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INTRODUCTION

In May 1958, the USSR Council of Ministers declared
creation of the Institute of Nuclear Physics of the Siberian
Branch of the USSR Academy of Sciences. The new insti-
tute was created on the basis of the Laboratory of new ac-
celeration methods, headed by G.1. Budker, of the Nuclear
Energy Institute, directed by 1.V. Kurchatov. Since 1977,
the Institute of Nuclear Physics has been directed by
academy member A.N. Skrinsky.

Currently, BINP SB RAS with over 2,800 employees
is the largest academic institute of Russia. The Institute
research staff of 411 people includes 10 members and
corresponding members of the Russian Academy of Sci-
ences, 61 Doctors of Sciences and 167 Candidates of Sci-
ences. BINP has a large experimental production depart-
ment (about 1,000 employees) with high-level engineer-
ing and technology equipment.

The Institute is doing much for training of scientific
and technical personnel of high qualification. BINP is a
base institution for seven subdepartments of the Physics
Department of the Novosibirsk State University (NSU)
and the Physicotechnical Department of the Novosibirsk
State Technical University (NSTU) (in total about 200
students). 60 post-graduate students are pursuing post-
graduate studies at BINP, the NSU and the NSTU.

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

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

In the field of elementary particle physics and nu-
clear physics:

e pioneering works on the development of the colliding
beam technique, which is now the leading one in the high
energy physics:

o first experiments on the electron-electron interac-
tion (simultaneously with the Princeton/Stanford
works) (1965),

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

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

o pioneering works in the two-photon physics (1970);

e research on the characteristics of vector mesons on the
installations with colliding electron-positron beams
VEPP-2, VEPP-2M and VEPP-4 (since 1967);

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

e precision measurement of the contribution of hadronic
vacuum polarization to the value of muon anomalous
magnetic moment for one of the most sensitive tests of the

Standard Model, which is conducted in cooperation with
the Brookhaven National Laboratory (1984 - 2005);
e development of the resonance depolarization method
for precision measurement of the masses of elementary
particles and achievement of record accuracy in meas-
urements of the masses of K, rho, omega, phi and psi
mesons and upsilon mesons (1975 - 2004);
e discovery of parity violation effects in atomic transi-
tions and confirmation to the unified theory of elec-
troweak interactions (1978);
e development of experiments on hyperfine internal tar-
gets on storage rings (since 1967) and investigation into
the electromagnetic structure of deuteron in polarization
experiments (since 1984);
e development of a technique for production of intense
fluxes of labeled high-energy gamma quanta through the
use of inverse Compton scattering (1980 - 1982); experi-
mental observation of photon splitting in the Coulomb
field of nucleus (1997);
e development of new methods for detection of high-
energy charged and neutral particles and creation of
unique detectors for installations with colliding beams
(OLYA, CMD-1, MD-1, CMD-2, CMD-3, ND, SND,
and KEDR) (since 1974);
e development of X-ray detectors for medical applica-
tions and creation of a low-dose digital radiographic in-
stallation on their basis, with an ultra-low level of patient
exposure, and the X-ray system "Sibscan" for inspection
of people (since 1981).

In the field of theoretical physics:
e development of the resonance theory of dynamical
chaos and pseudochaos in the classical and quantum me-
chanics (since 1959);
o the first-time computation of charge renormalization in
the Yang-Mills theory (1969);
e development of the method of the QCD sum rules
(1979 - 1984);
e prediction of large enhancement of parity violation ef-
fects in neutron resonances in heavy nuclei (1980 - 1985);
e development of the theory of hard exclusive reactions
in the QCD (1977 -1984);
o development of an operator approach to quantum elec-
trodynamics in external fields (1974 - 1976);
e development of quantum electrodynamics in periodic
structures, including a laser wave (1972 - 1997);
o development of the theory of radiation effects in pas-
sage of high-energy charged particles and photons
through orientated single crystals (since 1978);
e derivation of evolution equation in the QCD for en-
ergy distribution of partons (the BFKL equation) (1975 -
1997);
e prediction of the coherence effect in the emission of
gluons in the QCD and investigation into its influence on
hadron distribution (1981 - 1982).

In the field of accelerator physics and technology:
¢ successful long-term experience in the creation of stor-
age rings and installations with colliding beams;



e invention, development and experimental verification
of the "electron cooling" method for heavy-particle beams,
which is currently used at laboratories around the world;
delivery of efficient "coolers" to heavy-ion accelerator
complexes in Germany, China and at CERN (1965 -
2005);
e invention and development of new types of high-power
RF generators (gyrocon, relativistic klystron and Magni-
con) (since 1967);
e suggestion of a technique of linear electron-positron
colliding beams for production of super-high energies
(1968) and presentation of a physically self-consistent
project (1978);
e development of components of intense-field pulsed
magnetic optics (X lenses and lithium lenses), which are
currently used at different laboratories (since 1962);
e invention and experimental verification of the method
of charge-exchange injection, which is currently applied
at all the major proton accelerators (1960 - 1964);
o theoretical and experimental investigation into the
generation of polarized beams and spin dynamics in ac-
celerators and colliders and conceptual designing and
creation of highly efficient spin rotators and "Siberian
snakes" for a number of accelerator complexes, (1966 -
1995);
o theoretical and experimental research on the stochastic
instability and "collision effects", which impose limita-
tions on the luminosity of colliding-beam installations
(since 1966);
e development of the physical concept of a new genera-
tion of electron-positron colliders of very high luminosity,
so-called electron-positron factories (since 1987);
e suggestion and development of a method of ionization
cooling of muons for creation of muon colliders and neu-
trino factories (1969 -1981 - 2002);
e development and creation of high-power low-energy
electron accelerators for a variety of technological appli-
cations, including environment protection (accelerators
ELV-12 with a power of 500 kW and an energy of 1 MeV
and ILU-10 with a power of up to 50 kW and an energy
of 5 MeV) (since 1963);
e suggestion and implementation of a scheme of energy
recovery linac for high-gain free electron lasers (1979 -
2003).

In the field of plasma physics and nuclear fusion:
o invention (1954) and creation (1959) of the "classical"
open magnetic trap (magnetic bottle) for hot plasma con-
finement;
e invention and development of new schemes of open
traps (multiple-mirror, rotating-plasma, ambipolar, and
gas-dynamical ones); experimental realization of multi-
ple-mirror confinement of plasma with sub-fusion pa-
rameters in the trap GOL-3; experimental implementation
of MHD instability stabilization in an axially symmetric
gas-dynamic trap (on the installation GDT) (since 1971);
e discovery of collisionless shock waves in plasma
(1961);

e development of a technique of plasma heating with
relativistic electron beams (since 1971);
o development of high-intensity surface-plasma sources
of negative ions, now widespread in the world (1969 -
1981);
e suggestion and development of a concept of a high-
power open-trap source of fusion neutrons for materials
science (since 1987).
e theoretical prediction of the Langmuir collapse (1972)
and experimental discovery of strong Langmuir turbu-
lence and collapse of Langmuir waves in a magnetic field
(1989 - 1997);
e creation of a series of unique high-power precision
sources of hydrogen atoms for high-temperature plasma
investigation for a number of large installations (1997).

In the field of synchrotron radiation and free elec-
tron lasers:
e application of synchrotron radiation of the BINP stor-
age rings to science and technology and establishment of
the international Siberian Synchrotron Radiation Center
based on VEPP-2M, VEPP-3 and VEPP-4 (since 973);
e theoretical and experimental research on particle emis-
sion in periodic structures (undulators, wigglers, and
crystals) (since 1972);
e development and creation of specialized sources of
synchrotron radiation (since 1983);
e 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 infra-
red to the ultraviolet spectrum (since 1980);
e development and creation of a high-power free elec-
tron laser (for photochemical research and technological
applications, as well as for energy transfer from the Earth
to a satellite) on the basis of the most promising scheme,
which uses a recuperator microtron; generation of high-
power (400 W) laser radiation in the terahertz range
(since 1987);
e creation of a series of intense-field superconducting
magnetic devices for SR sources and electron storage
rings (wigglers and bending magnets with fields of up to
10 T and solenoids with fields of up to 13 T) (since
1996).

Applied works performed by BINP SB RAS rely en-
tirely on the results of the basic research performed by the
Institute and are focused on the following main areas:

o industrial high-power electron accelerators for modifi-
cation of polymers, treatment of industrial and domestic
waste, production of nanopowders of pure metals, silica,
and oxides, carbides and nitrides of metals, radiation
processing of food, sterilization of medical equipment,
disposable instruments and garments and other techno-
logical applications;

o low-dose scanning-type digital radiographic installa-
tions with ultra-low patient exposure for medical and se-
curity systems;



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

o installations for electron beam welding;

¢ radiographic equipment for defense research.

During the past 20 years, BINP was financing its basic
and applied research from assets received from contract
works. The cost of high-tech products developed, manu-
factured and supplied annually by BINP to customers in
Europe, Asia, and North and South Americas (over 20
countries), as well as in Russia, makes hundreds of mil-
lions rubles. The so earned money was used for the com-
pletion and commissioning of the accelerator complex
VEPP-4M with the unique detector KEDR and designing
and construction of large unique installations (the elec-
tron-positron collider VEPP-2000, the free electron laser
and a new injection system for the existing and future
BINP facilities). Throughout the post-Soviet period, these
funds have been maintaining the continuous work of the
BINP facilities and related infrastructure.

BINP excels in long-term international cooperation

with most major foreign and international research centers.

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

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

In 2013, the state task to the Institute included 26
'baseline’ projects within 8 programs in two areas of the
Program for Basic Research by the State Academies of
Sciences for 2013-2020.The Institute was deeply inte-
grated into the work of the Russian Academy of Sciences
and its Siberian Branch, implementing 18 projects under
programs of the Presidium of the Russian Academy of
Sciences and its branches and 23 projects under SB RAS
integration programs. The Institute is executing 13 state
contracts and agreements under the Federal Target Pro-
grams ‘Research and development in priority directions of
the science-and-technology complex of Russia for 2007 —
2013’ and ‘Scientific and pedagogical staff of innovative
Russia for the years 2009 —2013” and 49 RFBR projects.

Every year, members of the Institute make about 200
reports at international and Russian conferences, publish
about 500 articles in leading Russian and foreign scien-
tific journals and issue monographs and educational aids.

According to data published in the review ‘Bibliometric
indicators of the Russian Science and Russian Academy
of Sciences" (RAS Bulletin, June 2009, Volume 79, Ne 6),
the number of references to papers by BINP members
that are accounted in the authoritative international data-
base ESI was 28,267 in 1997-2007. In accordance with
the survey data, this is a maximum value among all the
institutions of the Russian Academy of Sciences. Four
members of the Institute are winners of the Elsevier spe-
cial premium as the most cited authors in the post-Soviet
area in the field of natural sciences.

Below are listed works recognized by the BINP Sci-
entific Council as the best in 2013.

In the field of nuclear physics, elementary particle
physics and physics of basic interactions:

1) In the experiment with the SND detector at the elec-
tron-positron collider VEPP-2000, the cross sections of
processes with magnetic dipole radiative decays of ex-
cited vector mesons rho (1450), phi (1680) -> eta gamma
were measured for the first time.

2) In the experiment with the detector CMD-3 on elec-
tron-positron collider VEPP-2000, the anomalous behav-
ior of the cross section of electron-positron annihilation
into six pions at an energy of colliding beams correspond-
ing to the threshold of production of nucleon-antinucleon
pair was measured with a world's best precision.

3) Within the framework of the international collabo-
ration in the experiment MEG (Switzerland), the most
sensitive restriction (5.7x10"°) was imposed for the prob-
ability of conservation-principle-violating lepton number
of neutrinoless decay of a positive muon into a positron
and a gamma quantum, which is 20 times better than pre-
vious experiment result.

4) In the BABAR experiment (Stanford, USA), in the
energy range from the threshold to 6.5 GeV and with the
best in the world precision, the cross section of electron-
positron annihilation into a proton-antiproton pair was
measured, which is the first such measurement at energies
above 4.2 GeV.

5) In the experiment with the KEDR detector on the
electron-positron collider VEPP-4M, the ratio of the lep-
tonic widths in direct decays of J/psi meson was meas-
ured with the world's best precision.

6) A new efficient mechanism was offered for the gen-
eration of thermoelectricity in a nonlinear structure of
Wigner crystal in a periodic potential.

7) It was first shown that the isoscalar form factor of
nucleon is much larger than the isovector one in a time-
like region, near the threshold of production of nucleon-
antinucleon pair.

8) A high-performance infrastructure was created for
processing of data from high-energy physics experiment
on the detectors at BINP, the Large Hadron Collider ex-
periments and other foreign facilities using the super-
computers of the Novosibirsk Scientific Center and the
NSU.

In the field of plasma physics:

1) At the GDT facility, with additional microwave heat-
ing of plasma, an electron temperature of 400 eV was at-



tained, which is a record value for open quasi-stationary
magnetic traps (in collaboration with the Institute of Ap-
plied Physics and the NSU).

2) At the GOL-3 facility, the possibility of controlling the
plasma rotation by injecting an electron beam into it was
for the first time demonstrated.

3) A scheme of plasma wakefield acceleration with con-
trolled self-modulation of a long proton-beam driver was
offered and checked with numerical simulation. It enables
increasing the maximum energy of electron and positron
beams by two orders of magnitude

4) On the accelerator source of epithermal neutrons, se-
lective destruction of malignant tumors by boron neutron
capture therapy was for the first time demonstrated on cell
cultures (together with ICG SB RAS and NSMU).

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

1) The physically launch of the unique high-
performance source of positrons for accelerators of Insti-
tute was executed with attaining a record rate of conver-
sion of electrons into positrons of 0.14 GeV™'.

2) On the electron-positron collider VEPP-2000, in the
energy range of 320 - 1000 MeV in the center of mass
system, a record value of "the colliding beam parameter”
was attained and an experiment with two detectors, SND
and CMD-3, was conducted with a record integrated lu-
minosity.

3) A technique of analysis of biomedical samples was
developed, and first in Russia experiments on the toxicity
and pharmacokinetics of chemical compounds were con-
ducted using an ultra-sensitive method of analysis - accel-
erator mass spectrometry (together with the Institute of
Catalysis and the NSU).

4) An accelerating section with an original accelerating
structure for the new LHC injector was developed, manu-
factured and supplied to CERN (Switzerland); it is the
first realization in the low VHF range.

5) During tests of the unique high-temperature electron
cooling system, which was fabricated and developed by
BINP, at Jiilich Research Center (Germany), the tempera-
ture of proton beam in the German Synchrotron COSY
was 50-fold reduced.

6) Unique cryogenic stands for tests of accelerator
modules of the European X-ray free electron laser
(XFEL) were developed, manufactured and put into op-
eration at the laboratory DESY (Germany)

7) Unique superconducting multipole wigglers with a
field of 42 T and 7.5 T to generate intense X-rays for
biomedical research were developed, fabricated and in-
stalled at international synchrotron radiation centers.

8) An analytical theory was created and experimental
research on the propagation of surface plasmon polaritons
along metal-insulator interfaces and their diffraction at the
border was performed in the terahertz range.

In 2013, F.V. Ignatov and K.Yu. Todyshev were a-
warded the RF President Prize for young scientists in the
field of science and innovations for the year 2012 for a
cycle of works on precision study of properties of elemen-
tary particles on colliding electron-positron beams (RF
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President Decree 46 dated February 7, 2013 "On award-
ing the RF President Prizes in the field of science and in-
novations to young scientists for the year 2012").

A Russian Academy of Sciences medal for young sci-
entists in 2012 in the field of nuclear physics for the work
"Development of theory of elementary particle reggeiza-
tion in the next-to-leading logarithmic approximation"
was awarded to a group consisting of A.V. Grabovsky,
M.G. Kozlov, A.V. Reznichenko (Resolution 30 of the
Presidium of the Russian Academy of Sciences on Febru-
ary 19, 2013)

The Novosibirsk region Government Award in 2013 in
the field of "development or creation of devices, tech-
niques, technologies, and new scientific and technical
products" for a cycle of works "Generation of focused
atomic beams for fusion facilities" was awarded to a
group consisting of A.A. Listopad, A.V. Kolmogorov,
and A.A. Tkachev.

The Novosibirsk region Government Award in 2013 in
the nomination "engineering sciences" for a cycle of
works on "Creation of equipment for research in the field
of X-ray pulses" was awarded to a group consisting of
G.A. Fatkin and A.V Pavleno.

The Novosibirsk region scholarship for post-graduate
students in 2014 was awarded to A.G. Lemzyakov,
Yu.Yu. Choporova, D.A. Shemyakin and I.M. Schudlo.

Groups of the BINP scientific schools headed by acad-
emy members G.N. Kulipanov and A.N. Skrinsky, and
professors A.A. Ivanov and A.P. Onuchin won the 2014
competition of the RF President Council on Grants for
support of leading scientific schools (NSh-2014), thus
confirming the status of leading scientific schools for
2014-2015.

A.E. Levichev won the 2014 competition of the RF
President Council on Grants for support of young Candi-
dates of Sciences (Mk-2014).

A.A. Ivanova, V.N. Kudryavtsev, and T.A. Khar-
lamova became winners of the competition for the RF
President scholarship for young scientists in 2013. Ten
young scientists were awarded the RF President scholar-
ship.

V.F. Sklyarov and V.V. Kaminsky became winners of
the competition for scholarships from the President and
the Government of the Russian Federation, respectively,
for graduate schools.

525 members of the Institute were awarded the memo-
rial sign "For work for the benefit of the city" in 2013 in
honor of the 120th anniversary of Novosibirsk.

The three Thesis Boards of the Institute, which are en-
titled to accept Doctor of Sciences (Candidate of Sci-
ences) theses, continued their work in 2013. 15 meetings
of the Boards took place, at which 4 Doctor of Sciences
and 11 Candidate of Sciences theses were defended

Over 50 tours of the BINP facilities were conducted
for school pupils, students, school and university teach-
ers, members of other organizations and guests of the In-
stitute, in total about 2,000 people. Lectures were deliv-
ered at Novosibirsk schools.
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1.1. CMD-3 DETECTOR

Five sessions of data acquisition were carried out with
the CMD-3 detector (see Fig.1.1.1.) in 2013. The
luminosity integral amounted to 25 pb'; about 25
terabytes of data was recorded.

/4
Fig. 1.1.1. CMD-3 detector in the experiment hall of
VEPP-2000.

The energy was continuously measured by inverse
Compton scattering during the work. A graph of data
acquisition with the CMD-3 detector in 2010 - 2013 is
shown in Fig. 1.1.2.
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Fig.1.1.2. Graph of data acquisition with CMD-3 detector
in 2010 —2013.

The experiment season of 2013 was the longest one:
the CMD-3 detector on the collider VEPP-2000 was

continuously collecting data for 7 months. In the first
session (November 2012), a small luminosity integral
(0.68 pb™') was accumulated in the area of the ¢(1020)
meson energy. Then an experiment (a luminosity integral
of 0.23 pb™") was conducted with the CMD-3 detector in
the area of the ®(782) meson energy. These two sessions
allowed us to investigate the parameters of the detector in
operation at energies below 1 GeV in the center of mass
system and to prepare ourselves to collecting a luminosity
integral of 6.2 pb™' in the energy range of 0.32 - 0.98 GeV
in the center of mass system, which began in early
December 2012 and lasted till mid-April 2013. This
energy area is very important in terms of research on the
e'e” — m'm process. The cross section of this process
gives the main contribution to the value and the error in
the determination of the hadronic vacuum polarization in
the calculation of the anomalous magnetic moment of the
muon. In accordance with this requirement, one of the
main tasks of the experiments with the CMD-3 detector is
the measurement of the cross section of the e'e” — n'm
process with a systematic precision of 0.35%. Fig.1.1.3.
shows the relative statistical accuracy of the measurement
of the cross section of the pion pair production. This
accuracy was obtained in the analysis of 2013 data in the
energy range of 0.32 - 0.98 GeV. One can see that the
accuracy of the CMD-3 experiment throughout the energy
range is comparable with the global average value, and is
record high in the area of the p(770) resonance.
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Fig. 1.1.3. Relative statistical accuracy of measurement
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Besides, in the same experiment for the first time in
the history of e’e” colliders measurements were made at
an energy of 0.32 GeV, which is almost equivalent to the
threshold of production of hadrons.

After successful scanning of the area of the p(770)
meson, in April-May 2013 an experimental run was done
at the energy of the ¢(1020) resonance, the luminosity
integral in which was 6.2 pb™'.

Then, during May-June 2013 a record luminosity
integral of 8.6 pb” was acquired in the area of the ®(782)
meson. At the end of the experiment season of 2013, for
two weeks in June the CMD-3 - VEPP-2000 complex was
working at one energy point of 0.958 GeV in the center of



mass system. This run resulted in a luminosity integral of
2.7 pb™. These statistics will be used in analysis of the
direct two-photon production of the meson, the mass of
which is 0.958 GeV. After this data collection session the
complex was shut down for a planned upgrade.

In 2013 some progress was made in the method of
luminosity determination. On the CMD-3 detector, the
luminosity is found from two processes: e'e — yy and
e'e’ — e'e’. The luminosity values determined using these
procedures coincided with those obtained on the CMD-3
detector in 2012 - 2013 with an accuracy better than
0.3%. This allows reckoning on high systematic accuracy
of luminosity determination.

The processing of the experiment data collected with
the CMD-3 detector in 2011 — 2012 continued. Analysis
of the e’e” — 3(n'n) process in the energy range of 1.5 -
2.0 GeV in the center of mass system was completed and
published. A research on the production of six pions in a
channel with four charged and two neutral pions, e'e¢” —
2(n'm 1), started. Fig.1.1.4. shows preliminary results of
the measurement of the cross section of this process.
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Fig. 1.1.4. Cross section of the ¢'e” — 2(n'n n°) process.

In 2013, when analyzing the process of electron-
positron annihilation into a proton-antiproton pair near
the production threshold, we managed to measure the
cross section of this process at a beam energy below 952
MeV. At these energies, the protons and antiprotons do
not leave the vacuum chamber of the detector and events
of the process are detected by secondary particles
resulting from the annihilation.

Fig. 1.1.5. shows a cross section of the e’ — pp
process from the production threshold to the maximum
energy of VEPP-2000. The cross section was measured
on the CMD-3 detector. For comparison, the figure also
shows the results of other experiments on this process.
The CMD-3 experiment results are consistent with these
measurements.

The CMD-3 collaboration includes analysis of 15
different physical processes, 8§ of which had yielded
preliminary results, which have been reported at Russian
and international conferences.
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Fig. 1.1.5. e'¢ — pp cross section measured on the
CMD-3 detector in comparison with results of other
experiments.

Works to improve parameters of different detector
systems continued in 2013.

The last type of units of the “KLYUKVA” standard in
the system for data collection is being replaced now. In-
house AWF-32 boards were applied instead of A32 ones
for reading information from the cathode channels of the
Z-chamber of the detector. The spatial resolution of the Z-
chamber that was reached with the new electronics turned
out to be not worse than that with the electronics of the
“KLYUKVA” standard. When the detector is shut down
for upgrade, the new AWF-32 electronics will be installed
for reading of information from the liquid-xenon
calorimeter. After that, all the electronics of the CMD-3
detector will be made in the new standard, which will
reduce the idle time of the data collection system to 70
microseconds instead of 245 microseconds now.

The charged trigger of the CMD-3 detector was
modified in 2013. Earlier, the trigger would make a
positive decision only if the outer layers of the drift
chamber coincided with the adjacent anode sectors of the
Z-chamber. Now information of the Z-chamber is
excluded from the trigger. The detector systems start
registration of event in case of coincidence of the internal
and external layers of the drift chamber. This increased
the efficiency of the trigger in detection of charged
particles. The new configuration of the trigger provided
an almost 100% efficiency of detection of slow charged
kaons.

Much work was done on the development of
algorithms for data reconstruction in the cylindrical
electromagnetic calorimeter. The so-called "linkage" of
clusters in the liquid-xenon calorimeter with those in the
Csl-crystal calorimeter was performed for the purpose of
creating a joint cluster. Corrections to photon energies and
angles in the calorimeter were developed, which resulted
in a decent agreement between the simulation and
experiment in the reconstruction of the neutral pion. A
joint calibration of the liquid-xenon and Csl crystal
calorimeters was performed based on events with cosmic
particles and e'e” scattering events.
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decay as detected in cylindrical calorimeter of CMD-3
detector.

As shown in Fig. 1.1.6, the determined resolution in
the mass of the n’-meson that was reconstructed from two
photons from the n°—yy is o,/m = 7%.

The calibration and refinement of the reconstruction
programs in 2013 resulted in an energy resolution of the
end calorimeter of the CMD-3 detector for events of ¢'¢”
—e'e’ande’e — yy that is close to the simulation.

Within the upgrade of the detector in 2013 — 2014, the
time-of-flight system will be replaced. The new system,
which is created in conjunction with the Institute of
Theoretical and Experimental Physics (Moscow), will be
made on scintillation plates that collect light using
spectrum-shifting fiber and SiPM photodetectors. A
prototype of one module of the system has been tested on
a BINP bench. A time resolution of 0.8 ns was obtained,
which is close to the design value. This system will be
installed in the detector by the new experiment season.

The works were carried out with a financial support
from the Russian Ministry of Education and Science,
State Academy of Sciences Basic Research Programs
II.15.1.2 and 1I.15.2.2 and RFBR grants 12-02-31501-a,
12-02-31499-a, 12-02-31498-a, 12-02-01032-a, and 13-
02-00215-a.
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1.2. THE SND DETECTOR

Experiments at VEPP-2000

Experimental season of 2012 < 2013 data-taking with
the SND detector at VEPP-2000 started in November 2012.
The aim of the experiment was to scan the energy range be-
low the ¢ meson. The beam energy F varied from 160 to
500 MeV. This experiment was completed in March 2013.
Accumulated integrated luminosity was 6 pb~!. A great
achievement of the VEPP-2000 collider in this season was
the high instantaneous luminosity, 4+ 5 times the luminos-
ity of VEPP-2M at the same energies. Due to the high lumi-
nosity, the experiment was completed ahead of the sched-
ule, and it was decided to conduct two additional experi-
ments in the remaining time: scanning of a narrow energy
region near the ¢-meson resonance with an integrated lumi-
nosity of 7 pb~! and an additional data-taking in the region
of the p- and w- resonances with an integrated luminosity of
8 pb~!. The first experiment was completed in mid-May,
the second experiment — at the end of June.

During these experiments, the collider energy was mon-
itored by the method of the inverse Compton scattering of
laser radiation on the beam electrons.

Detector status

During the experiments of the 2012 < 2013 season, all
detector systems worked steadily without significant prob-
lems.

Work was continued on the production of the second
copy of the tracking system. At the present time, wire
tensions have been tested and high-voltage distribution
was mounted. The inner cathode was manufactured and
fixed inside the body of the tracking system. High-voltage
boards are being configured.

Experiments in 20122013 years were performed with
the completely renewed electronics of the first layer of the
calorimeter. In 2013 the production and verification of new
electronics for the 2nd and 3rd layers of the calorimeter
have been completed. Work was continued on the develop-
ment of new electronics boards for calorimeter channels:
shaper amplifier, ADC and the DeltaT board allowing to
measure a time shift (from O to 25 ns) between the pri-
mary trigger signal and the digitizing step of ADC. The
new channel has been tested experimentally. For events
with energy deposition in the calorimeter counters more
than 200 MeV, time resolution was 1.3 ns. Amplitude res-
olution for the generator signal, equivalent to an energy de-
position of 100 MeV, equals to 350 keV.

In the experiments of 20102013 years, two versions
of the threshold Cherenkov counter system were used with
different refractive indices of the aerogel: n = 1,05 at the
energies F less than 500 MeV for e/m separation, and n
= 1,13 at the energies E greater than 500 MeV for K /7
separation. Using the experimental data collected above
the ¢-meson resonance, for the system with n = 1.13 de-
tection efficiencies were measured for charged m and K
mesons (Fig.1,2). The achieved degree of the system ef-
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Fig 1.2.1: Dependence of the detection efficiency of the
system of aerogel Cherenkov counters with n=1,13 on par-
ticle momentum. For pions (filled circles) events of the

process ete™ — a7~ 70 were used to determine the

efficiency. For muons (empty circles) the detection ef-
ficiency was obtained by using the events of the process
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function.
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Fig 1.2.2: Dependence of the kaon detection efficiency of
the system of aerogel Cherenkov counters with n=1,13 on
kaon momentum obtained by using the events of the pro-
cessete” - KTK™.

ficiency provides suppression of pions more than two or-
ders of magnitude in the momentum range from 350 to
870 MeV. The average amplitude of the signal for ultra-
relativistic electrons is 6-8 photoelectrons. The respective
registration efficiency of electrons is equal to 99.7%.

In 2013 the Cherenkov counter worked with a refractive
index n=1,05. Operability of the system was checked on
such ete™ — eTe™ process events the final state particles
of which hit the ” good” counter area (excluding hits of par-
ticles in the shifter and in the counter edges). Fig 1.2.3 and
4 show the time dependencies of the average number of
photoelectrons in the counter and the detection efficiency
of the system for ultra-relativistic electrons.
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ultra-relativistic electrons for the entire system of aerogel
Cherenkov counters with n=1,05.

Software Status

Software of the data acquisition system (DAS) was de-
veloping in the direction of supporting new electronics
components and improving controllability and reliability
of statistics collection. Namely, the following develop-
ments have taken place. Readout and saving of the event
based information were implemented for new boards digi-
tizing calorimeter signals (A24MM) and for the board that
determines the time shift of the trigger signal (DeltaT).
Several test runs were carried out with prototype boards.
More regular scheme to activate DAS processes (scenario
ponline) was adopted. Data exchange with VEPP2000 us-

ing the service channel access (VCAS) was implemented.
The storage, display and transmission of the beam energy
measurement data in VCAS were organized for the laser
backscattering system which determines the beam energy
from the Compton end-point energy of the scattered pho-
tons spectrum. The new mode suspension of run until
operator intervention (Pause) was added. In the pro-
cess of event based online monitoring a new calibration of
the interaction point was added which takes into account
the inclination of the beam axis, as well as a control of
the Z-coordinate measurement. An ability of the cold
(complete, after switching) initialization of all DAS control
blocks (cold_init) was added.

Of changes in the simulation the following points should
be noted: simulation software kernel was switched to
Geant4 version 9.5; simulation of the response of the muon
system electronics was brought to the operating state; pri-
mary generators for the processes ete™ — er, with the
decays 7 — pvv , evv or wv, and of eTe™ annihilation
into 8 particles uniformly distributed over the phase space
were developed and integrated into the SND simulation
software; the primary generator of the processes eTe™ — 4
leptons (DIAG36) were also added; A bug was fixed in the
simulation of the proportional chamber strips response; in
the primary generator Kardapo a new process e e~ — ¢
was added.

During 2012-2013, there were several important changes
in the system of processing and data reconstruction, in par-
ticular: corrections were designed and implemented ac-
counting geometric distortions in the detector, such as shear
and rotation of the axis of eTe~ beams, shear and rotation
of the calorimeter hemispheres relative to the drift cham-
ber; package vdkine of the kinematic reconstruction was
extended by inclusion of new processes; infrastructure was
developed for description of the physical structure of the
event and for the automatic generation of the kinematic
reconstruction algorithms; in the framework of scientific
cooperation, SND group started to use a computer cluster
(supercomputer) of the Siberian Supercomputer Center of
SB RAS for reconstruction, processing and modeling of
the events; for this purpose, we continue to use comput-
ing cluster of NSU too; the use of two independent sites
allowed to increase overall system reliability; in the ob-
ject candidate physical particle information was added
about the hits in the muon system (external scintillation
counters and proportional tubes) and in the particle iden-
tification system (threshold Cherenkov counters); new ob-
jects were added with information about the normalized
ionization density (dE/dz) in the event; software of SND
successfully passed the assembly and initial testing on the
x86_64 architecture in the regime of 32-bit compatibility,
on OS Linux SL6; infrastructure was developed allowing to
control the amplitude calibration of the drift chamber; in-
correct calibrations found were corrected; a procedure and
its applications were developed for obtaining an absolute
z calibration in the drift chamber; a procedure for remov-
ing artifact tracks in the chamber during reconstruction was
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significantly improved; a procedure of accounting for over-
laps in the detector events was implemented and tested.

