing at harmonics can extend the frequency range of the FEL.
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Fig.(6.3)1. Laser generation of the terahertz FEL at the first (a), first and third (b), and third (c) harmonics.

177



Synchrotron Radiation Sources and Free Electron Lasers

2) A fine structure was detected and studied in the optical-activity spectra of a lattice of microcoils on

a GaAs substrate. According to calculations and control experiments, this structure is well explained by the

interference of the zero and first orders of radiation diffraction on this lattice. The observed fine structure
is shown in Fig (6.3)2.
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Fig.(6.3)2. Fourier spectra of rotation angles (1, degrees), circular dichroism (2, dichroism intensity x 50),
and transmission (3, transmission x 30) and data of measurement on the FEL (dots) for a square grid of
microcoils on a 400 um GaAs substrate. The FEL line width is 0.2 cm'.

3) A large polarization effect was revealed on samples of oriented nanotubes in a polymer matrix
in terahertz radiation. The antenna effect of these samples was apparently also discovered. It consists in a
significant decrease in the polarization effect for wavelengths larger than twice the original length of the
longest nanotubes. Fig.(6.3)3 shows the transmission spectra of one of the samples for two linear polariza-
tions. Fig.(6.3)4 presents the polarization angle characteristics of this sample, measured on the FEL.
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Fig.(6.3)3. The transmission spectra of samples of nanotubes for radiation polarized normally to the
nanotube axes (1, upper curve) and along the nanotube (2, lower curve) and their ratios (3).
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Fig.(6.3)4. Polarization angle characteristic of one of the samples with aligned carbon nanotubes.

6.3.2.2. Station for physicochemical and biological studies is intended for exploring the effects of radiation
on micro- and nano-objects and products of ablation of nucleic acids, proteins, enzymes, polymers, and
mineral clusters.

In 2010, works with biological objects were carried out with financial support of SB RAS interdisci-
plinary integration projects No. 39 and No. 52.

Participating organizations:

* Boreskov Institute of Catalysis SB RAS, Novosibirsk;

* the Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk;
* the Limnological Institute SB RAS, Irkutsk.

Themes of works in 2010:

1. Production of carbon nanostructures with the help of terahertz FEL (the Institute of Catalysis SB
RAS).

2. Determination of the fractional composition of nanoproducts of mechanical activation of double
oxides (the Institute of Solid State Chemistry and Mechanochemistry SB RAS, Novosibirsk).

3. Exploring composite silicon-polymer nanostructures (the Limnological Institute SB RAS,
Irkutsk).

Preliminary results of the work in 2010:

1. Production of carbon nanostructures with the help of terahertz FEL

Symmetrical polyhedral nanostructures (Fig.(6.3)5.) formed by monolayers of carbon (Fig.(6.3)6.) and
carbon nanotubes of 6 nm in diameter and up to 1.5 pm long (Fig.(6.3)7.) were produced under the influence
of powerful focused FEL radiation (a wavelength of 130 pm) on samples of pure graphite in an atmosphere
of dry nitrogen.
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Fig. (6.3)5. Electron microscopy of particles produced by the powerful effect of FEL radiation on
graphite.

Fig.(6.3)6. The same as Fig. (6.3)5, lower scale.

Fig.(6.3)7. The carbon nanotube.

Samples of pure graphite were provided by A.M. Volodin (BIC SB RAS); the electron microscopy
was performed by V.V. Zaykovsky at the same institute. Optimal parameters for stable obtaining of such

nanoscale particles are currently being selected and parameters of the crystal microstructure are being
determined.
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2. Determination of the fractional composition of nanoproducts of mechanical activation of dou-

ble oxides
Soft terahertz ablation was used to find out the fractional composition of samples of spinel (Fig.(6.3)8.)
The samples had been synthesized at ISSCM SB RAS (E. G.Avvakumov). The results obtained are consis-

tent with the data of X-ray diffraction and electron microscopy.
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Fig.(6.3)8. Fractional composition of spinel from data of non-invasive ablation.

3. Exploration of composite silicon-polymer nanostructures

Laser ablation in combination with aerosol spectrometry was applied for finding out the structure of
composite nanoparticles simulating the vesicles of transportation of silicon in diatoms. It was shown that
particles of a radius of 20-100 nm, obtained at condensation of silicic acid in the presence of polyvinyl-
amine and stable in the solution, contain silica fragments of a radius of 1.4 nm stabilized by organic poly-
mer chains. These results indicate the unique possibilities of laser ablation in the study of the structure of

composite nanoparticles.
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Fig.(6.3)9. The size distribution of particles produced by ablation of PVA samples of different polymerization
degrees (PD) and composite particles formed at an equimolar ratio PVA/silicic acid and different pH values.
A microphotography of the composite precipitate in the PVA - silicic acid system at an equimolar ratio of
the components and pH = 10, a scale of 1 um, and a schematic structure of the composite nanoparticles.
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6.3.2.3. Station “Spectroscopy and introscopy (Spln)”

The station is intended for the study of the absorption spectra of materials and substances as well as
for multi-quasi-optical imaging experiments.

Participating organizations:

* Novosibirsk State University;

* Novosibirsk State Technical University;

* the Institute of Semiconductor Physics SB RAS, Novosibirsk;

« the Institute of Chemical Kinetics and Combustion SB RAS, Novosibirsk;

« the Technological Design Institute of Scientific Instrument Engineering SB RAS, Novosibirsk;
« the Scientific and Technological Center of Unique Instrumentation of RAS, Moscow;
* Patrice Lumumba Peoples’ Friendship University, Moscow;

* Korean atomic energy research institute, Daejeon, Korea;

* Terawave, Inc., Daejeon, Korea;

* Vieworks Co. Itd, Gyeonggi-do, Korea.

In 2010, works at the station were conducted with the support of the following grants:

1. RFBR grant 09-02-12121-ofi_m “Development of methods for measuring and controlling param-
eters of high-power terahertz radiation”;

2. RFBR grant RFFI_09-02-12158-ofi_m “Development of physical foundations of tomography, ho-
lography and metrology using a source of coherent monochromatic terahertz radiation”;

3. SB RAS integration project No.89 “Development of the method of terahertz imaging spectroscopy
of attenuated total internal reflection with the function of near-field microscopy”;

4. State contract N0.02.740.11.0556 “Plasmon spectroscopy of materials, micro- and nanoparticles and
biological objects in the terahertz range.”

Below are presented main results obtained.

1. Spectroscopy of attenuation total reflection (ATR)

Work continued on improving the quality of imaging in the ATR spectrometer. A system for recording
images using a moving microbolometer array detector was created and put into operation. A scheme was
proposed for holographic recording in real time. The Technological Design Institute of Scientific Instru-
ment Engineering SB RAS developed and tested a confocal surface sensor using diffraction chromatic
coding for the purposes of terahertz spectroscopy. The main element of the sensor is an unorthodox hybrid
refractive-diffractive lens. The possibility of using a color video camera as a spectrum analyzer was shown.

2. Recorders of images in the terahertz range

Together with the Institute of Semiconductor Physics we continued exploring the mechanism of sen-
sitivity of microbolometer array detectors to terahertz radiation. It was found that the structural elements
of the receiving cells do not absorb terahertz radiation directly, and the sensitivity of the array depends
strongly on the polarization of the electromagnetic wave (Fig.(6.3)10). It was concluded that the registration
of wave occurs due to the antenna effect on the metal legs of each microbolometer, which causes ohmic
heating of them and heat transfer to the corresponding element. Knowing the mechanism of operation of
the existing arrays in the terahertz range allows a new approach to the development of the microbolometer
arrays intended for image registration in the terahertz range and potentially increases their sensitivity by
1 - 2 orders of magnitude.
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Fig.(6.3)10. Dependence of the sensitivity of microbolometer arrays of different types depending on the
direction of terahertz radiation polarization. The sensitivity increases when a thin metal layer is applied to
the surface of the sensor of the L bolometer (top graph).

Plasmon spectroscopy of surfaces and films

A new method was tried for the capture of a free electromagnetic wave to a surface mode in the tera-
hertz range using a slotted waveguide element instead of a "knife". The capture efficiency was shown to
increase at least by an order of magnitude. Images of the surface wave intensity distribution on the end of
a sample were obtained for the first time in real time using the microbolometer array. It was found that the
intensity distribution is different from the distribution predicted by Drude. The dependences of the path
length on the composition of the surface were studied.

3. Talbot effect in the terahertz range

The Talbot effect has recently caused great interest in X-ray measurement systems and passage of
atomic beams through crystals. There has also been a surge of publications on this subject for the visible
range. We do not know any experiment conducted in the terahertz range. We registered this effect for the
first time in the terahertz range at wavelengths of 126 and 54 microns. We studied the manifestations of
the effect when the characteristic size of the periodic structures was only a few wavelengths (up to three
A on the diameter of the hole) of the electromagnetic radiation (Fig.(6.3).11). The practical application of
the effect to the FEL wavelength measurement, distance measure and investigation into the dynamics of
optical inhomogeneities in condensed and gaseous media was demonstrated. The application of the effect
to solving the problem of phase uncertainty in terahertz holography was considered.
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Experument Maodeling

Fig.(6. 3)11 Left: one of the periodic structures used to study the Ta bot effect in the terahertz range. Right:
comparison of numerical simulation and images recorded from some characteristic planes using a microbo-
lometer array.

4. Registration of images of objects illuminated with terahertz radiation

Model experiments on recording images of smooth and rough objects illuminated with radiation of
the terahertz free-electron laser were carried out using the matrix microbolometer. The research was con-
ducted in real time. The objects could be hidden behind a screen not transparent to visible and near infrared
radiation. It was shown that rough objects are well imaged from their speckle pattern, and one can identify
their shape with a thought-out organization of the optical system. Smooth conducting objects are visible
only from their Fresnel reflections, which almost always occur at the boundaries and can be artificially
hidden at a specially chosen orientation of large planes (see Fig.(6.3)12.). Dielectric objects are the most
difficult to see, although there are some dynamic changes in vision. All objects, however, can be reliably
detected if there is a background textured surface reflecting the terahertz radiation. In this case, the visual-
izing camera clearly records shadows of objects on the background of the speckle pattern. The results are
of interest for industrial control systems and security systems.

Fig.(6.3)12. Images of objects in the terahertz region, taken with the Fresnel lens and a microbolometer
array.
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6.3.2.4. Station for molecular spectroscopy

The station is intended for research of molecular spectra of chemical compounds important for com-
bustion processes by means of FEL-radiation.

Participating organizations:

e the Institute of Chemical Kinetics and Combustion SB RAS, Novosibirsk;

* Budker Institute of Nuclear Physics SB RAS, Novosibirsk;

« the Institute of Atmospheric Optics SB RAS, Tomsk.

Works in 2010 were carried out with financial support from the following grants: SB RAS interdisci-
plinary integration project No. 102 "Development of the Faraday LMR spectrometer of the terahertz range
using the free electron laser." SB RAS interdisciplinary integration project No. 52 "Commissioning of the
second stage FEL and development and fabrication of the elements of the third stage FEL."

Themes of works in 2010:
1. Improvement of the sensitivity of the method for detecting paramagnetic molecules.
2. Development of methods for flame diagnostics using the terahertz FEL.

Examples of works in 2010:

A study of absorption at the H,O line of at high temperature was conducted for evaluation of the
possibility of using the FEL radiation to measure the concentration of water vapor in a flame.

Water vapor is the main absorbing component of THz radiation in a flame. Direct use of the FEL radia-
tion for determination of the water vapor concentration is, however, greatly complicated by the absorption
in the lead-in optical paths, which contain water vapor at room temperature. The length of a lead-in opti-
cal path is usually much greater than that in the flame; the absorption coefficient generally decreases with
increasing temperature. These factors make it almost impossible to use the strong lines of water vapor for
flame diagnostics. A particular selection of the absorption line for which the absorption coefficient at room
temperature is small and increases with the temperature could be a solution.

The H,0O absorption line at 77.3 cm™ was chosen for the experiments. For it, the energy of the lower
state is relatively large, E, = 1282.9 cm™', which is about 6 kT at room temperature. For this reason, the
absorption coefficient for this line is small at room temperature (Fig.(6.3)13). As the temperature increases,
the population of the lower state increases, which leads to an increase in the absorption coefficient. Fig.
(6.3)14 shows how, as a result of redistribution of the population of rotational levels at heating, the relative
intensity of four water-vapor absorption lines is changing in the range of 77 - 80 cm™.
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Fig.(6.3)13. Change in the relative intensity of four water-vapor absorption lines in the interval of 77
- 80 cm™. The inset shows the corresponding portion of the spectrum of water vapor at room temperature.
The circle indicates the line chosen for the measurement.
Calibration measurements of the absorption coefficient for FEL radiation at the absorption line of 77.3
cm’ were carried out in an open tube furnace 50 cm long, which was filled with water vapor.

185



Synchrotron Radiation Sources and Free Electron Lasers

. 1=1 *exp(-a*z*P*)

3 mole fraction

w, om bar’

0.0 , ' ' ' .

1
0 400 £00 1200
Temperature, C

Fig.(6.3)14. Results of measurement of the coefficient of FEL radiation absorption by water vapor
at different temperatures. The FEL was tuned to the absorption line of 77.3 cm™'. The solid line
presents a calculation subject to the real spectrum of the FEL and integrated intensity of the line
(taken from the base of NASA).

The obtained calibration data were applied to the measurement of the concentration of water vapor in
a soot-rich C,H,/O,/Ar flame as a function of distance from the burner surface. Comparison of the experi-
mental results and calculation showed that the H,O vapor concentration measured at a distance of 20-25
mm from the burner (CH20, exp. = 0.088 + 0.010) are in satisfactory agreement with the results of calcula-
tions (CH20, calc. = 0.095). Thus, using the rotational terahertz spectroscopy with sufficient accuracy, one
can measure the concentration of water vapor in soot flames and in flames of two-phase flows, which are
difficult to measure by conventional optical methods.

A submillimeter-range monochromator was fabricated to reduce the spectral width of the FEL
radiation.

The spectral resolution of the monochromator is about 0.1 cm™. This value is approximately equal to
the width of the absorption lines in the rotational spectrum in a flame at atmospheric pressure. Fig.(6.3)15
presents an example of the FEL spectrum recorded with the monochromator as well as the lines of D,O
vapor absorption inside the spectral profile of the FEL.
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Fig.(6.3)15. FEL emission spectrum obtained with the monochromator (black line). The spectrum was
recorded after the passage of radiation through the evacuated cuvette. The red line shows the change in the
spectrum when the cuvette was filled with D,O vapor at a pressure of 3 Torr.
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6.3.2.5. Station “Heterogeneous deposition of thin layers”

Station was put into operation in 2010. It is intended for the study of physicochemical processes of
induced deposition of thin layers on solid surfaces.

The work is part of the scientific program of the Institute of Inorganic Chemistry V.36.5. "Develop-
ment of the chemistry of complex, cluster, and supramolecular structures and synthesis of new materials
based on them."

Research Project: Chemistry of volatile metal complexes with organic ligands and the processes of
their thermal and photostimulated transformations on various types of surfaces as a basis for the formation
of nanostructured materials by the MO CVD method.

Scientific project leader: Prof. K. Igumenov

Participating organizations:

* Nikolaev Institute of Inorganic Chemistry SB RAS, Novosibirsk;

* Boreskov Institute of Catalysis SB RAS, Novosibirsk;

* Rzhanov Institute of Semiconductor Physics SB RAS, Novosibirsk.

Theme of the work in 2010:
Investigation into the process of induced deposition of thin layers of copper using combined synthesis-
transport of small volatile metal complexes.

Brief description of the theme:

New physicochemical processes of precipitation of metal nanostructures on solid surfaces are the ba-
sis for development of a number of advanced technologies in microelectronics, catalysis, synthesis of new
optoelectronic materials, etc. One of the promising methods of conformal metallization of surfaces with
complex working relief is our method of combined synthesis-transfer (CST) as extension of the conven-
tional MO CVD technology. The essence of this approach is bringing together two processes in one reac-
tor volume: the synthesis of a volatile metal complex and its transfer onto the substrate with subsequent
formation of a layer on its surface. The CST method has shown its effectiveness in forming metal layers of
a variety of small-size copper complexes arising when volatile precursors are passed through fine filling of
copper-containing solids (non-volatile precursors).

The choice of precursors, methods of their activation, and layer deposition conditions in the MTP pro-
cess determines the characteristics of the target material. A significant advantage is the possibility of ap-
plication of nonequilibrium processes of activation of precursors and the synthesis zone of the layer as well
as the possibility of generation and application of metastable volatile metal complexes, which are difficult
to produce and extract in pure form. Moreover, the CST principle makes it constructively possible to place
and alternately involve several combinations of reagent precursors in one reaction volume, thus forming
structures of layers of different destination in one technological operation.

The best-quality thin layers of copper on quartz and silicon substrates were produced at generation of
formate complexes with fumes of formic acid and filling of a fine-dispersed mixture of metallic copper and
copper oxide with a 1:1 ratio. Thermal activation of the substrate was combined with plasma activation of
the synthesis zone of the layer using a microwave discharge. Typical examples of the synthesized layers of
copper were analyzed in detail using the methods of optical spectroscopy, scanning electron microscopy
(SEM), X-ray spectroscopy (XRS) and diffraction of synchrotron radiation (DSR). It was revealed that the
deposited layer has a characteristic densely-packed grain structure with a predominant content of copper
in the metallic state Cu® in the form of nanosized grains.

It should be noted that similar CST processes with deposition of thin layers of different functionality
can be arranged for a number of refractory, coin and precious metals such as W, Ti, Ta, Ru, etc.