SND data analysis

Analysis of the process eTe~™ — nmn have been per-
formed using all experimental data accumulated in 2011-
2012. The procedure of the cosmic background subtrac-
tion has changed; conditions for selecting nn events and
background suppression were improved; in the simulation,
more correct antineutron absorption cross sections were in-
stalled; during the processing of the simulation, recorded
beam background events are randomly superimposed. In
total, the analysis uses 18 points in the range of the beam
energy 900-1000 MeV, including 11 points above the nn
threshold. Integrated luminosity accumulated above the
threshold is AL = 5, 7pb~!. It should be noted that only
runs with an average luminosity above 3 - 103° cm~2sec !
were singled out for the analysis.

As a result of application of the selection criteria, the
initial set of more than 10° events was reduced to the level
of~ 5 -103. Detection efficiency e for the events of the
process eTe™ — nn was about 20%.

The process cross section at each energy point was de-
termined by the following formula:

N — 2T
7T L(1+ o) M

where NV is the number of selected nn candidates, x —
counting rate of cosmic events, T' — duration of the run, €
— detection efficiency, 6 — radiative correction, L — inte-
grated luminosity. The measured cross section is shown in
Fig.5 separately for 2011 and 2012 scans. For comparison,
the results of the first and the only previous measurement
of the ete™ — nn cross section in the FENICE experi-
ment is also shown. The average value of the cross section
is 0,73 £ 0,08 nb. However, in the energy points closest
to the threshold the cross section is close to 1 nb. The error
shown in Fig.1.2.5 is statistical one.

The measured distribution over cos 6, where 6 is polar
angle of antineutron emission, is shown in Fig.6. The bin
width varies for cosf, but for § a constant step of 9° is
used, to exclude a differential nonlinearity due to the finite
size of the calorimeter crystals. The experimental distribu-
tion is approximated by the sum of histograms correspond-
ing to the parts of the differential cross section containing
the electric G g and magnetic GG, form factors, which are
correspondingly proportional to 1 — cos #% and 1 + cos 62.
These histograms, normalized on the number of events ob-
tained in the approximation, and their sum are shown in
Fig.1.2.6. Taking into account an additional factor in the cross
section 4m? /4AE? in the part containing Gz, we can get:

GE/Gul® =2,8+4,6 )

We can see from this formula and Figl.2.6 some dominance

of the contribution of Gg over GGj;. This is the first mea-
surement of the quantity |G g /G | for the neutron.
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Fig 1.2.5: The measured cross section of the ere™ —
nn process. By different symbols are shown results of
the 2011 and 2012 SND experiments and the data from
the FENICE detector.
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Fig 1.2.6: Distribution of experimental events of the
process eTe~ — nn over cosf. Points with errors
— experimental data. Solid histogram — result of the
approximation. The pointed histogram shows the con-
tribution to the distribution of the term proportional to
G, and the dotted histogram — of the term propor-
tional to G ;. The upper histogram — the sum of these
two contributions.
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Fig 1.2.7: Two-photon invariant mass spectrum for experi-
mental events in the energy range 2 =1450-1550 MeV.
The curve shows the result of the approximation of the
spectrum by the sum of the effect and background.

The main sources of the systematic uncertainties in the
measured cross section are errors in the subtraction of the
cosmic background (0.1 nb), in the detection efficiency
(0.2 nb), in the subtraction of the physical background
(0.1 nb) and in the luminosity determination(0.03 nb). The
total systematic error is 0.25 nb or ~ 30%.

Cross section of ete™ — npatr~ was measured us-
ing 2011 and 2012 scans. Events with two charged tracks
and with two or three photons were selected. For se-
lected events, kinematic reconstruction under the ete™ —
77~ vy hypothesis was performed. Further, the two-
photon invariant mass spectrum was analyzed. The spec-
trum is approximated by the sum of the functions describ-
ing the spectra of the effect and background. An example
of the invariant mass spectrum approximation is shown in
Fig. 1.2.7.

In the process eTe™ — nr 7~ the dominant intermedi-
ate mechanism is ete™ — np. The energy dependence of
the eTe™ — npmtm™ cross section in comparison with the
results of previous experiments is shown in Fig. 1.2I8.can
be seen that the SND and BABAR results are consistent.

Analysis of the process eTe™ — nK T K~ is at an early
stage. To investigate the process eTe™ — nKTK~, it is
supposed to select events with two charged particles tracks
and two or more photons. Selection criteria are similar to
those for the process eTe™ — nmtn~ described above.
However, interaction of kaons with the calorimeter mate-
rial is characterized by the larger number of clusters which
are reconstructed as false photons. In order not to lose the
signal events, an upper bound on the number of photons
should be less than 10. Choosing a pair of photons from the
decay of the n-meson is supposed to be carried out by using
a kinematic reconstruction under the ete™ — KTK vy
hypothesis.

For simulation of the process ete™ — nK+t K™, a pri-
mary generator was developed on the basis of the mecha-
nism eTe~ — n¢ — nKTK~, which according to the
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Fig 1.2.8: The Born cross section of the process e e~ —

nrT 7~ measured by SND at VEPP-2000, by SND at
VEPP-2M and in the BABAR experiment. The curve is the
result of approximation of the cross section in the frame-
work of the vector meson dominance model with the sum
of contributions from the resonances p, p’, and p”.
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Fig 1.2.9: The two-dimensional distribution over the in-
variant masses of the systems vy and K+ K~ for simu-
lated events of the process eTe™ — nKTK ™.

experimental data previously obtained in another experi-
ment is a dominant mechanism. Fig 2.9 shows a two-
dimensional distribution over the invariant masses of the
systems v and KT K~ for simulated ete™ — nK ™K~
events at energy 2F = 1.7 GeV.

The process ete™ — w7~ 7% was studied based on
the statistics collected in 2011 in the energy range /s =
1.05 + 2.00 GeV. The data, corresponding to the integrated
luminosity of about 20 pb~!, were collected in 40 energy
points. To select the events under study, the following con-
ditions were required: the presence of two central tracks
with the polar angle 6 within 30° to 150°, and of two pho-
tons with energies greater than 30 MeV. For selected events
the kinematic reconstruction was performed assuming that
the event comes from the process et e~ — 77~ 27y. On
the parameters obtained in the reconstruction the following
restrictions were imposed: x? of the hypothesis that tracks
have a common origin is less than 60, x? of conservation
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Fig 1.2.10: Cross section of the ¢"e~ — 777~ 70 process
measured at VEPP-2000 in comparison with the results of
previous experiments: SND at VEPP-2M and BABAR.

of energy and momentum is less than 40. The main source
of the background events in the studied energy region is the
process ete™ — 777070, Separation of the effect and
the background is carried out in the approximation of the
spectrum of the invariant mass of two photons by a sum of
the distributions obtained from the simulation for the pro-
cess under study and for the background process.

To study a systematic uncertainty of the detection effi-
ciency obtained from simulation, ete™ — 77~ 7° pro-
cess was studied in the energy range of the ¢-meson reso-
nance. In this region desired events can be selected with
minimal background impurity using significantly milder
selection conditions. Distributions over x? of the kinematic
reconstruction were studied and the corresponding correc-
tions to the detection efficiency determined. A correction
associated with the strict restrictions on the number of pho-
tons was also identified.

The measured cross section of the ete™ — 7tg— 70

process is shown in Fig. 2.10 together with data from pre-

vious experiments: SND at VEPP-2M and BABAR. The
results of all three experiments are consistent to each other.

In the energy range 1+2 GeV, the cross section of the
ete™ — 777070 process is determined by production
in eTe™ annihilation of the p, p’ and p”’ vector mesons with
their subsequent decays into the 7+ 7~ 7?7 final state. The
main mechanism of the decay is provided by the wn® and
am, rhotp~, fop° intermediate states. In this energy re-
gion the ete™ — w7~ 7070 cross section dominates in
the total cross section of the e*¢™ annihilation into hadrons
and contributes significantly into the hadronic vacuum po-
larization.

Pre-selected events with two or more charged particles
and four or more photons were analyzed. The extra par-
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Fig 1.2.11: The measured cross section of the ete™ —
7 t7~ w070 process in comparison with the results of pre-

vious experiments.

ticles were allowed to avoid the loss of events due to su-
perimposed tracks and photons from the beam background
and due to emergence of false photons in pion nuclear in-
teractions with the detector material.

Further kinematic reconstruction of the events was per-
formed under the assumption of the 7+ 7~ 7970 final state
with implementation of the laws of conservation of energy
and momentum. No additional assumptions about the in-
termediate state were introduced. In events with three or
more charged particles, or five or more photons, in the kine-
matic reconstruction all possible combinations is checked
and the combination providing the minimum value of x? of
the kinematic reconstruction is selected.

Events were selected for which x? of the kinematic re-
construction is less than 100 and masses of the recon-
structed 7° mesons lie in the range 80-200 MeV.

Detection efficiency for the eTe™ — 77~ 7270 pro-
cess was determined from simulation. Radiative correc-
tion was calculated by the Monte-Carlo method and varied
smoothly with energy from 0.88 at 1 GeV to 1.14 at 2 GeV.
The measured cross section is shown in Fig. 1.2.11.

For the separation of the intermediate reaction mecha-
nisms, the 77~ 70 invariant mass distribution was used.
At that the combination closest to the mass of the w-meson
was chosen to form the distribution. In the energy region
below 1.4 GeV, the distribution over this parameter is well
described by simulation. The shapes of the distributions
over this parameter for each of the four reaction mecha-
nisms were extracted from the simulation. To determine
the contribution of the w7 intermediate state, the exper-
imental distribution over the 7+ 7~ 7" invariant mass was
approximated by the sum of four distributions with fixed
shapes, taken from simulation. There were four free param-
eters altogether in the fit. Cross sections of the processes
ete™ — wn¥and ete™ — 77 7070 (with the contri-
bution of the w7 intermediate state subtracted) are shown
in figs 1.2.11,13, 14. Using experimental data correspond-
ing to the integrated luminosity of about 25 pb~! collected
in the energy range 1050-2000 MeV in 2011, a preliminary
study of the process eTe™ — w7~ 7 7~ was conducted.
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without the contribution of the wn® intermediate state.
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Fig 1.2.14: The measured cross section of the reaction
ete™ — T~ 7970 with the contribution of the wn® in-
termediate state subtracted.
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Fig 1.2.15: The cross section of the process ete™ —
7w~ 7w~ obtained in this work in comparison with re-
sults of the BABAR experiment.

Events with four or more charged particles and less than
two photons were selected. For the four charged tracks the
hypothesis that they all originate from the interaction point
was tested and x? of this hypothesis in the R — ¢ plane
(x?) and in the R — Z plane (x?) were calculated. The
conditions x? < 8 and x? < 20 were imposed on these
parameters. To suppress the beam background, events with
too large z-coordinate of the vertex, | Z,er¢| > 10 cm, were
rejected. Also we impose conditions on the total energy
deposition in the calorimeter (< 1.75E) and on the en-
ergy of each reconstructed particle (< 0.75F). The above
selection criteria do not help against the background pro-
cesses ete™ — 6m,ete” — KTK ntn~ andete —
K,K™n~ — K'tntn~n~. Expected numbers of such
background events was calculated according to the simu-
lation using experimental data on their cross sections and
subsequently subtracted. Preliminary results on the cross
section of the process eTe™ — wta 7T ~, in compari-
son with results of the BABAR experiment, are shown in
Fig. 1.2.15.

Analysis of the process eTe~™ — 17y, based on the inte-
grated luminosity of ~32 pb~! accumulated in the energy
range 1.07+2.00 GeV in 2010+2012, is near completion.
The process ete™ — 1y is studied in the seven-photon fi-
nal state, that is in the » — 37" decay mode of the 77 meson.
Events with seven or more photons and no charged particles
were selected for the analysis. The following conditions on
the full energy deposition in the calorimeter, F;,:, and on
the total momentum of photons, P;,;, were imposed:

0,7< Eyt/2F < 1,2,

Ptot/2E < 0,3/C,
Etot/2E - CPtOt/ZE > 0,7

For selected events, a kinematic reconstruction was per-
formed using measured angles, energies of photons and
conservation of energy and momentum. The kinematic re-
construction provides refined photon energies and returns
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energetic photon in the event for selected experimental
events (data), and for simulated events for the processes
ete™ = ny(my) and ete™ — w7 (Wr070).

the value of X2, which characterizes the reliability of the
hypothesis about the process used in the kinematic recon-
struction. Three hypotheses were tested and respectively
three x? parameters were calculated:

e cte” —ny(n>7), X%»y;
o efem — 07109, X0y
- 2

o ete™ — 310, X370+

Further event selection was performed with the following
restrictions:

X?L'y <30 ) XE.—OT(O,Y > 20 s X%ﬂ_o,y < 50.

For selected events, a distribution over the recoil mass
M,... of the most energetic photon in the event was formed
and it is shown in Fig. 16. The final selection of the events
is carried out by the condition 400 < M,... < 600 MeV.

The measured cross section of the process eTe™ — 7y
is shown in Fig.1.2.1The cross section was approximated
in the vector meson dominance model taking into account
contributions of the vector resonances p, w, ¢, p’ and p”.
Free parameters of the approximation were masses and
widths of the p’, p" resonances and cross sections of the
ete™ — p' — ny (o) and ete™ — p" — ny (o,0)
processes at the resonance peaks . Unfortunately, because
of the small statistics, phases of resonances p P"™¢ and p”
cannot be determined in the approximation. For them we
used the values 0° and 180° in various combinations. Pa-
rameters of the p, w and ¢ resonances were taken from our
previous work.

Approximation that gives the smallest x?/ndf corre-
sponds to values ¢, = 180° and ¢, = 0°. For the cross
sections at the resonance maximum the following values
were obtained:

11,2 +7,1
oy = (55,7552 1 £1,6) pb,

O'p// - (47, 4t;?’é t%;l :l: 1) 3) pb?

where the first error is statistical, the second is due to model
dependence, and the third is the systematic one. The graph
of the cross section corresponding to these parameters is
shown in Fig.1.2.17.
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Fig 1.2.17: The cross section of the process ere™ — ny
measured in this work and the result of approximation by
the model described in the text.
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1.3. KEDR DETECTOR

The KEDR detector is a universal magnetic
detector, employed in experiments on the e™e™ collider
VEPP-4M in the energy range of 2 to 11 GeV in the
center of mass system. The detector also comprises
a system for registration of scattered electrons for
research on the vy physics and a luminosity monitor.
The KEDR detector parameters are at the level of the
best world detectors operating in this energy range.

Assembling the KEDR detector.

In 2013, the repair and modernization of the
detector was completed and the detector was
assembled in full in the experiment interval of VEPP-
4M. Most, systems installed in the detector have been
tested and calibrated in runs with cosmic particles.
The serviceability of the accelerator complex has been
recovered: the complex is ready to work for luminosity
in the energy range of ¥ mesons. It is planned to
increase the magnetic field in the detector to 6kGs in
February 2014 and start an experiment run.

Status of systems of the KEDR detector.

— Vertex detector. In 2011 34 channels of 310 were
turned off; huge crosstalk was observed in the pre-
amplifiers. As a result, attempts to increase the
amplification led to «falses tracks and worsening
of the detector resolution.

During the stop, all the tubes were repaired;
all leaks were eliminated; the preamplifiers were
equipped with additional screens to reduce the
crosstalk; the radial wiring diagram for connection
of the electronics channels was replaced with
a tangential one, which should further reduce
the possibility of false tracks; the system of gas
splitters on the detector was modified, and now
both a group of tubes and individual tubes can
be disconnected during operation. The system has
been installed in the detector; leaks have been
detected in 12 tubes.

— The drift chamber was renovated and set in
the detector; tests with cosmic particles were
carried out. Before the stop (2011), 2 full layers
and 2/3 layer of seven layers were in operating
condition. Currently, 6 full layers and 1/2 layer
are in operating state. The data for obtaining the
parameter X(t)are under processing.

— Aerogel Cerenkov counters (ACC). Before the
stop, the detector contained a single layer of the
system (80 counters, 17 of the counters out of
service); the effectiveness of the system was 80 %
in the barrel and 96 % in the ends. Now the system
is installed in the detector in full (160 counters
in two layers). The system for high-voltage
supply and noise control has been commissioned;
programs for data collection and reconstruction
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have been refined. The electronics have been
calibrated and statistics with cosmic particles
have been collected for geometric alignment of the
system and evaluation of its effectiveness.

Time-of-flight counters have been fixed (gluing of
broken light guides and wrapping in aluminized
mylar) and installed in the detector. The barrel
magnetic screens were equipped with additional
screen inserts, which will reduce the effect of
amplitude fall in magnetic field injection. 6
electronics channels in the barrel part of the
system and one in the end have been repaired.
All the counters are operational now (before field
injection).

Liquid-krypton calorimeter. The krypton cleaning
system has been assembled and tested. The
entire krypton volume has been cleaned of
electronegative impurities to a level better than
0.5ppm, which corresponds to a free path in liquid
krypton (LKr) of more than 10mm. Maintenance
and repair works have been carried out on all
the channels of the chamber electronics. The
calibration capacity of all the preamplifiers has
been measured.

The CsI calorimeter with a new structure of 4
modules was installed in the detector, which will
enable knowing the position of each crystal with
accuracy better than 1 mm. 300 channels out of
service and 100 channels with reduced efficiency
have been fixed. At the moment (before magnetic
field injection), 10 channels are out of service.

Muon chambers. During the shutdown, all the
units of the muon system were repaired, which
included replacement of all the driver boards and
repair of faulty boards of the expansion tanks. 10
wires were replaced.

The system comprises 544 channels. By the time
of the shutdown, there were 46 (9 %) completely
defective and 38 (7 %) partially faulty channels.

The current state of the system is as follows:
10 (1.8 %) completely faulty channels and
8 (1.5 %)partially defective (no longitudinal
coordinates) channels. The efficiency in the rest
of the system is > 98 %.

Magnetic system. Cryo wires in the magnetic
system of the detector have been remade: a slight
inclination was made throughout the length to
prevent accumulation of helium gas; the primary
winding of the SC transformer will be fed via
warm wires passing outside the cryo wire, through
a plug in the housing of the cryostat. The
control system was supplemented with quick (a
discreteness of a few microseconds) check of



currents (voltages) on the primary coil of the SC
transformer, on the SC keys, and at some critical
points. New SC keys have been manufactured,
tested and mounted in the system for powering
of the KEDR detector solenoid.

— System for registration of scattered electrons. On
the electron and positron lines, a scheme was
created and put into operation for calibration of
the system for registration of scattered electrons
on the basis of precision electro-magnetic
calorimeters. The scheme is based on BGO
monocrystals and two lasers with wavelengths
of 532 nm and 1064 nm. Two calorimeters for
the electron and positron shoulders and a system
of mirrors to direct laser radiation towards the
electron or positron beam were manufactured.

The system enables calibration of the dependence
of the track coordinate on scattered electron
(positron) energy and measurement of the
energy resolution. An automated procedure for
calibration of the system for registration of
scattered electrons was put into operation for the
electron and positron shoulders, which will enable
one to perform calibrations in a few minutes
between acquisitions of experimental data.

Development of FARICH technique.

FARICH(Focusing Aerogel RICH, FARICH) is
a promising detector for identification of charged
particles in a wide range of pulses. It is a ring
image Cherenkov detector with a radiator of multilayer
«focusing» aerogel. The work has been done by the
aerogel group of the KEDR detector together with
a group from the Institute of Catalysis SB RAS
since 2004. The FARICH methods are in demand in
several planned experiments on high-energy physics:
Super-c-7-factiry (BINP SB RAS), PANDA(FAIR,
Germany), ALICE (CERN), Belle IT (KEK, Japan).

In 2008-2010, BINP created the facility «Extracted
electron beam on the VEPP -4M accelerators, which
allows research on prototypes of new detectors of
elementary particles with beams of electrons and
gamma quanta. The electron beam is generated using
the bremsstrahlung on a movable probe brought into
the halo of the accelerator beam. Conversion of the
bremsstrahlung gamma quanta occurs upstream the
dipole magnet in the experimental hall. The magnet
is used for selection of electrons by their momentum.
The resulting electron energy range is 60-3000 MeV.
The gamma quantum beam will be generated using
a pulsed laser. The laser beam is injected into the
vacuum chamber of the collider VEPP-4, where it
interacts with the electron beam at the collision
point inside the universal magnetic detector KEDR.
Laser photons interact with electrons via the Compton
scattering. As a result, a beam of gamma quanta

is generated in a narrow cone directed along the
electron beam. The gamma quanta energy is measured
using a unique system for registration of scattered
electrons with accuracy of about 0.5 The installation
is described in more detail in the BINP report for the
year 2011.

The first FARICH prototype was tested on extracted
electron beam in 2011. The results were in good
agreement with the simulation. They were presented
at several workshops, seminars and conferences. The
results of the work are described in more detail in the
BINP report for the year 2011.

The following was done in 2013 as part of the
development of the FARICH technique:

e An automatic system was created for synthesis of
aerogels with continuous gradient of the refractive
index and possibility of control of the ratio of
initial reagents.

e 3 samples of focusing aerogel with continuous
refractive index were made. About 10 samples of
multilayer aerogels were produced.

e A FARICH prototypeNe2 with a photodetector
consisting of 60 silicon photomultipliers of the
CPTA 151-30 type was tested on the beam
(Fig.1.3.1). The coordinate resolution of the
photodetector is nearly two times better than in
prototype Nel. 9 samples of focusing aerogels were
investigated on beam using the prototype. The
data are under processing.

Fig.1.3.1: Photo of 60-channel photodetector based on
CPTA 151-30 silicon photomultipliers.

e The processing of the results of the test of the
FARICH prototype with DPC photodetector on
hadron beam at CERN was completed (see the
BINP report for the year 2012). A record high
separation of 7 and K mesons was attained, which
reaches 3.5 sigma with a 4 GeV /s pulse, which is
almost twice the separation factor achieved with
the FDIRC detector prototype for the project of
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the SuperB-factory. The u/7m separation was 5.3
sigma with a 1 GeV/s pulse, which is sufficient
for experiments at the planned Super-c-7-factory.
The results were presented at the international
conference VCI 2013 and International Forum
AFAD 2013  and published in a peer-reviewed
journal. Figl.3.2shows the resulting factor of
separation of m and K mesons as a function of
particle momentum.
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Fig.1.3.2: 7/ K separation as a function of momentum
for the FARICH prototype with DPC as obtained on
hadron beam at CERN. Circles: experiment; squares:
modeling.

e The FARICH prototype with DPC photodetector
was upgraded. In 2013, the prototype was
tested on extracted beam of electrons on the
VEPP-4M accelerator in the mode of high
spatial resolution (a pixel was camouflaged
to a 1x1 mm? size). Fig.1.3.3 depicts the
prototype on the extracted beam. The prototype
was used in a measurement of 14 samples of
aerogels. Preliminary results were presented at the
international RAS conference, Section of Nuclear
Physics and at the international conference
RICH 2013.

e The state corporation «Rosatom» and Helmholtz
association (Germany) awarded a grant for 2014-
2017 for development of the engineering design
of aerogel RICH detector for the experiment
PANDA. Works on the project were begun.

1.4. Results of the KEDR detector operation on
the VEPP-4M collider in 2013

In 2013, the statistics collected on the VEPP-
4M collider in the KEDR experiment was intensely
processed. The main results are summarized below.
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Fig.1.3.3 Photo of FARICH prototype with DPC on
extracted electron beam.

— The processing of the experimental verification of
lepton universality in decays of J/i¢) meson was
completed.

— The J/¢ — ~m. process was investigated; the
results were passed for publishing.

— A direct measurement of the I'c.I',,/I'(25)
value of meson was performed.

— A preliminary measurement of the T'ceI'nadr /T 7/y
value of meson was performed.

A more detailed description of these papers is given
below.

1.4.1.Checking lepton universality in decays of .J /1

meson.

Search for deviations from the Standard Model is
one of the urgent problems of modern high-energy
physics. Increasing the accuracy of experiments on
checking the conservation principles is one of the main
directions of the research.

In 2013 the KEDR collaboration completed the
experiment on checking the lepton universality in
decays of J/1) meson. The ratio of the partial widths
of the J/1p — ete™ and J/¢p — pTp~ decays was
measured; the following result was obtained:

Cote (/) /Tyt - (/1) = 1.0022£0.0044£0.0048

The accuracy of the result was 0.65%. Fig.1.3.4
presents a comparison of the lepton widths of the
J/1¢ resonance which were obtained in different
experiments. The article has been passed to the journal
Physics Letter B.

1.4.2.Measurement of the probability of the .J/v

—1. decay and parameters of 7, meson

Analysis of the data yielded the following values for
the mass and width of the 7. meson:
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Fig 1.3.4 Comparison of T /T, obtained in different
experiments. The position of the band and its width

are in agreement with the worldwide average value and
uncertainty of I'e. /T, by PDG data.

M, =2983.5+ 14725 MeV/s?

T, =272+3.17 5 MeV .

Within the measurement error, these values are
consistent with the worldwide average values. These
parameters were earlier measured by other groups in
decays of J/v mesons and B mesons and ~+ and pp
collisions. In radiative decays of J/v¢ mesons, if the
resonance is fitted with the Breit-Wigner function,
because of the asymmetry of the spectral line, there
is a shift in the measured mass towards lower values
by a value of about 4 MeV. The Crystal Ball Group
took this asymmetry into account, while the MARK3
and BES groups did not. Therefore, we believe that the
results of measurements of the mass of the 7. meson by
these groups should be corrected by this value, which
will result in better agreement with measurements
made in other experiments. Our result for the relative
probability of the J/i¢ — ~n. decay is as follows:

B(J/1 — yne) = (3.59 + 0.22 + 0.25)%.

This result (Fig.1.3.5)is consistent with the recent
theoretical calculations on QCD lattices. The article
was directed to the journal "Nuclear Physics".

Measuring I'c.I',,/T" of 4 (25) meson

A direct measurement of the product of the leptonic
width by the probability of 1(2S) meson decay into
a pair of muons was carried out, and the following
preliminary result was obtained:

Teel /T = 944044116V,

The accuracy of the result (Fig.1.3.6) is about two
times better than the "world average" one, which is
calculated as the product of I'.+.- and B,,.

B>, %

KEDR (this result)
Becirevic 12
Donald 12
BES 12
CLEO 09
Eichten 08*
BABAR 06
Dudek 06
Brambiila 06 -
Beilin 87
Crystal Ball 86
Khodjamirian 84
Shifinan 80
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Fig.1.3.5:J/¢ — ~n. decay probability from different
experiments and its average value (shown by the
vertical stripe).
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Fig.1.3.6: Comparison of T'c.I',,/I" obtained in the
KEDR experiment and the "world average" value. The
summarized KEDR result is shown with a horizontal
line and its errors are indicated with gray stripes.

Measuring the T'o.jqar /T valueof J /1 meson

In 2013, a preliminary result was obtained on the
measurement of the product of the leptonic width of
J /1 meson by the probability of its decay into hadrons:

Tee X Br(J/y — hadrons) = 4.67+0.04+0.19 keV.

This preliminary result has a better accuracy
in comparison with previous direct experiments,
although is somewhat inferior to the "world average"
alue, which is the product of TI'p+.- and Bpadrons

(Fig.1.3.7).
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Fig.1.3.7: Comparison of I'cecl'hadrons/I" obtained in
various experiments and the world average value.
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1.5. ELECTRONICS FOR HEP
DETECTORS

In 2013, the following works were performed as part
of the upgrade of the electronics of detectors.

1.5.1 KEDR.

The KEDR detector was being repaired. A
reconditioning of the electronics of the chambers of the
calorimeters in the detector — the krypton and Csl
calorimeters — was completed, with partial replacement of
amplifiers.

1.5.2 SND.

The electronics for the second and third layers of one
hemisphere of the calorimeter have been upgraded.
A prototype of the A24F module with TCP/IP exchange
was made; it is under debugging.

1.6. X-RAY DETECTORS

In 2103, within the framework of creation of a multi-
line position detector with silicon microstrip structures as
recording elements, an agreement was concluded with
HAMAMATSU. The company is to manufacture nine
coordinate structures of three modifications for tests and
selection of optimal parameters.

In 2013, two OD-3M detectors were manufactured
and debugged. The first one has a focal length of 1500
mm and is intended for the Siberian Center for
Synchrotron and Terahertz Radiation; the second one has
a focal length of 700 mm and is intended for a
diffractometer.

Made Two copies of the motherboard of the detector
OD-4 for wide-angle scattering experiments on SR were
made. A multistage gas electron multiplier (GEM) is used
in OD-4, unlike OD-3M with wire structure. This allows,
along with high gas gain (over 10,000), making an arc
detector with arbitrary angular aperture.

Fig. 1.6.1. Microchip crystal on substrate for
testing.

As part of the development of designing of ASICs,
for the first time the Institute has developed the topology
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and obtained working copies (Fig. 1.6.1) of microchips
for use in X-ray position detectors of the DIMEX type.

1.7. DATA ACQUISITION SYSTEM FOR
DETECTOR BELLE-IT

Within the framework of international projects, the
BINP members continued their wide participation in the
development of the new data acquisition system for the
detector BELLE-II (KEK, Japan).

In 2013,
- the high-voltage filters of the preamplifiers of one end
of the calorimeter were modernized;
- collective effects for 12x2 recording modules of the
cylindrical calorimeter were investigated; modifications
to suppress crosstalk of adjacent boards were developed
and implemented;
- a design was developed for a programmable logic
integrated circuit for the collector module, for data
transmission by an optical channel;
- the reading system was checked at a triggering speed of
up to 30 kHz; based on the check results, production of a
complete set of modules was started;
- a test batch of recording modules for the end part of the
calorimeter was designed and ordered.



1.9. THE BELLE EXPERIMENT

1.9.1. Main results.

The main focus of this group is collaboration in the
field of elementary particle physics with the High Energy
Accelerator Research Organization (KEK), Tsukuba,
Japan, which is one of the largest and fastest growing
laboratories for high energy physics in the world. In
recent years, the KEK management has been actively
expanding its international cooperation aimed at making
KEK an international centre in this field of physics. One
of the key experiments in elementary particle physics in
Japan is currently the study of CP violation in B meson
decays using the Belle detector at the high luminosity
electron-positron storage ring (the so-called B factory).

BINP members have made a significant contribution to
the construction of the electromagnetic calorimeter of the
Belle detector, both at the design stage and during the
manufacture of components of the world's largest
calorimeter based on cesium iodide monocrystals, during
its assembly and adjustment.

In 2010, the Belle detector was stopped for upgrade.
The acquired Iluminosity exceeds 1040 inverse
femtobarns. These experimental data are under processing
now, and the detector and the accelerator are being
upgraded for increasing the luminosity and preparation
for experiments which will enable improvement of the
accuracy of CP violation measurements by an order of
magnitude and, possibly, observation of manifestation of
physical phenomena beyond the Standard Model.

BINP members are actively participating in both the
upgrade of the detector and processing of the
experimental data.

Below are the main results for 2013.

Study of mixing of neutral D mesons is going on.
Search for decays of exotic state X to modes
containing 1. meson was performed.

e Parameters of Z;, states were measured.

e The neutral resonance Z,'(10610) was first
discovered.
e Preliminary results of the study of the

B"—> D" wr" decay were obtained.

A search for T—lhh' decays with violation of the
lepton flavor was performed.

e The measurement of the relative probabilities of the
decay and mass spectra for t decays with K’ meson in
the final state was completed.

e Work on the study of t lepton decays into three
pseudoscalar charged mesons and neutrino was started.

e The measurement of the relative probability of the
A, —pKn" decay was completed.

e A VME crate for the electronics of the calorimeter
was designed and manufactured.

e The first batch of the mass production of shaper-
digitizers was manufactured and tested.

e Modified boards for the endcap calorimeter was
manufactured and tested.
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e A pilot version of the collector module for work with
high-rate information transition via optical channel was
developed. The new module had been produced, and its
operation was tested in high-speed readouts.

e Works on the modernization of the bias voltage filter
for the photodetectors of the endcap calorimeter were

carried out.

1.9.2. Data analysis.

Model-independent measurement of

parameters of neutral D mesons

mixing

Within the Belle experiment, work continues on the
measurement of parameters of mixing of neutral D-
mesons. The mixing parameters and parameters of CP
symmetry violation in the mixing are obtained using a
model-independent approach suggested in Phys. Rev.
D82, 034033. This method uses a three-particle final state
but it does not apply the model of the D meson decay
which allows one to avoid model uncertainty. The mixing
parameters are crucial for charm quark physics.
Measurement of CP violation in mixing will enable
checking the Standard Model, as these parameters are

rigidly constrained in it. In addition, precision
measurement of the mixing parameters will reduce the
theoretical uncertainty in other measurements, in

particular in the measurement of the angle y of the
unitarity triangle. By now, the distributions of kinematical
parameters for signal and background events have been
studied; a procedure for extraction of the mixing
parameters from decay time distribution for D mesons has
been developed; correlations between the kinematical
parameters of events and the measured D meson decay
time are under study (see Fig. 1.9.1).
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Fig. 1.9.1. Mean value (left) and standard deviation
(right) of D meson mass distribution vs. error in
measurement of D meson decay time.

Search for decays of X into modes with 1. meson

The Belle collaboration first found the exotic state
X(3872) in 2002 in the B'—K'n'mwJ/y exclusive decay.
The mass of this state is close to the threshold
MD")+ M(F) which gave rise to a hypothesis that X

(3872) may be a p°p™ molecule. Thus, it was suggested
that there may be other similar particles, which are also
bound states of D(*) mesons. If these states exist, they
have quantum numbers different from those of X(3872)
and can be found in decays containing m. meson. If



molecular states of the D°D° or D™ D™ type are possible,
such particles have a mass different from 3872 MeV.
They were denoted as X(3730) and X(4014), respectively.
BINP group performed a search for decays of X-like
exotic states into different modes with . N, Mo, NN,
and n.’. An algorithm was developed for separation of
events of the B*>K*X decay with subsequent decays of
X into the above modes. No signal was detected so far in
any of the studied channels of X decay (see Fig. 1.9.2). So
upper limits were set on the products of the branching
fractions of X production and decays. The work is ready
for publication, and is now in the process of discussion
within the collaboration.

Study of exotic states Z,,(10610) and Z,,(10650)

In 2010-2011, the BINP group of the Belle
collaboration performed a data analysis on e'e
annihilation into final states of the Y(nS)n'n™ type, where
n = 1,2,3. The most important result was observation of
two new charged bottomonium-like states Z,(10610) and
Z,(10650) (Phys. Rev. Lett. 108, 122001). Fig. 1.9.3
shows the distribution over the invariant mass of the
Y(nS)n system where two peaks are clearly visible. The
BINP group used the Dalitz analysis technique, which
enabled a complete amplitude analysis of the six-
dimension phase space of these transitions.
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Fig. 1.9.2. Fitting of invariant mass distributions for
N’ (a) and n.w (b) in the region of the X(3872)
resonance, for nen (c) and ner” (d) in the region of the
X(3730) resonance, and for nen (e) and nen’ (f) in the
region of the X(4014) resonance.

The most important result of this work is measurement
of parameters of Z, states: mass, width, spin and
parity(P), as well as the relative phase between the
amplitudes of Y (nS)—Z,(10610)x and
Y (nS)—Z,(10650)x.

The existence of decays of the Zy—Y(nS)n" type makes
it impossible to classify Z, as two-quark systems. Thus
the minimum set is that of four quarks. The authors of this
work suggested considering the new states as a weakly

bound system of B and B® mesons in the Z,(10610) case

and a system of BB mesons in the Zy, (10650) case,
respectively (Phys. Rev. D 84, 054010). Besides of being
in good agreement with all the known Z, state properties,
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such a model predicts new properties. Some of them can
be checked with the existing statistics.
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Fig. 1.9.3. Distribution over the invariant mass of the

Y(2S)n* system (left) and n'n system (right) for events

from the signal region of the Y(5S)—=Y(QS)n'n decay.

Points: experimental data, histogram: result of fitting,

shaded histogram: expected level of background events.

From the suggested model it follows that the
dominating decay channels for Z,(10610) and Z,(10650)

will be decays into BB" and B B" , respectively.
Search for these decays is complicated by reconstruction
of B mesons that have no dominating decay channels. The
large data sample collected by the Belle detector made it
possible not only to extract they(5S)— BBr three-

particle processes but also to perform preliminary analysis
of the dynamics of these decays. Fig. 1.9.4 shows mass

distribution of the BB" and B*B" systems and results
of approximation using different models.

The preliminary results are consistent with the
hypothesis  that  the  three-particle  transitions

#(55)—> BBz and y(55) > B'B'x
through intermediate production of Z, states. The work

has been completed and currently is in the process of
discussion within the collaboration.
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Fig. 1.9.4. Invariant mass distribution of the BB (left)

and the B* B’ (right) systems for events from the signal
region for decays y(5S)— BB’z andy(5S)— B B'r,
respectively. Points: experimental data, lines: result of

fitting with different models, shaded histogram: expected
level of background events.




First observation of Z,"(10610) neutral resonance

In 2010-2011, the BINP group of the Belle
collaboration performed the first observation of the
charged bottomonium-like states Z,(10610) and
Z,(10650) (Phys. Rev. Lett. 108, 122001). This analysis
was extended to the search for neutral isospin partners in
the Y (nS)n"n” final state.

Decays Y(10860)—Y(nS)n’n’, n=1,2,3 were found
during analysis of the 121 fb" data acquired at the Belle
detector near the Y(10860) resonance. The cross sections
of o(e’e —Y(10860)—Y(18)n’n’) = (1.16 + 0.06 + 0.10)
pb, o(e'e =Y (10860)—Y(2S)n’n’) = (1.87 £ 0.11 + 0.23)
pb, and o(e’e —Y(10860)—Y(3S)n’n’) = (0.98 + 0.24 +
0.19) pb have been measured. The results are consistent
with the prediction for the cross sections of
e'e —>Y(10860)—Y(nS)nr'w with consideration of the
isospin conservation hypothesis (arXiv: 1209.6450).

Dalitz plot analysis was performed for these processes.
The Z,’(10610) neutral resonance which decays to
Y(2,38)rn” was first discovered. The significance of the
signal including systematic uncertainties is found to be
6.56. The measured mass of this resonance is
(10609+4+4)MeV/c?, which is consistent with the mass of
the corresponding charged state, Z,(10610). The results
have been published and presented at international
conferences.

Fig. 1.9.5. Recoil mass to n’n’ system for events
(@)Y(mS)[pw]n’n’ and (b)Y (nS)[e e Jn’n’.

(c) invariant mass of Y(I1S)t'w for events
Y(2S)[Y(1S)n'w]n’r’. Points with errors show the data;
the curves are the fit result.

Dalitz analysis of decay B ‘~>D"wx"
BINP members have obtained preliminary results for
this study. In particular, the full width of the

B'->D"or decay has been measured. With the use
of the Dalitz analysis, the partial widths of the following
resonance decays were determined:

B°—> D" p(770) —> D"  wn"~

b

B°—> D" p(1450) —> D" wrn"~

>

B°~>D,(2430)’w0-> D" 7" w
B"—>D,(2420)°w-> D" 7" o

Contributions of p-like resonances and D** states were
observed. Effective parameters (coupling constants and
phases) were obtained, which describe the dynamics of
production of these states with account of interference
between them and effects of interaction in the final state.
The branching fraction of the color-suppressed
B'->D,(2460)°w0-> D" 7" w

T
M2, Govic? Moy (22, Govic?

decay has  been
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0 0
measured. The widths of the B —> D2(2460)°@ 4
0 0
B7=>D,(2420) @ decays turn out to be comparable,
as predicted by the SCET theory. Besides, the upper limit

0 *y _ *q —
for the B —>D b,(1235) -> D " or decay was

set. This result is the first attempt of observation of
b;(1235) resonances in decays of B mesons. The
longitudinal polarizations of D** states have also been
measured. The results are consistent with the general
picture that is observed in decays forbidden by color. In
such decays, violation of the factorization hypothesis is
observed. As part of the Dalitz analysis, unbinned fit to
experimental data was performed. The results with signal
and background distributions are shown in Fig. 1.9.6.

At the moment, the results are being discussed within
the Belle collaboration and will be published soon.
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Fig. 1.9.6. Dalitz plot projections of fit results in the
signal region. a) Distribution of the squared mass of on
pair, b) distribution of the squared mass of D'r pair. Dots:
experimental data, dashed histogram: background
contribution to the signal area, open histograms:
contributions of signal components, black histogram: the
overall fit result.

Research on 7 lepton decay

Search for T—1hh' decays with lepton flavor violation
was completed, where 1 = e, p, and h = x, K. 14 different
decay modes were under study. With the use of a large
data sample (782x10° produced pairs of T leptons), the
upper limits on the relative probabilities of the following
decays were set: B(T—¢hh')<(2.0 — 3.7)x10™*, B(t -
hh')<(2.1 — 8.6)x107®, at the 90% confidence level. These
limits are the strongest among all similar studies. Results
have been published in the journal Physics Letters B.

Another completed analysis of the experimental data is
dedicated to the measurement of the relative decay
probabilities and mass spectra of T decays with K’s meson
in the final state. The data sample used for this analysis
was 669 fb™', or 616x10° produced pairs of t leptons. The
final values of the relative probabilities were obtained for
the inclusive decay T—-K%X v, as well as for six
exclusive modes: T —K’stv,, T —>K’sKv,, T —>n’K'smv,,
T-1K’%Kv,, 7KK %mv, , and T—>K’sK’mn’v,. In
the latter case, the spectra of invariant masses for the final
states KK’’’ and K’ were also found. In the first
case, we see an apparent intermediate structure
corresponding to the production of f(1285) with a
significance of 5.9 standard deviations, and in the second
case we see the K*(892) meson. These results were



reported at the PhiPsil3 conference in Rome. Currently,
the final version of the journal article is being prepared.
Another focus is the study of t lepton decays into three
pseudoscalar charged mesons and a neutrino (T—n T v,
T—Knn'v, T-rtKn'v, T—-KKK"Y,). There is a
disagreement between the measurements of the relative
probabilities of these decays in the Belle and BaBar
experiments. That is why the BINP group is are carrying
out a new measurement on the total available statistics.
By now, a modeling of the above decays has been
performed and a program for data processing has been
written which will allow to obtain preliminary results
without considering some corrections and systematic
uncertainties so far. The final result is planned for the next

year.
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Fig. 1.9.7. Spectral function for T—nnn v, decay.

Measuring relative probability of A,;"—>pK'n" decay

The absolute value of the relative probability of the
AS—pKn" decay is important for the heavy quark
physics theory. Besides, the probabilities of most other
decays of A" baryon have been experimentally measured
relative to this mode. The absolute probability of this
decay has a large uncertainty, mainly because of the
dependence of the measurements on theoretical models.
The BINP group have developed a model-independent
technique for measuring the probability of the A,'—pK "
decay. The technique is based on extraction of exclusive
processes of the e’'e—A. anti-p 7" D- type in the two
following ways: (1) reconstruction of A,  in the recoil
mass and (2) search for the required process with A,
registration in the invariant mass of pKn'. The ratio of
(2) to (1) yields the needed result (6.84 + 0.24 ' ,7)%,
which is five times more precise than the current value of
(5.0 £ 1.3)% . The work has been completed and an
article will be published upon approval by the
collaboration.

e i e PRER At
Fig. 1.9.8. Shaper-digitizer modules in rack.
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1.9.3. Upgrade of detector.

The ongoing upgrade of the detector (Belle II) and the
collider will increase the peak luminosity up to 8x10*°cm’
%5, The new experiment will allow to measure all angles
of the unitarity triangle with accuracy of several percents
and possibly going beyond the Standard Model. In
addition to studying the mechanism of CP violation, the
large set of data obtained in this experiment will yield
new results in the physics of decays of B and D mesons
and t lepton.

Increase in luminosity and background level of the
collider imposes new requirements on the detector
systems. The calorimeter also needs upgrade. The BINP
group is involved in the development of the upgrade of
the calorimeter system of the detector.

In the barrel part of the calorimeter, the electronics will
be replaced, which will enable continuous digitization of
signals from the counters and subsequent fitting of the
data with a known shape. This procedure allows one to
determine both energy and time of arrival of signal. Using
the time information will enable large suppression of the
background rate due to pile-up.

For the endcap part where the background conditions
are the most severe, the first phase will be dedicated to
upgrade of the electronics. Then the scintillation CsI(T1)
crystals will be replaced with pure Csl crystals with a
shorter scintillation time. This will decrease the time of
signal integration by a factor of 30. Combined with fitting
of the waveform, it will provide an over 150-fold
background suppression.

The first batch of the mass production was performed
in 2013. It includes 100 shaper-digitizer modules (Fig.
1.9.8). The shaper-digitizer is the basic unit of the new
electronics system. This block shapes signals from the
counters, digitizes the signal shape every 0.5
microseconds and then performs digital processing with
reconstruction of amplitude and time of arrival of signal.
In addition, the module generates a fast analogue signal
for use in the neutral trigger system. All the modules have
been tested on a special stand, developed in 2012. Their
characteristics meet all technical requirements (Fig.
1.9.9). An order for mass production of 280 shaper-
digitizer units was placed in 2013.

A modification of the board for the endcap calorimeter
was manufactured and tested in 2013. The board layout is
shown in Fig. 1.9.10. Ten boards will be produced by
April 2014. They will be subject to final tests and then the
mass production will begin.
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Fig. 1.9.9. Distribution of measured characteristics of the
modules: a) conversion factor; b) total channel noise; c)
module coherent noise.

In 2013, a VME crate for the electronics of the
calorimeter was developed and produced. The appearance
of the crate is shown in Fig 1.9.11. The crate, which is
equipped with twelve modules of shaper-digitizers, was
connected to the barrel calorimeter module. This crate
was used for study of the coherent noise behavior and
selection of best grounding system. The resulting noise
values are consistent with the expected ones.

Fig. 1.9.10. Appearance of shaper-digitizer for endcap
calorimeter.

Fig. 1.9.11. VME crate with electronics modules.

In addition to the development of the shaper-digitizer
module, the BINP team has developed a pilot version of
the collector module for work with high-speed (Gigabit/s)
optical channel. The new module has been produced and
tested in high-speed readout. A circuit simulating the
Belle II data acquisition system has been assembled (Fig.
1.9.12). The FLD projects were loaded to the shaper-
digitizer modules (ShaperDSP) from the PC through the
collector module (Collector) via a regular Ethernet
channel. The data readout is performed by an optical
channel from the processor on the board of the data
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acquisition system (Copper). The triggering was done
using the time unit (TTRX) and arriving at the trigger
module (FTSW) that synchronizes the operation. It was
shown that the module enables operation with loads at
frequencies of up to 30 kHz, with no noise increase, as
shown in Fig. 1.9.13.

Copper crate ! |
Copper
=
FIsw g =
L | 1 I optical line
B —1
Trigger

ECL VME crate 2

Scheme for reading information from
calorimeter via optical channel.

Fig. 1.9.12.
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Fig. 1.9.13. Coherent noise on shaper-digitizer board vs.
readout rate.

The Belle II experiment is expected to result in a
significantly larger neutron flux caused by interaction of
lost electrons of the beam with the material of the
structure of the accelerator and the detector. The dark
current of the semiconductor photodetectors increases
proportionally to integrated neutron flux through the
detector. The power supply filter for the photodetector of
the backward calorimeter was being upgraded in March
2013, which included replacement of preamplifier
resistors, for the photodetectors to be able to work after
their exposure to a neutron flux. It was necessary to
dismantle the calorimeter, to demount the preamplifiers,
to replace resistors in them, to test their efficiency, to
mount the preamplifiers on the crystals, to close the
calorimeter and to make a final check on cosmic particles.
The steps of disassembling a sector (1/16) of the
calorimeter are shown in Fig. 1.9.14. This work was
conducted by a team of 5 persons and took six weeks. As
a result, all the filters have been upgraded, and the tests
have shown workability of all the 960 channels.



Fig. 1.9.14. Stages of disassembling sector of calorimeter
and replacement of resistors.

280 shaper-digitizer modules and 52 collectors will be
produced and tested in 2014. Besides, the electronics of
the barrel calorimeter will be installed on the detector; all
the counters will be connected; the channels will be
subject to functional tests. The mass production of the
shaper-digitizer modules for the endcap collector will
begin. In addition, it is necessary to upgrade the
preamplifiers of the forward calorimeter and to test its
counters.
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1.10. BABAR EXPERIMENT

Experiments with the BABAR detector were carried
out at the eTe™ collider PEP-IT at SLAC (USA) from
1999 to 2008. The data collected in the experiment are
currently being analized. The BABAR collaboration
includes about 300 physicists, wiyth 11 BINP members
among them. The BINP members of the collaboration
participate in the analysis on the measurement of the
CKM matrix element V,;, the measurement of the
cross sections of the ete™ annihilation into hadrons
with the use of radiation return technique and study
of two-photon processes with detection of scattered
electron. In 2013, the collaboration published 26
articles. The total number of publications is as large
as 529.

In 2013, the cross section of the eTe™ — pp process
was measured in the energy range from the threshold
up to 6.5 GeV using the radiation return method.
Except for a narrow interval near 4 GeV, this is
the most accurate measurement to date of the cross
section. The data on the cross section was used to
derive the energy dependence of the effective proton
form factor, which is shown in Fig1.10.1in comparison
with the existing data obtained both in eTe™ and pp
annihilation.

The form factor growth near the threshold is
explained by strong final-state interaction. At higher
energies, complex behavior of the cross section and the
form factor was observed, namely their sharp step-like
decrease near 2.2, 2.5 and 3.0 GeV. This behavior is not
described by the existing theoretical models. The cross
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Fig.1.10.1: The measured dependence of the effective
proton form factor on the pp invariant mass in two
mass intervals in comparison with results of previous
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Fig.1.10.3: The ratio of the form factors |Gg/Gum|
measured in the BABAR experiment in comparision
with the data of the PS170 experiment.

section of the eTe™ — pp process in the invariantmass
regions near the above-mentioned steps is shown in
Fig.1.10.2.

From the analysis of the angular distributions of
proton-antiproton events, the energy dependence of
the ratio of the electric and magnetic form factors
|G g /G| was obtained. The result shown in Fig.1.10.3.
At energies below 2.2 GeV, the |Gg/G | ratio turned
out to be significantly larger than unity. This result is
in contradiction with the only earlier measurement.

At energies above 4.2 GeV, the cross section and
the time-like form factor of proton were measured for
the first time. The BABAR results are compared with
data on the space-like form factor (Fig.1.10.4, where
the “SLAC 1993” squares show the space-like data
measured in ep scattering). The curve is the result
of the fit to data with the asymptotic dependence
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predicted by QCD. One can see that the values of
the time-like and space-like form factors approach each
other at energies above 4.5 GeV, in agreement with the
theoretical expectations.

Currently, BINP physicists are working on high-
precision measurement of the parameter V,;. Works
on the measurement of the cross sections by radiation
return method are underway.
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1.11. PARTICIPATION IN THE ATLAS EX-
PERIMENT AT THE LARGE HADRON
COLLIDER (LHC).

During 2010-12 the ATLAS and CMS detectors were
collecting statistics at a record energy of colliding protons
of 7 (in 2010-11) and 8 (in 2012) tera-electron-volt
(TeV) in the center of mass system. About 0.04, 4.7 and
20.7 inverse femtobarn were accumulated, respectively.

The most important result is the reliable observation of
a signal from a new particle with properties similar to
those expected for the Higgs boson. The Nobel Prize in
Physics 2013 was awarded to P. Higgs and F. Englert «for
the theoretical discovery of a mechanism that contributes
to our understanding of the origin of mass of subatomic
particles, and which recently was confirmed through the
discovery of the predicted fundamental particle, by the
ATLAS and CMS experiments at CERN's Large Hadron
Collider».

After collecting data at collisions of protons with lead
ions in January-February 2013, the Large Hadron Collider
and detectors were interrupted for two-year shutdown.
The goal is to prepare for the work at LHC design pa-
rameters — energy of colliding protons of 14 TeV in the
center of mass system and luminosity of 10** cm™s™. For
the ATLAS detector the list of the actions includes:

e Repair and replacement of broken elements of
the detector and electronics
Installation of new detector elements, in particu-
lar, of the insertable layer of the inner detector
for detection of particles, containing b-quark
Improving efficiency and speeding-up the trig-
gering and reconstruction algorithms
Preparation of entire computing infrastructure
(both hardware and software parts) for handling
substantially larger amount of data

All this does not revoke the high priority of the work
on analysis of the data taken in 2011-12 aiming to swift
publication of the results. The most important task is de-
tailed study of the properties of recently discovered parti-
cle (the spin, parity, decay branching ratios, and coupling
constants). The BINP group participated in the analysis of
the Higgs boson decay into four leptons. In Fig. 1.11.1 the
distribution over the invariant mass of four leptons for se-
lected candidate events is presented. The contribution of
background processes is shown as well as the expected
signal for the Standard Model Higgs boson with the mass
myg =124.3 GeV and the signal strength (the ratio of
measured cross-section to that in the Standard Model)
p=1.43 (the parameter values were obtained from the fit
to data). The analysis of angular distributions in various
decay channels of the higgs-like boson shows that the da-
ta are compatible with the Standard Model spin-parity J”
= 0" quantum numbers, whereas all alternative hypotheses
studied (J* = 07, 17, 17, 2" models) are excluded at confi-
dence levels above 97.8%.

The painstaking work of dedicated groups on detector
calibration allowed to significantly reduce the systematic
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uncertainty on reconstruction efficiency and on the accu-
racy of the energy scale calibration. The BINP group
worked on the calorimeter calibration and on improving
the simulation and the reconstruction of electrons and
photons. Also a method of the evaluation of the identifi-
cation efficiency for heavy quarks with large transverse
momentum was developed.

The search for new physics goes beyond the Higgs
bosons. In particular, BINP physicists continued to search
for heavy neutrinos in the channel with leptons and had-
ronic jets in the final state. Two theoretic models were
examined — the Left-Right Symmetric Model, in which
the neutrino is generated through the hypothetic right-
handed vector boson Wg, and the model with the virtual
W boson of the Standard Model. The world’s best upper
limits have been obtained for the masses (up to the level
of 2 TeV), production cross sections and coupling con-
stants of heavy neutrinos. However, further significant
improvement is possible only with an increase in the en-
ergy of colliding protons in the LHC, which is, as men-
tioned above, planned for 2015.

After the start of the data taking in 2010, the ATLAS
collaboration with participation of BINP authors pub-
lished 273 papers based on the collision data, including
75 papers in 2013.

In addition, the work on the support and development of
the computer infrastructure and software is going on. Due
to the 10-gigabit network, BINP physicists are able to an-
alyze data at the NSU and SB RAS computing centers. In
2013, four HP Blade System crates (512 cores) were put
into operation at the BINP. The operating system Scien-
tific Linux 6 is deployed, supporting a virtualization tech-
nology based on the KVM platform.

Since 2007, BINP experts have continuously partici-
pated in the activities of the Trigger and Data Acquisition
System administration group, which deals with the main-
tenance and development of the hardware and software
for the High Level Trigger (HLT), Event Builder and
other parts of the Data Acquisition System. The equip-
ment includes about 2,300 network booted servers (in to-
tal, about 17,000 CPU cores), 50 servers supporting the
ATLAS control room, and many other units of the IT in-
frastructure of the experiment. The main part of the group
activity in 2013 was devoted to the migration of the
whole software to the OS SLC6, and to the transition
from the hardware MS Windows platform to the virtual-
ization scheme “Linux KVM Virtual Host + MS Win-
dows Virtual Machines”.

During a scheduled shutdown, significant part of the
computing resources of the DAQ system was used for the
simulation of events in the ATLAS detector. To make it
possible, a special system configuration was deployed
with participation of the BINP group.

Of great importance is the work on the support and ad-
ministration of the ATLAS central computers (~300
units), located in the CERN main computer building.
These computers ensure uninterrupted operation of criti-
cal services: numerous components of the ATLAS dis-
tributed computing system, data bases, electronic logbook



of the detector, data quality monitor, event display etc. In
2013, the work was primarily connected with the transi-

will mostly concern the trigger electronics. The BINP
group plans to participate in developments of the back-
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Fig. 1.11.1. Distribution over the invariant mass of four leptons my, for selected candidate events. Points — experimental
data. Histograms show the contribution of background processes as well as the expected signal for the Standard Model
Higgs boson with the mass my =124.3 GeV and the signal strength (the ratio of measured cross-section to that in the
Standard Model) n=1.43 (the parameter values were obtained from the fit to data).

tion to new configuration and virtualization systems.

Since 2008, BINP programmers have made a significant
contribution to the creation and development of important
services and applets to manage the ATLAS Distributed
Computing system (ATLAS GRID). The ATLAS GRID
Information System (AGIS) has become the basic source
of the information on the topology of the ATLAS com-
puting resources and on available software releases. It is
integrated with other key components of the distributed
computing system: central data replication and data stor-
age system (DDM, ATLAS Distributed Data Manage-
ment System), a system for distributed analysis and job
submission (PanDA, ATLAS Production and Distributed
Analysis), monitoring services.

Also the work is going on the preparation of the detec-
tor upgrade in future years. The Technical Design Reports
(TDRs) for so called “the Phaze 1 upgrade” are written
for various detector systems and undergo the endorsement
process. The modernization is scheduled to 2018-19 and
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end (digital) part of the liquid argon calorimeter electron-
ics (programming of FPGA microchips).

Also a project for the LHC collider upgrade is being de-
veloped at CERN for the purpose of increasing the lumi-
nosity by an order of magnitude, up to 10 cms™ . The
BINP group takes part in the experiment on the study of
operation of the ATLAS liquid argon calorimeters at high
rates. In April 2012 and March 2013, another regular data
acquisition sessions were carried out at the U-70 accelera-
tor in Protvino with new front-end electronics, much bet-
ter adapted for high-rate environment. Another important
improvement in these runs was better control of parame-
ters of the 50 GeV proton beam. A new secondary-
emission chamber made in BINP has allowed more pre-
cise measurement of the beam profile (in both transverse
coordinates) and of the beam intensity during the spill,
with a step of 0.15 s. In previous setup, only one meas-
urement per spill (lasting for about 1.5 s) was possible.
Data analysis and comparison with simulation is ongoing.



1.12. LHCB EXPERIMENT

1.12.1. Technical support of the LHCb.

The data flow from the LHCb detector, which is
recorded for subsequent storage and processing, consists
of about 30 kB events passing through the high-level
trigger (HLT2) with a frequency of about 2-5 kHz. Thus,
the flow of data to store exceeds 100 MB/s or 1,000 TB
per year of operation. This volume is too large to be
processed in each separate analysis. Instead, the LHCb
experiment applies centralized preliminary offline
selection of events (the so-called "stripping"). About 10 %
of events are separated from the total data amount and
then recorded in a few (5-8) flows. Thus, each data flow
that contains similar events (e.g., one flow may group all
modes with muons in the final state or events from D
meson decays), includes a much smaller number of
events, which can actually be processed in the GRID
system in a relatively short time. In addition, data files
after the "stripping" contain information about candidate
particles and their combinations, which further reduces
the time for processing and obtaining the physical result.
A disadvantage of such approach is that the procedure of
preliminary selection shall be applied already at the stage
of data acquisition. To some extent, this problem can be
solved due to the presence of inclusive selections (such as
a muon with large transverse momentum, "topological"
selections , and so on).

The BINP group is responsible for the development and
maintenance of software environment that preselects
events ("stripping") in accordance with selection criteria
set by physical analysis developers. Since such pre-
selection is in many ways similar to the high-level trigger
(which is also programmable), the "stripping"
environment is a modification of the programs of the
second-level trigger HLT2. Environment for the
"stripping" enables simultaneous operation of several
hundreds of physical event selection processes, forwards
events for recording in a few streams (DST files), and
includes modules for debugging the selection criteria and
monitoring the results.

Besides that, the BINP group is involved in the support
of preselection of events for angle y measurement in tree
decays of B mesons, for analyses, which focus on the
study of B decay modes into DX, where B is either a
charged (B®) or neutral (By or B,) B meson; D is a
charged or neutral D meson, which is reconstructed in one
of the D—hh, D—hhh, D—hhhh, D—Kghh, or D—Knaxr"
states (here h is a charged kaon or pion), and X is a kaon,
a pion, or a combination of nn, Kn or KK. Such decay
modes cover practically all possible methods of
measurements of the angle y, both from the ratio of
amplitudes of allowed and suppressed B—DK decays and
with the help of time-dependent analyses or Dalitz
distribution analyses.

The BINP members are also involved in the support of
experiments and take part in the pilot shifts. In 2013 there
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was no data taking at the LHCb detector because of a
maintenance shutdown of the LHC. However, the
ongoing physical analyses, reconstruction of events and
modeling still require constant monitoring. In 2013, there
were 11 shifts to control the GRID network operation (so-
called “production shifts”). These shifts are mainly aimed
at the monitoring of ongoing computing tasks and data
transfer. These shifts will improve the effectiveness of
data reconstruction, modeling and custom tasks.

The BINP members are involved in the work of the
department responsible for modeling of backgrounds and
doses of radiation loads (the LHCb background
simulation group). The simulation results are extremely
important; they are used not only for protecting the health
of people (induced radiation distribution maps), but also
for the maintenance of the equipment (background from
neutrons and released energy). In addition to conducting
the modeling itself, which requires hundreds of thousands
of hours of computer time, the results should be published
in a form convenient for the service personnel. In 2013,
this work was carried out in two directions:

1) Implementation of web application for visualization
of background modeling results.

2) Deployment of the modeling process on the HLT
cluster.

The visualization web application is written in the
framework WT (www.webtoolkit.eu) and is inlined in
most viewed web servers via the FastCGI interface. The
system has been installed and is available at
cern.ch/lhcbrad (access for the CERN staff only).

Last year, a technique of modeling start on GRID nodes
was refined. However, the licensing restrictions for the
FLUKA package (www.fluka.org) impose substantial
limitations. It was suggested to temporarily (for the time
of the stop in data acquisition) use the resources of the
HLT on-line cluster. In addition to starting the modeling
itself, automation of validation of results was also carried
out, as well as averaging of results of multiple runs into a
set of files. Data are considered correct if there are no
empty files or files completely filled with zeros, there also
must be no negative values, which is important for the
amount of released energy or an equivalent dose. A two-
level system of averaging has been developed. Before
running a task, the user sets two values: the numbers of
files for averaging at the first and second levels. The total
number of modeling streams must be equal to or greater
than the product of these two values. As soon as the work
of one of the modeling streams ends, the number of
output files is checked and then averaging (level 1) is
performed. In the end, final averaging (level 2) is done
and a file for the visualization Web application is
generated. A PVSS panel (www.pvss.com) is used as the
frontend, and the backend is a set of scripts in Bash, Ruby
and Python.

The Hadron calorimeter HCal is used as an argument of
trigger LO. Because of the ageing of plastic and optical
fiber and other possible damages, the properties of the
calorimeter change. Thus it is very important to perform
periodic calibration of the calorimeter. The calorimeter




design is such that a special tube with water passes
through all the cells. A capsule with a radioactive cesium
source is moved in this tube with simultaneous reading of
data, which are used for calibration. The existing
calibration program works under the operating system
Windows XP. It cannot be transferred to the new versions
of Windows because there are no drivers for the EPICS
equipment. It was decided to perform migration of the
corresponding software to the operational system Linux.
According to the long term planning, the full program
code will be transferred to the Linux platform. There is,
however, a significant obstacle of the large amount of
WinAPI-specific code and GUI parts written in MFC.
Besides, the client interface of the driver part (API
KVASER for SYSTEC devices) also differs significantly
from the Linux interface SocketCAN.

As a first step, the operability of the SocketCAN
interface was tested, for which a special library Winelib
DLL wrapper was written
(http://www.winehq.org/docs/winelib-guide/bindlls)  to
the native interface. Launching of the executable module
for the Windows platform in Linux using the WINE
emulator demonstrated successful work of the
SocketCAN driver. A special server part on the basis of
this program will be written for operation within the
SCADA system, which is applied in the CERN WINCC
(it used to be referred to as PVSS).

1.12.2. Physical resullts.

The research program of the BINP group in the LHCb
experiment is aimed at the observation of effects beyond
the Standard Model of electroweak interactions. This
common project includes a task of precision measurement
of quantities that experience CP violation, i.e. of the angle
v of the unitarity triangle and parameters of mixing of D
mesons. Another task is spectroscopy of heavy hadrons.