Moreover, also under RFBR grant No. 09-02-12100 "Study of the fundamentals of the selective action
of terahertz radiation on the spatial organization of biological objects" we studied the non-thermal effects
of electromagnetic radiation on different levels of organization of living systems. The terahertz range of
the electromagnetic spectrum was selected for these studies. The objects of the impact were the following
biological systems: pUCI8 plasmid DNA and artificial genosensor structures based on stress-responsive
promoters and proteomes of £. coli M13 cells. The workstation was upgraded; a model system was devel-
oped for studying the direct effects of terahertz radiation on DNA. The effect of THz radiation on stress-
sensitive cell systems that respond to oxidative stress was explored. Within the frameworks of the study of

187



Synchrotron Radiation Sources and Free Electron Lasers

the integral proteomic response of E. coli cell to exposure to terahertz radiation, two-dimensional maps of
E.coli proteomes were constructed and individual proteins that change their expression under the influence
of terahertz radiation were identified.

The station was upgraded for the purpose of controlling the exact irradiation dose. Terahertz radiation
is delivered to the workstation via a standard module for radiation distribution among the workstations. A
general view of the station after the upgrade is shown in Fig.(6.3)16.

Fig.(6.3)16. Station after the upgrade.

The upgrade included the following:

1) Installation and adjustment of the flat bending and focusing mirrors. The flat mirror is intended for
changing the direction of parallel rays. The angle of incidence on the focusing mirror was 40 °; its focus
was 12 cm. Correspondingly, the focal length for one coordinate was 9.2 cm and for the other, 15.6 cm.

2) A shutter consisting of two copper disks with a diameter of 20 cm with a common rotation axis
and rotated by a motor was fabricated for adjusting the average output power at a constant peak power.
Each disk has one sector-shaped hole occupying 1:30 of its area. Turning the disks relative to each other
allows regulating the area of the open hole, changing the average output power and leaving the peak power
unchanged. For changing the density of the average and peak power, the sample was positioned at various
points of radiation focusing after the shutter.

3) A special cuvette was made for exposure of biological samples. A sample is placed in the cuvette
between two stretched polypropylene films 40 um thick. The volume of the cuvette is 50 pl; the distance
between the films is 25 pm; the diameter of the cuvette is 50 mm;

4) The cross section of the radiation beam in the plane of the cuvette is an elongated ellipse. For the
exposure of sample to be uniform throughout the volume, a special mechanism rotated the cuvette. The
axis of rotation passed through the edge of the ellipse.

The temperature of liquid samples was controlled with a highly sensitive thermal imager TKVr-
SVIT101 made by the Institute of Semiconductor Physics SB RAS. It has a sensitivity of 0.027° C or better
and allows dynamic registration of changes in temperature fields.

Study of the impact of terahertz radiation on genetic material

pUCIS8 plasmid DNA was used as a model object in the study of the impact of terahertz radiation on
genetic material. Irradiation of the plasmid with terahertz radiation may lead to denaturation of the mol-
ecule as a result of destruction of hydrogen bonds on certain sites in the double-stranded DNA structure
under the influence of the radiation. At a molar excess of complementary oligonucleotides, there will occur
hybridization with formation of a corresponding triplex structure. Using fluorochrome-labeled oligonucle-
otides will allow imaging the triplex structure at electrophoretic analysis. Hybridization of the labeled
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oligonucleotides with the pUC18 plasmid DNA indicates destruction of hydrogen bonds in the DNA when
exposed to terahertz radiation. Site selection in pUCI8 plasmid was carried; the technique of electropho-
retic analysis of the products of hybridization of denatured sites was developed and tested.

The reaction mixture was placed in a specially designed cuvette for the purpose of studying the ef-
fects of THz radiation on the secondary structure of the DNA. The reaction mixture contained 500 ng/ul
of pUCI8 plasmid DNA and 5 ng/ pl of the fluorochrome-labeled oligonucleotide. The temperature of the
medium in the cuvette was controlled with the thermal imager “TKVr-SviT-101" and maintained between
12 to 14 ° C. 50 pl of the reaction mixture was placed in the experimental cuvette and irradiated with tera-
hertz radiation with a power density of 1.4 W/cm? at different wavelengths waves for 5 - 20 min. The reac-
tion mixture was then collected and applied on a gel for conduction of electrophoresis with voltage applied
and a gel temperature of ~ 37 - 40° C. A series of experiments was carried out by this scheme at various
wavelengths and exposure times. The wavelengths and irradiation times are shown in Table (6.3)1.

Table (6.3)1. Conditions of the experiment on the effects of THz radiation on the secondary
structure of DNA.

No 1 2 3 4 5 6 7 8
Wavelength, um 125.1 128.7 | 138.5 | 141.4| 130 130 130 140
Time, minutes 10 10 5 5 5 10 20 10

In all the experiments, no formation of triplexes of the corresponding oligonucleotide and pUC18
plasmid DNA was observed under exposure to terahertz radiation. The results can be explained by three
factors:

1) Terahertz radiation does not provide denaturation of the secondary structure of DNA.

2) The hydrogen bonds of the secondary structure have a narrow resonance-absorption band, which
had not been found in experiments by that time.

3) A shorter time of relaxation of denatured DNA as compared with the mobility of the oligonucleotide
in the reaction mixture.

Exploration of the impact of terahertz radiation on stress-sensitive cell systems

Exploration of the impact of terahertz radiation on living objects is of interest in connection with the
planning of using this range of wavelengths for development of security systems. The emergence of pow-
erful sources of terahertz radiation also poses the problem of studying the response of living organisms
to terahertz radiation. In this project, a task to explore the effect of radiation on the individual links in
cell metabolism was posed. A series of stress-sensitive genosensors created in ICG SB RAS was used as
model objects. Fig.(6.3)17 shows the general scheme of the work of genosensor structures based on E.coli
cells. A stress-sensitive promoter (highlighted in red) is attached to the reporter gene (green). The gfp gene,
encoding the Green Fluorescent Protein (GFP) (fluorescent protein) is used as the reporter gene.

The resulting recombinant plasmid is introduced into the bacterial cell. When the cell gets in adverse
conditions, the stress-sensitive promoter attached to the regulatory element goes off. The reporter gene al-
lows visualizing the work of the promoter — the cell produces the fluorescent protein and turns green, which
can be seen with a conventional fluorescence microscope or registered with a spectrophotometer.

Several genosensor structures with different stress-sensitive promoters were developed: katG, yfiA,
anddps.

Terahertz radiation influence on the expression of the katG and E. coli dps genes

Since the LB medium, in which genosensor cells are generated preparatively, has intrinsic fluores-
cence in the range of Gfp fluorescence, cells of the E.coli/ pKat-gfp genosensor were transferred to basal
medium M9 of the following composition: 0.4% glucose, 0.2% casamino acids, 48 mM Na,HPO,, 22 mM
KH2PO4, 18.7 mM NH,CI, 8.5 mM NaCl, | mM MgSO,, and 0.1 mM CaCl,. Then the cells were trans-
ferred into a specially designed cuvette. The temperature of the medium in the cuvette was controlled with
the thermal imager TKVr SVIT-101 and maintained at 35 £ 2 °C. The cells were exposed for 10 min. The
efficiency of genosensors was controlled via the induction of Gfp synthesis by 8 mM of hydrogen peroxide.
The response of the cells of E.coli/pKat-gfp, E.coli/pDps-gfp and E.coli/pYfi-gfp was evaluated from the
fluorescence level (irradiation: 485 nm, 0.1 s; emission: 535 nm) at a cultivation temperature of 37° C. The
fluorescence was measured with the fluorometer Perkin Elmer VICTOR3 in relative units.
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Fig.(6.3)17. Schematic diagram of the genosensor organization.

Signals of individual E.coli/pKat-gfp cells in response to terahertz radiation were recorded with the
laser scanning microscope LSMS00META manufactured by ZEISS. The GFPvaa molecules were excited
using the 488 nm line of the argon laser. Laser scanning microscope makes it possible to select a signal
from a narrow optical fiber (about 0.7 um) containing the biological entities. Background signals above
and below this plane were excluded from registration. Signals were registered in a range of 505 nm to 525
nm using a 63-fold lens. The data obtained were processed with the “LSM Image Examiner” software of
ZEISS. E.colilpKat-gfp genosensor cells were registered via simultaneous microscopy of the preparations,
carried out by a method giving an image similar to that of differential contrast. The software used makes
it possible to superimpose images obtained from analysis of optical sections and light microscopy. This
method allowed registering individual cells producing GFPvaa.

Fig.(6.3)18 presents the results of the microscopy of E.coli/pKat-gfp genosensor cells after 10 min of
exposure to terahertz radiation with a power density of 1.4 W/cm? and a wavelength of 130 pm.

Joint analysis of cell images obtained in the differential contrast and at excitation of the fluorescent sig-
nal showed that approximately 80% of E.coli/pKat-gfp cells respond to a 40 min irradiation with GFPvaa
synthesis. Cells of the same genosensor without exposure to terahertz radiation were a negative control in
this series of experiments. As can be seen from the Fig.(6.3)18, bottom, only a few E.coli/pKat-gfp gen
sensor cells, for random reasons, showed the ability to synthesize GFPvaa. Thus, we can conclude that tera-
hertz radiation with a wavelength of 130 microns induces synthesis of GFP in E.coli/pKat-gfp genosensor
cells.

Fig.(6.3)18. Top: E.coli/pKat-gfp cells after exposure to the 130 um FEL radiation. Top left: the phase
contrast image; top right: fluorescent microscopy. Bottom: control (without irradiation). Bottom left: the
phase contrast image; bottom right: fluorescent microscopy.
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Later on, the induction of GFP synthesis in the cells of genosensors was recorded with the fluorimeter
Perkin Elmer VICTOR3. Fig.(6.3)19 presents the values of the level of GFP expression at the induction
of E.coli/pDps-gfp genosensor cells with terahertz radiation with a power density of 1.4 W/cm? and a
wavelength of 130 microns.
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Fig.(6.3)19. Level of expression of Gfp in the E.coli/pDps-gfp genosensor cells at the induction with
terahertz radiation (THz) and hydrogen peroxide (H,O,) and without induction.

It is seen from Fig.(6.3)19 that the level of expression of GFP in the E.coli/pDps-gfp genosensor cells
at the induction with terahertz radiation and hydrogen peroxide was significantly different from that in
non-induced cells.

Study of the integrated proteomic response of E.coli cells to exposure to terahertz radiation

A clone of E.coli strain M13 was evolved for the research. 50 ul of cells was transferred into a specially
designed cuvette. The cells were exposed to terahertz radiation with a power density of 1.4 W/cm? and a
wavelength of 130 microns; the temperature in the chamber was maintained at 35 + 2° C via regulating the
flux with the shutter as described above. The temperature of the medium in the cuvette was controlled with
the thermal imager TKVr SVIT-101. The exposure lasted for 10 minutes. Then the culture was taken from
the chamber and transferred to a thermostat for 37° C and incubated for 5 min for the response to develop,
after which the cells were fixed with 50% ethanol. The procedure was repeated with several portions of the
culture to a final volume of the irradiated culture of about 300 ml. The control group were E.coli M13 cells,
which were fixed in portions with the corresponding times of cultivation until obtaining a final volume of
300 ml.

Analysis of the E.coli proteome was carried out by modern methods of proteomic analysis including
two-dimensional electrophoresis with subsequent protein identification by MALDI-TOF mass spectrom-
etry (UltraFlex 111, Bruker). Standardization of the experiment was provided with a modern system devel-
oped by BioRad, which allows a significant increase in the reproducibility of two-dimensional proteomic
maps. The high resolution of the applied methods and techniques of proteome research provided the first
identification of the impact of terahertz radiation on E.coli cells.

Fig.(6.3)20 presents an electrophoregram of the total E.Coli protein after exposure to terahertz radia-
tion. The arrows indicate electrophoretic protein fractions with significant differences (the Student crite-
rion, 95%) in the levels of expression (two-fold). 8 protein fractions of E.coli proteome protein that alter
their expression under the influence of terahertz radiation were found.
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Fig.(6.3)20. Electrophoregram of the E.Coli total protein after exposure to terahertz radiation. The black
arrows indicate fractions with increased expression in the experiment as compared with the control sample
and the gray arrows are for fractions with reduced expression. Numbers 1-8 designate identified fractions
the expression of which differed more than two-fold as compared with the factions of the control sample.

Mass-spectrometric identification

Mass spectrometric identification of peptides obtained for each fraction was performed with Ultraflex
Tof Tof (Bruker Daltonics) by the MALDI method using a-Cyano-4-hydroxycinnamic acid (CHCA) as a
matrix. The identification of the composition of tryptic hydrolysates was performed using the MASCOT
software and NCBI database. The identified proteins are listed in Table (6.3)2.

Table (6.3)2. Identified protein fractions of the E.Coli culture, the expression of which changed more than
two-fold (increased or decreased) when the bacteria were exposed to THz radiation.

Fraction Identified protein Expression | Mw, Da | pl Sequence Score

No. variance Coverage
1 Glutamine synthetase increase 51871 | 5.26 47 % 77
2 Phosphoglucosamine mutase decrease 47487 | 5.71 35% 70
3 Glucarate dehydratase decrease 49110 | 5.69 30 % 63
4 Cysteine desulfurase increase 45061 | 5.94 48 % 95
5 Uridine phosphorylase decrease 27142 | 5.81 76 % 142
6 Phosphopentomutase decrease 44342 | 5.11 38% 96
7 Serine hydroxymethyltransferase | decrease 45316 |6.03 52 % 111
8 Threonine dehydratase catabolic decrease 35210 |5.75 69 % 116

E.coli has several systems that provide cell response to changes in environmental conditions. Signals
coming from outside activate the corresponding gene network, which results in reprogramming of the
transcription and development of an adaptive response, which in turn leads to correction of metabolism; in
some cases, systems of the stress response are activated. At least five ways of response to external signals
are described for E.coli: Bae, Cpx, Psp, Res, and sE, which provide a response to physical, chemical or
biological (viral infection) influence and specific gene networks of stress responses: to heat shock, oxida-
tive stress, etc. The identified changes in the E.coli proteome indicate both the activation and repression of
certain metabolic fates under exposure of a living system to terahertz radiation. Bioinformatics analysis of
changes in the E.coli proteome under the influence of terahertz radiation will make it possible to determine
which gene networks are activated, and thus the targets influenced by terahertz radiation.
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6.3.3 The second stage of Novosibirsk FEL

The creation and commissioning of the second stage of Novosibirsk FEL carried out with financial
support from SB RAS integration Project No. 6/2006 “Development and creation of the second stage FEL”,
RAS “Basic” Project for Basic Research No. 2.6.6.4 “Creation of the FEL for the terahertz and infrared
ranges with an average power of up to 50 kW”, SB RAS integration Project No. 52 “Commissioning of
the second stage FEL and development and fabrication of the elements of the third stage FEL”, State R&D
Contract No. 02.740.11.0430 “Commissioning of the second stage of high-power free electron laser and
the development of the elements of the third stage”, and RFBR Initiative project No. 09-02-12121-ofi_m
“Development of methods for measuring and controlling parameters of high-power terahertz radiation.”

The second stage of the free electron laser (FEL) is created for movement toward higher frequencies
in the terahertz range. The world's first accelerator-recuperator (AR) with two tracks (i.e. with a four-fold
passage of electron beam through the high-frequency cavities) was built and commissioned for creation of
an FEL operating in the frequency range of 3 - 10 THz.

The full-scale AR uses the same accelerating RF structure as the AR of the first stage, but is situated,
unlike the latter, in the horizontal plane (Fig.(6.3)21). Thus, it is not necessary to demount one to build up
the other. Operation mode is selected via simply switching the bending magnets.

Fig.(6.3)21. Scheme of the full-scale 4-track accelerator-recuperator (plus one track in the vertical plane
with the FEL for the THz range of 110-240 microns).

The second stage FEL is placed on the second track of the AR. We plan to install a high-power FEL for
the near infrared wavelength range of 5 - 12 microns on the last (40 MeV) track of the AR.

The free electron laser operating in the wavelength range of 40 - 80 microns was created in 2009. The
maximum average output power is about 500 W, which is a world record in that range. In 2010, radiation
from the new free electron laser was delivered to the user stations, and experiments with its use began.

Because of the strong absorption of radiation in air it is necessary to pass radiation through pipes filled
with dry nitrogen or evacuated to low pressure. The first variant is preferable because of the ease of extrac-
tion of broad beams of radiation to the user stations through thin polypropylene windows. The beamline for
extraction of radiation from the second stage FEL (middle part) is shown in the figure. Radiation coming
from below is reflected from two mirrors, gets into the “old” part of the beamline (in a distance) through
the movable mirror assembly. Through the old part of the beamline, the radiation is delivered to the user
stations. The emission spectra, pulse duration and average radiation power were measured. Radiation of
the second stage FEL will be used in research in physics, chemistry and biology. In addition, the beamline
that distributes radiation among the stations is additionally equipped with an extraction unit for installation
of one station more.
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Fig.(6.3)22. Radiation extraction beamline of
the second stage FEL (middle part). Radiation
coming from below is reflected from two mir-
rors and gets into the “old” part of the beam-
line (in a distance) through the movable mir-
ror assembly.

The optical cavity for the FEL third stage was designed in 2010. The fabrication of the elements of the
FEL third stage was completed.

6.3.4 Results of the year 2010 and plans for the year 2011

The main results of 2010:

1. Regular work of users was provided on the first stage THz FEL.

2. The radiation extraction beamline and users stations were upgraded; work on the creation of new
user stations continued.