The amount of data acquired in the LHCb experiment
up to 2013 is about 3 fb"'. The corresponding amount of
reconstructed decays of B mesons already exceeds by far
the statistics collected at the electron-positron B factories
(at least in final states not containing 7’ or photons).
Besides, there are a lot of available decays of Bs, B
baryons and excited states of B, which are either not
produced at all at electron-positron machines or are
produced in small quantities. This enables study of very
rare decays of B hadrons and thereby obtaining good
sensitivity to various extensions of the Standard Model.

Below is an overview of the physical results obtained
by the LHCD collaboration with participation of the BINP
members.

CP violation and measurement of the angle y

CP violation is responsible for asymmetry of matter and
antimatter in the universe. Within the Standard Model, CP
violation is described by the Cabibbo-Cobayashi-
Maskawa (CCM) matrix, which characterizes transitions
between different quark generations due to weak
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interaction. The CCM matrix can be represented with the
so-called unitarity triangle (UT). Various processes are
sensitive to the lengths of the sides and values of the
angles of the triangle. Effects that are beyond the
Standard Model manifest in mismatch in measurements of
the UT parameters (e.g., a sum of the angles of the
triangle is not equal to 180 degrees). Thus, precision
measurements of the UT parameters complement direct
searches for "New Physics" effects at high energies in
such detectors ATLAS or CMS.

Various CP-violation processes that are most sensitive
to the UT parameters are observed in decays of B mesons.
At the moment, only one of the angles of the UT (most
often referred to as P) has been measured with an
accuracy of about 1 degree in the Belle and BaBar
experiments at electron-positron colliders. The LHCb
experiment will result in more precise determination of
many other parameters of the CP violation. In particular,
the angle y can be measured to within a few degrees.

BINP members have extensive experience in
conducting analyzes directly related to both measurement
of the angle y in the B—»DK decays and study of other
decays of B mesons to open-charm states. These studies
were initiated in the Belle experiment at the electron-
positron KEKB factory in Japan and are now continued at
the LHCb. In addition, BINP members have published
several phenomenological papers in this topic with a
proposal of new approaches to precision measurements of
the angle y and an investigation into subtle systematic
effects. The BINP group coordinated the working group
of the LHCb experiment in the investigation into B
decays into open-charm states (Beauty to Open Charm
Working Group), one of the eight physics working groups
of the experiment.

Earlier, in 2011 and 2012, the LHCb experiment
yielded several results relating to the angle vy
measurement. Those include analysis of the B—DK
decay, where D is reconstructed in a two-particle state, D
— Kn, KK or nm (so called GLW and ADS methods of
measuring v). In these decays, charge asymmetry of the
decay probability (CP-violation) was reliably observed
for the first time. That proved that y is non-zero for sure
and gave y value limitations. In addition, in 2012, the B
— DK decay with the D meson reconstructed to the final
states Kgnmm and KKK was analyzed by a method first
proposed by the BINP group. The analysis, which was
performed using all the available LHCD statistics, yielded
y=(057+16)°.

Different approaches to the measurement of the angle y
complement each other. In addition to y, two other
unknown parameters are also measured: the amplitude
ratio rg and strong phase 6B. Since correlations between
these parameters differ in each approach, a combination
of several measurements allows a y measurement
accuracy better than that in just averaging. A combined
measurement of the angle y, which resulted in y = (67 £
12)° (Fig. 1.12.1), was published in 2013. The results are
published in a CERN preprint.



Besides the above decays, the LHCb experiment
studies a large number of other processes in which CP
violation can manifest itself and that may be sensitive to
the angle y. Although the current amount of data may be
insufficient for reliable measurements of CP violation in
these processes, they can be used in the future, after the
maintenance shutdown of the LHC, as well as after the
upgrade of the LHCb detector in 2018. Combining of a
large number of independent measurements will result in
a better y measurement accuracy and more reliable
monitoring of systematic errors. Study of such processes
with the current amount of data will enable debugging the
procedures for selection of events and more accurate
prediction of the future y measurement accuracy. In
addition, many of these processes are interesting in
themselves, as they make it possible to investigate
intermediate resonance states of hadrons, seek for new
states, and check theoretical predictions of the quark
model.
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Fig. 1.12.1. Reliability parameter for combined measure-
ment of the angle in B—DK decays.

A measurement of CP violation in the same B—DK
decay but with the D meson reconstructed in the final
state, D—Knnn, was published in 2013. Although the
presence of CP violation in such a process was not
established reliably because of little statistics, a
suppressed process was registered, B'—Dn’, D—K'n
n'm, as well as a charge-conjugate one, which will make
it possible to obtain limitations for angle vy, provided the
statistics is large enough.

Another measurement in which the angle y can be
measured is the investigation into the decay of A" baryon
into the final state DpK. The BINP group has suggested
this method as a promising one for observation of CP
violation. This decay was earlier observed, as well as the
corresponding "control" decay A,’ — Dpn, using some of
the LHCB data. The preliminary results were published in
a CERN preprint. This analysis was completed in 2013
using statistics collected in 2011 (1 fb"'). An article
describing the analysis and its results was submitted for
publication in a peer-reviewed journal. The results include
the first observation of the A,’—DpK decay and its
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probability measured (see Fig. 1.12.2), as well as the first
observation and measurement of the probability of the A,
— A, K decay ( Figs. 1.12.3 and 1.12.4). Besides, in the
same final states, the baryon =y was first discovered. It is
a bound state of a "beauty" b quark and a "strange" s
quark. Earlier this particle was detected in one decay only,
into B, by the CDF collaboration at the Tevatron
collider. We measured the probabilities of corresponding
decays of Z,’ and the mass of this baryon with a precision
twice better than that in the previous measurement by
CDF.
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Fig. 1.12.2. Distribution of invariant masses of DpK,
which shows signals of A,’—DpK and Z,"—DpK.
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Fig. 1.12.3. Distribution of invariant masses of AK,
which shows signals of A,’—A. 'K and Z,’—A K.

With all the available statistics of the A,’—Dpn and
Ay'—DpK decays, the amplitude analysis was started,
which will enable identification of intermediate resonance
states through which these decays occur. Fig 1.12.5
presents the Dalitz distribution of the A,’—Dpn decay. In
the distribution one can see intermediate resonances in the
Dp (excited A." baryons) and pnt (N or A baryons)
channels. Full amplitude analysis will define the masses,
widths and quantum numbers of these intermediate states.

In 2013, a series of studies of three-particle decays of B
mesons with a D meson in the final state was carried out.
The probability of the B{>—»DKn and B’—DKn decays



was measured, with B’—DKn decay registered for the
first time. In the future, these decays can also be used for
a measurement of the angle v.

With the use of the Bs’—Dunn final state, a search for
the Bs'"—D"1 decay was performed. This decay is
interesting because it can occur only in a diagram with
exchange of W boson and is thereby expected to be
strongly suppressed. Detecting (or failing to detect) this
decay provides important information about the
mechanism of such B"—zr or B—>DD decays, in which
both W exchange and rescattering of a pair of ss quarks
into cc (or dd) quarks may manifest. The analysis has
shown no significant Bs’—D""n" signal and has given an
upper limit for its probability. So one can conclude that
the rescattering effects dominate in the B.’—mr and
B,’—DD decays.
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Fig. 1.12.4. The same as in Fig 1.12.3. Fragment enlarged
in the Y axis, showing the contribution of Ebo —AK.
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Fig. 1.12.5. Dalitz distribution for A,’—Dpn decay (total
phase space and two areas with intermediate resonances).

Besides the above experimental works carried out with
the participation of BINP members, a phenomenological
work was completed and published in 2013. It was
dedicated to the study of influence of possible CP
violation in decays of D mesons on the measurement of
the angle y. A model-independent analysis of the B—DK
and D—Kn decays was applied. It is known that the
fundamental theoretical uncertainty in y measurement is
negligible (about 107), and the main uncertainty, except
for the purely statistical one, is due to various model
effects, such as description of the dynamics of D meson
decay, mixing or CP violation in D mesons, and
experimental statistical errors. It was earlier suggested to
eliminate these difficulties with a model-independent
approach to the measurement of the angle y. In such an
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approach, all unknown quantities associated with the
dynamics of the D decay are obtained from independent
experiments with entangled quantum states of D mesons
in y(3770)—>DD decays. The influence of mixing of D
mesons on this approach was considered earlier, and it
was shown that its contribution can be taken into account,
thus a precision measurement of the angle y is not limited
by the expected uncertainty. The same study found that
possible direct CP violation in decays of D mesons can
also be considered as a slight modification of the model-
independent procedure.

Spectroscopy of heavy hadrons

Among works in the field of spectroscopy of heavy
hadrons, analysis of A,’—DpK and A,’—A/K has
already been mentioned. Decays of Zb0 baryon were first
observed in this analysis. This baryon was observed only
in one final state, E,'7".

For the time being, the LHCb detector data contain a
large amount of decays of A, baryons, which can be used
for exploration of spectroscopy of heavy baryons
containing a b quark. In 2012, a group of BINP members
analyzed the Ayn'm spectrum, in which two excited states
of A, baryon were revealed: A, (5912) and A, (5920).
The quark model predicts that these states are radial
excitations of A, with a spin of 1/2 and 3/2, respectively.
In 2013, this analysis was continued with the use of all
the available LHCb statistics. Besides the final state
Ayn'm mentioned, Ab*—>Aby radiative transitions were
revealed. Because of the limited energy resolution in the
spectrum of Ayy, the two states, Ab*(5912) and Ab*(5920),
however, cannot be reliably separated. Currently the
analysis procedures is under optimization with a view of
improvement of the resolving powers in the mass range of
Ay —Ayy. The results of the investigation of radial
excitations of A, in the final states Ayn'n and Ayy with
statistics of 3 fb”' will be published in 2014.

In a study of the B'—K 'y decay a wide structure in
the mass spectrum of the two muons was revealed. This
decay is realized through three contributions (decay of B
meson into a vector charmonium and K" with subsequent
decay of the charmonium into a pair of muons) and
contributions of loop processes induced by neutral
currents, which change the flavor (FCNC). When looking
for contributions to the FCNC decays beyond the
Standard Model, it is important to correctly take into
account the tree contributions. The study of the mass
spectrum of the two muons revealed a broad structure that
may originate in interference of the decay with the
B'—K'u'u resonance and has a statistical significance of
more than 6 standard deviations (see Fig. 1.12.6). Within
the errors, the mass and the width of the resonance
(419175 MeV and 65,5 MeV) are consistent with the
properties of the y(4160) meson. This is the first
observation of B'—K'y(4160) and w(4160)—pw
decays.
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ELECTRO- AND PHOTONUCLEAR
PHYSICS






EXPERIMENTS WITH INTERNAL TARGETS

I. Correct account of the contribution of the two-
photon exchange (TPE) to the elastic scattering
of electron on proton will probably explain the
contradiction in the results of measurement of the
electromagnetic form factors of proton obtained
by wvarious experimental techniques. The three
experiments on the determination of the TPE
contribution to this process have been conducted
worldwide: by the OLYMPUS collaboration (DESY,
Germany), by the CLAS collaboration (TJNAF, USA)
and by BINP at the VEPP-3 storage ring. In all
three cases, the TPE contribution was determined
via a measurement of R, the ratio of the elastic
scattering cross sections of positron on proton and
electon on proton. 7At BINP, the data acquisition
was done at energies of electron/positron beams of?1.6
GeV and 1.0 GeV. The data taking was completed in
2012. The results of the experiment were analyzed in
2013. The analysis included various corrections and a
study of systematic errors. To suppress the systematic
errors it was important to ensure identical conditions
in the data acquisition, e.g. the same position of
electron/positron beams, their energies, currents level,
and so on. Sessions of data acquisition with electron
and positron beams were regularly alternated, which
allowed significant suppression of the effects of slow
drift in time of target thickness , detection efficiency
and some other parameters. Two nearly identical
detection systems located on the opposite sides of
the beam suppressed changes in their total counting
rate for small variations of beams position. Negligible
magnetic fields in the vicinity of the particle detector
eliminated the problem of inequal acceptance of the
particle detectors for electron and positron scattering
(note that this is a big problem for OLYMPUS and
CLAS experiments). In the analysis of the data it was
checked how well all these conditions were met. Part
of the data (about 5 %) was rejected because of their
violation. The contribution of the background inelastic
processes to the set of events that were selected
as elastic scattering events was taken into account.
?Taking the contribution of radiative corrections into
account was an important step in the analysis: it is
a significant part of the deviation of the measured
value R from the unity. The work on the calculation of
radiative corrections was completed, and a publication
was prepared.

Preliminary results of the measurement of R vs.
e (virtual photon polarization parameter), obtained
in the present experiment are shown in Fig.2.1.
Measurements with the highest & value were used
for normalization at both energies. The normalizing
value was set equal to 1. In Run II the data were
divided into three intervals of ¢. The figure also
shows the results of previous experiments. They have
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Curves:  P.G. Blunden, et al Phys. Rev. € 72 (2005} 034612 :hadronic TPE calculation
E. Tomasi-Gustaffson, t al.,  arXiv:0009.4736 “analytical model’
D. Borisyuk and A. Kobushkin, Phys. Rev. C 78 (2008) 025208 :dispersion relations
1. Arrington and 1. Sick, Phys. Rev. C 70 (2004) 026203 :Coulomb corrections
L A. Qattan, et al Phys. Rev. C 84 (2011} 054317 :phenomenology

J.C. Bernawer, et al., arXivi1307.6227 :phenomenalogy

Fig.2.1. Preliminary results of the experiment: R ratio
vs. €. Black circles: data of this experiment.

much larger errors. The lines show some theoretical
predictions for R. Note that calculations by P. G.
Blunden et al. and D. Borisyuk and A. Kobushkin
practically coincide. The experimental points obtained
in this work lie approximately in the middle between
this pair of curves and the curve by J.C. Bernauer
et al. The latter work developed parameterizations
of proton form factors, Coulomb corrections and
the TPE contribution, which describe well a large
set of experimental data, including the results of
both unpolarized measurements (by differential cross
section data) and polarization measurements (by
measured ratios of form factors). That is, this
approach removes the above-mentioned contradiction
between the proton form factor results obtained by the
Rosenbluth method and the polarization transfer one.
Calculations by P. G. Blunden, et al. have also shown
that the inclusion of the TPE contribution resolves
this inconsistency.

The final results of the experiment will be obtained
in the coming months.

II. Coherent photoproduction of neutral pion
on deuteron is an important process in nuclear
physics, which provides valuable information about the
structure of deuteron and pion-nucleon and nucleon-
nucleon interaction. The presence of only two particles
in the final state simplifies the calculations and allows
one to make more specific predictions both on their
interaction and the intermediate states of the proton-
neutron pair. While theoretical studies of the reaction
have been carried out for a long time (since the 70s),
detailed experimental data on the differential cross
sections are relatively recent. Regarding polarization
phenomena observed in this reaction, there are only
a few measurements of sigma asymmetry. Before our
data, there were absolutely no measurements of the
tensor analyzing power of the reaction. Our data
were obtained from the statistical material of an
experiment on deuteron photodisintegration (D.M.
Nicolenko et al., JETP 89, 518 (2009)). The accuracy
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Fig. 2.2: Rate of data acquisition in experiment on
coherent production of neutral pion on polarized
deuteron. In intervals between the data acquisitions,
VEPP-3 was working under synchrotron radiation
program.

of these measurements was low. In this experiment, the
accuracy of the measurement of the tensor analyzing
power of the T20reaction will be improved several
times and data on the differential cross sections
will be obtained. In May-July 2013, acquisition of
data on coherent production of neutral pion on a
tensor-polarized deuteron target was carried out. The
integrated charge that crossed the target during the
data acquisition was 154 kCoulomb (Fig. 2). The
average value of the tensor polarization of the target
was 37.3 + 1.1 %.

ITI. Works with the quasi-real photon tagging
system (PTS) at VEPP-3 were continued. The PTS
will greatly expand the possibilities for the study of
photoreactions at VEPP-3 and will allow progress
towards a photon energy of 1.5GeV. Moreover,
the transverse polarization of a significant portion
of photons will be determined, which will enable
experiments with double polarization. Note that, in
addition to the new data on deuteron, we will be able
to extend such measurements to neutron.

The PTS was assembled for the first time in summer
2013 (Fig. 3) and then installed at VEPP-3. Electron
and positron beams were generated in September,
with this system in the storage ring. The spectra
of bremsstrahlung and annihilation radiation were
recorded at a zero angle from the tagging system.

IV. Work continued on the development of a
source of polarized molecules of hydrogen isotopes.
Calculations were carried out on the focusing of
orthohydrogen molecules by the sextupole magnets
of the available source of polarized deuterium atoms.
These calculations show that at low temperature of
the source, two superconducting magnets of the second
group can substantially deflect the molecules. The
source of molecules will be placed on the tank of the
first group of magnets. The tank has the liquid helium
temperature, so the temperature of the molecule
source can be varied within wide limits adjusted by
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Fig.2.3: Setting up quasi-real photon tagging system.

heat input. The polarized molecules will be accepted
by a tube of about 30 mm in diameter placed at 150 cm
distance from the magnets. Its size was chosen in such
a way that molecules that left the source of molecules
cannot reach the interior of the tube if the magnetic
field is switched off. When the magnetic field is on,
the molecules are affected by a force and molecules
with a desired spin projection are focused in the tube.
The flow of focused molecules can be estimated by
increase of pressure in the tube. The design study of
the molecules source and receiver has been completed;
some parts have been manufactured.

The experiments with internal targets are carried
out in collaboration with groups from Tomsk,
NIKHEF (the Netherlands), and ANL (USA).
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NLO evolution of 3-quark Wilson loop operator
I.Balitsky and A.V. Grabovsky
BINP-preprint 2013-25, 39 p.

The NLO evolution equation for the 3-quark Wilson
loop operator was obtained. A composite 3-quark Wilson
loop operator obeying a quasi-conformal evolution
equation was constructed. The linearized quasi-conformal
equation is presented.

Evolution equation for 3-quark Wilson loop operator
R.E. Gerasimov and A.V. Grabovsky
JHEP, 04,102 (2013)

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

On the solution to the NLO forward BFKL equation
A.V. Grabovsky
JHEP, 09,098 (2013)

It is demonstrated that the NLO forward BFKL
equation can be solved in the space of its Born
eigenfunctions.

Connected contribution to the kernel of the evolution
equation for 3-quark Wilson loop operator
A.V. Grabovsky
JHEP, 09, 141 (2013)

The connected contribution to the kernel of the
evolution equation for the 3-quark Wilson loop operator
was derived within Balitsky high energy operator
expansion. Its C-odd part was linearized and transferred
to the momentum space.

Multi Regge Amplitudes in non
Abelian Gauge Theories
M. G. Kozlov
Nuclear physics and engineering, 4, 853 (2013)

The effective Regge vertices necessary for the proof
of the multi Regge form of the amplitudes with gluon
exchange within the bootstrap approach have been
obtained in the next to Born order within supersymmetric
Yang-Mills theories. The one loop contribution of scalar
particles to the impact factor of the gluon production has
been found for an arbitrary dimension D. The
contributions of scalar particles to the eigenfunction of
the octet Balitsky-Fadin-Kuraev-Lipatov kernel, as well
as additional impact factors appearing in supersymmetric
Yang-Mills theories, have been calculated. The fulfilment
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of all elastic and inelastic bootstrap conditions has been
tested, which guarantees the multi-Regge form of
multiparticle amplitudes in supersymmetric Yang-Mills
theories in the next to leading logarithmic approximation.

Multi Regge Amplitudes in non
Abelian Gauge Theories
M. G. Kozlov
Academy of Sciences, 5-8 Nov. 2013

We demonstrated that In Yang-Mills theories of
sufficiently general form multiparticle amplitudes had the
multi-Regge form in the next-to-leading logarithmic
approximation.

Multi-Regge form of amplitudes with gluon
exchanges in supersymmetric Yang-Mills theories
M. G. Kozlov, A. V. Reznichenko, V. S. Fadin
BINP-preprint 2012-32 (August 2013), pp. 1-50.

All effective vertices for Reggeon-particle interaction
in supersymmetric Yang-Mills theories (SYM) are found
both in the leading and next-to-leading logarithmic
approximations (LLA and NLLA). Scalar contributions to
the eigenfunction of the octet BFKL kernel for the adjoint
representation of the gauge group and to impact-factors,
analogous to existing in QCD, as well as all additional
impact factors, appearing in SYM, are calculated. On
this base, the proof of fulfilment of all bootstrap
conditions providing the multi-Regge form of the NLLA
amplitude with the gluon exchange is carried out. A new
method for check of the bootstrap conditions is
developed which does not require explicit calculations of
effective vertices and impact-factors. It is used to prove
bootstrap conditions in the theories with general Yukawa-
type fermion-scalar interactions with arbitrary numbers of
fermions and scalars in arbitrary colour group
representations.

QCD Amplitudes with the gluon exchanges
at high energies
A. V. Reznichenko
Nuclear physics and engineering, vol. 4, 857 (2013)

Our paper is devoted to the proof of the hypothesis
about the multi-Regge form of the QCD amplitudes with
the gluon exchanges at high energies in the framework of
next-to-leading logarithmic approximation. The proof in
question is based on the relations arising from the
compatibility of the multi-Regge form with the s-channel
unitarity. These relations are reduced to the verification of
the finite number of so-called bootstrap conditions that
present non-linear restrictions on the effective Regge
vertices and Regge trajectory. Our main calculating goal
is to check explicitly the fulfilment of these conditions. In



the paper we put more emphasis on the most difficult
bootstrap condition-inelastic bootstrap condition for one-
gluon production in the multi-Regge kinematics. There
are two main components of the condition: impact-factor
of one-gluon production and the matrix element of the jet
production operator. We demonstrate the calculation for
both of them on one-loop level and check the fulfilment
of the bootstrap. As a by-product of the verification
process we derive some original mathematical relations
for the dilogarithmic function of the complex argument.

Mass spectra in /=1 supersymmetric
QCD with additional fields. Part 111
V.L. Chernyak
arXiv: 1308.5863 [hep-th], pp. 1-23

This paper continues arXiV:1205.0410 and 1211.1487
[hep-th]. We also consider here the A/=1 SQCD - like
theories (and their Seiberg's dual) with N, colors and Ny
flavors of light quarks and with N additional colorless

fields Phi, but now with Ny in the range 2N.<Np<3N..
The multiplicities of various vacua and quark condensates
in these vacua are found. The mass spectra of the direct
and dual theories in various vacua are calculated within
the dynamical scenario which assumes that quarks in such
N=1 SQCD - like theories can be in two standard phases
only. These are either the heavy quark phase where they
are confined or the Higgs phase. Besides, this scenario
implied that, unlike e.g. /=2 SQCD, no additional
parametrically lighter particles (like magnetic monopoles
or dyons) appear in these N/=1 SQCD - like theories
without adjoint colored scalar fields. The calculated mass
spectra of these direct and dual theories were found to be
different, in general. Besides, the mass spectrum of the
dual theory with [N, = Ng-N¢ colors and N +1<N, < % N,
dual quark flavors was calculated.

And finally, the mass spectrum in the direct /=2
SQCD with N¢ colors, N, +1<N, <%N(. flavors of quarks

with the mass term mT7r(J]) in the superpotential,
broken down to /=1 by the mass term x,X” of the colored
adjoint scalar field X', m << pu, << [],, was calculated in
vacua of the baryonic branch, and compared with those in
the two different Seiberg's dual theories. Our conclusions
for this case disagree with those in the recent paper
arXiv:1304.0822 of Shifman and Yung.

Decoupling in QED and QCD
A.G. Grozin
Int. J. Mod . Phys. A 28, 1350015 (2013)

Decoupling of a heavy flavor in QCD is discussed in a
pedagogical way.First we consider a simpler case: deco-
upling of muons in QED. All calculations are explicitly
done up to two loops.

Introduction to effective field theories, 3.
Bloch-Nordsieck effective theory, HQET
A.G. Grozin
arXiv:1305.4245 [hep-ph]

This is a continuation of the lecture series. In this part
we discuss interaction of electrons with soft photons in
QED and Heavy Quark Effective Theory (HQET).

Effective weak Lagrangians
in the Standard Model and B decays
A.G.Grozin
arXiv:1311.0550 [hep-ph]

Weak processes (e.g. B decays) with characteristic
energies << My, can be described by an effective theory
which does not contain W, Z and other heavy particles
(Higgs, t). Its Lagrangian contains four-fermion
interaction operators.

Essentially it is the theory proposed by Fermi and
improved by Feynman, Gell-Mann, Marshak, Sudarshan.

Introduction to Mathematica for Physicists
Graduate Texts in Physics
A.G. Grozin
Springer (2013), 219 pages, ISBN 978-3-319-00893-6;
ebook ISBN 978-3-319-00894-3

Mathematica is the most widely used system for
doing mathematical calculations by computer, including
symbolic and numeric calculations and graphics.

It is used in physics and other branches of science, in
mathematics, education and many other areas. Many
important results in physics would never be obtained
without a wide use of computer algebra. This book
describes ideas of computer algebra and the language of
the Mathematica system.

It also contains a number of examples, mainly from
physics, also from mathematics and chemistry. After
reading this book and solving problems in it, the reader
will be able to use Mathematica efficiently for solving
his/her own problems.

Towards a synchronization theory of
microwave-induced zero-resistance states
O. V. Zhirov, A. D. Chepelianskii and

D. L. Shepelyansky
Physical Review B 88, 035410 (2013)

We develop a synchronization theory for the
dynamics of two-dimensional electrons under a
perpendicular magnetic field and microwave irradiation
showing that dissipative effects can lead to the
synchronization of the cyclotron phase with the driving
microwave phase at certain resonant ratios between
microwave and cyclotron frequencies. We demonstrate
two important consequences of this effect: the
stabilization of skipping orbits along the sample edges



and the trapping of the electrons on localized short-ranged
impurities. We then discuss how these effects influence
the transport properties of ultrahigh-mobility two-
dimensional electron gas and propose mechanisms by
which they lead to microwave-induced zero-resistance
states.

Our theoretical analysis shows that the classical
electron dynamics along the edge and around circular disk
impurities is well described by the Chirikov standard map
providing a unified formalism for those two rather
different cases. We argue that this work will provide the
foundations for a full quantum synchronization theory of
zero-resistance states for which a fully microscopic
detailed theory still should be developed.

Thermoelectricity of Wigner crystal
in a periodic potential
O. V. Zhirov and D. L. Shepelyansky
EPL (Europhysics Letters), 103, 68008 (2013)

We study numerically the thermoelectricity of the
classical Wigner crystal placed in a periodic potential and
being in contact with a thermal bath modeled by the
Langevin dynamics. At low temperatures the system has
sliding and pinned phases with the Aubry transition
between them. We show that in the Aubry pinned phase
the dimensionless Seebeck coefficient can reach very
high values of several hundreds. At the same time the
charge and thermal conductivity of the crystal drop
significantly inside this phase. Still we find that the
largest values of ZT factor are reached in the Aubry phase
and for the studied parameter range we obtain ZT < 4.5.
We argue that this system can provide an optimal regime
for reaching high ZT factors and realistic modeling of
thermoelecriticy. Possible experimental realizations of
this model are discussed.

Elastic enhancement factor as a quantum chaos probe
Ya. A. Kharkov, V.V. Sokolov
Phys. Lett. B 718, 1562 (2013)

Recent development of the resonance scattering
theory with a transient from the regular to chaotic internal
dynamics inspires renewed interest to the problem of the
elastic enhancement phenomenon. We reexamine the
question what the experimentally observed value of the
elastic enhancement factor can tell us about the character
of dynamics of the intermediate system. Noting first a
remarkable connection of this factor with the time delays
variance in the case of the standard Gaussian ensembles
we then prove the universal nature of such a relation. This
reduces our problem to that of calculating the Dyson's
binary form factor in the whole transition region. By the
example of systems with no time-reversal symmetry we
then demonstrate that the enhancement can serve as a
measure of the degree of internal chaos.
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Chaotic Interference and Quantum-Classical
Correspondence:Mechanisms of Decoherence
and State Mixing
Valentin V. Sokolov, Oleg V. Zhirov
arXiv:1311.1953 [quant-ph]

The famous Nils Bohr's quantum-classical
correspondence principle states that the classical
mechanics is a limiting case of the more general quantum
mechanics. This implies that “under certain conditions”
quantum laws of motion become equivalent to classical
laws. One of the conditions is fairly obvious: the
corresponding classical action should be very large as
compared with the Planck's constant. But this condition is

ot sufficient. Suppression of effects of quantum
mterference (“decoherence”) is the phenomenon of
primary importance for understanding of the Bohr's
principle. Being, in essence, of quite general nature, this
problem takes on special significance in the case of non-
linear classically chaotic quantum systems. Whereas the
rapid decay of phase correlations is an underlying feature
of the classical dynamical chaos, the "quantum chaos" by
tself is not capable of destroying the quantum phase
¢oherence. Strictly speaking, any initially pure quantum
state remains pure during an arbitrary long unitary
evolution. Basically, formation of incoherent mixed states
(decoherence) results only from the process of
reparation of a mixed initial state or interaction with a
poisy environment. Just the decoherence brigdes the
uantum and classical worlds. Peculiarities of the time
gehavior of Peres fidelity, state purity, Shanon and von
Bleumann entropies are analyzed in detail. We
demonstrate the ways the decoherence shows up in
periodically driven systems that can be associated with
Ramsey-type interferomentry experiments with ion traps.
Finally, decoherence in ballistic electron quantum
transport caused by interaction with a disordered
environment is considered.

Final state Coulomb interaction and asymmetry of
pair production close to threshold in e'e¢” annihilation
V.F.Dmitriev , A.I. Milstein
Physics Letters B 722, 83 (2013).

We investigate a contribution of the d wave to the
cross section of e’e” annihilation to the pair of charged
eptons or nucleons close to threshold of the process. In
tontrast to the point of view accepted in literature, due to
he Coulomb final state interaction this contribution does
not vanish even at zero relative velocity of produced

articles. This results in the nonzero asymmetry in

pngular distribution at threshold. Though value of the
asymmetry is small, observation of this effect is not
hopeless.



Relativistic effects in scattering of polarized electrons
O.P. Sushkov, A.I. Milstein, M. Mori and S. Maekawa
Europhysics Letters 103, 47003 (2013)

The side-jump effect is a manifestation of the spin orbit
interaction  in  electron  scattering  from  an
atom/ion/impurity. The effect has a broad interest because
of its conceptual importance for generic spin-orbital
physics, in particular the effect is widely discussed in
spintronics. We reexamine the effect accounting for the
exact nonperturbative electron wave function inside the
atomic core. We find that value of the effect is much
smaller than estimates accepted in literature. The
reduction factor is 1/Z% where Z is the nucleus charge of
the atom/impurity. This implies that the side-jump effect
is practically irrelevant for spintronics, the skew
scattering and/or the intrinsic mechanism always
dominate the anomalous Hall and spin Hall effects.

Kinetics of polarization in non-relativistic scattering
A.I Milstein and S.G. Salnikov
Nuclear Instruments and Methods in Physics Research B
313, 64 (2013)

An approach is developed, which essentially
simplifies derivation of kinetic equation for polarization
in non-relativistic scattering. This approach is applicable
for collision of projectile particles with a target for any
spins of colliding particles. The most detailed
consideration is performed for the case of spin 1/2
projectile particle interacting with spin 1/2 particle of a
target. The solution of the kinetic equation for the case of
zero initial polarization is presented.

Isoscalar amplitude dominance in e'¢” annihilation to
N [N pair close to the threshold
V.F. Dmitriev, A.L.Milstein, S.G.Salnikov
arXiv: 1307.0936 [hep-ph]

We use the Paris nucleon-antinucleon optical potential
for explanation of experimental data in the process e’e
— [Ipp near threshold. It turns out that final-state
interaction due to Paris optical potential allows us to
reproduce available experimental data. It follows from
our consideration that the isoscalar form factor is much
larger than the isovector one.

First order representation of the Faddeev
formulation of gravity
V. M. Khatsymovsky
Class.Quant.Grav., v.30, p. 095006, (2013)

We study Faddeev formulation of gravity where metric
is composed of ten four-dimensional vector fields, that is,
of a ten-dimensional tetrad *,, A=1, ...,10 , L =1, 2, 3, 4.
The Faddeev action can be reduced to the Hilbert-Einstein
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one using equations of motion. We propose connection
representation of the Faddeev gravity, an analog of the
Cartan-Weyl form of the Einstein gravity. Now we
introduce the SO(10) connection. Excluding this
connection via the equations of motion leads to the
Faddeev action. In addition, we introduce an analogue of
the Barbero-Immirzi parameter used to generalize the
Cartan-Weyl form of the Einstein gravity. Now we
consider some one-parametric generalization of the
connection representation of the Faddeev action which
results upon excluding the connection in some one-
parametric generalization of the Faddeev action itself
which still results upon using the equations of motion in
the Hilbert-Einstein action.

On the Faddeev gravity on the piecewise flat manifold
V. M. Khatsymovsky
arXiv:1312.7116[gr-qc], pp. 1-10, (2013)

We study the Faddeev formulation of gravity in which
the metric is composed of vector fields. This system is
reducible with the help of the equations of motion to the
general relativity. The Faddeev action is evaluated for the
piecewise flat ansatz for these fields when the metric
corresponds to the flat interior of the 4-simplices of the
general simplicial complex. Thereby an analogue of the
Regge action in the usual general relativity is obtained. A
peculiar feature of the Faddeev gravity is finiteness of the
action on the discontinuous fields, and this means
possibility of the complete independence of the fields in
the different 4-simplices or incoincidence of the 4-
simplices on their common faces. The earlier introduced
analogue of the Barbero-Immirzi parameter for the
Faddeev gravity is taken into account. There is some
freedom in defining the Faddeev action on the piecewise
flat manifold, and the task is set to make use of this
freedom to ensure that this discrete system be reducible
with the help of the discrete equations of motion to the
analogous discrete general relativity (Regge calculus).

Four-loop corrections with two closed fermion loops
to fermion self energies and the lepton anomalous
magnetic moment
Roman Lee, Peter Marquard, Alexander V. Smirnov,
Vladimir A. Smirnov, Matthias Steinhauser;
Journal of High Energy Physics, 1303, 162 (2013)

We compute the eighth-order fermionic corrections
involving two and three closed massless fermion loops to
the anomalous magnetic moment of the muon. The
required four-loop on-shell integrals are classified and
explicit analytical results for the master integrals are
presented. As further applications we compute the
corresponding four-loop QCD corrections to the mass and
wave function renormalization constants for a massive
quark in the on-shell scheme.



Critical points and number of master integrals
R.N. Lee, A. A. Pomeransky
Journal of High Energy Physics, 1311, 165 (2013)

We consider the question about the number of master
integrals for a multiloop Feynman diagram. We show
that, for a given set of denominators, this number is
totally determined by the critical points of the
polynomials entering either of the two representations:
the parametric representation and the Baikov
representation. In particular, for the parametric
representation the corresponding polynomial is just the
sum of Symanzik polynomials. The relevant topological
invariant is the sum of the Milnor numbers of the proper
critical points. We present a Mathematica package Mint
to automatize the counting of the master integrals.

LiteRed 1.4: a powerful tool for the reduction of the
multiloop integrals
R.N. Lee
arXiv: 1310.1145

We review the Mathematica package LiteRed, version
1.4.

Gravitational four-fermion interaction in the early
Universe
1.B. Khriplovich, A.S. Rudenko
Sov.Phys. Uspekhi, v.184, N 2 (2014);
JHEP 11, (2013) 174

If torsion exists, it generates gravitational four-
fermion interaction (GFFI), essential on the Planck scale.
We analyze the influence of this interaction on the
Friedmann-Lemaitre-Robertson-Walker cosmology. Exp-
licit analytical solution is derived for the problem where
both the energy-momentum tensor generated by GFFI and
the common ultrarelativistic energy-momentum tensor
are included. We demonstrate that gravitational four-
fermion interaction does not result in Big Bounce.

On structure of the polarization operator in a
magnetic field
V.M. Katkov
arXiv:1311.6205v1 [hep-ph]

The polarization operator is investigated at arbitrary
photon energy in a constant and homogeneous magnetic
field for the strength H less than the Schwinger critical
value. The effective mass of a real photon with a preset
polarization is considered in the quantum energy region
as well as in the quasiclassical one. Obtained in the
quantum region expressions include the singular terms at
the creation threshold of electron and positron on Landau
levels.
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4

PLASMA PHYSICS AND CONTROLLED
THERMONUCLEAR FUSION






4.1. ECR PLASMA HEATING IN GDT

The system for electron cyclotron resonance
(ECR) plasma heating was commissioned at the gas-
dynamical trap (GDT) facility (Fig. 4.1.1).

Two Buran-A gyrotrons produced at IAP RAS
operate as radiation sources. The gyrotron power is 450
kW; the pulse duration is up to 100 ps; the radiation
frequency is 54.5 GHz. Two power systems have been
developed and created for them. The systems generate
pulses with a voltage of 70 kV, current of 25 A and
duration of up to 5 ms, with an output voltage stability of
up to 1%. Each gyrotron is equipped with a transmission
line, which consists of a quasi-optical filter, a waveguide
line, two bending angles, a universal polarizer and a
quasioptical system for radiation injection into the
plasma. A quasi-optical filter matches the output mode of
gyrotron with the fundamental mode of the corrugated
waveguide HE11. It consists of two mirrors with profile
specially calculated for a specific gyrotron. The
waveguide line consists of separate corrugated
waveguides 0.5 m long connected by means of couplings.
The bending angle is a planar mirror for 45 degrees. The
universal polarizer enables transformation of input linear
polarization to any required elliptical polarization. The
system of radiation input into the plasma consists of one
planar and two parabolic mirrors. It focuses and directs
radiation to the desired point of the plasma. The vacuum

Heating injector
s

window is made of quartz. The radiation is input in the
near-mirror area of the GDT at an angle of 36 degrees to
the axis of the facility. Each line inputs radiation near its
magnetic plug. The microwave power loss for
transportation in both tracts amounted to ~ 10%. Most
devices and parameters of the gyrotron complex are
controlled and monitored remotely via an automated
control system.

The standard magnetic configuration of the GDT
turned out to be unsuitable for the selected scheme of
ECR heating because of the too high voltage required for
charging of the capacitor bank of the GDT magnetic
system and occurrence of parasitic ECR on the periphery
of the plasma, from which the radiation is reflected
(Fig.4.1.2). In order to solve these problems, we have
changed the magnetic configuration. The position of the
main EC resonance was left the same; the spurious
resonance was shifted towards the wall of the vacuum
chamber, where the plasma density is much lower. The
voltage of the capacitor banks remains within acceptable
limits. The energy properties of the GDT allowed us to
create a favorable magnetic configuration for ECR
heating on one end of the facility only. For this reason, all
experiments were performed with one gyrotron only. A
new variant of the reconfiguration of the magnetic system
has been developed, in which both the gyrotrons will be
used for plasma heating.
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Fig. 4.1.1. System for ECR heating of plasma in GDT.
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A 3D numerical code to calculate the wave trajectory
and absorption localization in the plasma of the GDT was
developed for selection of optimum configuration of the
magnetic field and GDT experiment parameters. The
wave trajectory is calculated in the approximation of
geometrical optics, and the absorption coefficient is
calculated from a numerical solution to the dispersion
equation for a collisionless warm Maxwellian plasma
with motionless ions (Fig. 4.1.3).

With injection of microwave radiation with a
powerof ~ 300 kW into the plasma, 1 ms after the start of
the atomic injection a growth in the integral plasma
parameters is observed, e.g. in the diamagnetism (energy

content) of the plasma and the current of ions leaving the
trap through the plug (Fig. 4.1.4). The plasma density
remains practically unchanged. This evidences a growth
in the electron temperature of the plasma due to the ECR
heating.

With the help of Thomson scattering, the distribution of
plasma density and temperature in shots was measured
with ECR heating and without it 2.5 ms after the start of
injection of microwave radiation (Fig. 4.1.5). One can
clearly see an increase in the plasma temperature during
the ECR heating. The off-axial heating is due to the
displacement of the center of the beam relative to the
center of the plasma.
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Fig. 4.1.5. Distribution of density and electron temperature of plasma.
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Increasing the ECR heating power up to 400 kW,
setting the beam center on the plasma axis, and beginning
the microwave radiation injection 3 ms after the start of
the atomic injection, we achieved a GDT-record electron
plasma temperature, over 400 eV (Fig.4.1.6). This
temperature was measured in the center of the plasma
using Thomson scattering 0.4 ms after the start of the
ECR heating. This temperature is higher than the design
estimate of the maximum attainable plasma temperature
(350 eV) in absorption of a microwave power of 900 kW
in plasma. This evidences a local heating of the plasma.
This hypothesis is confirmed by a numerical calculation
of the distribution of microwave radiation absorption over
the plasma cross section (Fig.4.1.7) and the observed
large scatter of measured temperatures between different
shots in the GDT at constant integral parameters of the
plasma. The attained electron temperature of the plasma is
a record one for the quasi-stationary open traps.

4.2. GOL-3 FACILITY

4.2.1. Description and basic operation modes

GOL-3 is a unique engineering-and-physics system for
research on the physics of rapid collective plasma heating
with a powerful electron beam and physics of high-
temperature plasma confinement in a multiple-mirror
open trap. The behavior of the plasma in the trap is
determined by collective and nonlinear effects. The
difference of GOL-3 from other facilities with high-
temperature plasma is that plasma is heated with a
powerful electron beam. Depending on a certain scientific
problem, one of two electron beam sources can be used

for this purpose. These sources have quite different
parameters. Using a high-current relativistic electron
beam with a power of about 20 GW with a duration of
around 10 microseconds provides higher plasma
parameters. The physics of longer processes is
investigated using a weakly relativistic electron beam of
submillisecond duration and a power of up to 25 MW.

The scientific program in 2013 included several
independent lines of research. One of them was the
generation of sub-terahertz electromagnetic radiation in
vicinity of double plasma frequency. This radiation arises
with strong Langmuir turbulence, accompanying
relaxation of high-current relativistic electron beam in a
plasma. Another research line is associated with
experiments with long-pulse electron beam of moderate
power. Besides these programs, the main results of which
are set forth in this section, GOL-3 was used in other
investigations, aimed at the development of the physics
and technology of collective plasma heating with a
powerful electron beam and analysis of the influence of
high-power plasma flows on structural materials. In
parallel with the research experiments, the development
of the experiment base was continued in 2013.

The appearance of the facility is shown in Fig. 4.2.1.
The main solenoid consists of 103 independent-supply
coils and has a total length of about 12 m. In the standard
multiple-mirror configuration, the magnetic field has 52
corrugation periods (cells of the multiple-mirror system)
with a maximum field of 4.8 T, a minimum field of 3.2 T,
and a step of 22 cm. The mirror ratio of the corrugation
trap is 1.5, ie, the facility operates in a "weak corrugation”
mode. The solenoid ends with single magnetic mirrors
with a field of 8 - 9 T. The exit unit of the facility consists
of a pre-plasma source and expander tank with end beam

Fig. 4.2.1. Photo of GOL-3.
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collector. In the area of the exit expander tank, the
magnetic field gradually decreases to 0.05 T, due to
which the specific energy density on the surface was
decreased to a value that allows application of metals as
receiving surfaces in work with a relativistic electron
beam. In another experiment set-up, a source of
relativistic electron beam is mounted instead of the exit
plasma collector.

A typical scenario of experiment in the standard
configuration of GOL-3 is as follows. Several pulse
valves create a desired distribution of hydrogen or
deuterium density over the length. The magnetic system
of the facility, which is fed from a capacitor bank with a
total energy storage of up to 15 MJ, is switched on. Next,
a pre-plasma with the length-average density varying in
the range of (1 - 30)x10* m™ is created using a special
low-temperature  longitudinal  discharge. Then a
relativistic electron beam, generated by the U-2
accelerator, is injected into the plasma. The beam has the
following parameters: electron energy of 0.5 - 0.8 MeV,
current of 20 - 25 kA, base duration of 8 - 12 ps, energy
content of up to 120 kJ, and beam diameter of 4.1 cm (for
a 3. 2 T magnetic field, corresponding to the minima of
the corrugated field). Such a beam is formed in a belt
relativistic diode, and then the magnetic system of the
accelerator compresses and converts it into a beam of
circular cross section. The collective plasma heating can
result in a plasma ion temperature of about 2 + 3 keV
under optimal conditions (in the hottest part of the plasma
column). The multiple-mirror scheme (corrugated
magnetic field) allows hot plasma confinement for much
longer time than in a simple solenoid trap.

Experiments with weakly relyativistic electron beam
were carried without pre-plasma; the beam was injected
directly into gaseous deuterium. These experiments are
aimed at demonstrating the possibility of injecting a long-
duration electron beam into a plasma. The physics
research program includes both experiments on
achievement of a quasi-stationary plasma state on GOL-3
and works on verification of some assumptions that are in
the basis of the physical design of a new-generation open
trap, GDMT. The beam parameters can vary widely: the
electron energy is 20 - 120 keV; the beam current is 15 -
250 A; the power is 1 - 25 MW; the duration is 30 - 600
ps. The technology of generation of electron beams with
the specified parameters, which are suitable for injection
into the plasma trap (ie resistant to the high-power plasma
flow that exits from the trap), was being refined on a
special stand for a few years. This line of research implies
the basic possibility of steady-state injection of electron
beam. Thus it was necessary to create an electron beam
source capable of operating in an incident plasma flow
and suitable for at least 100-fold magnetic compression in
the current density for the trap to have an acceptable ratio
of beam electron density to plasma density.
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4.2.2. Polarization of sub-terahertz plasma
radiation in injection of relativistic electron
beam.

Investigation into the mechanisms of generation, as
well as features of the electromagnetic spectrum of
radiation, of plasma in strong Langmuir turbulence, which
occurs in intense relaxation of electron beam in a plasma,
is one of the most fundamental problems of the physics of
fusion plasma. This problem is not only important in
terms of controlled nuclear fusion, but it is also one of the
main tasks of astrophysical observations, because the
radio emission of plasma space objects, such as the Sun,
is of a plasma nature and these phenomena are based on
processes similar to those occurring in turbulent plasma
heating in open magnetic systems.

In 2013, experimenters on GOL-3 continued the
research on the mechanisms of generation of
electromagnetic radiation in the subterahertz range during
relaxation of relativistic electron beam in a plasma.
Earlier experiments have identifed modes of GOL-3
operation in which the radiation was in the given spectral
range.

Experiments with powerful relativistic electron beam
were aimed at the research on the spectral properties of
electromagnetic radiation in the frequency range of up to
0.5 THz with the following parameters: n, = 3.7-10% m”;
E = 0.5 MeV; I = 20 kA. The radiation spectrum was
analyzed with an eight-channel polychromator. A
polarization filter was placed upstream of the
polychromator. The filter separated the parallel or
perpendicular component of the electric field of the wave.
The measurement result averaged over 10 shots is shown
in Fig. 4.2.2.

The spectrum of radiation emitted from plasma has
three distinct local maxima of intensity. The first is in the
range of 100-150 GHz and corresponds to the cyclotron
radiation of plasma electrons. Two other local maxima of
intensity lie in the areas of frequencies of 170 GHz and
340 GHz. These frequency values coincide with the
plasma frequency f, = (n.e’lmm,)™> = 175 GHz and its
second harmonic.

The behavior of the polarization of electromagnetic
radiation during electron beam injection into the plasma
was studied in detail using a radiometric polarimeter
consisting of two identical detectors to measure
orthogonal polarization radiation. The radiation in the
selected frequency range was analyzed with a quasi-
optical bandpass filter located wupstream of the
polarimeter. The result of measurement of the polarization
in two areas (near 190 GHz and 315 GHz) is illustrated in
Fig. 4.2.3.
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Fig.4.2.2. Average spectrum of two polarization
components of radiation emitted by plasma in beam-
plasma interaction:

a) at time 1= 0.5 ps after beginning of electron beam
injection into plasma, 6) t=0.75 ps. The numerals
indicate the frequency ranges relating to 1 — cyclotron
frequency, 2 — plasma frequency, 3 — double plasma
frequency.
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Fig. 4.2.3. Intensity evolution for mutually orthogonal
components of electric field of radiation emission in the
spectral range Af/ f= 10%. Legend: a) plasma frequency
neighborhood, f= 190 GHz; experiment PL12622;

0) double plasma frequency neighborhood;

=315 GHz; experiment PL12624.

4.2.3. Pre-plasma arc source.

The objective of this work was to develop a
fundamentally new way of filling the facility with low-
temperature plasma. This would substantially improve the
vacuum and reduce the charge exchange losses from
plasma, which is especially important in work with long-
pulse beams. The existing system for pre-plasma
generation demonstrated high reliability in a wide range
of operating pressures of deuterium. The vacuum
chamber, however, contained plenty of neutral gas.

It was proposed to use a pulsed arc plasma gun as a
new plasma source. The plasma gun was designed and
made in 2013. Mandatory requirements to the design
included the possibility of work in a strong longitudinal
magnetic field and safe work in electron beam injection
experiments, in which the plasma gun is also the exit
beam collector. The gun consists of a cathode, a hollow
anode and an apertured arc channel with the length 130
mm and aperture 40 mm. The gas is puffed in pulses in
the area of the cathode and a discharge with a current of
10 kA is ignited. Then the plasma propagates along the
magnetic field and fills the area of magnetic confinement.

The gun was mounted on the end of the plasma
chamber of GOL-3. The following was measured: the
integrated density of the plasma along the central chord
(interferometers were placed at distances of 0.4 and 8.3
m), the chord density profile (transverse injection H, at a
distance of 6.1 m), the local plasma density (Thomson
scattering at a distance of 10.8 m), and the optical
emission (at different coordinates). Fig. 4.2.4 depicts the
plasma density propagation in 40 cm from the gun at a
discharge current of 10 kA and magnetic fields of 0.6 T
and 1T inside the gun and of 3.2 T and 1.1 Tit outside it.
The plasma density was observed to decrease 10 to 100-
fold to n/ ~ 10" cm™ in 10 meters from the gun. The
reason is currently being searched for.
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Fig. 4.2.4. Integral of plasma density over the diameter in
0.4 m from the anode of the plasma gun.

4.2.4. Numerical modeling of generation and
transport of electron beam on GOL-3.

Modeling of sources of charged particle beams with
plasma emitters has a feature of the effect of the electric
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fields and particle fluxes on the surface shape of the
emitting plasma, which itself is part of the electron-
optical system of the source and determines the
characteristics of the beam that it forms. For this reason,
algorithms for computation of equilibrium shape of
plasma surfaces become an essential component of any
code for solving problems of plasma emission electronics.

The refinement of the numeral code POISSON-2,
which was developed at BINP, was continued in 2013.
This code allows calculation of several plasma regions
emitting particles of different types and forming charged
particle beams in self-consistent electric and magnetic
fields. The code identifies the near-emitter potential
distribution, which essentially depends on the distribution
function of the plasma components. For compliance with
the conditions of equilibrium surface, the computer code
was supplemented with algorithms for solving the Poisson
problem with boundary conditions describing the electric
field value on the surface of plasma with a given
potential. The equilibrium-surface conditions are met due
to calculation of a relevant plasma surface shape at a
given emission flux from the surface.

The diode cell of the multiple-aperture electron beam
source of the multiple-mirror trap of GOL-3 was
modeled. A self-consistent problem of formation of high-
current electron beam in a diode with emissive plasma
surfaces in an external magnetic field was solved. This
will ensure passage of colliding electron and the ion flows
through the anode and cathode apertures without current
deposition on the electrodes. The solution allowed us to
determine the range of density variation for ion current
from the anode plasma in which the angular
characteristics of the formed electron beam make it 200-
fold compressible by the guiding magnetic field and the
beam can enter the trap through the magnetic mirror.

Additionally, to check the influence of beam electrons
reflected from the entry mirror on the diode operation, we
conducted a theoretical analysis and numerical simulation
using the computational code "Era" (with ICMMG SB
RAS), determined the marginal currents and compared
them with earlier experiments on transportation and
compression of beam. The resulting currents are in good
agreement with the experimental values at which a diode
breakdown and pulse length reduction are observed. Thus,
it was shown that reflection of beam from the entry mirror
is one of the most important mechanisms of the anode
plasma density growth, which leads to a breakdown in the
diode gap. Nevertheless, an anode plasma of moderate
density in the transport line is necessary for compensation
for the spatial charge and reduction of the angular spread
in the beam from the source. Further progress towards
increase in beam duration in the simulation and the
experiment is associated with the search for conditions at
which the effect of the anode plasma on the diode
operation would be minimized.
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4.2.5. Development of technology for plasma-
emitter sources of long-pulse electron beams.

The works with the source of high-power
submillisecond electron beam on the basis of plasma
emitter and multiple-aperture electron-optical system
(EOS) were continued in 2013. A pulsed arc discharge
with cold cathode in low-pressure hydrogen formed a
plasma emitter of electrons. The multiple-aperture EOS
consisted of a planar diode with molybdenum electrodes
with a large number of round-coaxial through holes
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Fig. 4.2.5. Pitch angles and trajectories of 70 A beam
electrons in the transport beamline of GOL-3 in regime
with electrons reflected from the magnetic mirror (z ~
260 cm) back to the diode.

forming a hexagonal "lattice". The source was located
within the end vacuum tank of the multiple-mirror trap of
GOL-3 in an axial magnetic field of ~ 10 mT produced by
the external windings of the tank. The electron beam was
transported further with adiabatic compression in
increasing magnetic field for subsequent injection into the
plasma chamber of GOL-3.

This year refinements of the source were aimed
primarily at increasing the generated beam current due to
augment in the effective area of emission. To this end, the
number of apertures of the EOS was increased from 241
to 499 and thus the EOS diameter enlarged from 82 mm
to 118 mm. Besides that, a number of changes were made
in the plasma emitter design. The length of the emission
plasma expander (arc-discharge hollow anode) with the
cathode (emission) grid of the diode in the end was
increased from 100 mm to 210 mm. The magnetic field in
the arc line in the initial part of discharge forming was
increased from 0.1 T to 0.8 T. That amplified the
magnetic flux divergence over the length of the plasma
expander, which should contribute to enlargement of the
cross-section of the gas-discharge plasma near the
cathode grid and thus extension of the effective area of
emission.

The upgraded source was tested experimentally. In test
modes, without beam injection into GOL-3, a 2.5-fold
increase in the generated beam current as compared with
last year was demonstrated. Typical waveforms are shown
in Fig. 4.2.6. The average beam power was approximately
20 MW with a duration of to 0.2 ps. With a two-fold



decrease in the emission current, a millisecond generation
duration was achieved.

Along with the increased beam current, the modernized
source showed a slightly worse trainability and operation
stability in experiments on beam injection into GOL-3.
The reason may be that, despite the measures taken to
increase the area of emission, the emission current density
distribution over the cathode grid is markedly
heterogeneous, with a maximum near the source axis.
Because of this, the peripheral apertures of the EOS work
in adverse conditions in terms of the beam optics and are
hard-to-train. The beam current density profile was
measured on a metal target in 1.5 m from the source using
an X-ray pinhole camera (Fig. 4.2.7). The magnetic field
in the target area was 1.4 times as high as the field near
the EOS. Thus the beam size on the cathode of the EOS
was approximately by 20% larger than the beam size at
the target.

4.2.6. Control of rotation of plasma via electron
beam injection.
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Fig. 4.2.6. Typical oscillograms of electron beam
without injection into GOL-3: U, — voltage across the
diode; I, — emission current; I, — current deposited on
the anode electrode.
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Fig. 4.2.7. X-ray beam obscurogram and reconstructed
radial distribution of current density.
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Vortex confinement, a method that was suggested
theoretically at BINP and then confirmed in experiments
on the GDT facility, is one of the promising methods to
stabilize a plasma in modern open traps. This method is
currently the main way to ensure MHD stability of plasma
on the GDT facility. The method consists in giving the
central region of plasma confinement a negative potential
relative to its periphery. On the GDT facility, this is done
with a special system of electrodes to which a voltage is
applied. In so doing, the plasma starts rotating around the
axis because of the drift in the crossed radial electric field
and the longitudinal magnetic one. Another possible way
is formation of a negative potential on the axis by means
of electron beam injection. Such technology, if successful,
may be more acceptable for facilities with large heat
fluxes, in which electrodes cannot be used.

Series of experiments on GOL-3 demonstrated the
possibility of controlling rotation of plasma by means of
injection of electron beam with the following parameters:
injection duration of up to 100 microseconds, electron
energy of up to 90 keV, and injected current up of to 160
A. The electron beam current was modulated, for the first
time with a current modulation depth of 95%. Rapid
rotation of magnetic disturbances was observed during the
beam injection. A dependence of the plasma rotation
speed on the experiment parameters was built. The
dependence of the rotation velocity on the B 3-type
guiding magnetic field was determined. The rotation
velocity and its functional dependence on external
conditions suggest that this effect is caused by the drift in
the crossed electric and magnetic fields. The electric field
is estimated as E ~ 100 V/cm, which corresponds to an
on-axis negative charge with a density of up to 5x10"°
C/em (~5+10 % of the beam charge). The charge
distribution in this dependence is somewhat between a
charge concentrated on the axis and a charge uniformly
distributed in the plasma. When a modulated beam is
injected, the rotation frequency of the second and
subsequent sub-beams becomes independent on the
magnetic field. The explanation is that the first sub-beam
produces plasma, which results in a case corresponding to
an approximation of a charge concentrated on the axis of
the plasma.

It was shown that the direction of perturbation rotation
is inverted upon termination of beam injection. The
direction of rotation is inverted if the beam current
exceeds a threshold of ~ 10-15 A; with a beam current of
8 A or less, the direction of rotation corresponds to a
positive charge of the plasma. The time of rotation
direction establishment does not exceed 5.1 ps. This
suggests the possibility of introduction of an electric
potential into the plasma by means of electron beam, ie
without direct contact of the plasma with cold electrodes.
Thus, a relatively low-power electron beam can be
employed for carrying a potential in the plasma in a
controlled way. This achievement allows considering
application of such method to control of plasma potential,



as well as to high-power linear traps to confine reactor-
grade plasma.
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Fig. 4.2.8. Dynamics of perturbation of plasma magnetic
surface during injection of modulated electron beam. The
slope of lines of equal brightness corresponds to the
speed and direction of plasma rotation; the color refelcts
the magnitude of plasma boundary deflection from the
calculated position. The electron beam was modulated
with a depth of over 95% , a relative pulse duration of 2,
and a modulation period of 60 ps.

4.2.7. GOL-3 development prospects.

Since the creation of GOL-3, injection of high-power
electron beams along the magnetic field has been the
main method of heating plasma to high temperatures.
Collective interaction of the beam with the plasma results
in rapid relaxation of the beam, which is accompanied by
occurrence of turbulence and heating of the plasma.
Earlier experiments on the multiple-mirror trap of GOL-3
yielded sub-fusion parameters of deuterium plasma with
an ion temperature of over 2 keV and lifetime of 1 ms
scale at a density of 10*' m™

Analysis of possible ways of development of the
facility has revealed an important line of research on the
patterns of quasi-stationary escape of high-temperature
plasma from an open trap with multiple-mirror end
sections. Such results are in direct need for the program of
creation a new-generation open trap. Besides electron
beams, other, less traditional, methods of heating and
confinement of plasma can be employed in a quasi-
stationary system, in particular injection of neutral beams
of deuterium with a megawatt-scale power. Preparation of
a quasi-stationary experiment with neutral injection on
GOL-3 will require designing and manufacturing of
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injectors with supply systems, as well as creation of a new
vacuum chamber.

The GOL-3 system for neutral injection contains two
injectors of atomic beams (ABs) with the energy 25 keV,
total power 1.5 MW, beam duration up to 5 ms, and
geometric beam focusing. The injection is carried out
normally to the axis of GOL-3 into the center of a series
local trap. The angle between the injected beams is 158°.
The purpose of the injection of ABs is creating a
population of fast ions in the local trap of GOL-3 and
analysis of the transport of these ions in the multiple-
mirror trap at conditions of turbulent plasma maintained
by a longitudinal REB. The intension was to use an
analyzer of charge-exchange atoms, laser diagnostics of
Thomson scattering, diamagnetic sensors and other means
of plasma diagnostics available at the GOL-3 facility. A
possibility is provided for quick switching from injection
D to injection H, which allows identification of ions that
were injected into the deuterium plasma.

The atomic injectors were mounted and are now under
a vacuum of 2-10 Pa. The gas supply system for the
injectors was assembled. The system allows connection of
two gas cylinders and fast selection of gas. The electric
supply system is currently being manufactured. The
source is composed of 25 series-connected sections. Each
section operates autonomously, generates a voltage pulse
of 1 kV and has an optical input for start and stop, as well
as overcurrent protection. The sections were tuned and
tested. A voltage drop caused by a discharge of capacitors
is compensated by the additional sections, which are
turned on in the middle of pulse. The accelerating voltage
is adjusted with a 1 kV step via the amount of turned-on
sections. Two 800*800*33U racks that contain a source
of 0.3-1 kA controlled arc current for the plasma
generator, discharge ignition circuits, and supply of gas
valves and a 700 V offset of the exit grid are being
mounted. Each injector is equipped with a computer
connected by a fiber optic link to the local network of the
GOL-3 board room.

The formation of atomic beams was modeled, with due
account of defects of actually-fabricated spherical
forming grids. The loss of beam intensity in the focus
because of defects of the grids is less than 5%.



Fig. 4.2.9. Arrangement of neutral beam injectors on GOL-3 (stage 1).

4.2.8. Conclusion.

As earlier, the GOL-3 facility is used in experiments
aimed at collecting the physics knowledge required for
the construction of an open-trap fusion reactor. The
quality of acquired information is improved due to both
new diagnostics techniques and conduction of specialized
experiments. New technologies of plasma heating are
being developed; they will advance the plasma
parameters. Applied research in various directions was
conducted. Further plans include refinement of the
electron beam source and creation of a new source of pre-
plasma and a system for neutral beam injection.

4.3. PLASMA THEORY

4.3.1. Alf'ven ion-cyclotron instability.

A threshold for the Alfvén ion-cyclotron (AIC)
instability in a mirror trap with passing through weakly-
collisional plasma is investigated in the report of Yu.A.
Tsidulko, I.S. Chernoshtanov, in proc. of XL International
conf. on plasma physics and CTF, Zvenigorod, (2013).
Excitation of AIC instability in a multi-mirror trap can
provide additional collision-less ion scattering which
could be useful for effective multi-mirror confinement.

The unperturbed ion angle distribution is calculated
bysolving approximate kinetic equation. Angle scattering,
trapped ion bounce oscillations, axial plasma losses and
appearing of untrapped ions are taken into account in the
kinetic equation. The different angle distributions of
inflowing ions are considered.

The AIC instability is driven by inverse population of
resonant particles which have longitudinal velocity
satisfying  the  cyclotron  resonance  condition

Vipes ® (w—CQ_)/ k. The destabilizing contribution is
provided by the particles with pitch-angle near the loss
cone boundary. The total contribution of resonant
particles can be destabilizing if Vipes ~ Vr - The stability
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margin strongly depends on angle scattering frequency
and mirror trap length.

The used approximation of distribution function makes
possible to expand dispersion relation to the complex
planes of z, @ and k, which is necessary to study
absolute stability margins and searching for turning points
in the WKB method.

It is shown that the AIC instability can develop in a
mirror trap with flowing through plasma and provide
collision-less ion scattering with frequency significantly
higher than ion-ion collision frequency.

4.3.2. Modulational instability of a Langmuir
wave in plasmas with energetic tails of
superthermal electrons.

The impact of superthermal electrons on dispersion
properties of isotropic plasmas and on the modulational
instability of a monochromatic Langmuir wave is studied
for the case when the power-law tail of the electron
distribution function extends to relativistic velocities and
contains most of the plasma kinetic energy. Such an
energetic tail of electrons is shown to increase the thermal
correction to the Langmuir wave frequency, which is
equivalent to the increase of the effective electron
temperature in the fluid approach, and has almost no
impact on the dispersion of ion-acoustic waves, in which
the role of temperature is played by the thermal spread of
low-energy core electrons. It is also found that the
spectrum of modulational instability in the non-
maxwellian plasma narrows significantly, as compared to
the equilibrium case, without change of the maximum
growth rate and the corresponding wavenumber.