3. The radiation extraction beamline of the second stage FEL was commissioned.

4. The installation of the vacuum chamber of the third and fourth tracks of the accelerator-recuperator
was completed.

5. The optical cavity for the FEL on the fourth track was designed.

6. A room was prepared for the test bench for the RF injector.

7. One RF generator of the AR was upgraded.

Plans for the year 2011:

1. Commissioning of the AR with four tracks.

2. Designing of the beamline for radiation extraction from the FEL on the fourth track.

3. Continuation of the work on the creation of new stations.

4. Continuation of the work on the designing and manufacturing of units of the test bench for the RF
injector.

5. Continuation of the work for users.

6.4 Development and creation of specialized generators of SR

6.4.1 Superconducting wigglers

In June 2010, within the frameworks of the contract, the 119-pole wiggler with a period of 31 mm,
magnetic field of 2.2 T and pole gap of 12.6 mm was delivered and assembled in the area of the ALBA-
CELLS (Spain) storage ring under construction. Final tests of the cryogenic and control systems were car-
ried out as well as a cycle of magnetic measurements of the wiggler. The spectral properties of the wiggler
radiation at energies of up to 10 keV have an undulator radiation structure due to the low value of the un-
dulator parameter, which equals 6. With increasing photon energy the spectrum turns into the synchrotron
radiation spectrum.
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Fig.(6.4)1. Testing the 119-pole wiggler with
a field of 2.2 T and a period of 31 mm on the
ALBA-CELLS (Spain) storage ring.

Another distinctive feature of the wiggler is the use of a thin superconducting wire with a diameter of
0.55 mm with current characteristics that are unique for such a cross section (240 A in a field of 7 T). With
such thin wire used, special attention was paid to the protection of the superconductor from burning and
the output of energy in case of a superconductivity breakdown. The point is that the ultimate current pa-
rameters of the wire are achieved by reducing the cross section of copper, which is necessary for stabiliza-
tion of the superconductor. A large number of superconducting coils connected in series imposed stringent
additional requirements to the production quality and control procedures for each superconducting coil as
well as the quality of electrical contacts between them. All 238 wiggler coils are connected in series so that
the total heat release in the junctions does not exceed 50 mW at a current of 450 A.

The cryogenic system of the wiggler also has some particularities. The usage of gold-plated copper
heat exchangers increased recondensation of gaseous helium and contributed to the supercooling of the
liquid helim and the magnet to about 3.5 K. This is expected to provide as many as two years of reliable op-
eration of the wiggler without servicing with zero consumption of helium. Besides, the pressure in liquid-
helium vessel, which was reduced to about 0.5 bar, allows withstanding as many as three superconductivity
breakdowns without helium release into the atmosphere.

The wiggler is planned to be installed and commissioned directly on the ALBA-CELLS storage ring
in June 2011. Radiation from the wiggler will be used at the MSPD (Materials Science and Powder Dif-
fraction) experimental station, working with radiation in the energy range of 10-50 keV. This energy range
covers most experiments on powder diffraction measurement, scattering and diffraction at high pressures.

6.4.2 Radiation-resistant dipole magnet for the ion accelerator under construction at GSI
(Germany)

The international research accelerator center GSI is under construction in Germany. Russia actively
participates in this center. BINP had designed and is constructing a dipole magnet for the Super-FRS,
which is intended for extraction of secondary ion beams (secondary ions are obtained a target is bombarded
with accelerated ions or protons) to the user stations. Since the dipole magnet is located after the target, the
secondary ions have a large spread in angles and coordinates.

The dipole magnet has a pole gap of 0.18 m, effective magnetic length of 2.4 m, and bending radius of
12.5 m. The weight of the magnet is about 100 tons. The dipole magnet will be located in a zone of strong
induced radiation and thus it must have no structural elements containing organic compounds.

The contract work on the development and manufacturing of the first (of three) radiation-resistant di-
pole magnet for the accelerator center GSI (Germany) was started in 2007 and completed in 2010.

The magnet was assembled as a whole by 2010. Magnetic measurements were conducted in 2010, by
the results of which the poles of the magnet were finalized, which allowed us to attain the design field pa-
rameters. The dipole magnet retunes the magnetic field from 0.15 T to 1.6 T in 120 seconds. The magnetic
field nonuniformity does not exceed + 2-10* in the horizontal aperture of + 20 cm throughout this range.
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Fig.(6.4)2. Radiation-resistant dipole magnet at the bench for magnetic measurements.

6.4.3 Technological storage ring complex (TSC “Zelenograd™)

A long training of the linear accelerator was completed by early 2009. That made it possible to increase
the energy of electrons at the output of the linear accelerator (Linac) to 65 MeV and enlarge one-time
capture of electrons into the small storage ring (SSR). After optimization of parameters of the power and
control systems and debugging the software, the operation mode was achieved that allows accumulating
up to 70 mA electrons in the SSR. Further increase in the accumulated current is associated with long-
time degassing of the walls of the vacuum chamber with an SR beam. The regimes of raising the energy of
electrons accumulated in the SSR to an energy of 450 MeV and bypassing electrons from the SSR to the
beamline EOB-2 to the main ring were refined. The injection complex is ready to start work for the large
storage ring.

Simultaneously with the works on the injection complex, the installation of the magnetic elements on
the large storage ring (LSR) and the upgrade of the high-power sources were continued and completed.

In 2009, the vacuum system of the large storage ring was fabricated and assembled and its pumping out
started. In addition, BINP fabricated an RF generator on new oscillating tubes as well as 180 MHz bi-metal
cavities. Commissioning of the entire complex is planned for late 2010.
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Fig.(6.4)3. Mounting the vacuum system of the large storage ring of SR source “Zelenograd”.
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6.4.4 Development of the new synchrotron radiation source for the Siberian Centre for
Synchrotron and Terahertz Radiation

Works on the conceptual development of a dedicated SR source continued in 2010. Special attention
was paid to the following issues:

* overall arrangement of the complex and engineering and user infrastructure;

* optimization of the magnetic structure of the main ring;

* development of a scientific program and research directions on this source.

Works on a preliminary design of the buildings and engineering and user infrastructure were carried
out in 2009. It included the main specifications, layout of the buildings, and required amounts of resources
as well as estimates of the construction cost.

The work on the designing of buildings within the unified concept of the Institute development con-
tinued in 2010. Previous drafts were slightly modified, which made it possible to effectively fit the complex
in the BINP development concept and to avoid conflicts with construction plans of other complexes, while
maintaining the overall functionality. The general view of the buildings for the new SR source is presented
in Fig.(6.4)4.

Fig.(6.4)4. General view of the buildings of the new center for synchrotron radiation within the unified
BINP development concept.

Besides, further optimization of the magnetic structure of the main ring of the SR source was under-
way in 2010. At the level of linear elements, the magnetic structure had been defined earlier. The main pa-
rameters of the ring are presented in Table (6.4)1 and the optical functions of superperiod are in Fig.(6.4)5.

The superperiod consists of three TBA cells; a superconducting dipole with a field of 8.5 T is the
central magnet in the central cell. All other magnets are normal, with a field of 1.6 T. In total, there are 4
superperiods in the ring. This approach allows using magnets of different types in the main structure and
provides a sufficient number of straight sections with a small dispersion function for accommodation of
multi-pole devices for radiation generation (wigglers or undulators).

Table (6.4)1. The main parameters of the SR source storage ring.

Parameter Value
Electron energy 2.2 GeV
8.5 T in the SC magnets
1.6 T in the normal magnets
30 keV for SR from the SC magnets
6 keV for beams from the normal magnets
4 SC magnets
32 normal magnets
15° in the SC magnets and central
7.5° in the side normal magnets
Phase volume of beam(horizontal equilibrium emittance) |~ 5 nm - rad
Beam current 500 — 1000 mA

Field in the bending magnets

Transition energy of SR quanta

Amount of the bending magnets

Angle of bending in the magnets
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Beam lifetime 8 — 10 hours
Orbit circumference 214 m
L at full energy with the possibility of main-
Injection type taining the working current of beam
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Fig.(6.4)5. Optical functions of the superperiod of the SR source.

The main goal of the optimization in 2010 were the nonlinear elements of the magnetic structure,
which reduce the natural chromatism of the low-emittance structure while maintaining a sufficient dy-
namic aperture.

Standard approaches to chromatism suppression using sextupole lenses in this case do not provide
effective suppression for technologically attainable values of sextupole gradients. This is due to the high
rigidity of the system of quadrupole focusing and overall compactness of the structure, i.e. the lack of space
for accommodation of a sufficient number of sextupoles.

In the course of the optimization it was proposed to use combined quadrupole-sextupole lenses. In this
case, the efficiency of suppression increases substantially because the sextupole gradients are at the places
of maxima of the beta functions. Thus, the values of sextupole gradient may be smaller than in the case of
isolated sextupoles with the same degree of suppression. This, in turn, makes it possible to save a sufficient
dynamic aperture.

The results of simulation of this approach give a hope for obtaining the required sextupole harmonics
using small iron-free coils in the quadrupoles. It is also supposed to use a small number of isolated sextu-
poles for general correction. Optimization of the scheme is ongoing.

With the conceptual design of the source and new directions of scientific research on it in mind, a
series of survey lectures on the SR application to different research areas was given at the SR-2010 confer-
ence. Based on these lectures review reports were formed that will be included in the scientific part of the
conceptual design of the source.
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6.4.5 MARS at the RRC “Kurchatov Institute”

In 2010 a decision was taken on the realization of the project "M ARS" in the area of the RRC "Kurcha-
tov Institute (KI)"; the project was discussed in detail within the frameworks of the Russian-German
Workshop "Kurchatov Centre of Synchrotron Radiation and Nanotechnology" (18-19 February 2008, RRC
KI, Moscow) and at the RSNE conference (2009).

There are plans to develop a project of the creation of a fourth-generation SR source "MARS" for the
RRC "Kurchatov Institute" (under a contract with the RRC "Kurchatov Institute").

6.5 Conferences, meetings, seminars

6.5.1 XVIII International Conference on Synchrotron Radiation application “SR-2010”

XVIII International Conference on Synchrotron Radiation application SR-2010 was conducted on 19
to 22 July at BINP (such conferences have been held since 1975, once every 2 years). The conference was
held with financial support from RFBR. The conference was attended by about 150 people. 45 of them
came from different cities of Russia (Zelenograd, Irkutsk, Krasnoyarsk, Moscow, Pushchino, Rostov-on-
Don, Snezhinsk, Tomsk, Russia, and Chernogolovka). 35 participants were representing institutions of
Novosibirsk and Akademgorodok (besides BINP). The conference was also attended by 35 BINP members.
9 participants represented organizations from Germany (Institute for Synchrotron Radiation, Institute for
Microstructure Technology, and DESY) and France (ESRF). 62 oral reports for about 25 hours in total were
presented at the conference as well as 71 posters.

Traditionally, the conference covers all the issues associated with the generation and application of
synchrotron and terahertz radiation. Scientific topics of SR-2010 are reflected in the list of sections: "SR
sources and free electron lasers", "Apparatus for experiments with SR application", "Diffraction and Scat-
tering", "Spectroscopy", "X-ray fluorescent analysis with SR application". A workshop dedicated to the dis-
cussion of the project of the fourth-generation SR source "MARS" was conducted within the frameworks
of the conference.

That year the theme of the conference was formulated in accordance with the "Concept of SB RAS till
the year 2020". According to this document it is planned to create at Novosibirsk Scientific Center a new
up-to-date synchrotron radiation source, which should become an important element of the development
of various branches of science. Therefore, a significant part of the plenary sessions of the conference was
devoted to the formation of the scientific program of the future synchrotron radiation source, imposing
additional requirements to the source, increasing the number of potential user groups, and providing sup-
port to the project. Leading scientists from different RAS institutes presented plenary talks about the most
exciting developments in various fields of science, scientific tasks and possible use of synchrotron radiation
to solve these tasks. Such approach to the conference program had fully justified itself — SB RAS members,
which had free access to the BINP during the conference, were very active during the plenary sessions.

In addition, exhibitions and workshops of manufacturers and suppliers of scientific equipment were
held during the conference. The following companies were presented: LeCroy Corp. (USA), MSH Techno
(Russia), Scientific Equipment (Russia), and MICOS (Germany). These actions allowed the conference
participants to become acquainted with the equipment and establish contacts with the companies.

The conference proceedings are being prepared for publication in an installment of the journal "Pover-
khnost" ("Surface"). Articles submitted for publication are reviewed by experts engaged by the Organizing
Committee. The oral reports are made public on the conference website: http:/ssrc.inp.nsk.su/SR2010/
presentations/.
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Fig.(6.5)1. Opening of the Conference SR-2010.

6.5.2 International Symposium on the generation and application of terahertz radiation

The International Symposium "Terahertz radiation: generation and application”, combined with the
School of young professional, was conducted in Akademgorodok on 26 to 28 July 2010. It was devoted to
the fundamental and applied problems of terahertz radiation generation, recording and coherent interaction
with different media. In fact, it was the first scientific forum in Russia completely devoted to this science
area, which had started only in the last 15 years of the last century. Due to the known events, in Russia it
was delayed by nearly 20 years.

This international symposium became possible due to the Russian terahertz community, which was
initiated by both the "terahertz" sections of various laser and optical conferences and the first workshop
"Generation and application of terahertz radiation", held 24 - 25 November 2005 in Novosibirsk. To a ex-
tent, the community appeared due to the financial support of this research area within the Fundamental
Research Program of the RAS Presidium "Electromagnetic waves of the terahertz range"(2006 — 2009) and
the Program for RFBR targeted basic research for 2009 - 2010 "Coherent interaction of X-ray, synchrotron
and terahertz radiation with condensed media".

92 specialists took part in the symposium, including 12 participants from Germany, Britain, Japan,
Korea, China, Netherlands and Ukraine. Its program consisted of a one-day plenary session, two oral
sessions in parallel, a poster session and excursion to the free electron laser. Eleven 40-minute plenary
lectures, six 40-minute keynote reports, twenty-eight 30-minute invited talks, seventeen 20-minute oral
presentations and fourteen poster presentations were made.

An exhibition of the company TYDEX (St. Petersburg), manufacturing optical components and detec-
tors for the terahertz range, was held during the symposium.

The poster session was held at the share-use center “Synchrotron and terahertz radiation” and com-
bined with the excursion to the free electron laser. This laser, located at the Siberian Center for Photo-
chemical Research, is the most powerful source of terahertz radiation in the world. Currently, there are six
workstations. The participants of the symposium got acquainted with the accelerator-recuperator with two
active laser cavities and equipment of the workstations available to users.

200



Synchrotron Radiation Sources and Free Electron Lasers

Fig.(6.5)2. Excursion to Novosibirsk free electron laser.

A collection of abstracts (ISBN 978-5-904968-03-8) had been published by the beginning of the Sym-
posium. Selected articles based on papers presented at the Symposium are published in a special issue of
Vestnik NSU, series Physics, as well as in the International Journal of Infrared, Millimeter and Terahertz
Waves (Springer). After the Symposium a four-day tour to the Altai Mountains was organized, which was
attended by about thirty people.

All the participants said the Symposium was a success. It allowed the researchers working in the field
of terahertz radiation to obtain sufficient information about the research carried out at Russian and some
foreign centers, to discuss these works in detail and to contact with people whose work seemed to be inter-
esting. By the Symposium results it was decided to hold such forums in Russia every other year. The next
symposium will be held at Moscow University in 2012.

6.5.3 School for Young Professionals “Synchrotron radiation in the Earth sciences”

The third Russian school for Young Professionals on synchrotron radiation was held at BINP on 11 to
15 October 2010. The previous schools were focused rather on the application of individual methods imple-
mented at our share-use center: EXAFS-spectroscopy and X-ray analysis (2008) and diffraction methods
(2009). This year we tried to concentrate on applying these methods to a specific area of science — "Syn-
chrotron radiation in the Earth sciences", in particular, to geochronology, petrology, and archaeology.

Schools for Young Professionals on synchrotron radiation are carried out for presenting the essence
and possibilities of X-ray diffraction and spectroscopic techniques using synchrotron radiation. It is very
important that interdisciplinary scientific contacts are started, which are especially necessary in younger
years. Practical training within the frameworks of the school presents the experimental and methodological
base of the Siberian Center for Synchrotron and Terahertz radiation (SCSTR). Synchrotron radiation has
long been an integral part of the research infrastructure, providing the necessary knowledge for break-
through technologies. The schools give young scientists working in various fields of science a new look
at the object of their research. Regular schools allow young people to install reliable contacts with many
scientists from leading research institutions of the Ural-Siberian region.

The schools students were 75 people, including 69 young professionals from Dubna, Ekaterinburg,
Irkutsk, Krasnoyarsk, Novosibirsk, Snezhinsk, and Tomsk.
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The school program included 23 academic hours of lectures and 40 hours of practical training. The
lectures were delivered by 20 lecturers from among the senior research staff of the SCSTR, the Institute of
Geology and Mineralogy SB RAS, and Siberian Federal University (Krasnoyarsk). Based on the materi-
als presented by the lecturers, a collection of detailed abstracts of lectures was prepared, published, and
distributed to all participants of the school.

Fig.(6.5)3. Students and lecturers of the School on synchrotron radiation.

6.5.4 Conference of students and graduates working at the SCSTR

The 9th Annual Conference of undergraduate and graduate students working at the Siberian Center
for Synchrotron and Terahertz Radiation was held on April 26, 2010. The purpose of the conference was
to familiarize the scientific community with the activities of the younger generation and train students and
graduates in presenting their results. At the same time, the conference is part of the competition for BINP
young professionals (Section of synchrotron radiation).

16 reports were presented, including 13 reports of NSU and NSTU students, 2 reports of BINP gradu-
ates I, and 1 report of a graduate of the Institute of Catalysis. The committee of the competition included
both BINP members and representatives of other institutes participating in the Siberian center for SR. The
committee noted the common high level of the submitted papers and awarded one first, two second and two
third places (with diplomas and prizes). The conference participants were presented mugs inscribed with
the symbols of the SCSTR.

6.5.5 Participation of SCSTR members in other academic activities

Scientific Session "BINP — 2010". BINP SB RAS, Novosibirsk, 15-16 January 2010.

The 4th European XFEL Users' Meeting, DESY, Hamburg, Germany, January 27-29, 2010.

Theoretical and practical conference: "Centers of share use of scientific equipment in the modern sec-
tor of research and development", Moscow, February 19, 2010.
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THz-bio workshop, THz-Bio Application System Center at Seoul National University (SNU), Seoul,
Korea, 9 March 2010.

X International Conference "Zababakhin scientific readings", "Russian Federal Nuclear Center — VNI-
IEF", Snezhinsk, 15-19 March, 2010.

XFEL Working Group Meeting, Kurchatov Institute, Moscow, April 15, 2010.

European XFEL MAC meeting, 5-6 May 2010, Hamburg.

Workshop on the 50 Anniversary of DESY, Hamburg, Germany, 18-22 May 2010.

International particle accelerator conference IPAC 2010, Kyoto, Japan, 23-28 May 2010

International conference "Fundamentals of laser assisted micro-and nanotechnologies". (FLAMN-10),
St. Petersburg - Pushkin, Russia, July 5-8, 2010.

New perspectives of high energy physics, 13th ISTC SAC seminar, Novosibirsk, Russia, 1-5 Septem-
ber, 2010.

35th International conference on infrared, millimeter and terahertz waves IRMMW-THz 2010, Rome,
Italy, 5-10 September 2010.

VII Forum on the Interregional Cooperation of the Republic of Kazakhstan and the Russian Federation
with the participation of the Heads of the States on "Cooperation in the field of sustainable development of
high technology", Ust-Kamenogorsk, 7-8 September 2010.

Workshop "X-ray Optics — 2010", Chernogolovka, 20-23 September 2010.

VIII International Conference "Actual Problems of Electronic Instrument Proceeding”" APEIE - 2010,
Novosibirsk, September 22-24, 2010.

XXII Russian particle accelerator conference, RuPAC-2010, Protvino, Russia, 2010, Sept. 27 - Oct. 1.

Strategy of the development of large-scale research infrastructures of the Russian Federation and co-
operation with the European Union: Third Intern. workshop, October 29, 2010, Nancy, France.

The 17th international symposium on laser spectroscopy, SOLS 2010, November 4-5, 2010, KAERI
Daejeon, Korea.

3rd meeting of the European XFEL Machine Advisory Committee (MAC), Hamburg, Germany, No-
vember 11-12, 2010.

2nd JAAWS at PAL, Pohang, Korea, 28-29 November 2010.

Scientific session of the SB RAS General Meeting, Novosibirsk, December 10, 2010.

Scientific session of the RAS General Meeting of Sciences, Moscow, 13-15 December 2010.
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Radiophysics and electronics

Introduction

BINP work in the field of radiophysics and electronics is concentrated mainly at the Radiophysics
Laboratory. The main tasks of the laboratory are associated with the development and research of radio-
physical systems for accelerators and charged-particle storage rings, which, in turn, are developed by the
Institute in accordance with the state programs “Colliding beams,” “High-energy physics”, “Synchrotron
radiation”, “Physics of microwaves”, and “Plasma Physics”.

Under these programs, the laboratory staff is engaged in the development of various electronics: pow-
er, control, diagnostics, and computer control systems, RF accelerating systems and RF and SHF energy
sources. We also study the behavior of charged particle beams in conjunction with accelerating systems
and other elements and devices of accelerators and storage rings of charged particles. It is obvious that the
main results of the activity of the laboratory are part of the common research results and works carried out
on the existing complexes: VEPP-4, VEPP-2000, FEL, and the injection complex, as well as works in the
field of plasma physics.

Due to the universal nature of some developments of the laboratory, some of them become a basis for
the instruments and devices of independent scientific or technological value. Some developments are ap-
plied to and used in the Institute studies on other themes or in contracts with Russian and foreign scientific
centers in the U.S., Germany, Switzerland, Japan, China, and South Korea.

Of particular interest are the contract works for CERN on the manufacture of LHC elements, which
ended in 2008 — 2009; works for Zelenograd on the manufacture of the synchrotron radiation source, which
will continue for another few years; works on the creation of the injectors of neutral atoms for the Tri Alpha
Energy institution (TAE, USA). The activity on the TAE facility commissioning has already moved into a
research stage, bringing new interesting contracts to BINP.

Below are briefly presented some results of the works conducted in 2010 and the key points of the
works that will continue in 2011 and beyond.

7.1 Power supplies of electrophysical facilities

7.1.1 Stabilized current sources

Development of stabilized current sources for various electrical installations and some of their ele-
ments is one of the main tasks of the Radiophysics Laboratory. Devices of this class include, above all, DC
power supplies for electromagnets for charged-particle storage rings. Depending on the task, the output
current of such sources has a value of a few amperes to tens of kA. Correspondingly, the output power is
tens of watts to hundreds of kilowatts and a few megawatts. The power sources usually have a wide range
of current adjustment (up to 60 dB) and high accuracy of control and stabilization (an error of 0.01% or
less). The current sources are complicated electrophysical devices with computer control, monitoring, and
testing; with a complex system of locks and devices for internal control. The Russian industry produces no
analogues.

In recent years, after long operation of power supplies and test equipment in the physical systems (ac-
celerators and storage rings of charged particles), the electronics have become physically outdated and lost
their features, which used to be the best. This inevitably leads to higher operating costs and forced outages
of facilities, which has to be taken into account at planning the research and financial costs.

e The long-term work on the upgrade of the electronics of precise stabilized current sources (SCS)
for powering electromagnets continued in 2010. Those are devices for a power of 50 kW, 100 kW and 200
kW with a thyristor regulator and a ripple damping channel. The power supplies are controlled by means
of integrated single-channel 16-digit DACs (CEACI21); the current is measured with noncontact current
transformers (DCCTs). Five stabilized current sources were upgraded in 2010. The upgrade included re-
placement of the electronics, intra-cabinet cabling and capacitor banks. 18 sets of control electronics for
stabilized current sources were manufactured and adjusted in 2011, which provides upgrade of several
stabilized current sources and thirteen sources of the B-1000 type (1000 A/ 20 V).

e The development, manufacturing and testing of the electronics and power units for devices for
load current reverse in the stabilized current sources of the K-500 line continued in 2010 because the line is
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designed to transport electrons and positrons to VEPP-2000 and VEPP-4. The electronics and power units
have been installed in the stabilized current sources of the line and are waiting for their turn in the plan of
start-up and mounting works at the complex.

e In 2010, the Low-Voltage Equipment Plant (Rasskazovo, the Tambov region) delivered to BINP
four current sources (350A, power ranging from 50 to 200 kW) for powering the magnetic system of the
facility for electron cooling of ions (the contract with COSY, Germany). The power sources were tested
and prepared for work on the COSY stand at BINP. These sources are made in the Euromechanics racks.
BINP designed and manufactured five sets of control electronics, also in Eurostandard, specifically for this
program. The plant is to produce two other sources (2 kA, 60 and 120 kW) for BINP in 2011, also with our
control and measurement electronics.

e The routine upgrade and maintenance of the main power supplies for BEP and VEPP-2000, which
are megawatt-power devices with a current of up to 10 kA, continued in 2010. Besides, a stabilized current
source (800A/23V) (manufactured in Rasskazovo) was put into operation on the magnetic measurement
stand. Moreover, a current source with an output current up to 2.5 kA appeared on the stand as a result of
the upgrade.

*  The “Reverse” mode in the BEP power supply was refined.

e It should also be noted that the designing of the power supplies for the NSLS-II Booster dipoles
began. This work will be performed in 2011 in cooperation with Danfysik, Denmark.

The development and commissioning of current sources with an output power of up to 10kW made by
the Switch Mode Technology continued:

*  Under a contract, reverse current sources for powering superconducting solenoids were supplied
to the CryoMagnet company: two sources for + 300A/8V, and one source with current up to + 1000 A/5 V.

*  The adaptation of the newly made power sources for VEPP-2000 continued. Those are 12 sources
for 300A/8V for powering superconducting solenoids. Besides, in accordance with the needs of the com-
plex, four dual current sources were used to increase the powering of four quadrupole lenses.

*  Unipolar current sources with the maximum parameters of 300A/18V, designed to power the ele-
ments of the FEL magnetic system, had successfully fed the first stage of the FEL magnets, so in 2010 we
continued the production of such sources for powering the magnetic system of the FEL second stage. It is
worth recalling that five sources of this series were delivered to JINR (Dubna) in 2008 and had successfully
operated at the complex IREN.

Note that each of these Switch Mode sources is equipped with two noncontact current trans-
ducers: one for stabilization and the other for independent measurements. Each current source is
in turn equipped with a built-in control DAC/ADC module. The long-term instability of the output
current of the sources does not exceed 50 - 100ppm.

*  As part of the Switch Mode technology we continued developments extending the scope of appli-
cation of the power unit designed for electron-beam welding. As a result, variants of 20-kilohertz convert-
ers with an output power of 10 kW, 15 kW, 40 kW and 60 kW appeared at the laboratory. These converters
in conjunction with the output rectifiers and matching transformers provided the basis for the following
developments, which started in 2009 and are in plans for future years:

- a bench for testing and adjustment of the column (COSY) power supplies was assembled;

- the COSY column power supply for 60 kW, 500 V, and 20 kHz was assembled and tested. The source
was tested at an output power of up to 60 kW. It allows a long term work at power up to 50 kW. It is under
elaboration for operation at a power of 60kW and more. The source is made in a 5-level 19 Euromechan-
ics rack by a modular principle. The source will be installed on the COSY cooler at BINP in 2011, with
subsequent delivery to Germany.

» 2 current sources for 1000A and 30 kW, which also operate at a frequency of 20 kHz, were devel-
oped and are under assembling now. Tests of them are planned for 2011.

*  Under the contract with BNL (USA) we designed and submitted to the workshop elements of the
power supplies for the quadrupole lenses for the booster.

*  New developments of power supplies for relatively «low-power» (50 kV, 15 kW and 30 kW) ion
injectors were begun: the design was completed and parts were ordered.

The development, improvement and manufacture of small series of relatively low-power current sourc-
es feeding correcting magnets or special devices continued.
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e The manufacturing and adjustment of a complete set of current sources for powering the correc-
tors of the technological storage-ring complex (TSC) were completed. About 40 channels (two cabinets)
were delivered to Zelenograd in 2010, which completes the supplies (about 200 channels for SA/30V). The
system is waiting for the installation of the TSC magnetic system and cabling.

e Asetof 11 MPS-20-100 current sources (x20A/100V) for powering the TSC multipole lenses and
3 MPS-20-50 current sources (x20A/50V) were also sent to Zelenograd in 2010.

e About ten channels of 20A sources are to be delivered to the Injection Complex in 2011, which will
begin the replacement of the morally and physically outdated current sources TIR-25.

*  Power supplies for the correcting magnets for the COSY project were designed and manufactured
and are being tuned now. Those are MPS (6A) sources for about 50 channels and eight current sources with
an output current of up to 20A, six of them being «shunt» sources.

*  Power supplies for correctors for the K-500 beam line were put into production.

e About 20 channels of bipolar power sources of the UM-1, UM-3 and UM-10 types with output cur-
rents of 1A, 3A, and 10A, respectively, were manufactured and put into operation. The sources are installed
on the FEL, EBW, and LIA complexes. About 50 channels more for powering the correctors were put into
production and will be installed on the cooling storage ring and linac of the injection complex in 2011.

7.1.2 High-voltage sources. Electronics for diagnostic and heating injectors of neutral atoms

Recent developments in the field of diagnostic and heating injectors of neutral atoms created a sig-
nificant demand for them from foreign centers engaged in plasma physics. This, in turn, intensified the
development, manufacturing and supply of injectors with the complete powering system and the computer
control and monitoring system.

Below is given a partial list of such works in 2010.

1. It is sometimes difficult to separate the development of electronics and the designing of the injector
itself.1. Two sets of power and control electronics for the “heating” injectors for the tokamak “Compass-D”
(IPP, Prague, Czech Republic) were made and transferred to the customer for operation. Parameters of the
main power supplies are given below:

High-voltage power supply: 40kV/15A/500 ms.
Power supply for the lock grid: 500V/10A/500 ms.

Current source for the bending magnet: 400V/500A/25 ms.

2. The electronics of the high-voltage power supply for the four “heating” injectors at TAE (U.S.) were
commissioned and upgraded. The main goal of the upgrade was ensuring operation of atomic injectors
without expensive motor generator. The duration of the injector duty cycle was reduced from one second to
eight milliseconds, which allowed us to use the already existing energy storage units.

achieved after the upgrade: 20kV/60A/8 ms.

3. A conceptual design of a high-voltage power supply for an injector of negative ions was developed
in 2010.

Energy of negative ions: up to 1 MeV

Beam power: up to 3 MW

4. The designing and manufacturing of a high-voltage power system for a stationary injector of nega-
tive ions started.

Ion energy: up to 120 keV

Current: up to 30 mA
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7.1.3 High-voltage sources. Power electronics for electron beam welding (EBW)

In 2010, we together with the NITI “Progress” (Izhevsk) continued the implementation of energy units
and EBW modules at enterprises of the country. Currently, six EBW modules with our power-generating
units operate at Russian enterprises. One unit is in use on a BINP stand.

At the same time, we continued developing and manufacturing components and assemblies as well as
their power supply systems, and monitoring and control systems for electron beam welding modules and
associated applications.

* A high-voltage power supply for a new injector of the FEL (100mA/150kV) was designed and
assembled. The high-voltage column was made on the basis of multiplier with a working frequency of 20
kHz. The source will be installed on the FEL in the first half of 2011.

*  We continued the upgrade of EBW modules with an output power of 60 kW, 30 kW, and 15 kW for
future contract works. In particular, we started developing a 5 kW energy unit.

* In 2010, under the contract with COSY, we developed a power supply for the electron collector in
the high-power column of the cooler. The power supply for 3A/5kV is in the high-voltage terminal of the
high-voltage column. The power supply is made as five sections with an output voltage of 1 kV; the sections
are connected in series at the exit. At the entry, all the sections are fed in parallel from the transformer line
of the column. Four of the sections are unregulated converters, which can be enabled or disabled, and one
section is a regulated converter. Control is realized through an optical channel. The power supply was as-
sembled and tested and will be put into operation in 2011.

*  An upgraded high-voltage power system for the source of negative ions was put into operation.
That is several controlled precision stabilizers with a voltage of up to 40 kV and a power of up to 2 kW. The
work will continue in 2011, aiming at optimal beam parameters.

* In the late 2009 and early 2010, we continued the developments for K-500 (electron and positron
transport lines), which resulted in the production of 25 switched power supplies (generators) for the mag-
netic components of the lines. The power supplies work with a cumulative capacitance of 100 microfarad,
a maximum voltage of 700 V and pre-selection of the current pulse polarity. The operating frequency is 1
Hz. The monitoring and control are realized via the CEAC124 controller. The electronics are realized in
the “Euromechanics” standard.

*  Another variant of pulse generator was designed for the LIA focusing system. Six generators were
manufactured and installed on the LIA.

It should also be mentioned that in 2010 we continued the maintenance of earlier manufactured sys-
tems and their components in use on facilities of the Institute and outside it.

7.2 Development of measuring systems and devices for auto-
mation of physical experiments

The contribution of the laboratory to the automation of facilities, stands and large physical complexes
consists in the following:

e development and delivery of complete systems (monitoring, control, diagnostics, and computer
systems) with subsequent participation of the authors in the adaptation to physical facilities;

* development of elements for control, monitoring, and timing of power systems with subsequent
comprehensive delivery of these systems to accelerators and storage rings of charged particles and study of
their effect on the complex as a whole;

» delivery of standardized individual modules (CAMAC, VME, «Vishnya», Euromechanics) to ex-
isting or new installations and stands;

* development of new approaches, techniques, and, thus, new devices that address physical experi-
mental tasks at a new level,

e upgrade of the existing systems for automation, control and diagnostics on operating physical
facilities;

e repair and maintenance of several thousand units of electronics and complete systems designed
and in use.

The equipment designed and manufactured at BINP is widely used both at the SB RAS and at many
scientific organizations in Russia and abroad. The nomenclature of the manufactured devices makes up a
few dozen types of digital, analog and digital-analog mixed signal devices, units or modules.
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e 100 various units with the CAN-BUS interface for control and monitoring systems for electro-
physical facilities were fabricated, adjusted and put into operation. Two new modules appeared in 2010:
VSDC?2, a two-channel meter of instantaneous values and shapes of pulsed magnetic fields, and [VI1811, a
two-channel meter of nanosecond time intervals. A detailed description of the modules is available on the
site of the laboratory.

e It should be noted that devices of this family are widely used in contract works. In recent years,
more than half of the modules produced (900 pieces in total) along with various power sources and mea-
surement and control systems were supplied to JINR (Dubna), KISR (Moscow), TSC (Zelenograd), NITI
“Progress” (Izhevsk), KAERI (South Korea), and IMP (China).

*  The Institute intensely exploits several systems for different magnetic measurements based on the
new-generation equipment that enables high-precision measurements of fields both with Hall-probe matri-
ces and movable coils. A measurement set includes the following:

- a precision ADC with a built-in analog switch;

- a 32-channel switch with a switching error of 1 puV. For work with Hall sensors, the module is
equipped with a high-precision (0.001%) current generator;

- a precise digital-output integrator.

Table (7.1) 1. The family of devices with the CAN-BUS interface.