4.3.3. Exact kinetic theory for the instability of
an electron beam in a hot magnetized plasma.

Efficiency of collective beam-plasma interaction
strongly depends on the growth rates of dominant
instabilities excited in the system. Nevertheless, exact
calculations of the full unstable spectrum in the



framework of relativistic kinetic theory for arbitrary
magnetic fields and particle distributions were unknown
until now. In this paper, we give an example of such a
calculation answering the question whether the finite
thermal spreads of plasma electrons are able to suppress
the fastest growing modes in the beam-plasma system. It
is shown that nonrelativistic temperatures of Maxwellian
plasmas can stabilize only the oblique instabilities of
relativistic beam. On the contrary, non-Maxwellian tails
typically found in laboratory beam-plasma experiments
are able to substantially reduce the growth rate of the
dominant longitudinal modes affecting the efficiency of
turbulent plasma heating.

4.3.4. Theoretical studies of improved axial
plasma confinement in a corrugated field.

A new system for improvement of axial confinement in
open traps or pumping of hot plasmas along the magnetic
field is proposed. It is based on rotation of the plasma
column in a helicoidally corrugated magnetic field.

(A.D.Beklemishev, Helicoidal System for Axial Plasma
Pumping in Linear Traps, Fusion Science and Technology,
V.63 1T (2013) p.355-357.)

Theoretical studies of dynamical processes that may
cause anomalous ion scattering in cells of multiple-mirror
traps were conducted. Such scattering is crucial for
effective operation of the multiple-mirror trap at low
plasma densities consistent with magnetic confinement.

It is shown that quasi-parallel sound modes in mirror
traps may be sufficiently localized. Predicted frequency of
sound modes is in good agreement with experimental data
from the GDT trap.

(D.1.Skovorodin, A.D.Beklemishev, Flow-Driven Drift
Instability in a Multiple-Mirror Trap, Fusion Science and
Technology V. 63 1T (2013) p.256-258

D.I.Skovorodin,  K.V.Zaytsev,  A.D.Beklemishev,
Global sound modes in mirror traps with anisotropic
pressure Phys. Plasmas 20, 102-123, 2013)

4.4. BEAM INJECTORS OF HYDROGEN
ATOMS AND IONS

4.4.1. Beam Injectors of Hydrogen Atoms.

Diagnostic injector of hydrogen atoms has developed
for the world's largest stellarator Wendelstein 7-X, which
is under construction in the Max Planck Institute of
Plasma Physics (Greifswald, Germany). This branch of
the Institute is one of Europe's leading centers for
controlled fusion research. The W7-X experiments will
allow to study the behavior of plasma parameters close to
the reactor and to conclude about fusion power plant
based on the stellarator concept.

The injector was commissioned at the IPP test bed. In
accordance with the plans in a year the injector has to be
installed on the stellarator. Injector generates beam of
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hydrogen atoms with an equivalent current of 2.4 A and
an energy of 60 keV. Pulse width of the beam is up to 2.5
s with different modulation modes during 10 s beam.

With the help of the atomic beam and diagnostics based
on energy analysis and charge exchange recombination
spectroscopy one can to define a wide range of plasma
parameters such as ion temperature, impurity density,
plasma potential, radial electric field and others.

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

Works under the project of powerful continuous
injector of beam of fast hydrogen atoms with 500-1000
keV energy on the basis of negative ions are continued.
The project is based on separate formation and
acceleration of negative ion beam. Basic elements of the
injector are manufactured. At experimental stand
prototype of hydrogen negative ion source with beam
current up to 1 A is tested. Large experimental stand for
acceleration of hydrogen negative ion beam with ~ 5 A
current to energy ~ 800 keV is under preparation.

4.5. RESEARCH ON DYNAMICS OF
SPECTRUM OF HIGH-POWER
MILLIMETER WAVE RADIATION ON
ELMI INSTALLATION

4.5.1. Introduction.

Experiments on generation of millimeter wave radiation
in the two-channel planar free-electron maser (FEM) with
two-dimensional distributed feedback conducted on the
ELMY installation in 2012 demonstrated the possibility of
simultaneous generation of high-power pulses of 4 mm
wave radiation in the channels with synchronous phases
of the oscillation of the channels at a given frequency.
Radiation pulses generated in the channels had the
following parameters: the characteristic power of pulse
from one channel was ~ 10-20 MW, the pulse duration
was up to 250 ns; the oscillation frequency in the middle
of the emission line was 74.6 GHz (one of the
longitudinal modes of the resonator); the spectral width
was 10-20 MHz, close to the natural line width. A series
of experiments in the same year yielded dependences of
the millimeter-wave power in the frequency band
corresponding to the longitudinal modes of the resonator
(74.5-75.5 GHz) on the magnitude of the transverse
component of the undulator magnetic field at several
fixed values of the guiding longitudinal field (see BINP
annual report for the year 2012). From the above
experiments it was concluded that generation of high-
power mm-wave radiation is possible with static
undulator field varying in a rather wide range. However,
precise measurements of the radiation spectrum using
heterodyne diagnostics showed that variation of the



undulator field in the FEM resonator within acceptable
limits is as a rule associated with generation of several
longitudinal modes in a radiation pulse duration. At the
same time, one can expect that if the undulator resonance
condition is met, ie w—hv =Q,, where v, is the

longitudinal velocity of the electron, and Q, =27, /d,

is the frequency of the bounce oscillations of electron in
the undulator magnetic field with the periodd,, stable

single-frequency generation at the frequency of one of the
natural modes of the resonator is experimentally
attainable. Thus the experiments in 2013 were aimed at
reaching a stable single-frequency generation throughout
a pulse of mm-wave radiation due to meeting the
undulator resonance conditions, which can be done via a
right choice of the values of transverse and longitudinal
components of the undulator magnetic field, in
accordance with the energy of the beam electrons.

4.5.2. Experiment conditions.

The scheme of experiments on radiation generation in
the two-channel planar FEM is shown in Fig. 4.5.1. A
detailed description of the scheme, as well as the
diagnostics of microwave radiation, is given in the BINP
report for the year 2012.
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Fig. 4.5.1. Scheme of experiments on mm-wave radiation
generation in the two-channel planar FEM.
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In the experiments in 2013, as in the previous year, the
FEM channels along their entire length were separated by
a metal bar. Nevertheless, there was electrodynamic
coupling between the channels because of the penetration
of small part of radiation flows from one channel to
another in the area of graphite collectors for absorption of
beam electrons.

Since the experiments were aimed at single-frequency
generation of radiation without hopping from one
longitudinal mode to another, it was necessary to select
such an operation mode for the surge generator in which
the diode voltage was maintained constant for a few
hundred nanoseconds. In so doing, it was necessary to
ensure good repeatability of the pulse shape and
amplitude from shot to shot. From a preliminary
numerical simulation, it was found that deviation of diode
voltage during the pulse should not exceed 2 %.

The surge generator of the ELMI facility consists of
two independent in-series connected parts. Its lower part
consists of six Fitch cells connected in series, which form
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a  pulsed voltage that  varies in  time
asU =U, [1 —cos(27rt/T)]. The upper part consists of 12

levels of in-series connected capacitors and is charged up
to 600 kV by a DC voltage source. This surge generator
scheme allows one to control the amplitude and, to some
extent, the shape of diode voltage via varying the charge
voltages of both parts of the generator and selecting the
time of switching the megavolt gas-filled spark gap that
connects the generator to the diode of the accelerator.
Before the experiments, the surge genreator was subjected
to an essential upgrade, which included several steps.
First, the previous gas-filled spark gaps with field
escalation were replaced by new in-house multiple-gap
devices, RUM 50x2 (50 kV, 120 kA, 0.6 Cl). Second,
their triggering system was replaced. Currently, these
spark gaps reliably switch voltage on the 42 kV capacitors
of the surge generator at a maximum current of 100 kA
and an oscillation period T = 30 ps. Thirdly, the triggering
system of the megavolt spark gap was subjected to an
essential remodeling, the main element of which was the
creation of an isolated system for starting an intermediate
Marx generator (72 kV, 30 kA, t~100 ns), which initiates
a breakdown in the megavolt spark gap. The new
triggering system has significantly improved the
reliability of response of this spark gap and reduced the
response time scatter to 0.5 ps.

4.5.3. Research results.

In this series of experiments on the generation of mm-
wavelength radiation in the two-channel FEM, we varied
from shot to shot the amplitude and shape of the
accelerator diode voltage at fixed values of the transverse
and longitudinal components of the magnetic field in the
channels. For instance, in one of the shots with weak
attenuation of radiation entering the heterodyne
diagnostics, there was observed simultaneous generation
of radiation at all longitudinal modes of the resonator, as
illustrated in Fig. 4.5.2. In this figure, the result of
registration of the spectral density of the generated
radiation power is compared with the results of "cold"
measurements of the Q-factor of Bragg resonator at its
eigenmode frequencies. The latter measurements were
conducted prior to this series of "hot" experiments with
electron beams. It should be noted that the spectral
density amplitude at a frequency of 74.6 GHz is presented
disproportionately low for visibility of radiation at other
frequencies.

As seen from the figure, the experiment distribution of
the spectral density of the generated radiation power
agrees well with the position of the eigenmodes of the
resonator and is qualitatively consistent with the Q-factor
values of the resonator at these frequencies.

In subsequent experiments on the single-frequency
regime of mm-wave generation, we selected the diode
voltage pulse shape such that the voltage drop during the
radiation generation (150 to 250 ns) did not exceed 10 to
20 kV. Under these conditions, we conducted



simultaneous recording of spectra of radiation emerging
from the two channels of the FEM.
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Fig. 4.5.2. Spectrum of millimilter-wave radiation in FEM
channel in comparison with results of "cold"
measurements of frequency and Q-factor of longitudinal
modes of the resonator.

Figs. 4.5.3 and 4.5.4 show typical waveforms of the
diode voltage, strip beam currents, and dynamics of the
radiation spectrum in a shot in the single-frequency
regime at the frequency of the highest Q mode of the
resonator (74.6 GHz).

In a series of experiments with beams generated with a
voltage pulse form suitable for single-frequency
generation with a longitudinal component of the undulator
field of 1.13 T and a transverse component amplitude of
0.138 T, we selected only shots with a single-frequency
generation mode in at least one channel of the FEM
generator. Thus, if the voltage across the diode during the
generation of radiation was in the range of 840 kV + 20
kV, the single-frequency regime was registered at the
frequency of the highest Q mode of the resonator, 74.6
GHz. As for the voltage across the diode in the range of
875 + 20 kV, the single-frequency generation in most
shots occurred at another longitudinal mode of the
resonator, with a frequency of 77.7 GHz.

The initial energy of electron entering the undulator
was determined from the diode voltage in the middle of
the voltage value range at which a longitudinal mode with
the frequency w, was generated. Based on this energy

and using computer simulation of electron motion in the
undulator magnetic field of the maser, its average
longitudinal velocity in the resonator v, was calculated.

As a result, substituting this electron velocity in the
expression for the undulator synchronization detuning, we
obtain A = (a)m —hv, —Q, )/ ®,,C, where C is the Pierce

parameter ( C ~ 4-107in our case). The detuning value

A = 1.5 was found, which is optimal for our experiment
conditions. This value agrees well with the detuning value
at which the electron efficiency maximum is achieved in
the numerical simulation [Technical Physics, 2014, vol.
84, iss. 2, p. 98-105]. This agreement between the
experiment and theoretical values of the undulator

71

synchronism detuning proves the adequacy of description
of radiation generation in a planar FEM two-dimensional
feedback distribution.
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Fig. 4.5.3. Diode voltage U oscillograms, strip beam
currents (I1 and 12), and power of mm-wave radiation
from the two channels of the FEM (Det_1 and Det 2) in a
typical shot with single-mode single-frequency generation
at a frequency of 74.6 GHz. The two upper and two lower
patterns differ in the time scale only.
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Fig. 4.5.4. Dynamics of mm-wave radiation spectrum
(shot 7986) in single-frequency regime (top) and radiation
frequency spectrum in the time interval of 70-250 ns
(bottom).

4.5.4. Preparing experiments on two-phase
generation of terahertz radiation.

To conduct experiments on two-stage generation of
THz radiation, we perform upgrade of the ELMI
installation. A new vacuum channel (Fig. 4.5.5, a) with a
longitudinal guiding magnetic field of up to 2.5 T for
transport of two strip beams was manufactured, as well as
a new active magnetic undulator (Fig. 4.5.5, b) for build-
up of the transverse component of the electron velocity.
The basic units of the connection of the new channel to
the U-3 accelerator and the system for electron dump and
extraction of THz radiation into the atmosphere were
designed and are now being fabricated.

Fig. 4.5.5. Photos of a) new vacuum channel and b)
new undulator for two-phase THz radiation generation.

4.6. GDMT-T FACILITY

4.6.1 Introduction.

Plasma-surface interaction is a critical issue of a fusion
reactor. It is generally recognized now that namely
processes on plasma receivers will determine the
effectiveness of a fusion reactor and the possibility of its
industrial use. However, the today’s fusion facilities do
not allow achieving energy and particle flows that are
expected in the ITER and DEMO reactors. Thus, within
works on these projects, a network of specialized facilities
is created for research on various aspects of plasma-
surface interaction. BINP works on the creation of a new
GDMT-T facility for research on the effects of plasma-
surface interaction at plasma parameters close to those
expected in a tokamak-based fusion reactor. The GDMT-T
facility will simulate conditions on plasma receivers of
the reactor in the quasi-stationary operation regime with
pulse-periodic load (ELM mode). Research at this facility
will be useful in solving the following tasks:

- test of the resistance of samples of the ITER and
DEMO plasma receivers under the influence of quasi-
stationary plasma flow,

- analysis of the erosion of materials of the ITER and
DEMO plasma receivers under the influence of pulse-
periodic load,

- investigation into the propagation of impurities and
diffusion of surface plasma,

- refinement of technical solutions for creation of the
elements of open-trap fusion reactor (superconducting
solenoid, plasma receivers, and system for production of
stationary plasma),

- training of staff for research by the fusion program.

The GDMT-T facility differs from the existing and
projected stands for plasma-surface interaction in the
strong magnetic field corresponding to the field in the
ITER tokamak and the possibility of testing samples
under simultaneous action of stationary and pulse-
periodic loads. The components and systems of the
facility area under design now.



4.6.2. GDMT-T design.

A scheme of the GDMT-T facility is shown in Fig.
4.6.1. In the central part, there are three identical
superconducting solenoids with a magnetic field of up to
5 Tesla. From both sides the central solenoid is connected
with expansion tanks, one of which accommodates a
pulse-periodic electron beam generator. One of the
diagnostics sections of the central solenoid houses a
system for production of stationary plasma flow based on
helicon microwave discharge at a frequency of 915 MHz.
This system generates a plasma with a density of up to
10*m” and a temperature of 1-10 eV.

The second diagnostics module comprises targets to
investigate and diagnostics for research on surface
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plasma. When a target is placed inside the
superconducting solenoid, the system will produce a
plasma flow with a power density of up to 10 MW/m” and
a particle flux density of 10** m* on a 7 cm” sample.
Additional pulse-periodic plasma heating by injection of
electron beam (100 keV and 100 A) leads to a hundred-
fold increase in the power density on the target during the
time of injection (1-5 ms), which allows one to simulate
the impact of plasma on the divertor plates of a reactor-
grade tokamak in pulse-periodic load modes (ELM
modes). A gyrotron-based system for electron-cyclotron
heating is considered as an alternative method of creating
pulse-periodic loads.

Fig. 4.6.1. GDMT-T scheme: 1 — the superconducting solenoids, 2 — the solenoid of the electron beam generator, 3 -
electron beam pulse-periodic generator, 4 - plasma creation system, 5 — the test chamber with the unit for attachment of

targets, 6 — the plasma column.

4.6.3. Development of magnetic system of
GDMT-T facility.

Designing of the superconducting solenoid is of interest
for both the realization of the GDMT-T project and
projects of fusion reactor based on linear magnetic
systems. All the existing projects of fusion reactors on the
basis of linear traps implies plugs, i.e. areas of intense
magnetic field, the efficiency of plasma confinement
determined substantially by the magnitude of magnetic
field in the plugs. To create such plug sites it is necessary
to use superconducting solenoids with ultimately
achievable magnetic field.

The design of such solenoids has some features that
distinguish them from commercially available analogs.
The main difference is the action of non-compensated
magnetic field from the main part of the facility, and as a
consequence, the effect of large longitudinal forces on the
solenoid, as well as the large aperture and high heat loads
from plasma to the inner wall of the solenoid. In addition,
the project is to include the option of generation of both a
homogeneous field and a spatially variable (multiple-
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plug) one, which is promising in terms of improving the
plasma confinement.

The general view and design of the superconducting
solenoid are shown in Fig. 4.6.2 and 4.6.3. Since the
solenoids are assumed to be used in future as the end
sections of the GDMT facility, the solenoids allow
obtaining both a corrugated field and a quasi-
homogeneous one. Each solenoid includes two coils:
external, which creates the main constant magnetic field,
and the internal, which consists of seven subsections with
opposing connection of neighboring subsections, which
allows generation of a multiple-plug magnetic field.

The internal and external subsections of the SP solenoid
are powered by various-value currents from independent
current sources. The subsections are powered so that all
external subsections on the axis of the system create a
magnetic field in one direction, while all the internal
radial subsections generate an alternating magnetic field.
This results in a corrugated magnetic field on the axis of
the solenoid section with four maxima and three minima;
the maximum and minimum values of the field are 7.3 T
and at 2.7 Tesla, correspondingly. A configuration with
quasi-homogeneous field, when only the external winding
of the solenoid is switched on, is more preferable for



experiments on plasma-surface interaction. In this case,
changing the current in the winding of the third (output)
solenoid, one can adjust the magnetic field and, therefore,
the power density on the target.

Fig. 4.6.3. Scheme of SP solenoid module.

1 — the cryogenic volume, 2 — the frame of coil of the SP
solenoid, 3 - the heat shields, 4 — the wall of the vacuum
chamber, 5 — the cryocoolers, 6 - one of the points of
attachment of Kevlar rope, 7 — the water-cooling inner
wall of the vacuum chamber.

The magnetic fields and thermal regime of the solenoid
were calculated in a two-dimensional axisymmetric
geometry using the package ANSYS. It was revealed that
the largest forces of about 250 kN act on the end sections
of the superconducting solenoid in its axis direction, and
decrease rapidly towards the center of the solenoid. The
mechanical forces are transmitted from the outer housing
to the cryogenic volume via eight pre-tensioned Kevlar
cables, which ensure the required stiffness at low heat
inleaks.
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The designed cryogenic volume, which is protected
with radiation shields and has room temperature surfaces
with super-insulation against heat, as well as the design of
the current leads and the supportive cables, should
provide a minimum heat input into the cryogenic volume.
The heat fluxes to the cryogenic volume with a
temperature of 4.2 ° K come from the following sources:

- current leads: ~ 0.3 W;

- thermal bridges via the supports: ~ 0.5 W (depends on
the design of the bridges);

- thermal radiation from the radiation screens: ~ 0.1 W;

- sensing wires from temperature sensors and level
meter: ~ 0.05 W at most;

- residual gas in the vacuum chamber: ~ 1 mW at most.

Fig. 4.6.4. Exit section of GDMT-T.

Reducing the heat input below 1 W provides the heat
balance of the cryogenic volume using embedded
cryocoolers, and thus no liquid helium is required in the
system, which greatly simplifies the design of the
solenoid and facilitates its use.

A general scheme of the solenoid has been defined so
far, and its individual units are being designed. In
addition, a design of the exit section of the GDMT-T
facility has been developed and its production has started
(Fig. 4.6.4).

4.6.4. Conclusion.

The implementation of the project of GDMT-T facility
will results in an up-to-date stand at BINP for studying
the plasma-surface interaction, which is necessary for the
implementation of the ITER project and development of
an open-trap reactor. Within this project, technical
decisions to be used in a reactor-grade plasma facility will
be tried and the physical aspects of plasma confinement in
a magnetic field and the interaction of high-power
electron beams with plasma will be investigated.

A physical design of the facility and main technological

units has been developed. Preparation of design
documentation for components of the facility is
underway.
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5.1. WORK OF VEPP-2000 IN 2013 AND
INJECTION PART MODERNIZATION.

5.1.1. Statistics gathering in the range 2 (160—
500) MeV with CMD-3 and SND detectors.

Experimental work of VEPP-200 in 2013 was devoted
to data gathering by two detectors in the low energy range
from 160 to 510 MeV per bunch. Besides of beam-beam
effects suppression, the use of round beams significantly
weeks the Touschek effect, which limits beam lifetime at
low energy. This allowed VEPP-2000 to work at
160 MeV — extremely low energy for electron-positron
colliders. In 2013 we collected 24pb™', the luminosity in-
tegral gathered during all work of VEPP-2000 is 60pb™
per detector. In Fig. 5.1.1 the comparison of VEPP-2000
luminosity and data from BaBar experiment is shown.
One can see that at energies corresponding to @-meson
our collider leaves BaBar statistics behind. And after up-
grade for operation with projected parameters on high en-
ergies we will be able to exceed BaBar data.
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Fig. 5.1.1. Luminosity from CMD-3 detector.
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Let’s briefly list the main stages of VEPP-2000 com-
plex operation in 2013. In January we finished RHO2013
experiment in the range of 490-360 MEV. Then there
was a short break for measurement of the BEP’s 13th
magnet after its upgrade, and the energy calibration of
VEPP-2000 by a method of resonant depolarization. From
February till March we went to low energies, 360—
160 MeV. From April till beginning of May there was a
work in the range of 440-530 MeV, in May and June —
410-370 MeV. At the end of June experiment
ETAPRIME2013 was curried out: the work in one pre-
cisely tuned point of 478.89 MeV, the considerably inte-
gral of luminosity was gathered. At the end of the ex-
perimental season we studied the possibility of bunch
lengthening to increase the luminosity. It became possible
after @-dissectors were installed on the ring. In August of
2013 VEPP-2000 was stopped on upgrade.
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Fig. 5.1.2. Luminosity of VEPP-2000.

The luminosity of collider (Fig. 5.1.2) is limited by
positron production rate in energies higher than 500 MeV.
In case of energies higher than 800 MeV additional limi-
tations arise from need to accelerate the beam in VEPP-
2000 ring. In the middle energies (300-500 MeV) peak
luminosity is restricted by beam-beam effects, mainly
flip-flop effect.

Starting from energies of 400450 MeV the field of
CMD-3 detector is beginning to have significant impact:
with decreasing energy the fields of magnetic elements
are recalculated, but the CMD-3 field is remaining un-
changed, and at low energies the effect of this strong
magnetic element becomes more and more noticeable. To
compensate for CMD-3 field we need big field in short
compensating solenoids. This leads to increase of orbit
corrections in remaining part of the ring; the symmetry of
the ring is broken, injection becomes worse. All these fac-
tors lead to decrease of luminosity.

At low energies because of weak radiation damping the
problems of non-linear dynamics are worsen, dynamic
aperture is reduced, higher-order resonances are shown
up. Besides, the lifetime caused by particles’ scattering
inside the beam is decreased.

6.0 :

U.= 9.2 kV
5.5 g,,=18.5kV ‘;
5-0 U..=29.6 kV v

30 40

15, mA
Fig. 5.1.3. Measurement of beam longitudinal size by ¢-
dissector at different currents.
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In 2013 the measurement of bunch lengths with an ac-
curacy of 2 mm by means of installed phi-dissectors was
implemented on VEPP-2000 collider. At that the effect of
microwave instability was observed, which arises in colli-
sions of short bunches. The threshold of this instability
depends on accelerating voltage of RF cavity. At first time
the microwave instability was observed when measuring
longitudinal size of the beam. From the Fig. 5.1.3 one can
see that the rise of longitudinal size spread has clear
threshold.

“Achieved” beam-beam parameter is determined as:

— *
5 N r(? nom
lumi

where the value of beta-function at interaction point is
taken as nominal (without perturbation by counter bunch),
but the beam size is real, it is calculated from experimen-
tally measured luminosity.

In the Fig. 5.1.4 the correlation between “achieved” and
so called “nominal” beam-beam parameters is shown by
using the complete data gathered at specific energy of
392.5 MeV. “Nominal” beam-beam parameter is defined
as:

B

b

N, Yo
)
this is a measure of beam current. The value of achieved

g — nom
nom

dryo,. .
in which all incoming parameters are calculated, hence
beam-beam parameter is & ~ 0.09 per one interaction
point.
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Fig. 5.1.4. Achieved vs. nominal beam-beam parameters

at 392.5 MeV.

When studying the influence of bunch length on beam-
beam effects there was observed that lowering the voltage
of RF cavity from 30 to 17 kV allows one significantly
increase peak value of beam-beam parameter up to & ~
0.12 per one interaction point (Fig. 5.1.4). Probably, this
effect is connected to additional suppression of beam-
beam effects when the bunch length slightly exceeds the
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value of beta-function at interaction point. In our case the
bunch lengthening is provided not only by decrease of the
accelerating voltage, but also by the microwave instabil-
ity, which was observed at low voltage and bunch inten-
sity being higher than a certain threshold value.

In addition we can compute the beam-beam parameter
from the spectrum of beams’ coherent oscillations. In the
Fig. 5.1.5 two peaks of o- and m-modes with betatron
tunes of 0.165 and 0.34 are clearly seen. The complete
tune shift Av = 0.165 corresponds to the beam-beam pa-
rameter per one interaction point:

£ cos(zv,)—cos(zv,)
- 2rsin(zv,)

that is in good agreement with the value taken from lumi-
nosity and is an absolute world record. In this estimation
the Yokoya parameter was supposed to be 1, because the
coherent oscillations of small amplitude were generated
by quick kicker and were observed during 8000 turns.
Within such short time interval the particle transverse dis-
tribution has not enough time to be deformed and thus
remains Gaussian.

=0.124,
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Fig.5.1.5. Spectrum of coherent oscillations at energy of
479 MeV.

On VEPP-2000 complex three methods of energy
measurement are implemented: control of field in bending
magnets by means of NMR sensors; method of Compton
backscattering, which requires relatively big currents
(more than 20 mA, hence it can’t be used at low ener-
gies), and the third is the method of resonant depolariza-
tion. In 2013 season we carried out the measurement of
beam energy by resonant depolarization in special regime
of VEPP-2000: so called “warm” optics without CMD-3
and solenoids. Comparison of data taken showed good
agreement of all three methods; this allows us quickly
control the beam energy during experimental work.

5.1.2. BEP upgrade and K-500 channel.

The need of VEPP-2000 accelerating complex mod-
ernization is caused by several factors. First is the lack of
positrons that did not allowed us to achieve the threshold
of beam-beam effects. At low energies the problems arise,
which are connected to beams’ lifetime. This means that
we need excess positrons from VEPP-5. Secondly this is
the need to boost beams in VEPP-2000 ring to the ex-
periments energy, because the booster ring BEP is not
able to accelerate the beams higher than 800 MeV. Addi-



tional acceleration in VEPP-2000 is bad in terms of
“dead” time (there is no statistics gathering) and problems
of intensity bunches acceleration. Besides it is impossible
to achieve threshold values of beams’ intensities when in-
jecting not on energy of experiment.

Upgrade of injection part of VEPP-2000 complex to
work with beams at the energy of 1 GeV consists of sev-
eral stages. First we need beams from injection complex
VEPP-5, that means we have to build and put into opera-
tion K-500 channel. There is need in upgrade of booster
ring BEP to avoid troubles with increase and decrease of
beams’ energy in VEPP-2000. And, of course, there
should be modernization of BEP-VEPP-2000 channel
and preparation of VEPP-2000 ring to accept the beams at
energy of 1 GeV.

In July of 2013 after the end of experimental season the
VEPP-2000 complex was stopped for upgrade. Before
this stop big amount of preparation work was carried out
within two years.

At the moment on K-500 channel the installation and
preliminary geodesic alignment of all magnetic elements
is complete. This includes 4 horizontal magnets, 4 pulse
magnets of the rise, 55 pulse quadrupoles, additional
bending and injecting into BEP magnets, 27+12 dipole
correctors, 23 pickups and 12 phosphor sensors. Power
supplies and all the electronics for sensors are manufac-
tured and ready for installation into the channel. Vacuum
chamber is assembled and pumped.

\' - ’ 1

Fig. 5.1.6. Injection channel K-500.

In the Fig. 5.1.6 (a part of rise into BEP) one can see
assembled vacuum chamber, quadrupoles and magnets
installed, cables are connected. The overall management
and concept of injection complex, channel and VEPP-
2000 collaboration is worked out.

New injection magnet was manufactured (H =
17.5 kGs, Ly =42.8 cm, R, = 980 mm, & 9 mm).

Modification of bending magnets is carried out, includ-
ing change of pole gap 40 mm — 32 mm; pole restriction
120 mm — 90 mm; plates of 50 mm are installed on in-
ternal radius of yoke. As a result magnetic field of 26 kGs
is reached, which is needed for energy of 1GeV.

Quadrupoles are modified by decreasing inscribed di-
ameter (D-lens: 56 mm — 52.89 mm, F-lens: 84 mm —
74.8 mm); poles’ profile is changed to increase chromatic

sextupole component of the magnetic field. At the energy
of 1 GeV gradients in quads will be 3.214 kGs/cm and
-4.512 kGs/cm.

Aluminum vacuum chamber in magnets and quadru-
poles is modified. Vertical size of vacuum chamber is de-
creased by pressing in the range of dipole magnet and D-
lens.

The replacement of vacuum chambers in two straights
to the simple elliptic chambers is made (with synchrotron
radiation receiver and pumping port. Then we installed in
these straights two special C-shaped layer long-pulse
magnets, which provide 25 mm distortion of the horizon-
tal orbit before beam ejection (“BUMP” element).

As far as main magnetic elements of BEP are fed from
one high-current power supply (10 kA) and high values of
their magnetic fields lead to strong iron saturation, special
attention during calculation was carried to equality of
saturation curves of all the multipoles. For example, in
the Fig. 5.1.7 the central curve shows the difference in
saturation between D-lens and dipole magnet in relative
units. Other curves set “window” available for correction
by correcting coils in lens. In this “window” we have to
“inscribe” the main curve.
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Fig. 5.1.7. Superposition of saturation curves for dipole
magnet and quadrupole.

In Fig. 5.1.8 upgraded bending magnet is shown being
on test bench. The results of measurements by NMR sen-
sor and Hall probe are presented in Fig.5.1.9, 5.1.10.

el

Fig. 5.1.8. New dipole magnet of BEP.
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Fig. 5.1.10. Measurement of bending magnet with Hall
probe, current is 9.9 kA.

In the channel BEP-VEPP-2000 magnets M2, M3,
MP4, ME4, MP5, MES will be replaced. They are fed in
series with BEP magnetic elements and the magnetic field
should also be 26 kGs In VEPP-2000 ring additional in-
flector plates have to be installed in vacuum chambers of
1M1 and 2M2 magnets for injection on maximal energy.
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New RF system of BEP is supposed to work at fre-
quency of 174 MHz (13th harmonic of BEP revolution
frequency) and consists of accelerating cavity, RF genera-
tor and control system. Accelerating cavity of coaxial
type at maximal voltage of 120 kV has mechanism for
tuning main and higher modes. Parameters of RF cavity
are listed in Table 5.1.1.

Table 5.1.1. Parameters of BEP RF cavity

Harmonic number 13
Working frequency, MHz 174.3755
Characteristic resistance pt°, Ohm 127
Q-factor 14900
Accelerating voltage, kV 112
Power to the beam, kW 6.9
Power losses in cavity, kW 3.5
Complete power, kW 10.4

In 2013 new RF cavity was manufactured, RF parame-
ters of main and higher (up to 1500 MHz) modes were
measured. At the present time new cavity is installed on
BEP ring, is warmed up and pumped.

.ﬂl

Fig. 5.1.11. New BEP RF cavity.



5.2. VEPP- 4 ACCELERATOR
COMPLEX

Accelerator complex VEPP-4 is a unique installation
for experiments with colliding high-energy -electron-
positron beams. The complex includes injector "Posi-
tron", multipurpose storage ring VEPP-3 and electron-
positron collider VEPP-4M with the universal magnetic
detector KEDR. The main purpose of the VEPP-40 col-
lider is experimental studying of the properties of elemen-
tary particles, the parameters of resonances and the cross-
sections of electron-positron annihilation processes.