Name Brief characteristics

CANDACI16 16-channel, 16-digit DAC; 8-bit input/output registers

CANADCA40 40-channel, 24-digit DAC (of the 0.03% class); 8-bit input/ output registers
CDAC20 20-digit DAC; 5-channel, 24-digit ADC (of the 0.003% class); 8-bit input/output

CEDAC20 registers (“Vishnya” and Euromechanics)

20-digit DAC; 5-channel, 24-digit ADC (of the 0.003% class), 8-bit input/output
registers (Euromechanics 3U standard)

CAC208 8-channel, 16-digit DAC; 20-channel, 24-digit ADC (of the 0.003% class); 8-bit
CEAC208 input/output registers (“Vishnya” and Euromechanics)

4-channel, 16-digit DAC; 12-channel, 24-digit ADC (of the 0.003% class); 4-bit
input/output registers (Euromechanics 3U standard)

I-channel, 16-digit DAC; 12-channel, 24-digit ADC (of the 0.003% class); 4-bit
CEACI21 input/output registers (Euromechanics 3U standard), designed to control fast power
supplies

20/40-channel, 24-digit ADC (of the 0.003% class); 4-bit input/output registers

CEACS1

CEACI124

CEAD20 (Euromechanics 3U standard)
CGVI8 8-channel, 16-digit generator of delayed pulses; 8-bit input/output registers
CPKS8 8-channel, 16-digit code-duty factor converter
SL1024 CANDbus interface: a 24-digit two-directional bus and built-in board
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 (ion pump current)
CURVV multi-purpose input/output register (2 output and 4 input 8-bit registers)
CIRS register of discrete signals (interruption register, BSI, input/output registers)
8-channel 16-digit DAC; 16-channel, 24-digit ADC (of the 0.03% class); input/
CAC168 : e
output registers; built-in board
the CAN-DDS module is a divider of input clock frequency with remotely tunable
CAN-DDS . .
fractional coefficient
CAN . L . ..
_ADC3212 for closing the feedback circuit in the thermal adjustment scheme of RF cavities
CANGW Ethernet-CAN/RS485 gateway
VME-CAN VME-CAN interface
CEDIO A multiport input/output register
GZI-CAN 4-channel generator of delayed pulses, 80 ns — 10.28 us
module for precise measurement of magnetic fields by the induction method, 2
VSDC2
channels
IVI1811 time interval meter with a resolution of 0.5 ns
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e The electronics for the stand for magnetic measurements of the NSLS-2 quadrupole lenses were
designed, manufactured and put into operation. The new software was created for the stand. Unlike previ-
ous designs, the stand equipment allows making the error of measurement of the multipole components
better than 107,

e Magnetic measurements of the GSI radiation-resistant magnet manufactured in 2009 were carried
out. For the first time, the coordinates of the carriage were found using a laser interferometer and specially
designed electronics.

e A batch of VSDC2 modules intended for the measurement of instantaneous values of pulsed mag-
netic fields in the lines of the accelerator storage complexes of BINP was made. Now they are being tested
on VEPP-2000. This device is to replace the outdated BIIP-4 module.

e The control system for the linear induction accelerator (LIA) for pulsed radiography was put into
operation. This control system, made on the basis of the up-to-date Compact PCI standard, ensured the
successful commissioning of the accelerator in November 2010.

e PCI modules of 5 types for control of the linear induction accelerator were designed and manu-
factured in the required quantities.

e For replacement of the high-cost carriers of PMC boards needed in large quantities for the LIA
control system, we developed our own module, which is fully compliant with the Compact PCI standard.
The required quantity of the modules was produced, adjusted and installed in the LIA control system.

e The software of the power supply control units on VEPP-2000 was upgraded, which allowed us to
simplify the process of current alteration in the magnetic elements of the storage ring.

e The control system for the electron gun and beam line was delivered to the customer and put into
operation under the contract on the upgrade of the ion cooler on the IMP (Lanzhou, China). The system
comprises about 20 electronic modules, including fast high-voltage formers (3 kV) with adjustable ampli-
tude. The new electronics modulate the energy of the cooling electron beam.

* A set of modules of control electronics for the electron gun of the ion cooler for COSY was made
and tuned.

e A prototype electronic system for tuning the magnetic field of the ion cooler for COSY was manu-
factured and tested. The development of two variants of the electronics — with manual and computer-aided
control — was begun.

e Aspart of contract work, the laboratory participated in the designing of the control system for the
NSLS-II booster.

*  Works on the creation of the control system for the 4-track FEL were continued.

e The development of the timer (90 MHz) for the new modulator of the injector gun started.

e The development of the new generation of power supplies and modulator for the electron gun of
the free electron laser injector was continued.

e The work on the implementation of up-to-date intelligent controllers in control systems for physi-
cal setups was continued. Another batch of controllers and CAN-Ethernet gateways for various installa-
tions of the Institute was made.

»  Using up-to-date hardware components, we designed a precise (0.002%) interpolating DAC with
the MIL-STD-1553B Interface to replace the outdated power equipment of the main magnetic elements of
VEPP-4. The software and hardware of the module are compatible with the previous outdated design. The
required quantity of modules was manufactured, adjusted and installed.

e The firmware of the port multiplexers for the data acquisition system on the CMD-3 detector was
tested under actual operating conditions and corrected.

e 3 sets of control systems for neutral beam injectors (the diagnostic and heating variants of injec-
tors) were delivered and commissioned. The systems are based on commercially available components.
The software is unified for both versions of injector and enables integration into the overall control.

* A new power supply was developed for electron beam welding modules, with the possibility of
indirect electron-beam heating of the cathode. The aim of this development is to create a cathode with a
significantly larger lifetime.

e The first experiments on the measurement of the transverse beam size in electron beam welding
modules were conducted. The results showed that the measurement system is stable and can be used for the
operational control of the electron beam parameters.

e The matrix TC237 CCD was tested in the modes of rapid accumulation of images (0.25 - 1 ps
per image). A special optical bench was developed for testing the temporal and spatial resolution in these
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modes.

e A high-voltage (10 kV) linear amplifier on transistors was developed and tested. This develop-
ment greatly simplifies the control electronics of electrostatic devices of physical facilities (BINP Preprint
2010-32).

e The time interval meter in the nanosecond range with the CAN-BUS interface was put into op-
eration on VEPP-2000. The device is designed to monitor the performance of the “injection-extraction”
systems.

e The development of the two-channel meter of ultra-low currents for ionization chambers was
continued.

e The development of the system for monitoring the main parameters of the heat pump used in the
cooling system of accelerator complexes started.

o Three sets of new electronics for VEPP-4 pickups with specially-designed software were manu-
factured and put into operation. The new electronics can distinguish bunches near the site of meeting and
measures bunch displacement with high accuracy.

* A full set of electronics for the measurement of the orbit and betatron frequencies for the TSC was
made. Part of the equipment was sent to the TSC.

*  Prototypes of all of the electronic units for the COSY pickups were designed, manufactured and
tested. A series of units for 12 pickups is under production. The pickups are being measured on the stand.

e A prototype unit for signal processing for the betatron frequency measuring system for the NSLS-
II booster (BNL) was designed and manufactured.

e The development and manufacture of the RF power amplifier (4 MHz) for plasma heating were
completed. The amplifier was tested at a purely resistive load and an “antenna”. With an 8 kW output power
of the amplifier at purely resistive load we received 5 kW, which is estimated as a rather good result.

e A prototype of a new precise, “pickup”, electronics for VEPP-3 and other storage rings was de-
signed and manufactured. VEPP-3 is supposed to be equipped with it in 2011.

*  Equipment for selective depolarization of individual electron bunches for VEPP-4 was manufac-
tured and put into operation.

e The electron and positron beam lines for the transverse feedback system designed to suppress
betatron oscillations of beams on VEPP-4 were put into operation. The equipment was tested on all the
available beam currents at energies up to 2 GeV. The elaboration of various operation modes of the system
will continue — at rising energy, at betatron frequency measurement, and at operation with a large number
of bunches (up to 8). The creation of the software interface of the system started late in 2010, with the par-
ticipation of the complex staff.

e The second block for amplitude-phase measurements at the injection complex was tuned. At the
end of the year, we participated in the resumed work on the upgrade of the elements of the existing RF
system scheme.

*  We continued the adjustment of the FEL beam diagnostics systems for the third and fourth tracks,
and, subject to the beam orbit measurements, of the whole complex.

*  New blocks for signal matching and fast protection for the modulator of klystron 5045 were devel-
oped and are now being installed on the injection complex.

* 12 capacitive and 12 ultrasonic hydrostatic sensors, upgraded from the previous version, were
manufactured and delivered to the University of Montana (USA). The system is equipped with its own
software. 10 capacitive hydrostatic sensors were delivered to KEK (Japan) under a contract.

e A large part of the work on the manufacturing of 18 hydrostatic capacitive vertical displacement
detectors for SLAC (U.S.) was completed. The detectors will be sent to the customer in 2011.

e The development of the laboratory site http://www.inp.nsk.su/activity/automation/index.ru.shtml
continued. This site should contribute to a fuller and more correct use of the laboratory developments. For
this purpose, manuals (application notes) were added to the descriptions of various modules. The site is
updated regularly.
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7.3 Research related to the modeling and solution to electro-
static and electrodynamic problems of accelerator physics

1. Work on the further development of programs for calculation of electrostatic and magnetostatic
fields and electron and ion guns continued, including the following:

e The algorithms of the ExtraSAM program, which allows calculations of axially symmetric elec-
tron- and ion-optical systems taking into account the space charge and thermal spread of the transverse
velocity of beam particles, were upgraded. Besides, the emission of an intense beam of charged particles in
RF fields was simulated in a low-frequency approximation.

*  The MAGEL3B program for the calculation of three-dimensional beam transportation systems
with pre-calculation with the ExtraSAM and MAGEL3D programs and taking into account the space
charge and thermal spread of the transverse velocity of beam particles was improved.

2. Works on the numerical calculations, modeling and designing of electron guns, electron and ion
beams, and magnetic systems were conducted including the following:

e Under a contract with the TAE laboratory (U.S.), using the ExtraSAM, MAGEL3D and MAGEL3B
program we continued the calculation of the system for formation, acceleration and transport of a 10 A
quasi-stationary ion beam with a power of 10 MW, taking into account the transverse temperature and
beam space charge. The system includes a large number of magnets and electron-optical elements of com-
plicated design.

e Inthe framework of the BNCT project and using MAGEL3B, we selected parameters of the mag-
netic elements of the high-energy proton-beam transport channel. We achieved a good agreement between
the results of calculation and measurement of the size of non-scanned and scanned beam on the neutron
target of the installation.

e In the framework of the contract on the supply of 100 kW industrial RF accelerator ILU-14, us-
ing the ExtraSAM program we simulated the internal injection and dynamics of electron beam in the ac-
celerator, taking into account the beam space charge. We showed the possibility of injecting and passing
beams with an energy of 7.5 MeV and 10 MeV and the required capacity of 100 kW through the accelerator
structure.

*  Under the contract on the creation of a powerful source of neutral particles, we carried out simula-
tion and optimization of magnetic field in a plasma charge-exchange target.

e Under the contract on the creation of the high-voltage electron-cooling installation for COSY, we
developed the electron gun and collector. The electron gun is able to control the current density distribution
for optimization of the electron cooling process, while maintaining a moderate transverse temperature of
the beam.

7.4 RF generator for the resonance electron accelerator
based on a coaxial resonator

Within a few recent years the Federal State Enterprise Russian Federal Nuclear Physics Center All-
Russian Research Institute of Experimental Physics (RFNC-VNIIEF) has worked on the designing and
development of a high-power irradiation complex on the basis of a resonance electron accelerator with a
wide range of output electron beam energy (1 to 8 MeV) and an average power of 300 kW. A half-wave
coaxial resonator is the accelerating structure of the projected facility. At the stage of prototyping the facil-
ity for attaining electron beams in the given energy range with currents around 1 mA, the high-frequency
generator that was designed and manufactured at BINP will be used as the RF power system.

The main technical parameters of the RF generator
Operating frequency range 98 ... 102 MHz
Maximum output power 180 kW
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Output power adjustment 0 ... 100%

Operation mode continuous

Wave impedance of the output feeder 50 Ohm

Diameters of the coaxial feeder 160 x 70 mm

Net efficiency of the generator 40% or more

Parameters of the supply mains 3-phase voltage 380V/50 Hz

The RF generator includes a three-stage power amplifier, the power supplies of the anodes, screen and
control grids, and heating of the tubes and the system controlling the accelerating voltage amplitude. The
output stage of the amplifier is made on the powerful generator tetrode GU-101A; the GU-92A tetrode is
used in the intermediate stage. The first amplification stage is a semiconductor one. Each stage is a separate
shielded module of open mounting, i.e. without cabinets. Excitation for the output stage up to 10 kW comes
from the intermediate stage by a hard coaxial feeder. The anode power supply of the RF generator consists
of three sections integrated in one unit. The rest power supplies of the tube stages are mounted in the con-
trol rack of the RF generator. The control system is located in the crate of the control rack.

1778

e

17

Fig.(7.4)1. The structural scheme of the output stage of the RF generator.

The output stage of the RF generator is assembled on the GU-101A tetrode in a common-grid circuit.
The structural scheme of the output stage is shown in Fig.(7.4) 1. Output cavity (2) is a single parallel oscil-
latory circuit (anode circuit) designed as a long line with a TEM-type wave generated by the series connec-
tion of coaxial line segments with a total length of % of the wavelength. One end of the line is connected to
the leads of the anode and screen grid of tube (1) and the second end is short-circuited. The characteristic
impedance of the equivalent resonant circuit is 3.9 Ohm. The unloaded Q factor of the circuit is around
3000. The loaded Q factor is 85. Blocking capacitors (3) and (4) separate the constant potentials of the an-
ode and screen grid of the tube from the grounded housing.
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Plunger (5) tunes the anode circuit to resonance with the working frequency. A remote-controlled
mechanism moves the plunger, which changes the capacitance introduced in the anode circuit. The cou-
pling with the load is a capacitive one. Moving plunger (6), one can change the coupling capacitance. The
coefficient of coupling of load with the anode circuit is set such that the tube operates within allowable
modes at actual values of load resistance and output power. The absence of sliding contacts in the plunger
increases the reliability of the generator operation.

Input cavity (7) is also a single parallel oscillatory circuit consisting of segments of coaxial lines that
are loaded from one end with the capacitor between the cathode and control grid of the tube and from the
other, with the structural capacitor of plate (8). The equivalent length of the cavity formed by these ele-
ments is equal to '4 of the wavelength. The electrodes of the tube are fed through RF filters.

A directional coupler (DC) for measuring the coefficient of reflection from the generator load is in-
stalled in the output coaxial feeder.

For efficient control of the build quality of the assemblies connecting the tube with the resonant cir-
cuits of the stage, the stage is structurally divided into two main parts. The first part, which includes the
tube with the contact spring crowns, water tank and some of the RF units, is assembled outside the body of
the stage. This provides a good visual monitoring of the contacts that are adjacent to the electrodes of the
tube. When this part has been assembled, a lifting mechanism descends it into the second, stationary, part,
and the stage is assembled as a whole.

The pre-exit stage is equipped with the GU-92A tetrode, also in a common-grid circuit. The stage is
excited from a semiconductor amplifier with a maximum capacity of up to 500 Watt through a RK50-9-12
flexible coaxial cable. The stage is equipped with a mechanism for tuning of its resonant frequency and has
the option of adjusting the coupling of the stage with the load, i.e. with the input circuit of the output stage
of the generator. Both the adjusting elements are operated manually.

The semiconductor amplifier is used to excite the intermediate tube stage. The amplifier includes two
stages; both the stages use a push-pull circuit. The first amplification stage is collected on domestic field-
effect transistors (FET) KP923A; the output stage uses an IXZ2210N50L dual FET made by the IXYS
Semiconductor company. At a maximum input signal power of 3 W and a frequency of 100 MHz, the
amplifier output power is 500 W at a load of 50 Ohms. The excitation to the input of the amplifier comes
from the controlled amplifier in the control rack with the crate for the electronics controlling the cavity RF
voltage. The semiconductor amplifier is cooled with water.

The power supplies of the control grids and tube heating, electronics units of the run/stop system,
interlocks, protection, control of operation (locking and signaling control, LSC) and the RF excitation of
the generator are placed in a cabinet installed next to the tube stage. The LSC circuit is realized on the
programmable logic and has the option of remote monitoring and control. The high-voltage power supply
applies voltage to the anodes and screen grids of the amplification tubes (tetrodes) of the RF generator and
provides rapid de-energization of the tetrodes in case of breakdown in the tubes and circuits of the RF
generator.

Parameters of high-voltage power supply:

Limit values GU-101 GU-92 Screen
anode anode grids
Output no-load voltage v 14000 7000 1200
Rated voltage v 12600 6000 1120
Maximum average output current A 28 4 2
Maximum effective value of the output voltage ripple % 1 2 0.5

The anode rectifier is a controllable high-voltage source with the input controlled by a thyristor regula-
tor. The source works at the supply-line frequency. Adjustable voltage arrives at the input of the step-up
transformer. From the output of the transformer, high voltage is supplied to the diode rectifier connected
in the Larionov circuit. Supply-line ripple of the rectified voltage is filtered by LC filters. An in-series RC
chain suppressing the spill-out of the filter at a resonant frequency of 30 Hz is connected to the filter of the
14 kV source.

For prevention of destruction of the generator tubes at breakdowns, the 14 kV anode rectifier is equipped
with protection, which de-energizes the anode of the tube in less than 50 microseconds.

The power supplies of the anodes and screen grids of both the tubes are housed in four cabinets, which
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are mechanically interlinked to provide air cooling from the built-in fan. The anode transformer TSGL 400
—a supply dry-type three-phase transformer with Geafoil cast insulation — is installed inside these cabinets.

The generator is powered from a three-phase supply line of 380V/50Hz. At a maximum output power,
consumption is 400 kW and current in each phase is 600A. The built-in fan cools the anode power supply.
The heat release is ~ 9 kW at an output power of 400 kW. The overall dimensions of power supply are (W
x D x H) 3300 x 800 x 2100 mm. The weight is ~ 3000 kg.