5.2.1. Distribution of working time.

In 2013 the planned reconstruction of the KEDR detec-
tor was continued, thus, the high-energy physics experi-
ments at the VEPP-40 collider were not carried out.

This year working hours of the complex are distributed
mainly between the experiments with synchrotron radia-
tion (24,9 % VEPP-3 + 4,4 % VEPP-40), and also the
DEUTERON experiment at VEPP-3 (16,5 %). Regular
maintenance works (2,5 %) are carried out weekly. The
accelerator physics experiments at VEPP-40 were per-
formed to increase a luminosity and to develop the re-
search on CPT invariance testing. The series of experi-
ments with a beam of high-energy y-quanta obtained by
conversion at the internal target («the output beam») is
also continued at VEPP-4M.

5.2.2. DEUTRON experiment at VEPP-3.

Two series of experiments were performed at “Deu-
tron” installation in 2013:

1. Experiment on measuring T,y tensor asymmetry in
reaction of a coherent photoproduction of neutral pi-
meson with deuteron is carried out. The works were per-
formed in March-July, 2013 (Fig. 5.2. 1).

After the period of installation, assembly, commission-
ing and adjustment of the equipment of the polarized gas
target and the equipment of the particle detection system,
a collection of experimental data (from the middle of May
to the middle of July) was performed.

The work was carried out at the electron beam energy
of 2 GeV. As a result, the beam current integral of 154
kilocoulombs was achieved - this corresponds to the
planned value of luminosity integral of 30 inverse pi-
cobarns.

2. The first test switching-on of a new equipment of
"Deuteron" installation, quasi-real Photon Tagging Sys-
tem (PTS) is carried out. Besides, conditions of operation
of the PTS particle detector parts with a hydrogen target
and an electron/positron beam with energy of 600 MeV
were studied.
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Fig. 5.2.1. ) measurement in y+d — n’+d reaction.



5.2.3. CPT test experiment.

Study on efficiency of RF separation of electron and
positron bunches at the parasitic interaction point at the
VEPP-4M collider — at the centre of its technical section —
is continued.

RF separation

plates
—

Fig. 5.2.2. Schematic two-turn closed orbit in the form of
the Pascal Snail curve, represented as a 4-th order flat
curve. IP - main interaction point; RF separation plates —
plates of radial separation of the orbits with ac voltage at
the frequency equal to a half of the revolution frequency.

The usual electrostatic system of orbit separation used
for similar purposes in the high-energy physics experi-
ments at the KEDR detector is a necessary means to pro-
vide electron-positron colliding beam stability. At the
same time our methodic experiments have showed that
electrostatic fields used for orbit separation yield a sys-
tematic error of 10° of CPT experiment against the re-
quired one of not worse than 10,
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Fig. 5.2.3. Designed radial orbit with RF separation vs
azimuth: E=1.85 GeV, the amplitude of plate voltage =5
kV, the orbit separation at the centre of technical section
is 5 mm.
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Fig. 5.2.4. Placement of the resonant circuit block and its
connection to the orbit separation plates in the VEPP-4M
technical section.

To cope with this problem an alternative orbit separa-
tion system has been proposed: beam separation at a cer-
tain point by horizontal RF electric field with the fre-
quency equal to a half of the VEPP-4M revolution fre-
quency.

Fig. 5.2.5. Image of the electron bunch with energy of
1.85 GeV on the SR monitor at the RF voltage amplitude
on the plates of about 6.5 kV.

In 2013 a more precise calibration of separation using
orbit measurements by means of “fast” pickup-stations
located in the experimental section was performed.
Fig.5.2.6 represents the data on horizontal co-ordinate of
either of the two electron bunches in the experiment with
a turned-on RF separation system.

In 2013 an experiment in precise comparison of bunch
energies in the specified case using the method of reso-
nance depolarization was carried out. In the experiment,
the measured energies of the bunches have agreed within
10 in accordance with the theoretically proved property
of RF orbit separation.
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Fig. 5.2.6. Measured distribution of two-turn orbit hori-
zontal position in the experiment with two electron

bunches.

In 2013 the most important experiment for the system
testing was performed — the experiment with colliding
beams. At current of 1.1 mA (electrons) and 0.3 mA
(positrons), beam-beam effects were not observed, though
the electrostatic separation system unlike its RF analogue
was completely turned off (Fig. 5.2.7).

Fig. 5.2.7. Images of 1 electron (left) and positron (right)
bunches on the SR monitors at turned-on RF separation.
Electrostatic separation system is completely turned off.

5.2.4. Method for increasing the luminosity of
the VEPP-4M collider at low energy.

Luminosity for the collider with flat colliding beams
(such as VEPP-4M) can be written as follows:

L =Li
2er, B,

where betatron frequency shifts are equal to:

* *

_Nre & & ﬂ_ﬂ}
27y o g

X

Figure 5.2.8 shows the VEPP-4M work point, and the
corresponding footprint, in a betatron frequency plane.
The width and altitude of the footprint are approximately
equal to values &, &. Thus, in the magnetic structure, &
is determined only by a beam current, and &, depends also
on a vertical size of a beam at I[P which depends on a be-
tatron coupling and beam-beam effects.

=

= *
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Fig. 5.2.8. Betatron resonances up to the 6th order (red
lines) and their synchro-betatron satellites (blue lines).
Black triangle is a footprint —frequency spread in a beam.

If to reduce S at IP so that o is not changed (i.e. it is
necessary not to decrease 75, but on the contrary — to in-
crease it a bit), then & will also decrease. It will allow in-
crease of the maximum current by the same factor, thus,
of the luminosity as well.

We have found an alternative modification of the
VEPP-4M magnetic structure in the experimental section
(close to IP), at which f at the interaction point decreases
by a factor of 2-3, and a full horizontal size of a beam oy
does not change. Thus, we have a possibility to increase
the VEPP-4M luminosity by a factor of 2-3 at low (1.5 —
2.0 GeV) energy in a rather simple way.
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Figure 5.2.9. Beam lifetime (luminosity mode) vs the
electron beam current.

Experimental test of the above-stated ideas was carried
out during December, 2013. Preliminary results are pre-
sented in Fig.5.2. 9, 10. In the future, continuation of
works in this direction is planned.



o

0.0003532 /3

0.5437 +0.02475
0.002909 + 0.0003913 |-
0.511+ 0.0003009

%2/ ndf
pO
p1
p2

Horizontal size, nm

%2/ ndf
pO
p1
p2

0.01594 / 16

0.5193 £ 0.01143
0.0007016 + 8.585e-05
0.5076 + 5.75e-05

0.5

[

Fig. 5.2.10. Horizontal size of electron beam vs betatron
frequency Q.

5.2.5. VEPP-4 modernization.

Temperature control system. The temperature control sys-
tem is also implemented at the injection part of the instal-
lation, new "wiggler" for SR generation and the thermal
pump (Fig. 5.2.12).

W

Fig. 5.2.11. Components of the Temperature control sys-
tem.

Injection complex — VEPP-3 channel. The vertical section
of the electron-optical channel from the injection complex
to VEPP-3 is completed (Fig. 5.2.12). Magnets 05 and 06
are assembled and aligned, are power- and water-
connected. A new injection magnet is ready for installa-
tion.14 pulse power supplies are assembled in racks.

Fig. 5.2.12. Vertical section of the injection channel to
VEPP-3.

Magnetic field stabilization in the VEPP-4M magnets. As
a result of modernization of DACs, controlling the power-
ful power supplies, a slow drift of magnets is almost
eliminated and noises in the band down to 1 Hz are re-
duced by the factor of 1,5 — 2 (Fig. 5.2.13).
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Fig. 5.2.13. Dispersion of field pulsations of the VEPP-
4M calibration magnet before and after turning-on of cor-
rection.

Modernization of the pickup-system of VEPP-3, VEPP-
4M. In 2013 a partial replacement of the electronics of
pickups-stations is carried out. At VEPP-3 7 out of 19
pickups are replaced, at VEPP-4 - 18 out of 54 pickups.
As a result, accuracy of measurements of an orbit with
pickup-electrodes has essentially increased (Tab. 5.2.1).

Table 5.2.1. Parameters of pickup-electrodes after mod-
ernization.

Parameter Unit. Value

Resolution of turn-
by-turn measure-
ments

30/ (beam
current, mA)

um

Resolution of slow
measurements at
beam current more
than 1 mA

pm 3-8

Dependence of the 40-80
result on a bunch cur-
rent in 0.5-20 mA

current range

um

(for every bunch)

Temperature depend-
ence of the measure-
ment result

um/

degree

New pickups are characterized by:

a) Ability to measure separately position of electron and
positron bunches close to interaction points.

b) Turn-by-turn measurements for each pickup.
¢) A higher resolution of measurements.

d) Absence of electromechanical switches (magnetic
switch), with a limited resource.



5.3. INJECTION COMPLEX VEPP-5

In 2013, work was carried out on the physical launch of
the injection complex with positrons and electrons. Elec-
tron and positron beams have been generated at the output
of the linear accelerator; the initial configuration of the
linear accelerators enabled an increase in the beam energy
at the output of the linear accelerators to the operating
values. The capture and storage of the beam in the cooling
storage have been realized.

The magnetic system and the beam diagnostics system
in the cooling storage ring have been thoroughly tested
and put into operation. Measurement of betatron frequen-
cies in the cooling storage ring has been organized. Orbit
and optics correction in work with electron beam has been
performed, which enables a considerable increase in the
available aperture and beam capture in the cooling storage
ring.

Trial extractions of electron beam from the cooling
storage ring were carried out using local orbit distortion
and an extraction kicker.

For improvement of the accuracy and reliability of the
diagnostics, new electronics to measure the beam position
in the linear accelerators and cooling storage ring have
been developed (pick-up stations). The electronics set for
the linear accelerator is ready and is currently being im-
plemented on the accelerator. A pick-up station prototype
has been made for the cooling storage ring and is under
tests now.

The synchronization system has been substantially
changed; the timing of the RF system of the linear accel-
erator has been decoupled from beam injections. This sig-
nificantly reduces the radiation load on the linear accel-
erators during their adjustment without changing the ther-
mal modes. This alteration also includes changes required
for work with beam users.

5.4. COMMISSIONING OF NSLS - 11
BOOSTER

A contract for construction of the booster for the syn-
chrotron NSLS-II, being created at the Brookhaven Na-
tional Laboratory (BNL), USA, was signed in May 2010.
Table 5.3.1 presents the main parameters of the booster.

In 2012, all components of the booster were delivered
to and assembled at BNL. All the systems were tested be-
fore the commissioning. In 2012, the BNL started a cam-
paign to improve the safety of labor, which postponed the
booster commissioning by a year. This time was used for
additional advanced integration tests of all the systems of
the booster and writing of the top-level software.

Table 5.3.1. Design parameters of the booster

Perimeter 158.4m
Rated/ minimum injection energy 200 MeV/170
MeV
Rated/ minimum extraction energy 3 GeV/3.15 GeV
Repetition frequency lor2 Hz
RF 499.68 MHz + 10
kHz
Horizontal emittance at 3 GeV <40 nm*rad
Pulse spread in extraction <0.1%

Charge (long pulse/single pulse | > 10 nCl/0.5 nCl

mode)

Efficiency of charge transfer from >T75%

the linac to the main ring

Operation time per year 6000 hours

Unplanned stop time 0.4 % (24 hours
per year)

Fig. 5.3.1. Third arch of the assembled booster ring.

In December 2013, the commissioning of the booster
was approved. By the New Year, a circulating beam was
generated and ramped to the design energy of 3 GeV.
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Fig. 5.3.2. Energy of 3 GeV was attained. Red line: cur-

rent in the dipole magnets (1 Hz); blue line: current in the

booster.
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5.5. LINEAR INDUCTION ACCELERA-
TOR LIA -20R

As part of the creation of linear induction accelerator
LIA-20R for the promising X-ray complex at VNIITF,
works were started last year on making test benches for
the accelerating and deflecting modules of the installation
LIA-20.

Below are described the works performed.

A scheme of modulator to power the inductors in a
mode of two-pulse series with adjustable time interval be-
tween the pulses starting from 2 microseconds was of-
fered. Variants of capacitive storages having properties of
forming lines were considered, as well as options for
high-voltage high-current switches for use in the pulsed
modulator; the pulse modulator was designed.

A bench was created for testing the basic components
of the switched power supply of the inductors.

The completion of the development of the switched
power supply of the accelerating module will require ad-
ditional and deeper practical research of the pulse proper-
ties of the power supply scheme as a whole, as well as of
its individual components. First of all, it is necessary to
check the pulse characteristics of the forming lines, to
study the work of the hydrogen thyratrons in the mode of
electric strength reconstruction from reverse voltage in a
time of the order of hundreds of nanoseconds. After the
research, it will be necessary to perform a detailed elabo-
ration of the structure of the pulse modulator. To verify
the properties of the power supply system it is extremely
important to refine the test bench and develop a load able
to simulate a complex current load on electron beam.

An accelerating module has been designed for the regu-
lar structure of the accelerator LIA-20. Strap rings of
amorphous alloy 2NSR will be used as the yokes. For re-
versal magnetization losses to be small, the strap shall
have an insulation coating of sufficient dielectric strength
and shall not degrade the magnetic properties of the mate-
rial. The technology of production of such magnetic
yokes developed at the MRTI will enable production of
magnetic yokes required for the accelerator LIA-20.

Data for designing the components of the short acceler-
ating section (calculations of dielectric strength and
evaluation of the parasitic parameters of the inductors)
have been prepared. The designing and the start of the
production of the accelerating section is planned for 2014.

As part of the works on the electron-optical system of
LIA-20, two software products, "Emittance" and "Enve-
lope", were developed for evaluation of beam emittance
growth on the LIA-20 elements and the influence of the
beam emittance on the beam envelope. The programs
were used in all the calculations required for the devel-
opment of electron-optical system of the LIA.

The position of the elements of the LIA-20 magnetic
system will be monitored with a combined system for
measuring the horizontal and vertical displacements of the
elements. The system is based on a hydrostatic system for
level measurement and a stretched-thread system. Such
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systems have already been used at other facilities. This
experience and the existing schematics and designs sug-
gest adaptability of these solutions to monitoring of the
position of components of the LIA-20 magnetic system.

Below are listed works performed on the creation of the
test bench.

Simulation of particle motion in the magnetic compo-
nents of the system have shown that, in terms of funda-
mental physical phenomena, there are no principle restric-
tions that exclude the possibility of creation of deflecting
modules for an electron beam with the given parameters.
At this stage, a concept that enables creation of a proto-
type for the kicker has been developed.

For the septum and the dipole magnet with adjustable
quadrupole component, it is necessary to perform addi-
tional studies to optimize the geometry to provide mag-
netic fields of sufficient quality in accordance with the
developed technical specifications.

5.6. ELECTRON BEAM WELDING

5.6.1. Experiments on "electron beam welding
bench".

On the "Electron beam welding bench", BINP together
with Sobolev Institute of Geology and Mineralogy SB
RAS simulated the processes of electron beam melting of
rock analogues of meteorites and gaseous and drip spray
of the melting products. The observed structural and
compositional zones of the thermal influence of electron
beam are similar to those in fragments of the Chelyabinsk
bolide that are at the Mineralogical Museum of Sobolev
Institute. It is essential that the borders of the melting
zones and melt films investigated with electron micro-
scope are identical to the real structures of the melting
boundaries in the fragments of this stony meteorite.
Analysis of the composition of melt drops on glass and
metal plates revealed their similarity with glassy droplets
collected at the site of spray of the bolide destruction
products. These observations enabled formulation of a
mathematical model of melting of stony meteorites with a
numerical scheme to describe the dynamics of combus-
tion of solid fragments of cosmic bodies entering the
Earth's atmosphere.

Test experiments were conducted for identification of
the capacities of the "Electron beam welding bench" in
study of mechanisms of extraction of partial and complete
melt products from real rocks in bulk samples of the main
rocks that form deep layers of the continental mantle be-
neath the craton of Siberia.

The bench was also used for experiments on electron
beam application, carried out with students of the No-
vosibirsk State University. As a result, the students exe-
cuted terms projects and an RF patent application for the
invention of "A method of electron beam welding of non-
magnetic metals and alloys" was filed.



5.6.2. Development of vacuum system for high-
intensity electron-positron colliders and tech-
nology for its production.

Below are listed works under the ISTC project "Devel-
opment of vacuum system for high-intensity electron-
positron colliders and technology for its production" that
were continued at the "Electron beam welding installa-
tion" in the 14th building of BINP.

1. A system for visualization and aiming of beam of
secondary electrons was designed to finding the joint tra-
jectory.

For this purpose an electronic unit for visualization and
aiming of beam was manufactured. It is intended for
viewing of the surface to weld during preparation for the
welding process and making necessary corrections to the
electron beam position during welding.

Surface monitoring is done with the unit switched to
the mode of one-dimensional (a moving or rotating item)
or two-dimensional (a fixed one) scanning of the beam of
electron gun working at a small (~ 100 pA) current. The
secondary-emission and scattered electrons that arise on
the surface deposit on the collector electrode; the result-
ing current is amplified by a special amplifier, and the
signal is applied to entry of the ADC of the visualization
and monitoring unit.

A preliminary version of microprogrammed control
codes for the visualization and monitoring unit has been
developed. These codes have been loaded into the ROMs
of the unit. Two stages of testing of the unit have been
conducted with the loaded codes, both in autonomous
mode and in conjunction with the control computer and a
test program.

2. Control software has been developed for electron-
beam welding. It has a three-level design:

lower level: drivers of devices,

upper level: application and operator software,
medium level: connection; it provides data exchange
between the software applications and hardware.

3. A system was made of two linear-motion modules
(ZAO "Servotechnika"), which enables travel of a piece
to weld without piece rotation mechanism.

Fig. 5.6.1. Scheme of the electron-beam welding installa-
tion. 1 — lower (fixed) platform; 2 - upper (movable) plat-
form; 3 - mechanism to rotate the piece to weld about its
longitudinal axis and linear modules.

Table 5.6.1. Main parameters of the linear motion
modules.

No Parameter name Longitudi- | Transver-
nal motion | sal motion
module module
1. | Minimum possible 70
stroke, mm
2. | Maximum possible 1930 310
stroke, mm
3. | Positioning  accuracy, +/- 0.05
mm
4. | Positioning repeatabil- +/- 0.02
ity, mm
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The transverse module for linear motion is equipped
with a mechanism to rotate the part to weld. This ensures
the movement of the part in the plane and its rotation
around the longitudinal axis.




19-!-9'4/201 3 03:51 PM

= il
Fig. 5.6.2. XY movement mechanism

4. Vacuum pumping of the working chamber with two
oil-vapor diffusion pumps was replaced by evacuation
with two more efficient, up-to-date turbo-molecular
pumps with a performance of 1400 1/s each.

Besides, joint experiments with colleagues from Italy
(LNL, INFN) were conducted at the "Electron beam
welding installation". The aim was to determine the effi-
ciency of the protective device for the fission target of the
installation SPIRAL-2 (France). The protective window
was a tantalum plate. The time in which the plate is burnt
through was determined for different electron beam pa-
rameters.

Fig. 5.6.3. Vacuum pumping system.

5.7. CONNECTION MODULE FOR
EUROPEAN XFEL (DESY)

In the European XFEL project it was suggested
for the first time to use powerful horizontal multi-beam
klystrons as RF power sources for the superconducting
sections of the accelerator. The horizontal type of kly-
strons made it possible to significantly reduce the cost of
the building of the XFEL tunnel, but complicated by far
the mechanism of connection and powering of klystrons
inside the tunnel, because of the limited volume of the
tunnel and large weights and dimensions of the klystrons
and pulse transformers.

To solve this problem, BINP has developed a
connection module (Fig. 5.7.1).

Cooling
system

Current
w : transformer
C_apac,ltlve potential
divider High voltage
plug
Primary
winding

Fig. 5.7.1. Three-dimensional view of the connection
module.

The original design of the connection module made it
possible

* to power the horizontal klystrons (Toshiba,
Thales, CPI) from a pulsed transformer through a flexible
cable connection;

* to stably power the filament supply of the kly-
strons through a separation dividing resonant transformer
from a specially designed invertor, which is controlled
remotely via Ethernet protocol;

* to execute pulsed measurement of the current
and voltage of the klystrons;

*  to cool the cathode volumes of the klystrons.

In the period from May 2012 to November 2013,
BINP delivered 27 sets of the connection modules to
DESY. Most of the modules have been successfully tested
on the test stands at DESY (see. Fig. 5.7.2).

Fig. 5.7.2. Connection module on test bench at DESY.



of the XFEL injector.

The XFEL injector has been under assembly since Sep-
tember 2013. The first two SHF stations with connection
modules have been successfully assembled and tried dur-
ing tests of the SHF photo-gun of the injector.

e XFEL in-

Fig. 5.7.4. First assembled SHF station of th
jector (September 2013).

5.8. NEW GUIDEBOOKS FOR THE AC-
CELERATOR SUB-DEPARTMENT OF
THE NSU PHYSICS DEPARTMENT

In 2013, three guidebooks on the specialty "Collective
effects in beam dynamics" at the accelerator sub-
department of the physics department of the NSU were
published. They essentially expand the range of literature
available to Russian undergraduates, graduate students
and young scientists who study the features of develop-
ment of coherent oscillations and beam stability in the to-
day’s and future storage rings and colliders.

The first guidebook (N.S. Dikansky, D.V. Pestrikov
"Theory of coherent beam oscillations in storage rings",
NSU, 2013) contains a description of the modern state of
the theory of coherent beam oscillations in storage rings
for charged particles. It is based on enriched texts of the
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lectures that have been read at the NSU since 1987. It also
contains tasks. The guidebook will be useful for strength-
ening of practical knowledge of coherent effects in the
current and future colliders and storage rings.

The second guidebook (D.V. Pestrikov, "Influence of
spatial charge on dipole oscillations and fluctuations of
continuous ion beam", NSU, 2013) describes calculation
of stability conditions for coherent dipole oscillations and
noise spectra of a continuous intense ion beam moving in
a storage ring. In solving such problems, nontrivial pre-
dictions appear thanks to the fact that particle oscillations
are under joint action of nonlinearities of the focusing
fields of storage ring and nonlinearities of the fields of the
spatial charge of beam. The guidebook is intended for the
course "Collective effects in beam dynamics". The guide-
book will be useful for strengthening of practical knowl-
edge of coherent effects on the current and future collid-
ers and storage rings.

The third guidebook (D.V. Pestrikov, "Rapid transverse
dipole oscillations of bunches in storage rings", NSU,
2013) describes the properties and features of develop-
ment of dipole transverse oscillations of bunches of stored
charged particles, the rate of change in the amplitude and
phase of which significantly exceeds the frequencies of
small synchrotron oscillations of the particles. Many of
the properties of such rapid coherent oscillations of beams
resemble the features of beam chopping instability, which
was originally observed only in linear accelerators. In
storage rings, the possibility of storing fields induced by
bunches can lead to additional important effects. The
guidebook is intended for the course "Collective effects in
beam dynamics." The guidebook will be useful for
strengthening of practical knowledge of coherent effects
on the current and future colliders and storage rings.

5.9. ELECTRON COOLING
INSTALLATION

5.9.1. Electron cooling installation for synchro-
tron COSY (Germany).

The works on the creation and shipment to Germany of
the fundamentally new 2 MV electron cooler for the
German accelerator center COSY were completed in
2012. In 2013 this installation was mounted on the accel-
erator ring. In October 2013, the installation was started
and the first cooling was done. This electron cooler en-
ables unique experiments with an elementary particle de-
tector with suppression of effects induced by scattering on
the target nuclei and by spread of pulses caused by fluc-
tuations in the ionization losses. The high-voltage cooler
was designed using the scientific research and develop-
ments by BINP listed below.

1. Laser compass operating in vacuum for precision con-
trol of straightness of force lines in the cooling section.

2. Correction of position of the coils of the cooling sec-
tion.



3. A four-electrode electron gun with controlled beam
profile. Modulation of different parts of electron beam
enables measurement of the position and size of electron
beam.

4. Embedded electron beam profile meter.

5. Sectional design of electrostatic accelerator, consisting
of unified modules. Each module is capable of providing
generation of high voltage of up to 60 kV, contains elec-
tronics for generation of magnetic field along the accel-
erator column and is equipped with electronics control
module.

6. High-power cascade transformer enables feeding of
the high-voltage terminal and generation of solenoidal
field along the accelerating and decelerating tubes.

The design of the 2 MeV electron cooler includes an
acceleration column for acceleration and deceleration of
electron beam, beam lines for transport of electrons to the
cooling section and back, and a cooling section, where
energy is transferred from hot ions to the cool electron
beam. For the electron cooling to be applied in a wide en-
ergy range from 25 keV to 2 MeV, it was proposed to de-
sign a modular electrostatic accelerator. Each new instal-
lation is assembled from ready unified modules for any
preset energy.

In the course of the commissioning of the installation,
the electron cooling was performed with electron energies
of 100, 200, 300 and 900 keV. First successful experi-
ments on combined electron and stochastic cooling were
carried out. The maximum attained current was 0.5 A. In
high-voltage tests, an energy of 1450 kV was achieved.
Figs. 5.9.1 - 5.9.3 show the installation under assembly.

Figs. 5.9.4-5.9.6 show the first results on electron cool-
ing at an energy of 198 keV. One can see that the electron
beam reduces the transverse size of the proton beam.
From the measurements of the spectral width of the
Schottky noise, one can also see that variations in the lon-
gitudinal pulse also become much smaller.

DI iy = fr
Fig. 5.9.3. Assembling the cooling section on the accel-
erator ring.

Fig. 5.9.1. June 2013: assembling and adjustment of the
electron cooler, control electronics and power supply in
Germany.
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Fig. 5.9.5. Schottky noise from protons with electron
cooling.
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Fig. 5.9.6. Change in transverse profile of beam under the
influence of electron cooling. Vertical (to the left) and
horizontal (to the right) size of proton beam.

5.9.2. Electron cooling system for booster NICA

BINP participates in the creation of heavy-ion collider
under the NICA project (JINR, Dubna). The booster,
which is required for storage and acceleration of '’ Au®'*
ions to an energy of 400 MeV/nucleon and reducing the
beam emittance due to electron cooling, is one of the key
elements of the collider. BINP and JINR have contracted
to design, manufacture and commission the electron cool-
ing system (ECS).

Technical requirements: The ECS shall ensure efficient
cooling of heavy charged particles - from protons to
7 Au’' ions and have the follow basic parameters:
Electron energy [, keV: 1.5 +50;

Electron beam current /, A: 0.2+ 1.0;

Energy adjustment accuracy AVE: < 1-107;

Electron beam energy recovery mode;
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Electron beam loss current, oI/ : < 3-107 ;
Magnetic field strength, T: 0.1+0.2;

Permissible axial magnetic field inhomogeneity in the
cooling section, AB/B < 3-107 over a length of 15 cm (3
periods of the Larmor spiral of an electron with an energy
of 50 keV in a field of 0.1 T);

Transverse electron temperature in the cooling section (in
the particle system ), eV < 0.3;

Correction of the orbit of ions entering and leaving the
ECS: displacement, mm < 1.0; angular deviation, mrad <
1.0.

The period of the contract performance: August 2013
to December 2015. All research and design works have
been done by March 2014; working drawings have been
passed for production of components of the system.

5.10. ACCELERATOR MASS
SPECTROMETER

In recent years the number of works on the application
of the accelerator mass spectrometer (AMS) to biomedi-
cine is growing steadily. The high sensitivity of the AMS
enables research with very low biochemical and radiation
doses of substances introduced into living systems. AMS
analysis is used for investigation into the toxicity and me-
tabolism of drugs, analysis of damage to DNA molecules,
testing new medicines and so on.

In 2013, the BINP AMS was adapted for biomedical
research without limitations on dating of natural objects.
Tests confirmed the reliability of AMS analysis in an ex-
panded range of radiocarbon concentration in samples. It
was demonstrated that the "memory effect" influence is
unimportant in the analysis of samples. BINP together
with the Institute of Catalysis made a stand for prepara-
tion of biomedical samples for AMS analysis.

BINP together with the NSU conducted first biomedi-
cal research using the BINP AMS on the subject "Devel-
opment of promising techniques for analysis of biomedi-
cal samples for studies on toxicity and pharmacokinetics
of chemical compounds using an ultra-sensitive method
of accelerator mass spectrometry"”. The pharmacokinetics
of methanol in male laboratory mice was studied. Despite
the small number of radiocarbon tags in methanol (20Bq),
the measured concentration of methanol several times ex-
ceeded the natural one in the mouse organs under study.
In AMS analysis, the statistical straggling in piece-by-
piece counting of radiocarbon tags is much smaller than
the natural spread for separate individuals due to individ-
ual metabolic features.

All archeological and geological samples (about 400
pieces) graphitized by the sample preparation group of the
shared-equipment center "Geochronology of the Ceno-
zoic" were subjected to AMS analysis in 2013.

Thus, some works in 2013 were aimed at broadening
the field of application of the BINP AMS and at radiocar-
bon analysis of archaeological and geological samples.



5.11. VACUUM SYSTEMS

5.11.1. Application of bulk getters to production
of high vacuum in future thermonuclear fusion
installations.

The load on the vacuum system in future sources of
high-energy hydrogen atoms is expected to be 1 Pa-m’/s
for up to 10° seconds. To get the desired degree of vac-
uum of 10~ Pa, a hydrogen pumping speed of about 1000
m’/s is required. Standard solutions, using well-proven
cryosorption pumps, may be uneconomical because they
require constant maintenance of cryogenic temperatures
with a significant heat load. Otherwise, even with a slight
warming of the cryopanel, desorption of the hydrogen that
condensed on it will begin. Furthermore, the entire path of
the beam is under high voltage (up to 10°), which requires
special isolation of the injector with the cryopumps from
the container of cold helium gas.

Using bulk getters can provide the required dynamic
pressure in the vacuum chambers. The potential benefits
are as follows:

- operation at room temperature;

- the structure will not become more complicated and
no additional electrical isolation of the injector from the
getter will be required; a possibility of getter activation
via applying power to the heater will be enough.

Below are presented results of a study of the gas-
absorbing and activation properties of the domestic TiZ-
rAl getter made by OAO Polema.

The TiZrAl getter is made in the form of tablets of 1.7-
0.2 mm in diameter and a thickness of 3.5 mm. BINP
made a prototype of getter pump cartridge (Fig.5.10.1)
containing 285 tablets (weight: 0.450 kg) and a built-in
heater. The cartridge is a cylinder with the outer diameter
of 90 mm and the length of 140 mm. The tablets are ar-
ranged in a regular manner with spacings of 1 + 1.5 mm
between cylindrical grids. The geometric active area of
the getter (the outer wall of the cylinder) is 395 cm”. The
ends of the cartridge were closed for uniform heating of
the tablets. Fig.5.11.1 presents a cartridge placed on a
Conflat-type flange.

Fig. 5.11.1 Prototype of cartridgé based on TiZrAl tablets.
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Since there is no detailed information on the properties
of the TiZrAl getter, BINP conducted additional research
of the getter pumping speed and hydrogen sorption capac-
ity in dependence on activation temperature.

The gas-absorption and activation properties of the
getter were investigated using the following sequence of
measurements:

1) Activation Nol at 300 °C (measurement of

hydrogen pumping speed and sorption
capacity)/passivation (24 hours under the air
atmosphere);

2) Activation No2 at 350 °C (measurement of
hydrogen pumping speed and sorption
capacity);

3) Regeneration Nol at 400 °C (measurement of
hydrogen pumping speed and sorption
capacity)/passivation (72 hours under air
atmosphere);

4) Activation No3 at 500 °C (measurement of
hydrogen pumping speed and sorption
capacity);

5) Regeneration No2 at 500 °C (measurement of
hydrogen pumping speed and sorption
capacity);

6) Regeneration No3 at 520 °C/passivation (12
hours under air atmosphere).

7) Study of the pumping speed versus operating
temperature (after activation at 350 ° C).

8) Study of the pumping speed versus operating
temperature (after activation at 400 ° C).

The activation (regeneration) was carried out for 24
hours.

Tables 5.11.1 and 5.11.2 present values of quasi-
equilibrium hydrogen pressure at room temperature after
the activation or regeneration and quasi-equilibrium pres-
sure in the system vs. absorbed hydrogen dose at room
temperature after activation, respectively.