The RF control system stabilizes the amplitude of the accelerating voltage of the cavity, retunes the
master oscillator of the system so that the cavity is tuned to resonance and provides safe operation of the
generator by means of locks and protections. The feedback circuit provides stabilization of the amplitude
of the RF voltage of the cavity. The signal Urez from the measurement circuit of the cavity (Fig. 2) comes
to the amplitude detector of the modulator. The rectified voltage is compared in the modulator with the ex-
ternal constant reference voltage. The amplified error signal controls the gain of the controllable amplifier.
Parameters of the error signal amplifier and feedback circuit are selected so as to ensure a relative stability
of the amplitude of the accelerating voltage of the cavity of at least 0.1%.

The second amplitude detector converts the RF signal Ifeed from the current sensor of the power-input
circuit of the cavity installed in the feeder line to a constant voltage. This voltage is used in the modulator
if for some reason the cavity is detuned. In so doing, the modulator limits the increase in the current of the
power-input circuit and power of the RF generator to a safe level.

The second feedback circuit controls the frequency of the master oscillator of the system (50 MHz
exciter). To this end, signals from the measurement circuit of the cavity together with a signal proportional
to the current of the cavity circuit are transferred to the input of 100 MHz phase-meter. The output of the
phase-meter controls the input of the electronics tuning the exciter frequency so that the cavity is tuned
to resonance. The error of the cavity tuning does not exceed 5% of its bandwidth. An operation mode is
foreseen in which the feedback is broken and the frequency of the exciter can be retuned manually from the
front panel of the unit or from the external control unit.

: RF cavit
Master Oscillator o Controlled 2 R Preamplifier - Stage - Stage y
50 MHz »|  amplifier 500 Wmax. . | | GU-92A "1 cGu-101A ;)
i i C
fid.
Phasemeter Modulator F
100 MHz " i« vea.
N

A A

Fig.(7.4) 2. Block diagram of the RF control system
A bench for testing the generator was assembled, including all the elements that are intended for de-
livery. The output stage of the generator was connected to a load equivalent scattering a power of 200 kW

with an SWR of 1.33 at 100 MHz. Parameters for a load power of 180 kW were measured at 100 MHz.

Parameters of the test of the output stage in a mode close to critical.

Ne Parameter Units Value
1 RF load power kW 181

2 RF power of incident wave (DC output reading) W 1.85
3 RF power of reflected wave (DC output reading) W 0.038
4 RF input power kW 4.5

5 Anode voltage kv +12.5
6 Anode current A 22.5
7 Voltage of grid 2 A% +1100
8 Current of grid 2 A 0.9

9 Voltage of grid 1 \Y -290
10 Current of grid 1 A 0.3
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11 Filament voltage A% 12.8
12 Filament current A 594
13 Water consumption for cooling the anode /min 170
14 Water pressure in the delivery pipe atm 2.2
15 Water pressure in the drain connection atm 0.5

After successful completion of the tests in July 2010, the manufactured equipment was sent to the
customer.

The work was performed under a contract with the Federal State Enterprise "Russian Federal Nuclear
Center - All-Russian Research Institute of Experimental Physics" (“VNIIEF”) 607190 Russia, Sarov, the
Nizhny Novgorod region.

The work was carried out with the participation of
V.S. Arbuzov, Yu.A. Biryuchevsky, E.I. Gorniker, E.V. Kozyrev, A. A. Kondakov, S.A. Krutikhin, G.Ya.
Kurkin, S.V. Motygin, V. N. Osipov, G.V. Serdobintsev, K.N. Chernov.

7.5 Manufacturing and tuning of the elements of the acceler-
ating structure for the modular industrial linear electron ac-

celerator for 10 MeV/100 kW

Works under the project of the complex for sterilization of medical products and decontamination of
hazardous hospital wastes using the ILU-14 accelerator were continued. After the manufacturing of the
elements of the accelerating structure a series of cold measurements was conducted for tuning the cells of
the structure to the operating frequency. For the purpose of measuring the partial frequencies of the cells,
separate sections of the structure were mounted in an upright position on a special stand; the measurement
of the partial frequency of a cell was conducted after short-circuiting the apertures of adjacent cavities
with specially made copper cylinders. The measurement results showed that the partial frequencies of the
accelerating cells are within the permissible accuracy immediately after the manufacturing and no tuning
is required. The cups of the coupling cavities were turned in accordance with the calculated sensitivity of
partial frequency to the geometric dimensions of the cell, and then control measurements were performed
in the upright position. When all the coupling cells were tuned, the accelerating structure was assembled
entirely in a horizontal position. The results of measuring the distribution of the amplitudes of the acceler-
ating field in the accelerating cells by the method of pulling a small perturbing body along the axis of the
structure showed sufficient homogeneity within 10%.

The electron source is a triode electron RF gun consisting of the cathode-grid unit placed in the gap of
the first accelerating cavity of the accelerating system and the resonant system for applying an additional
RF voltage to the grid-cathode gap. The cavity was tuned to the operating frequency of 176.2 + 0.2 MHz
using tuning elements and shunted with an external load to a load Q value of 15, which is necessary to
increase the broadbandness of the device. A general view of the electron source is shown in the figure.

The RF power is applied to the accelerating structure through four coaxial power inputs. At opera-
tion with beam the power loss caused by reflection must not exceed 4% (a reflection coefficient of 0.2 or
less). The power inputs are matched by a special technique where an individual input is coordinated with
the structure without beam until the VSWR in the power feeder is 1.2 or less. This provides the necessary
matching of the power inputs when the accelerator is operated with an electron beam. The coupling coef-
ficient is adjusted via rotation of the coupling element — a loop.
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Fig.(7.5)2. View of a coupling cell. Fig.(7.5)3. View of the accelerating cell during
the assembly of the structure.

Fig.(7.5)4. Source of electrons at the measurement stand.
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Fig.(7.5)6. Accelerating structure after matching of the power inputs.

Currently, they at the accelerator facility are working to reach the design parameters of electron
beam.

The works were carried out with the participation of 1.G. Makarov, G.N. Ostreiko, A.D. Pan-
filov, G.V. Serdobintsev, V.V. Tarnetsky, M.A. Tiunov, K.N. Chernov

220



Radiophysics and electronics

7.6 Project of 100 MHz continuous wave RF generator with
an output power of 540 kW

RF section of the generator

Within a few years they at the Federal State Unitary Enterprise Russian Federal Nuclear Center-VNI-
IEF (RFNC-VNIIEF), Sarov, have worked on the design and creation of a powerful resonance electron
accelerator with the wide range of output electron beam energy of 1 to 8 MeV and average power of 300
kW. Under a contract with the RFNC-VNIIEF, BINP developed an RF generator with an output of 540 kW
in continuous operation at 100 MHz.

Since there is no RF generating equipment with power over 200 kW in continuous operation at 100
MHz, the required power of 540 kW can only be obtained by summing the powers of several oscillating
tubes.

The scheme of summed powers proposed in this paper was used at BINP in the designing of 180 MHz
generators for the accelerator of the free electron laser. Summing powers of three tube modules is carried
out by directly attaching them to the output coupling line in cross-sections of this line, those cross-sections
spaced by a multiple of the half-wavelength. Each generator unit must provide an output power of 180 kW.

For summing the powers and maximizing the efficiency of each tube it is necessary to correctly bal-
ance the amplitude and phases of the excitation currents of the output generator modules.

The tube module was designed on the basis of the power amplification stage on the GU101A tube. This
power amplification stage was developed at BINP and tested at an output power of 180 kW and frequency
of 100 MHz. Now it is the output stage of the RF generator delivered to RFNC-VTIIEF, Sarov, in July 2010.

Each generator comprises a semiconductor pre-amplifier with an input power of up to 3 W and output
power of 500 W or more. Power from the pre-amplifier arrives at the input of the intermediate amplifier
stage, made on a single GU-92A tetrode. The output power of this stage of 12 kW excites the output module
of the generator in which one GU-101A tetrode is used.

For the purpose of attaining a power of 540 kW three identical GU-101A tube modules, for tuning the
resonance frequency of the anode circuit and controlling coupling with the load, are set in the output stage.

The places of connection of the modules to the coupling line are spaced by a distance equal to the
half-wavelength in this line. For the summing of the powers of the modules to be possible the middle unit
must excite the line in antiphase to the extreme ones. In this scheme, the voltages and currents in the cross
sections where the modules are included (and, consequently, the loads of the current sources) are always
equal to one another, regardless of the load magnitude. Therefore, the powers output by each current source
are also equal.

The input circuits of each tube module are excited independently from individual pre-amp stages.

The optimum balance of the phases and amplitudes of the excitation voltages is achieved through a
system of control of the amplitude and phase signals on the inputs of the generators.

In the frequency range of 100 +£ 1 MHz the system does not require any retuning, except for setting to
resonance, common for the three tubes of the anode circuit.

Coupling with the load is controlled by varying the wave impedance of the 4 wavelength segment of
the line on the output of the generator.

The input circuit of the module does not require in-line tuning. The input circuits of the tube modules
are not joined in this version. Each module is excited from a separate channel, which consists of a GU92A
tube amplifier and a semiconductor amplifier. All the stages are assembled in common-grid circuits. Both
tubes require forced water and air cooling. The summing channel of the output stage also requires forced
air cooling. The general view of the generator is shown in Fig.(7.6)1 (A, B).
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Fig.(7.6)1. A). the 540 kW RF generator. Top view. 1 —the output module of the generator with the GU-

101A tube; 2, 3 — the tuning unit; 4, 5 — the inputs of the water cooling; 6 — the coaxial output of RF power;
7, 8 — the quarter-wavelength transformer with a variable wave impedance; 9 — the quarter-wavelength
transformer with an impedance of 30 Ohm; 10, 11 — the RF power amplification stage with the GU-92A
tetrode; 12 — the input of the air-cooling of the tube stages of the generator.
B) the 540 MHz RF generator. Side view. 4, 5 — the inputs of the water cooling; 6 — the coaxial output of
RF power; 11 — the RF power amplification stage with the GU-92A tetrode; 13 — the cabinet for the low-
voltage power supplies and control; 14 — the summing communication line; 15 — the centre conductor of the
summing communication line; 16 — the inductive stub.

Each tube module on the GU101A tetrode provides power up to 200 kW in load when operating in the
output stage of the 3 modules. The system controlling the coupling of the three-module stage with the load
allows attaining a power of 540 kW at a VSWR less than 1.3 in the frequency range of 99 - 101 MHz. The
output of the generator is designed for connection of a hard copper coaxial feeder with an impedance of 50
Ohm and the diameter of the inner and outer conductors, respectively, 70 mm and 160 mm.
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Power system of the generator

Each of the three channels of the generator has its own power supply. The power supply of the line of
the generator is located in two racks:

a. Rack for low-voltage power supplies (the filament, tube grids and pre-amplifier) and controls.

b. High-voltage (14 kV) power supply of the anodes.

The rack for the low-voltage power supplies and controls comprises power supplies for the filaments of
the tetrodes, the bias rectifier for the control grids of the tetrodes and the generator control unit. The Euro-
mechanics rack size is 600 x 800 x 2100 mm. The rack for the controls and low-voltage supplies is placed
near the stages of the RF generator.

The high-voltage power supply transfers voltage to the anode and screen grids of the amplification
vacuum tubes (tetrodes) of the RF generator and provides a smooth rise at switching-on and quick de-
energization of the tetrodes in case of breakdowns in the tubes and circuits of the RF generator.

The anode power supply is an adjustable high-voltage source with the input controlled by a thyristor
regulator and operating at the supply-line frequency. Adjustable voltage arrives at the input of the step-up
transformer with an overall capacity of 400 kW. The transformer is a commercial, three-phase, dry-type
transformer TSGL with natural air cooling. The (linear) voltage of the high-voltage winding is 10000 V,
and the (linear) voltage of the low-voltage one is 380 V.

High voltage from the output of the transformer arrives at the diode rectifier, connected in the Lari-
onov circuit. The supply voltage of the anode of the first tube stage is taken from the common-coupling
point of the secondary winding of the transformer.

On the output of the 14 kV supply there is installed a circuit for fast protection of the GU101A oscil-
lating tube in case of breakdown and overload. The response time of the fast protection is less than 50
microseconds.

The power supply of the screen grids is an unregulated three-phase dry-type transformer of the TS
type with natural air cooling and overall power of 2.5 kVA.

The anode power supply is cooled by the built-in fan. The heat release is ~ 9 kW at an output power
of 400 kW.

The overall dimensions of the power supply are (W x D x H) 3300x800%x2100 mm; the weight is ~
3000 kg.

Control system of the RF generator power
The control system provides the required parameters of high-voltage on the accelerating cavity and
protects the generator from overloads and emergency situations.
Requirements to the RF system:
1. Instability of the amplitude of the accelerating voltage of the cavity of + 0.1% or less.
2. Adjustment of the output power level in the range of 0 ... 100%.
3. The basic operating mode is continuous.
4. Phasing of the RF currents of the output tubes with an accuracy of + 5 degrees or better at 100
MHz and alignment of their amplitudes.
5. An exciter which provides frequency tuning in the operating frequency range of the cavity is used
as the master oscillator. In the working mode, the exciter frequency is tuned by the natural frequency of the
cavity. The adjustment error must not exceed + 0.05 of the cavity bandwidth.

The block diagram of the RF system is shown in Fig.(7.6)2. The system consists of three independent
channels for power control and amplification, which are arranged identically. The RF power from the
output stages of the channels is summed in the RF summator. The RF summator is connected to the ac-
celerating cavity.

A signal to the input of the preamplifier and further to the high-power stages in each channel passes
through a circular electronic phase shifter (PShl) and adjustable RF signal amplifier (AA). The AA gain
is regulated by a constant voltage.

There are two common external feedback circuits. One of them regulates the frequency of the 100
MHz exciter — the RF master oscillator — of the system so that the cavity is always tuned to resonance. To
this end, RF signals from the sensor of the accelerating-voltage amplitude and sensor of the cavity loop
current are transferred to input 1 of the 100 MHz phase meter. The output of the phase meter controls the
frequency of the exciter.
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Fig.(7.6)2. Block diagram of the RF control system.

The second feedback circuit stabilizes the amplitude of the accelerating voltage of the cavity. For this
end, the RF signal voltage from the measurement loop of the cavity arrives at Amplitude detector 1. Dif-
ferential amplifier DAO compares the output dc voltage with the reference voltage. The error signal output
from DAO is a common reference signal for the internal feedback circuits that regulate the amplitude of the
excitation of the output stages for RF power amplification.

In each of the internal feedback circuits there is an amplitude detector (Amplitude detector 2 for the
first channel) that generates a voltage proportional to the amplitude of the RF voltage in the cathode circuit
of the output tube. Differential amplifier DA1 compares this voltage with the internal reference voltage
from the DAO output. The DA1 output signal controls the adjustable amplifier AA. Adjusting resistance R1
(for the first channel) is used to align the operation modes of the output stages subject to the difference in
amplification parameters of the tubes and coupling coefficients of the signal voltage sensors in the cathode
circuit of the tubes.

Each channel has a second feedback circuit, which regulates the phase of the RF voltage in the cathode
circuit of the output tube. For this purpose, the signal from the RF voltage sensor on the GU-101A input
is also delivered to input 2 of the 100 MHz phase meter. The common reference RF voltage from the 100
MHz exciter is transferred to the second input of this phase meter. The output of the phase meter controls
the electronic circular phase shifter PSh1 (for the first channel). This provides a strict correlation of the RF
voltage phase at each input of the GU-101A with the reference voltage.

Phase shifter PSh2, made on switchable manually-operated strip lines, initially sets the voltage phase
on the GU-101A input. The phase shifter will be set so as to provide identical phases of the RF currents of
the output tubes relative to the reference voltage and, therefore, to each other.

The control system has circuits for locks and protection of the RF generator and cavity in emergency
situations.

The fast-acting protection is triggered when the cavity voltage and feeder current exceed threshold
values. In this case, the excitation is removed from the inputs of the preamplifiers of the RF generator chan-
nels. The operating speed of the channels is about 100 microseconds.

The work was done by V.S. Arbuzov, E.I. Gorniker, EV. Kozyrev, S.A. Krutikhin, G.Ya. Kurkin, V.N.
Osipov, A.M. Pilan, G.N. Serdobintsev, and K.N. Chernov.
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7.7 Upgrading the RF continuous-power generators for the
FEL

BINP designed and built 600 kW continuous-power generators for a frequency of 181 MHz for the
excitation of the RF cavities of the FEL microtron-recuperator. The required output power of the generator
is obtained by summing the powers generated by the 4 tubes in the output stage. The principle of con-
structing such multi-tube output stages of generators was given in the earlier editions of the annual reports.
Currently, powerful GUI01A tetrodes of the VHF range are used in these generators. The total number of
the GU101A tubes installed in the FEL generators is 12. From the experience of generator operation, at a
tube-generated power less than 120 kW the tube life exceeds 4000 hours at low filament voltage (to 12.6
V). At the same time, at a higher RF power from a tube (120 to 150 kW) the service life is reduced to 1000
hours, or less in some cases. When the GU101A tubes were under development, it was assumed that in the
future, for extension of the service life of tubes in the generators, they will be replaced with tubes with
pyrographite grids, GU105A, the service life of which is several times longer. Unfortunately, production of
pyrographite grids in Russia had been stopped. So, it was decided to develop and manufacture RF genera-
tors on TH781 tubes with pyrographite grids, produced by THALES (France). The warranty service life of
these tubes is 3500 hours. The tube manufacturer thinks that at 180 MHz and an output power of 150 kW
the tubes can operate at a reduced filament voltage for 7000 hours at least.

Table (7.7) 1. The main parameters of the TN781 tubes and, for comparison, GU101A.

Parameter TH781 GUIOIA Units
Anode dissipation power 250 250 kW
Screen grid dissipation power 4 3 kW
Control grid dissipation power 1.5 1.5 kW
Anode voltage 22 14 kV
Anode voltage at operation at a frequency of 180 — 200 MHz 10 8 kV
Screen grid voltage 1800 1200 kV
Control grid voltage - 800 - 600 \
Anode pulse current 140 100 A
Filament voltage 10 15 \Y
Filament current 340 660 A
Transconductance 0.12 0.2 A/V
Anode-grid 2 capacitance 54 108 pF
Cathode-grid 1 capacitance 230 350 pF
Grid 1-grid 2 capacitance 270 400 pF
Anode-cathode capacitance 0.32 1.1 pF
Anode-grid q capacitance 2.2 12 pF
Cathode-grid 2 capacitance 14 28 pF
Maximum diameter 168 295 mm
Maximum length 425 525 mm

The table shows that the diameter and interelectrode capacitances of TH781 are approximately 2 times
smaller. The filament power of TH781 is 3 times less and the transfer capacitances are 2-4 times smaller.

On the basis of generators that use the GU101A tubes a structure was designed that allows rather fast
(in 40 hours or less) adjusting a four-tube generator both to TH781 tubes and to the combined use of these
and Russian tubes. This solution allowed minimizing the cost of the manufacturing, assembling and tun-
ing of the generators while maintaining the previous principles of power summation, tuning of RF systems
and coupling with accelerating cavities. In addition, the combined use of tubes of different types allowed
continuous FEL operation, with gradual replacement of tubes as new ones become available.

Fig.(7.7)1 sketches out the TH781 arrangement in the generator module. The joint operation of tubes
of different types was possible due to the fact that the size of the anode circuit of the module with TH781
provides equal amplitudes of the RF voltage on the TH781 and GU101A anodes.
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Since purchasing a required number of tubes takes a considerable time, the operation of the generator
for the FEL must be ensured during this time via gradual replacement of the tubes of the four-tube stage.
Therefore, we assembled and tuned several variants of the amplifier stages:

1. One-tube stage with a TH781 tube for an output power of 150 kW.

2. Four-tube stage with one TH781 and three GU101A tubes for an output power of 600 kW.

3. Four-tube stage with two TH781 and two GU101A tubes for an output power of 600 kW.

4. Four-tube stage with four TH781 tubes for an output power of 600 kW.

The power dissipated on the anodes of the tubes was calculated by the calorimetric method. We mea-
sured the difference in the water temperature on the inlet and outlet of the tanks for cooling the anodes of
the tubes, as well as water consumption.

Variant 1, which is necessary to study the properties of a stage with one tube module, was assembled in
the output stage of the generator which excites the accelerating cavity of the injector to the FEL microtron.
At tests with a load equivalent of 50 Ohms we attained a power of 150 kW and showed that the filament
voltage can be decreased to 8.5 V. The filament current was 315 A. The gain of the stage was 11 dB at an
anode voltage of 7.9 kV.

The one-tube stage loaded on the accelerating cavity in the RF system of the FEL injector was also
tested. Certain work was executed to provide suppression of self-excitation of the generator throughout the
range of tuning of the stage and vary the input power level. We verified if the stable stage operation for a
narrow-band load with full reflection was possible without using a circulator.

& ] 1
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CONNECTION TO ANODE CQUPLING LINE

Fig.(7.7)1. Arrangement of a TH781 tetrode in the body of the tube module of the generator.

Variants 2 and 3 were used in one of the generators and were successively working on the FEL for
about a year.

The four-tube stage with one TH781 module and three GU101A modules was loaded directly on the
divider waveguide to 8 accelerating cavities of the microtron-recuperator. The difference in the power gen-
erated by the TH781 and GU101A modules did not exceed 10%.
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Variant 3. Two TH781 modules and two GU101A modules were installed in the four-tube stage of the
generator. The stage was also tested in the FEL RF system on the 8 accelerating cavities of the microtron-
recuperator. At an output power of 500 kW, the maximum difference in the powers generated by each
module was less than 20 kW. Further tuning, which improves the distribution of the powers generated by
the tubes, was postponed as the operation results met the FEL requirements.

Variant 4 was realized in September 2010. All tubes in the four-tube stage were replaced by TH781
ones. Currently, the generator is operating in the FEL RF system and simultaneously being tested for deter-
mination of its maximum capacity and efficiency and provision of its stable operation in different modes.
Results of the measurements and calculation of the stage parameters at a total voltage on the cavities of
6500 kV are shown in Table (7.7) 2.

Table (7.7) 2.

Parameter 1-TH781 | 2-TH781 | 3-TH781 | 4-TH781 | Units
Operation frequency 180.4 MHz
Output RF power 507 kW
Filament voltage 8.0 8.0 8.1 8.2 \Y
Filament current 325 310 312 306 \
Anode voltage 8.4 kV
Screen grid voltage 960 \
Control grid voltage - 200 - 200 - 200 - 190 \Y
Anode current 23.6 23.1 22.2 20.9 A
Screen grid current 0.7 0.8 0.7 0.8 A
Control grid current 0.5 0.6 0.6 1.0 A
Anode power supply power 198 194 187 176 kW
Power scattered on the anode 75 68 74 73 kW
RF power on the module input ~8 ~8 ~8 ~8 kW
RF power generated by a tube 137 140 124 114 kW
RF power lost in the walls 2 2 2 2 kW
Tube efficiency 69 72 66 65 %
Stage efficiency (electron) 67 %

The work was executed by V.S. Arbuzov, E.I. Gorniker, E.V. Kozyrev, A.A.Kondakov, A. Pilan, and
V.G. Cheskidov.

7.8 Defining parameters of the RF system of the storage ring
Siberia-2 for ensuring the stability of longitudinal motion of
electrons for in-phase dipole oscillations

In 2010, the laboratory completed a research work on the analysis of current restrictions that are im-
posed by the new accelerating RF system for the synchrotron radiation source Siberia-2 (Kurchatov In-
stitute, Moscow). This system was commissioned in 2009. The power of the RF system must be sufficient
for acceleration of a current of 300 mA. This value has not been reached yet. Studies were conducted on
how the RF system should be tuned for its limitations on current to exceed 300 mA. It was shown that
parameters of the feedback circuits that stabilize the amplitude (automatic gain control, or AGC), acceler-
ating voltage phase (phase lock, or PL), and the length of feeders by which power is transferred from the
generators to the cavities substantially influence in-phase dipole oscillations. We found parameters of the
feedback circuits and the length of the feeders at which no in-phase dipole oscillations occur for currents
up to 300 mA throughout the energy range. The results are expounded in BINP preprint 2010-6.

The work was performed with the participation of V.M. Petrov and N.V. Mityanina.
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7.9 Status of the RF system of the 2.2 GeV storage ring in
Zelenograd

The RF system of the storage ring operates at a frequency of 181.33 MHz and consists of two bi-metal
cavities, a 300 kW feeding generator with an output stage on two TH781 tubes, the power transfer channel,
and the control system. The RF system was described in the Institute report for the year 2008.

In 2010, the pumped-off cavities were delivered to Zelenograd. The ion pumps of the cavities were
switched on and a vacuum of 7¥10-* Pa was immediately attained. The measured intrinsic Q factors of the
cavities are 42600 and 42700. These values correspond to the Q factor measurements performed at BINP.

The cavities were installed on the storage ring (Fig.(7.9) 1). The distance between the centers of the
accelerating gaps is 827 mm + 1 mm, which equals a half of the working wavelength. We had to fabricate a
22 mm insert between the cavities. The aperture flanges of the cavities were aligned relative to the flanges
of the vacuum chamber using the four geodetic beacons mounted on each cavity.

Removable units and mechanisms for tuning the frequency of the fundamental and higher modes were
mounted on the cavities. The water-cooling system for the two cavities was fully assembled. All four col-
lectors of the cavities are connected to the outlet shut-off valves with stainless steel pipes.

It took a long time to start powering the two ion pumps, after which a vacuum better than 1¥10-* Pa was
reached in the cavities. This exceeds the vacuum of 1*107 Pa that is required by the specifications. Vacuum
in the cavities was measured using a special tube installed in each cavity.

Fig.(7.9)1. Two accelerating cavities in the 2.2 GeV storage ring.

BINP members inspected the high-voltage power cabinets for the generator that had been installed in
Zelenograd earlier.

All generator elements that were manufactured anew by BINP (the RF stages, elements of the wave-
guide-feeder system and power cabinets) were delivered to Zelenograd. Before the shipment, the assem-
blage had been checked and cold measurements of the output stages on the TH781 tube had been performed.

The radiorack with the required set of instruments was also made and dispatched.
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The work was executed with the participation of V.S. Arbuzov, M.I. Vlasenko, A.V. Golovin, V.L. Gol-
ovin, E.I. Gorniker, S.A. Krutikhin, G.Ya. Kurkin, .V.Kuptsov, L.A. Mironenko, V.N. Osipov, A.M. Pilan,
LK. Sedlyarov, V.S. Stepanov, and M. Yu.Fomin.

7.10 RF system of the neutral beam injectors of the COMPASS
tokamak

In 2010, we continued the work under the contract between BINP and the Institute of Plasma Phys-
ics (IPP) on the development and fabrication of two heating neutral-beam injectors. Gas ionization in the
plasma chamber of these injectors is performed by means of high-frequency discharge.

The RF system of the power supplies was described in the report for the last year. The electronic com-
ponents, the stage of the power amplifier on the 4CW50000E tube and the decoupling RF transformer were
manufactured in 2010.

The amplification stage on the 4CWS50000E tube is a new product, so it was subjected to the auto-
excitation resistance test. For this purpose, the tube, with no plasma loading, was unlocked up to a cathode
current of 5 A. No stray excitation was observed. A power of about 26 kW was reached under loading with
a gas discharge. This power is quite sufficient to ensure the required beam current, so it was decided not to
raise its level to the maximum design parameters.

System settings:

Operation frequency MHz 3.8..4.2
Load power kW 26
Pulse/pause duration ] 0.3 /900
DC voltage on the «antennay kV 40

Both the RF systems were mounted and tuned at the IPP as part of the neutral beam injectors. Beams
of hydrogen and deuterium atoms with an energy of 40 keV and a current of 12A were generated. The de-
sign parameters of the beams were demonstrated to the customer.

The work was performed with the participation of A.A. Kondakov, N.L. Kondakova, S.A. Krutikhin,
S.V. Motygin, and V.N. Osipov.

7.11 New RF system for the electron-positron storage ring
BEP

One of the points in the upgrade of BEP is the replacement of the existing RF system, operating on
the second harmonic, with a new one. It is necessary to make a new accelerating cavity and an RF power
generator for feeding it and change the control system.

The main requirements to the BEP new cavity are as follows: the operational frequency is the thir-
teenth harmonic of the BEP turnover frequency — 174.4 MHz; the operational accelerating voltage is about
110 kV; the maximum RF power transmitted into the beam is about 14 kW. The overall dimensions of the
new cavity should not exceed those of the existing one. In 2010, this cavity was under designing.

The cavity has a cylindrical body consisting of the copper shell and bi-metal (copper- stainless steel)
walls (Fig.(7.11)1, pos.1). The bi-metal structure of the walls increases their hardness and reduces the influ-
ence of the atmospheric pressure on the geometry of the cavity. There are symmetrically arranged coaxial
inserts at the center of the walls (pos. 2). Such a structure allows decreasing the operating mode frequency
and reducing the number of higher modes (HMs) of the cavity, thereby reducing their influence on the
beam. The symmetry and small size of the accelerating gap provide additional reduction in the influence
for HMs with an odd number of variations along the cavity axis. The areas where the coaxial inserts are
jointed with the walls have a radius of curvature. That was done to minimize the possibility of a multipac-
tor discharge in these areas. The cavity frequency is varied by means of two plungers connected with the
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tuning mechanisms (pos. 4). In addition, the structure allows tuning the HM frequency at a given operating
frequency using the HM tuning mechanisms (pos.5).

The power input (pos. 3) is designed to transfer about 20 kW of RF power into the cavity. Parameters
of the power input loop are calculated so that the input resistance in the plane of the connecting flange is
equal to 75 Ohms at the rated beam loading.
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Fig.(7.11)1. The resonator structure: 1 — the bi-metal walls, 2 — the coaxial inserts, 3 — the power input, 4
— the mechanisms for frequency retuning, 5 — the mechanisms for HM retuning, 6 — the measuring loop,
7 — the vacuum pumping port, 8 — the vacuum pump, 9 — the stand .

Table (7.11)1: Parameters of the BEP cavity

Parameter BEP
Turnover frequency, MHz 13.4135
Harmonic number 13
Operation frequency, MHz 174.3755
Frequency retuning, kHz +130
Rt* ., MOhm 1.4
Beam current, A 0.2
Bunch quantity 1

Beam energy, GeV 1000
Energy loss per revolution, keV 69.2
Accelerating voltage, kV 112
Beam length (6 ), mm 45.5
Power into the beam, kW 13.8
Power loss in the cavity, kW 4.5
Total power, kW 18.3

A full design study of the resonator was made. The power input and the body of the cavity were put
into production.

230



Radiophysics and electronics

7.12 Preparation of the VEPP-4M RF system for work at an
energy of 4 GeV

Lately the VEPP-4M storage ring was working at low energy (1.5-2 GeV). The storage ring is equipped
with 4 cavities connected to the generator via a waveguide power divider. The facility operates with two
cavities detuned down in frequency and a total voltage of 600 kV fed only to two cavities. The output stage
of the generator is made on 2 GU101A tubes. Only one tube is in operation. The heating of the second tube
is switched off.

The total voltage of the cavities required at operation at 4 GeV is 1.6 MeV, the power consumed by
cavities being 32 kW. The electron energy loss at 4 GeV is 710 keV per revolution. The power consumed by
the beam at a current of 15 mA is 11 kW.

In the course of preparation of the RF system of the storage ring for operation at an energy of 4 GeV
the mode with a total voltage of 2 MV on the four cavities was tested, the power from the generator being
50 kW in this case. Adjusting the transfer characteristic of the waveguide system without beam, we set
the coupling of the generator with the waveguide and thus provided normal operation of the output tube.
In this mode, the generator can operate both at an energy of 4 GeV and at a low energy without additional
tuning. When the second tube is connected, the maximum output power of the generator can be increased
up to 200 kW.

Because of a leak in the plunger for detuning the higher modes and deterioration of vacuum in the cavi-
ty the unit was replaced in the course of preventive maintenance. The cavity was pumped off, and a vacuum
of 10-®* Torr was achieved in it without heating. The vacuum keeps improving with further pumping off.

The cooling system was inspected; minor faults were eliminated. The possibility of operation at 4 GeV
without reconnection of water and with the same system of thermal stabilization is supposed.

The voltage on the VEPP-4 cavities was re-calibrated by the frequency of beam synchrotron oscilla-
tion with accuracy better than 1%. Gauge readings on all informative devices were brought to conformity
with the calibration.

Workshop 1 keeps finalizing one of the cavities for VEPP-4.

The work was performed with the participation of V.S. Arbuzov, E.I. Gorniker, L.V. Kuptsov, G.Ya.
Kurkin, LK. Sedlyarov, S.D. Gurov, V.N. Erokhov, S.E. Karnaev, V.A. Kiselev, L.A. Mironenko.

7.13 CCDTL accelerating structures for Linac4, CERN

The works on the fabrication of accelerating structures for linear accelerator Linac4 — a new injector of
the LHC, CERN — were continued in 2010. BINP together with RENC-VNIITF (Russian Federal Nuclear
Center - Russian Institute of Technical Physics, Snezhinsk) is to make 7 CCDTL accelerating modules
(Coupled Cavity DTL, a linear accelerator with drift tubes and coupling cells) for a frequency of 352 MHz
for acceleration of H- ions in the energy range of 50-100 MeV (see Fig.(7.13 1 and Fig(7.13)2).

In 2010 a set of working drawings for the drift tubes was released; the work study was performed; the
tooling was made; the prototypes were fabricated (Fig.(7.13)2 and Fig.(7.13)3). One of the difficult points of
the manufacturing process is the electron-beam welding (EBW) of the suspension rod and the body of the
drift tube. The targeting system of the ELW device of the BINP experimental workshop was upgraded for
accurate aiming at the junction. Before welding, as a low-current electron beam scans across the junction,
the reverse current is measured. The smallest reverse current indicates the junction. Appropriate hardware
and software were developed. Testing on samples showed that the new system provides aiming accuracy
better than 0.2 mm.
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A

Fig.(7.13)1. Left: the CCDTL accelerating module. Right: half of the CCDTL accelerating cavity with the
drift tube inside (cross section).

Fig.(7.13)2. Pilot sample of the drift tube. Fig.(7.13)3. Drift tube in the chamber of the
EBW device.

10 sets of suspension rods were made completely; another 40 sets are ready to some extent (final ma-
chining is required for keeping the possibility of adjusting the rod length subject to the actual size of the
seat on the body cavity). 50 drift tubes are partially ready: the cooling ducts in the parts were made; the
parts were welded together; the unit is ready for finishing. The finishing is performed after accurate deter-
mination of the drift tube dimensions from measurements of the ready body of the cavity.

The bodies of the cavities of the st unit were manufactured (3 accelerating cavities and 2 coupling
cavities, see Fig.(7.13)4 and Fig.(7.13)5). The application of the copper coating on the inner surface of the
cavities was completed. The bodies of the cavities of 2nd and 3rd modules were partially processed.
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Fig.(7.13)4. The body of the cavity of the Fig.(7.13)5. Coupling cell of the 1st module
Ist module is prepared for vacuum tests. after application of the copper coating.

Tuning and measuring the 1st module on the BINP site is scheduled for January 2011.
The work was carried out with the financial support from ISTC (International Science and Technology
Centre, Moscow).

The work was performed with the participation of A.G. Tribendis, E.K. Kenzhebulatov, E.A. Rotov,

N.V. Matyas, E.A. Cooper, A.N. Selivanov, M.G. Fedotov, A.G. Chertovskikh, Ya.G. Kryuchkov, Yu.A.
Biryuchavsky.
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Powerful Electron Accelerators and Beam Technologies

8.1 Radiation technology and ELYV series electron accelerators

In 2010, the laboratory Ne 12 had supplied nine accelerators, carried out contract supervision of 4
accelerators delivered to the customers earlier and had signed over 20 contracts for accelerators supply
in 2011 — 2012. The stock of orders for these years is completely formed. Such a demand growth for our
accelerators is explained by several factors. First: the demand was increased due to the completion of the
economic crisis. Second, that is also significant, is the improvement of operational parameters, providing
the power of 100 kW in the range of 1.0 - 1.5 MeV. In that case the cost and price of the accelerator were
changed insignificantly.

It is quite interesting to see the statistics of demand for accelerators. We compare the last 30 contracts.

Power, kW 100 50 <50
Qty of accelerators 27 2 1

The shift toward higher power capacities is visible. The only accelerator of less than 50 kW power is a
mobile accelerator, which should not be included in the statistics.

Energy, MeV 2.5 1.5 1.0
Qty of accelerators 9 11 10

The accelerators requested by the customers by energies are distributed uniformly.

In 2010, together with the staff of the Institute of Safety Research (Germany), the experiments on
modeling of electron-beam computed tomography using ELV accelerator electron beam were carried out.

Normally, in CT the cross-sections of objects are reproduced by means of moving X-ray source with
subsequent reconstruction of forms using a computer. The German party proposed to use a scanning elec-
tron beam instead of the moving source. Previously, in Dresden, on the basis of electron gun of 150 kV
voltage, the computed tomographic scanner allowing to produce up to 7000 object forms per second with a
resolution of 1 mm had been designed and developed. The main application of this technology is visualiza-
tion of gas-liquid flows in pipelines.

To increase the resolution and capabilities of this technology the German party proposed to use the
ELV accelerator scanning electron beam focused to a minimum at the location of tantalum target. General
view of the experimental facility is shown in Fig.(8.1)1, the converter cross-section is shown in Fig.(8.1)2.

The output window of ELV accelerator extraction device has been modified. Instead of commonly
used titanium foil the water-cooled aluminum target was installed. To reduce the heating of the walls of
extraction device the heat shields welded to the target from vacuum side of the target were mounted. In the
slot between heat shields and target body a tantalum sheet of 0.4 mm thickness and 600 x 18 mm dimen-
sions, used as a converter, was placed. Cooling of the converter occurred exclusively due to thermal radia-
tion. Minimum cross-section beam size in the experiments was 0.7 = 0.1 mm. Maximum beam current did
not exceed 2 mA and was determined by the temperature of sublimation of tantalum converter.

Under the target the steel collimator with a slit width of 1 cm was mounted. In the collimator body
the phantom driven in rotation by an electric motor with a rotary speed of 2 to 6 revolutions per second to
simulate the tomographic image with a circular radiation source was installed. Under the collimator the
radiation detector with an amplifier was placed. The signal from the detector was processed on a computer
installed in the control room of the accelerator.
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Fig.(8.1)1. Longitudinal (a) and cross-section (b) view of simulation computed tomography installation
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Fig.(8.1)2. Cross-section of bremsstrahlung converter

As a result of successful experiments the phantom tomograms with the resolution up to 2 mm were
obtained. That is enough satisfactory when using one detector.

After complete experimental data processing the German party decided to sign a contract for delivery
the ELV accelerator with the following parameters:

Accelerated electron energy — 1 MeV

Beam current — up to 100 mA

Value of energy pulsation — should not exceed £5%.

The singularity of this delivery for us is that accelerator tube should have the possibility of 90° rotation
relatively to horizontal axis.

The only one possible variant of development of such accelerator is to use remote accelerator tube
installed in a separate tank and connected with high-voltage rectifier by means of feeder as it is shown Fig.
(8.1)3.
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Fig.(8.1)3. Variant of assembly of accelerator with remote accelerator tube

The experiments at the laboratory bench equipped with ELV-6 accelerator with focused electron beam
extracted into air were continued.
Most of the experiments were related to nanopowders production.
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1. In cooperation with the Institute of Solid State Chemistry and Mechanochemistry SB RAS the
series of works on obtaining the fine powders of bismuth and bismuth oxide (Bi203) for medical applica-
tions at the manufacture of drugs, particularly DeNol, were carried out. In 2009 the productivity of these
powders was obtained: 150 — 250 g / h using only 20% of nominal power of electron beam. However, the
average particle size was large, i.e. about 0.5 microns. In 2010, the principle possibility of reducing the av-
erage particle size was shown (Fig.(8.1)4). Thereto, at the preliminary stage we had to decrease the process
productivity considerably.

Fig.(8.1)4. Nanopowder Bi Fig.(8.1)5. Crystals of ZnO

2. In cooperation with Khristianovich Institute of Theoretical and Applied Mechanics of the Siberian
Branch of the RAS the investigations of the possibility of obtaining zinc oxide (ZnO),which can be applied
in medicine, solar cells, photocatalysis, cosmetics, gas sensors creation, paint and varnish industry, as
well as in several other perspective high-tech industries had been held. The experiments was carried out
directly on demand of the export-oriented enterprise, researching the possibility of creation an alternative
technology for industrial production of nano-sized powders of zinc oxide for use in industrial rubber ap-
plications. To get this matter the source material in the form of zinc metal was placed in sublimator, and
then was heated by an electron beam in air, respectively, the pairs of zinc were oxidized with the formation
of zinc oxide. As a result a powder of complex structure was obtained. The results of transmission electron
microscopy are shown in Fig.(8.1)5.

The crystals have different shapes. There are needle-shaped, round and prismatic, with the sizes range
from 50 nm up to micron. There are particles splices. Mainly, the surface of the particles is smooth. There
is also a mesoporous fraction of the size of blocks and mesopores of about 5 nm.

Integrally, the results of experiments confirmed the possibility of obtaining zinc oxide at the facility
for nano-sized powders production. The samples were given to industrial enterprises being the initiator of
the work to evaluate the properties of the material obtained.

3. By means of evaporation technique of basic carbon target in inert gas medium the carbon nano-
structures like nanohorns and nanotubes were obtained. To obtain multiwall (MWNT) and single-wall
(SWNT) nanotubes the graphite powder tablets prepared by means of pressing were added into catalyst.
To obtain nanohorns evaporation of pure graphite sample were held. Fig.(8.1)6(a) shows an example of a
long multiwall nanotube, Fig.(8.1)6(b) presents accumulation of single-wall nanotubes, which are of great
scientific and practical interest in comparison with multiwall ones. Fig.(8.1)7 shows nanopowder consisting
of nanohorns.
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Fig.(8.1)6. Multiwall nanotubes (a) and single-wall nanotubes (b)
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Fig.(8.1)7. Accumulation of nanohornes

Another part of the experiments at the stand was related to the formation of coatings at the metal by
welding.

The coatings of Ti-Ta-Nb, performed in collaboration with the Novosibirsk State Technical University
were continued to be studied. Alloys of this system are of interest in sight of their anti-corrosion proper-
ties as the best current biocompatible materials and as a material for lining of chemical reactors meant for
nuclear power plants waste treatment. The concentration of alloying elements like tantalum and niobium
was varied from 3 to 35% by weight at 1 - 2 mm coating thickness. Two types of structures such as mar-
tensitic at a low concentration of alloying elements (up to 10%) and dendritic at higher concentrations were
obtained. The composition and structure of coatings are uniform in thickness. Basically, X-ray analysis of
coatings surfaces shows just presence of one phase. It is a-titanium. However, when increasing the speed
of coating formation it is noticed the presence of incompletely dissolved particles of tantalum closer to the
bottom of the melting bath. The hardness of coatings is 60% higher than the hardness of the basis due to
solid solution hardening.
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8.2 ILU accelerators and their applications

8.2.1 Accelerator supplies

Since 1983 the ILU accelerators are supplied abroad where they are used for researches and are work-
ing 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.

The accelerator ILU-6 that was continuously working since 1983 in the firm “RadPol”, Czluchow,
Poland, was modernized and put into operation March 2010. The maximum energy before modernization
was 2 MeV, after modernization the machine is working at energy of 2.5 MeV with beam current up to
10 mA. The accelerator control system was modernized and moved into the control room of the ILU-10
accelerator, and now one operator is controlling 2 machines — ILU-6 and ILU-10 — commonly working on
the plastic goods production line.

The ILU-8 machine with local biological shield was put into operation on the “Chuvashkabel” plant,
Cheboksary, Russia. The line for wire irradiation is working since March 2010.

The second ILU-10 machine with energy up to 5 MeV and beam current up to 10 mA was manufac-
tured and commissioned according the contract with Siberian Center for Pharmacology and Biotechnology.

Works on the modular linear electron accelerator prototype
The accelerator prototype block diagram is given in Fig. 1. During 2010 its elements were tuned and
the accelerator prototype was tested.

G-:
{g 3dB 1
GI-50A p—=— Modulator p—==—GI-50A GI-50A = Modulator
» E_
T [insector  rcesloration cavitie —=
8 5 MeV,

(I] 600 mA

{of

I_r’
o

Fig.(8.2)1. Accelerator prototype block diagram.

The results of these works — the principally new RF system was worked out. This new RF system
comprises the 2-staged RF generator with preliminary stage, 2 final stages and 2 RF power inputs into ac-
celerating cavity. The electron injector with RF control was tested. The measured beam energy spectrum
corresponds the calculated values.

The accelerating structure of the prototype comprised 5 accelerating cells (3 full cells and 2 half-cells
at both end of the structure) and 4 coupling cells. The RF power was inputted into 2 side full accelerating
cells, the feedback signal was fed from the middle accelerating cell.

The energy of 5 MeV and pulse beam power of 600 mA were achieved, it corresponds the pulse beam
power of 3 MW. The energy losses in the structure were 0.8 MW, pulse RF power supplied by each of the
2 final stages was 1.8 MW. So the RF system provided the pulse RF power required to reach the design
parameters of the ILU-14 machine that have the RF generator with 4 final stages.
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Fig.(8.2)2. Accelerating structure of the prototype.

8.2.2 Fabrication and testing of the modular electron accelerator ILU-14

After the completion of the works on the accelerator prototype 2 full accelerating and 2 coupling cells
were added to the accelerating structure of the prototype. The new accelerating structure has the 5 full ac-
celerating cells and 2 accelerating half-cells. This accelerating cell is shown in Fig.(8.2)3.

Fig.(8.2)3. ILU-14 accelerating structure.

The feedback signal in the ILU-14 is taken out from the central accelerating structure, and RF power
input is done into other 4 full accelerating cells. The accelerating half-cells are placed on the both ends of
the structure as in the prototype, see Fig.(8.2)1 and Fig.(8.2)2.

The ILU-14 is the new powerful (up to 100 kW) multi-gap multi-cavity machine for energy range
of 7.5-10 MeV, the accelerating structure design is shown in Fig.4. The main elements are: bi-periodical
accelerating structure with coaxial coupling cavities consisting of 7 accelerating cells, RF autogenerator
comprising 1 preliminary and 4 final stages on GI-50A triodes, 4 RF power inputs, triode RF electron gun
having the option to apply the additional RF bias voltage on grid-cathode gap and 3 modulators.

The new modulators’ synchronization system was developed. The energy accumulation in the induc-
tive energy storages of each modulator are spaced in time and the resulting loading unevenness of the
feeding 3-phase net (Ppeak/Paverage) was decreased from 2 to 1.3. The modulators are mounted and their
common work was checked.

The power supply for magnets of the ILU-14 machine was mounted using the units UM produced by
Lab 6-0.

The bunker for ILU-14 testing was prepared in 2010. The energy of this accelerator is up to 10 MeV,
and the beam is accelerating and extracting horizontally. The bunker was initially designed for the accel-
erators with beam extracting vertically down, and maximum energy of 2.5 MeV.

244



Powerful Electron Accelerators and Beam Technologies

Modulator Modulator
qa
’ 3dB (S 3dB 3dB
tL | I | [ ] ¥
q qQ q
Modulator Gl-50A Gl-505 GI-508 Gl-504 SI-508,
4 & ! &
q
- Accelerating structure e
Injector i ] —
I 7 accelarating cavities 10 MeV,
] | 100 kKWW
=r__ & ¢
_)_I

Fig.(8.2)4. ILU-14 block diagram.

To ensure the radiation safety during the testing the required local radiation shielding reinforcements
were calculated. Basing on the calculation results 3 local radiation shielding reinforcements were fabri-
cated and mounted — one reinforcement is made of steel and 2 reinforcements are mounted from the lead
bricks. The efficiency of these reinforcements will be checked later during the accelerator testing.

The testing of the ILU-14 started in 2010. The tuning of its accelerating structure and RF power inputs
was done together with Lab 6-2.

The new RF generator with preliminary stage and 3db bridges on its output was tuned and the first hot
testing (with beam) of the accelerator were carried out.

The effective accelerating voltage of 10 MV was reached on the accelerating structure without beam.
The accelerator generated electron beam in the energy range of 7-10 MeV. The testing and tuning of the
accelerator is going on.

The complex for medical goods sterilization and decontamination of medical wastes based on ILU-14
machine is under development.

The common work of Lab 14 and Lab 6-2 on ILU-14 development will be continued in 2011.

8.2.3 New technologies development

The research works were performed to develop the radiation-thermal synthesis of complex oxide com-
pounds. The perovskite-like compounds for membrans were sintered under the Interdisciplinary Project of
Siberian Branch Ne82 “Oxide permeability of the massive and deposited membranes based on perovskites
with mixed conductivity”.

The pilot works on radiation-thermal sintering of the fuel elements cells were carried out in collabora-
tion with Boreskov Institute of Catalysis, Novosibirsk.

The research activities in radiation treatment of the oil products were carried out under the Integration
Project Ne5 of the Siberian Branch Presidium. The work was carried out in collaboration with Institute of
Solid State Chemistry and Mechanochemistry, Novosibirsk, and Institute of Oil Chemistry, Tomsk.

The test irradiations to study the radioresistivity of the microbes were carried out.

Various medical goods were subjected to electron beam treatment on the contract basis. The works
were carried out on the ILU-6 and ILU-10 accelerators.

Participants of the works:

A.A. Bryazgin, V.V. Bezuglov, A.Yu. Vlasov, V.A. Gorbunov, L.V. Gornakov, B.A. Dolzhenko, A.M.
Molokoedov, L.A. Voronin, M.V. Korobeynikov, A.N. Lukin, I.G. Makarov, S.A. Maximov, V.E. Nekhaev,
G.N. Ostreyko, A.D. Panfilov, V.V. Podobaev, G.V. Serdobintsev, A.V. Sidorov, V.V. Tarnetsky, M.A. Ti-
unov, V.0O. Tkachenko, B.L. Faktorovich, V.G. Cheskidov, E.A. Shtarklev, A.M. Yakutin.
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9.1 Status of BNCT

Several works have been carried out to optimize the transportation of high-power stationary proton
beam onto the lithium target and to protect and enhance the reliability of vulnerable parts of high-energy
beam line. As a result, the technical condition of the accelerator complex attains a level that allows us to
carry out long-term, stable generation of neutrons. Applying additional beam diagnostics a stable genera-
tion of neutron beam achieved with proton current of 0.7 mA for 5 hours, and highest current of protons on
the lithium target increased to 1.8 mA. All the problems with exposure and storing of activated targets were
solved. All works carried out helped us to start the first biological experiments on neutron capture therapy.

Fig. (9.1)1. The first in vitro experiments on BNCT.

To study the neutron spectrum a unique TOF diagnostics was designed and manufactured. The idea
consists in the fact that the accelerator complex operates in a stable regime of generation of the proton beam
with energy below the threshold of the "Li(p,n)’Be. At the same time short pulses of negative voltage are
transmitted on the lithium target, that is isolated electrically from the body of the installation. The voltage
impulses make protons to raise the energy higher then the reaction threshold and generate short pulses of
neutrons (Fig.(9.1)2).

In experiments on the generation of resonant gamma rays with help of *C(p,y)"N reaction the intensi-
ties of the weak spectral lines and branching ratios were measured with previously unattained accuracy,
which became possible using the new high speed gamma-spectrometer.

The long-time stabilization of proton energy was achieved in the near-threshold regime of resonant
gamma rays generation. Automatic adjustment of accelerating voltage according to measured gamma rays
yield allowed us to get the long-time proton energy accuracy better then 0.15% for 2.5 hours.
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9.2 X-ray detectors for medicine and examination of people

9.2.1 Medical Radiography

BINP produced 13 1536-channel detectors for ZAO "Nauchpribor" (Orel), which were supplied to
medical institutions of Russia as part of digital scanning fluorographs.

9.2.2 X-ray Inspection System “Sibscan” for examination of people

For the purpose of improving anti-terrorist protection, a second plant "Sibscan" was installed in the
international terminal of the airport Tolmachevo and commissioned.

In 2010, based on the experience of previous years, a new version of the XIS plant was developed. One
major advantage of the new version is the reduced dimensions. The volume occupied by the plant decreased
from 15 m?® to 9.5 m* This eases the requirements to premises for the plant and thus expands the possibili-
ties of its application. A pilot plant is under being fabricated. It is to be completed in 2011.

9.2.3 Works for High Energy Physics

The electronics of coordinate chambers for an extracted beam of tagged positrons or electrons were
designed, manufactured and commissioned. As part of the new detector CMD-3 The endcap calorimeter
is running in fullin the new KMD-3 detector. The BINP members actively participated in conducting ex-
periments with the detector ATLAS, CERN, and another experiment on the search for neutrinoless muon
decay, MEG, at PSI, Switzerland.
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