Table 5.11.1. Quasi-equilibrium hydrogen pressure at Fig 5.11.3 shows the measured dependences of the
room temperature after activation or regeneration (at dif- hydrogen pumping speed of the getter on the operating

ferent temperatures). temperature of the getter (experiments 7 and 8).
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dedicated vacuum bench before the cartridge is installed
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The dependences of the getter pumping speed on in-
jected gas flow were measured (Fig. 5.11.2) for different
activation temperatures. Because of the strong outgassing
by the getter, it is impossible to state with confidence that
the getter was fully activated at the initial temperature of
350-400 °C. Subsequent activations/regenerations at 500-
520 °C have fully confirmed this assumption.

1000.0

Pumping velocity, 1/sec
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Flow, 1*Torr/sec

Fig. 5.11.2. Pumping speed vs. injected gas flow at differ-
ent activation temperatures.
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6

SYNCHROTRON RADIATION AND
FREE ELECTRON LASERS






6.1. INTRODUCTION

The shared-equipment Siberian Center for Synchrotron
and Terahertz radiation (SCSTR) started its work at Bud-
ker Institute of Nuclear Physics more than thirty years
ago. Works at the center are going in two directions: using
synchrotron and terahertz radiation.

The "Synchrotron radiation (SR)" direction includes
works on the VEPP-3 and VEPP-4 storage rings, devel-
opment and creation of SR generation systems for Rus-
sian and foreign SR centers.

Works in the terahertz direction are conducted at the
Novosibirsk free electron laser (FEL).

Besides, the center in engaged in educational and train-
ing programs for students and post-graduates.

In 2013, there were allocated 2076 hours for work on
SR beams from the VEPP-3 storage ring (1590 hours in
2012) and 348 hours on beams from VEPP-4 (48 hours in
2012). The experiments involved 10 stations on 7 SR ex-
traction beamlines on VEPP-4 and 2 SR stations on beam-
lines from VEPP-4. In 2013 the Novosibirsk FEL worked
for the users for about 1000 hours, the same as in 2012.

6.2. WORK ON SR BEAMS FROM VEPP-3
6.2.1. Station "Experimental state of matter".

The station is intended for analysis of fast explosive
and shock-wave processes. The station is equipped with
an explosion chamber and a system for detection of
passed SR and small-angle X-ray scattering (SAXS) of
SR.

Participating organizations :

0 Institute of Hydrodynamics,

0 Russian Federal Nuclear Center “All-Russian Re-
search Institute of Experimental Physics (VNIIEF), Sa-
Tov,

0 Russian Federal Nuclear Center “All-Russian Re-
search Institute of Technical Physics (VNIITF, Snez-
hinsk,

0 Institute of Solid State Chemistry and Mechano-
chemistry SB RAS,

0 Budker Institute of Nuclear Physics SB RAS.

In 2013, works at the station were carried out by the sci-
entific plans of the participating institutions and had fi-
nancial support from the following projects and contracts:
* SB RAS Integration project No. 65 "Study of scale ef-
fects in detonation of explosives", 2012-2014.

* RAS Program No. 2.5 “Research on the dynamics of
condensation of nanoparticles in detonation of TATB-
based mixtures by small-angle scattering of synchrotron
radiation ", RAS Presidium program on basic research
"Matter at high energy densities", 2012-2014.

* RFBR 12-01-00177-0 “Tomography of mechanical pa-
rameters of detonation flow and the equation of state of
explosion products”, 2012-2014 (guided by E.R. Pruuel).

* RFBR 11-03-00874-1 “Research on the dynamics of
condensation of nanoparticles in HE detonation by small-
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angle scattering of synchrotron radiation, 2011-2013
(guided by V.M. Titov).
* Contract 6/2013 from 15 April 2013 "Research on deto-
nation wave parameters with application of synchrotron
radiation". Customer: Zababahin All-Russian Science-
Research Institute of Technical Physics, (Russian Federal
Nuclear Center VNIITF).
Examples of works in 2013.
1. Exploration of TEN + soda mixture.

Experiments with SR were conducted on samples of
bulk detonating TEN + soda 35/65 mixtures with diame-
ter 15-20 mm. This explosive mixture has a very low ini-
tial density of ~ 0.5 g/cm’) and low detonation velocity (~
2 km/s). With a low critical diameter (~ 3 mm) this mix-
ture is very promising for use in explosion welding. All
samples of this explosive mixture were prepared at
VNIIEF (Sarov). The experiments were performed in two
set-ups: longitudinal and transverse measurement of X-
ray absorption (the detector was placed across the detona-
tion direction). SR was detected with the in-house detec-
tor DIMEX. The first set-up experiments yielded density
distributions in the front during detonation of this mix-
ture. Density values in the Neumann peak (1.15 g/cm’)
were obtained at a detonation velocity of 2.3 km/s. The
chemical peak width is 1.2 - 1.5 mm. Transverse meas-
urement of absorption yielded volumetric distributions of
pressure, density and velocity field of spread of detona-
tion products.

2. Measurement of absorption of synchrotron radia-
tion (SR) along propagation of detonation.

Longitudinal measurements yield mass distribution
along the SR beam. Fig. 6.2.1 shows an experimental as-
sembly with charges of TEN + soda mixture. In the deto-
nation front there is observed a characteristic mass in-
crease, which is associated with the compression of the
matter. zt-charts of front start position in the compounds
under study were drawn. An approximation line z=Dt+c
was drawn through the resulting points, where the z is the
coordinate of the front; t is time; D is the derived front ve-
locity; c is a constant. The uncertainty of the determina-
tion of D is at the level of 1 - 2% in most cases.

Fig. 6.2.1. Assemblies with ten + soda mixture pre-
pared for experiments. 1 —a 10 ml syringe; 2 — a 20 ml
syringe.

In the experiments with soda, a syringe was filled with
the mixture and then tapped until complete disappearance



of cavities. The resulting density of the mixture ranged
from 0.7 to 0.8 g/cm’. Fig. 6.2.2 shows a recorded detona-
tion front position. The detonation velocity is stable in the
density range of 0.5 - 0.85 g/cm’.
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Fig. 6.2.2. z - t diagram of the detonation wave front.
No significant fluctuations in the speed.

After calibration of the detector, the dynamic depend-
ence of on-beam mass on channel number (distribution of
mass on the axis, Fig. 6.2.3) is reconstructed from the re-
cords. The reconstruction of density distribution in the ax-
ial part of HE sample in experiments of this type is done
in several steps. First, the dependence of the integral
value

R
m(X)=2 j o(X,r)dr
0

on distance is determined (m(X)= is the explosive
mass along the SR beam, which passes through the axis of
symmetry of the charge and is perpendicular to it) , where
R is the radius of the explosive charge. Since the value m
varies significantly in the detonation of the explosive and
the subsequent expansion of the explosion products, the
SR absorption spectrum also changes. Therefore each
channel of the detector was subjected to pre-calibration,
which revealed how the value m is linked with the relative
absorption of radiation by the HE under study, J/J,, where
J is the recorded flow and J, is the incident SR flow. HE
samples of different thicknesses were used for this pur-
pose. The result of this calibration, presented as a In(J/Jy)
dependence on m, is close to a linear function and is in-
terpolated with a parabola In(J/Jy)=as—a mtaynt’.

The density profile in the detonation front near the
axis of symmetry of the HE sample is determined from m
values that correspond to the channels that register the
signal in the near-front zone. A number of the following
simplifying assumptions are applied:

0 The front of the detonation wave is part of a sphere
of radius R=d2/8b+b/2, where d is the diameter of the
charge; b is the bulge of the central point of the front;

0 the HE compressed behind the front is composed of
layers of constant density separated by spherical surfaces
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of radii that successively decrease by the width of the
measurement channel;

0 Each of the channels that got behind the detonation
front is attributed a value of HE density on the axis of
symmetry of the charge.
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Fig. 6.2.3. On-beam mass distribution m(n) in ten + so-
da sample. The profiles are given with an interval of ~
2 ps.

The resulting smoothed dependence p(X) that was
averaged over several experiments is shown in Fig 6.2.4,
where X=0 corresponds to the shock jump.
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Fig. 6.2.4. Density profile in the front of detonation of
ten+soda mixture. The initial density is 0.8 g/cm’.

This experiment set-up has an essential feature of the
curvature of the detonation front in combination with its
axial symmetry. This results in an error in density recon-
struction from the results of registration of radiation that
passed through the sample, this error increasing sharply
with the distance from the front because of the assump-
tion of spherical equal-density layers. As a result, the area
with acceptable accuracy of reconstructed density is not
more than 1 mm.

3. Transverse measurement of absorption.

In this set-up, the spread of the products of detonation
of cylindrical explosive charge is investigated. The trans-
verse distribution of absorption is measured with a time
period between SR pulses. The transverse distribution of



mass is reconstructed after calibration of the absorption
by the detector.

The developed specialized methods of density recon-
struction using regularization of the desired solution
through intensive use of a priori information about the
structure of the flow under study have greatly improved
the accuracy of density reconstruction and allowed start-
ing reconstruction of other mechanical parameters of
flow: distribution of mass velocity and pressure.

The results obtained allow detailing the spatial density
distribution of scattering products. Figs. 6.2.5 and 6.2.6
show the obtained pressure and density distributions, as
well as their values in the axis of the charge in detonation
of ten+soda mixture (density 0 = 0.75 g/cm’). Fig. 6.2.7
presents distributions (and directions) of the mass velocity
vector.
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Fig. 6.2.5. Spatial distribution of pressure with a den-

sity of 0.85 g/cm’ (a); pressure distribution along the

axis of the charge (b).

The obtained detailed information about the flow struc-
ture allows one to construct an unloading adiabat (or an
equation of state of spreading explosion products) from

a_p 1/2 .
op will

be interpreted as the speed of sound. After reconstruction
of the equation of state, it is calculated explicitly as

the experimental data. The derivative ¢ = (
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0 2 /2
(i] = [pa(p/ P (7 (p) P+ 1n(p/ pu)r'(p)]

Knowing it, one can accurately reconstruct the zone of
influence of the chemical reaction on the parameters in
the detonation wave front.
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Fig. 6.2.6. Spatial density distribution (a), density dis-
tribution along the axis of charge (b).
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Fig. 6.2.7. Spatial distributions of the mass velocity.



6.2.2. Station "LIGA technology and X-ray li-
thography".

The station is intended for experiments on X-ray lithog-
raphy in thick resistive layers for fabrication of micro-
structures, including X-ray masks.

Participating organizations:

e Budker Institute of Nuclear Physics SB RAS, No-
vosibirsk;

e Institute of Cytology and Genetics SB RAS, Novosi-
birsk;

e Institute of Solid State Chemistry and Mechano -
chemistry SB RAS;

e Institute of Automation and Electrometry SB RAS;

e Vorozhtsov Institute of Organic Chemistry SB RAS;

e Institute for Automation and Control FEB RAS, Vla-
divostok.

In 2013, works at the station were carried out by the
scientific plans of the participating institutions and had fi-
nancial support of the following projects and contracts:

e RFBR project No. 12-02012071 (2012-2014)
ofi m "Development of methods to make high-
resolution phase-contrast images using X-ray diffrac-
tion optics";

e SB RA and FEB RAS interdisciplinary integra-
tion project No. 92 (2012-2014) "Materials and LIGA
technology to create microfluidic analytical systems to
record fluorescence".

Examples of works in 2013:

In 2013, the activity at the LIGA station on the VEPP-3
storage ring was aimed mainly at the development of
manufacturing of X-ray masks for subsequent production
of high-aspect microstructures for applied research (bio-
chips and diffraction gratings). To this end, researchers at
the SCSTR have implemented a prototype of micro-beam
X-ray lithographer (MBXL), a new device for direct for-
mation of microstructures in deep layers of X-ray resist. It
performs vector drawing of an arbitrarily given topology
using SR microbeam (without X-ray patterns with topo-
logical figure of the structure). Special software was de-
veloped for precise motion of a substrate with resist rela-
tive to the X-ray mask diaphragm with control of dose ac-
cumulated. As a result, polygonal and multiple-arc micro-
structures were produced directly in a layer of negative
resist SU- 8 several hundred micrometers thick. The re-
sulting microstructure of resist SU-8 on a conductive
(glass-carbon) substrate are used as masks for electro-
chemical deposition of gold coating 25 - 50 microns
thick, which is radiopaque in the "hard" SR range of 1-10
A. Now this method is used at SCSTR for manufacturing
of X-ray masks on substrates of glass-carbon or beryl-
lium.

The MBXL capabilities were enhanced substantially
and the time of formation of microstructures was de-
creased considerably due to a modernization of the
MBXL and implementation of the ability to change the
microbeam size in the course of drawing of a structure.

To this end, the MBXL was equipped with an independ-
ent precision coordinate table, which was to move a set of
X-ray diaphragms in a plane parallel to an X-ray mask
substrate. In the course of X-ray lithography, a selected
diaphragm is brought in coincidence with a tentative dia-
phragm 500 mm in diameter, which is fixed at the beam
entry to the chamber, and thus a microbeam is formed for
drawing of a structure. The change of diaphragms and
movement of substrate with resist are controlled auto-
matically. The optimization of the SR microbeam size se-
lection for any element made it possible to fast build to-
pologies in which elements of different sizes are com-
bined.

The effect of contrast of the forming micro-diaphragms
in conjunction with the required density of elements of
topological pattern on the quality of microstructures to
form was assessed. Limitations of the method were identi-
fied and recommendations on optimizing the use of
MBXL were elaborated.

The MBXL can be used in solving various user tasks
which require microstructures with minimum dimensions
over 20 um (Fig. (6.2.)8), e.g. diffractive elements for op-
tics in the X-ray, visible, terahertz and IR ranges, micro-
fluid modules for rapid biological assays, test structures
for imaging X-ray microscopy etc. A number of experi-
mental high-aspect microstructures were made. Those in-
clude high-contrast X-ray masks for hard (~ 10 keV) SR:
an X-ray mask for microfluid module with minimum
channel dimensions of 25 microns, an X-ray mask for 1
cm’ diffraction lattice with period 135 microns with 25-
micron gold coating, and a 10 x 3 mm’ grating of SU-8
resist with period 30 microns (Fig. 6.2.9, Fig. 6.2.10, Fig.
6.2.11).

Fig. 6.2.8. Scheme of the prototype of the microbeam
X-ray lithographer (MBXL).
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Fig. 6.2.9. Microfluid module made of PMMA using
deep X-ray lithography with a mask made by the
MBXL after deposition of a 30- micron gold layer on a
blank; channels in PMMA are 50 microns deep.
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Fig. 6.2.10. High-aspect micro-lamellas drawn by X-
ray microbeam in a thick layer of SU-8 resist; the
minimum width of the lamellas is 23 microns; the
structure height is 330 microns.

Fig. 6.2.11. SU-8 resist micro-lattice on glass-carbon
substrate with gold plating about 50 microns thick. The
period of the structure is 130 microns; the line width is
65 microns; the total field of the lattice is 1 x 1 cm®.
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6.2.3. Station "Anomalous Scattering” and
"Precision diffractometry".

Station '"Anomalous Scattering''.

Below are listed works that were carried out at the sta-
tion.

1. Analysis of the phase composition and structure
of Au/y-Al,Oscatalyst calcined at different temperatures
by resonant scattering near the absorption edge of AuLy;
(Institute of Catalysis SB RAS);

2. Analysis of the stability of metal-organic frame-
work (MOF) of MIL-125 in reactive medium (Institute of
Catalysis SB RAS);

3. Analysis of the phase composition and structure
of polymer-carbon nanocomposites (Institute of Catalysis
SB RAS);

4. Research on the structure of mixed perovskite-
structure oxides (Institute of Chemistry of Solid State
Chemistry and Mechanochemistry SB RAS);

5. Research on the phase composition of ion-
plasm-sputtered titanium-nitride hardening coatings
(Tomsk Polytechnic University);

6. Analysis of the structural features of mayenite-
type calcium-aluminum oxide (Institute of High-
Temperature Electrochemistry UB RAS);

7. Research on the structure of high-k hafnium-
oxide materials (Institute of Inorganic Chemistry SB
RAS).

Research on the structure of high-k hafnium-oxide
materials (Institute of Inorganic Chemistry SB RAS).

Currently HfO, and double oxides based on it (HfO,-
Ln,Os;, where Ln is a rare earth element) have been
widely researched as optical, heat-resistant and super-hard
materials, which are important for development of new
technologies. In addition, these materials have a high di-
electric constant (k), which allows using them as a gate
insulator in micro- and nano-electronic new-generation
devices. In this context, the research on thin films based
on these compounds is of a special interest.

At atmospheric pressure, hafnium oxide occurs in sev-
eral structural modifications. At room temperature, the
monoclinic phase (k = 16) is the equilibrium one. The
monoclinic modification becomes tetragonal (k = 70) at
1300 K, and at a temperature of about 2700 K it turns into
cubic (k = 29). Thus films of tetragonal or cubic structure
are preferable for practical use. These structures, which
are nonequilibrium at T < 1300K, can be are stabilized in
a nanocrystalline material, as well as by doping rare and
rare earth metals, including lanthanum, in HfO,.

As compared with HfO,, films of double oxides Lay
Hf, Oy, have an advantage of higher crystallization tem-
perature. One can use lanthanum concentration for effi-
cient modulation of the magnitude of flat-band voltage
(V) in structures where such films are used as the gate
dielectric. Many researchers pay attention to Hf;La,O
films of pyrochlore structure. When used in MOS field-
effect transistors (MOSFETs), these films allow adjust-
ment of the work function in contact with the metal gate.



It is known that doping a heterovalent impurity in HfO,
initiates additional generation of oxygen vacancies. These
defects cause rise of charge state levels in the energy gap
of the dielectric, which can significantly increase the ionic
conductivity of the material. However, some publications
have shown that doping lanthanum in HfO, leads to a
shift of these levels to the conduction band, and charge
and leakage currents that are detected in structures with
Hf,La,O, films are smaller. There was also proposed a
mechanism of passivation of oxygen vacancies in HfO,
films doped with elements of Group III.

Thin Hf,La,O, films are produced through physical
sputtering of targets in atmosphere of oxygen or chemical
vapor deposition (MOCVD and ALD). The functional
properties of such films depend on their chemical and
phase composition and structure. Although Hf,,La,O,
films are actively researched in recent years, the depend-
ence of their chemical and phase composition, structure
and properties on the preparation conditions has not been
understood enough so far.

When synthesized by the MO CVD method under non-
equilibrium conditions, the films are formed in co-
precipitation of volatile precursors from the vapors, the
precursors already having Ln-O and Hf-O ties and free
valence remaining for some time in case of abstraction of
ligands. These synthesis conditions contribute to forma-
tion of non-equilibrium phase at T < 600 ° C.

The aim of this work was to develop a method of pro-
ducing films of double oxides LaHf.,O, from beta-
diketonate complexes of La and Hf, characterization of
their chemical structure, and research on the phase forma-
tion with La concentration varying in wide limits.

Fig. 6.2.12 presents diffractograms of HfO, powders of
the monoclinic (1) and cubic (2) modifications and
La,Hf,0; compound (3), as well as characteristic diffrac-
tograms of LaHf, Oy films, in which the La concentra-
tion is 4, 11 and 18 at. % (diffractograms 4, 5, and 6, re-
spectively).

It was found earlier that HfO, films synthesized from
Hf (thd), at temperatures < 600 ° C are of the equilib-
rium monoclinic structure. Comparison of diffraction pat-
terns (1) and (2) with diffractogram (4) shows that the re-
flections at 20 = 30.08, 34.7, 50.13, and 59.23° are close
in position to the reflections at 20 = 30.03 (111), 34.2
(002), 50.29 (202), and 59.6 (311), which correspond to
the tetragonal phase (ICDD PDF-2 No.00-008-0342). It
should be noted that we cannot completely exclude for-
mation of the cubic phase (ICSD No.2-033), since the po-
sitions of reflections for these phases are close. Thus, the
research has shown that doping lanthanum in HfO, at ~ 4
at. % modifies the equilibrium monoclinic structure and
forms non-equilibrium tetragonal or orthorhombic struc-
tures, which are equilibrium only at high temperatures ( >
1700° C). The large half-widths of the diffraction lines
are determined by the small size of the nanocrystals the
film consists of. Their size as estimated from the Scherrer
equation is ~ 10nm.

One can see in Fig. 6.2.12 that the reflections in the dif-
fraction patterns are gradually shifted towards lower 200

values. This systematic shift of maxima is an evidence of
formation of solid solutions. Displacement towards lower
20 values occurs when an element with a large ion radius
(r, = 1.04 10\) is introduced into the HfO, lattice (ry; =
0,82 A).

Analysis of diffraction patterns of films with La con-
centration from 7 to 16 at. % showed that films of solid
solutions have a cubic fluorite structure and belong to the
Fm-3m space group. Thus, the resulting solid solution of
fluorite structure occupies an area extending from ~ 7 to
16 at % La.

With increasing La concentration, the lattice parameter
a increases from 5.14 to 5.3 0. Comparison of diffraction
pattern (6) for a film with a La concentration of 18 at. %
with diffraction pattern (3) for La,Hf,0; compound of py-
rochlore structure reveals their identity.

Fig. 6.2.13 (1) shows a diffractogram of a film with La
concentration 30 at. % in comparison with La,Hf,0,(3)
and [-La,0; (2) powder patterns.

Comparing the diffractograms, one can see that reflec-
tions in the diffractogram of the film reflections at 20 =
27.5, 28.7, 33.1, 47.7, and 56.4° coincide with those of
the La,Hf,0; compound, and the reflections at 20 = 45.2
and 53.7° are close to reflections of La,O5. The 20 = 27.5°
reflection has an arm that can also be attributed to the
La,0; phase. Thus, we can conclude that the film that
contains ~ 30 at.% of La is biphasic and consists of
La,Hf,0O; and 0-La,0;. Using the structural data base
(ICDD) for indexing of the reflections in diffractogram
(1) is ambiguous, as the database contains two La,Hf,0O;
phases with the same values of lattice spacings, but with
different lattice constants a = 10.77 0 and a = 5.38 L.

For the La,O; cubic phase there are two known struc-
tures with the lattice constants (a = 11.327 0 and 4.51 0)
for which the lattice spacings differ. As can be seen from
Fig. 6.2.13, X-ray pattern (1) has a feature of dual reflec-
tions in the area of 20 = 40 - 60° and an arm in the reflec-
tion at 20 = 27.5°, which is typical to materials consisting
of two isomorphic phases with similar lattice parameters.
A consistent indexing of the reflections at 20 = 27.5, 28.7,
33.1, 47.7, and 56.4 ° can be taken for a cubic La,Hf,0,
structure with the lattice parameter 10.77 0.

Thus these studies have revealed that

— The films are nanocrystalline; the size of coher-
ent scattering region (CSR) is ~ 10 nm.

— When the La concentration in the diffraction pat-
terns increased, the reflections shifted towards smaller 20
values. A systematic displacement of the positions of
maxima is a signature of formation of solid solutions.

— The forming solid solution has a fluorite struc-
ture and occupies an area of ~ 7 to 16 at. % La. Ata La
concentration of 18 at. % a film with a pyrochlore struc-
ture (Lasz207) forms.

— The film with a La content of ~ 30 at.% is bi-
phasic and consists of La,Hf,07 and 0-La,0s.
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Fig. 6.2.12. Calculated and experiment X-ray patterns: 1
- HfO, (monoclinic structure, ICDD PDF-2 No.070-
2831); 2 - HfO, (cubic modification, ICDD PDE-2
No.070 28312); 3 - La,Hf,0; (pyrochlore structure,
ICDD PDF-2 No0.037-1040); 4, 5, and 6 - diffracto-
grams of films with La concentrations of 4, 11, and 18
at.%, respectively.
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Fig. 6.2.13. Comparison of diffractogram of film with
La concentration of 30at.% (1) with powder patterns of
0-La,O; (2- ICDD PDF-2 No.004-0856) and La,Hf,0,
(3- ICDD PDF-2 No.037-1040).

Station "Precision diffractometry".

Works performed at the station:
1. Analysis of the structural stability of systems
LaCay(Fe,Co)1.x03 (x= 0 - 0.7), LaMn,Fe(; x O3(x = 0.2
— 0.8) under vacuum in the temperature range of 25 - 900
o C,
2. Regeneration of catalytic systems with Cu, Ni,
and Mo oxides on Al,O; substrate in hydrogen stream in
the temperature range of 25-700 ° C;
3. Analysis of autooscillating reactions of the
CH,4/O, system on nickel in various conditions (partial
pressure, temperature, and relative content of reactants);
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4. Analysis of the response of oxide systems with
high oxygen mobility Pr, NiO4(0=0-0.3) to changes in
oxygen partial pressure at various temperatures;

5. Analysis of the response of the oxide system
with oxygen high mobility Bay 5Sry sCog sFe(,0; to
changes in oxygen partial pressure at different tempera-
tures;

6. Analysis of the structural and phase changes in
polymer-carbon nanocomposites near the melting point of
the polymer;

7. Analysis of combustion of aluminum nanopow-
der in air;
8. Analysis of Co reduction in the Co-Al system in

hydrogen stream.

In Situ X-ray diffraction research on the relaxation of
the crystal structure of Pr,,NiO,; (x=0.0 — 0.3) oxides
because of loss of oxygen.

Mixed electron-ion conductors of K2NiF4-type struc-
ture, namely nickelates Ln,NiOg4.s (Ln=La, Nd, and Pr),
have high oxygen mobility and high activity in the reac-
tion of dissociative adsorption of oxygen. In this context,
they are of some interest as cathodes for moderate-
temperature fuel cells and oxygen-conductive mem-
branes. Among the nickelates, praseodymium-containing
oxides have the highest coefficients of chemical oxygen
diffusion. Namely the scarcity of data on the oxygen con-
ductivity of these systems with varying oxygen chemical
potential made them objects of study.

The starting oxides Pr, ,NiO4s (x = 0.0 — 0.3), herein-
after referred to as PNO-(2-x), were synthesized at the
Laboratory for Deep Oxidation Catalysts of the Institute
of Catalysis using an original method of polymerized es-
ter precursors (the Pechini method). Fine powders of the
oxides were compressed into tablets with diameter 12 mm
and thickness 1.5 mm and then annealed in air at 1300 ° C
for one hour until reaching 92 - 96 % of the theoretical
density. For ensuring of desired reproducibility of proper-
ties, after annealing the samples were rapidly cooled in air
to room temperature.

The oxygen mobility of the samples was investigated
in a high-temperature X-ray flow reactor chamber Anton
Paar XRK-900 and apparatus for mixing gases. The ex-
periments on relaxation included several stages. First, the
samples were heated to the desired temperature in a flow
of N»/O, mixture with the initial pO, ~ 0.2 atm with a rate
of 15°C/min. When this temperature was reached, the
sample was kept for some time in these conditions, until it
attained equilibrium state. Then pO, in the mixture was
changed to 0.01 atm, and relaxation of the sample struc-
ture was observed. Diffractograms were recorded using
the position-sensitive parallax-free detector OD-3M. The
detectable range of diffraction angles was ~ 48 + 79 °.
The radiation wavelength was determined by a single re-
flection from the monochromator crystal Ge(111) and was
1.7239 A.

From the X-ray diffraction data, all the starting samples
were single-phase systems with orthorhombic symmetry
(space group Fmmm), the symmetry of the samples in-



creasing to tetragonal (space group I4/mmm, Fig. 6.2.14)
in heating in an atmosphere with pO, ~ 0.2 bar. In the re-
laxation the symmetry of the samples did not change.

A typical relaxation curve is shown in Fig. 6.2.15 with
the normalized unit cell volume V/V., i.e. the ratio of
volume at a time ¢ to the equilibrium one, taken as a pa-
rameter. The data were processed in the approximation of
infinite plate model, in which the normalized relaxation
curves were described by the following equation:

V=V, _ 2L’

- — 4B 2y (6.2.) 1
Vv, TR EE L L)exP( 4BLD ., ) (6:2)

L= lkchem/ZDchem ’ Bn tan(Bn)z L (62) 2

where V is the unit cell volume; 7 is the time; [ is
the effective depth of radiation penetration in the sample;
indices 0 and oo indicate the initial and equilibrium states
of the sample, respectively; Dy, and k., are the chemi-
cal diffusion and surface exchange coefficients, respec-
tively. Evaluation of the chemical diffusion coefficient at
470 ° C gives 10g(Dpem) = - 4.8 £ 0.3, which is close to
the values obtained by mass relaxation of the sample.

17500 -

15000
12500
. \ A °
5 10000 ‘ A ’ N 540°C
> “ An 500 °C
® 7500 4 \ A iy
c { o,
u- ‘ 460 °C
£ 5000 J ‘
T \ 420°c
2500 \ ’ J 380°C
o 340°C
62 63 64 65 66 67
26, deg

Fig. 6.2.14 Diffractograms of PNO-1.8 in heating in an
atmosphere with pO,~ 0.2 atm; the wavelength is 1.7239
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Fig. 6.2.15. Relaxation curve of normalized unit cell vol-
ume for PNO-1.8 sample with varied pO,; the solid line
shows the calculated curve for determination of the diffu-
sion and surface exchange coefficients.

"In Situ analysis of auto-oscillations in reaction of
methane oxidation on nickel by methods of X-ray dif-
fraction."

At the station "Precision diffractometry” of  the
SCSTR, researchers were investigating in sifu the auto-
oscillations in methane oxidation on nickel by X-ray dif-
fraction. The station was equipped with a system for gas
puffing with a gas flow regulator (GFR) Smart-Trak 50
(Sierra) and a mass spectrometer SRS UGA-100 to ana-
lyze the gas phase composition at the outlet of the high-
temperature X-ray reactor chamber XRK-900 (Anton
Paar). Arrangement of the installation is shown in Fig.
6.2.16.

cucTaMa
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8

Fig. 6.2.16. Arrangement of installation with reactor cam-
era XRK-900 for in situ XRD research and mass spec-
troscopy.

Mass-
spectometer

The application of in situ X-ray diffraction made it pos-
sible to show changes that occur in the chemical and
phase composition of catalyst surface layer in auto-
oscillations. Typical diffraction patterns are shown in Fig.
6.2.17. It was found that nickel in the surface layer is in
the metallic state when in high-activity state, while transi-
tion to low activity is accompanied by formation of a NiO
layer on the surface. Analysis of the gas mixture leaving
the reactor shows that in the active half-period the reac-
tion is mainly partial oxidation of methane to CO and H,
with byproducts of CO, and H,O.

Thus, this research has clearly shown that occurrence of
auto-oscillations in catalytic oxidation of methane is de-
termined by periodic oxidation/reduction of nickel.

6.2.4. Station "X-ray fluorescence analysis".

The station is intended for determination of the elemen-
tal composition of samples of different origin —geological
rocks, biological tissues, aerosols, etc. — by XFA elemen-
tal analysis using synchrotron radiation (SR XFA). The
elemental analysis can be implemented both in a local and
a scanning mode.

Participating organizations:

e Sobolev Institute of Geology and Mineralogy SB
RAS, Novosibirsk,

e Vinogradov Institute of Geochemistry SB RAS,
Irkutsk,
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Fig. 6.2.17. Catalyst temperature oscillations observed
during oxidation of methane on nickel and co-
corresponding changes in X-ray patterns.

o Budker Institute of Nuclear Physics, SB RAS, Novosi-

birsk,

Institute of Solar-Terrestrial Physics SB RAS, Irkutsk,

Institute of Biophysics SB RAS, Krasnoyarsk,

Sukachev Institute of Forest SB RAS, Krasnoyarsk,

Institute of Archaeology and Ethnography SB RAS,

Novosibirsk,

e Nikolaev Institute of Inorganic Chemistry SB RAS,
Novosibirsk,

e Voevodsky Institute of Chemical Kinetics and Com-
bustion SB RAS, Novosibirsk,

e Institute of Internal Medicine SB RAMS, Novosibirsk,

o Institute of Plant and Animal Ecology UB RAS, Ekate-
rinburg.

In 2013, the works carried out at the stations had finan-
cial support of the following projects:

e SB RAS Presidium Interdisciplinary integration
project No. 34 "Cyclicity in bio-geological sedimentation
systems of Central Asia in the Holocene absolute time-
line: global response of Sun-Earth relations"

e RFBR No.13-05-00871_A "Natural climatic cy-
cles in lithological and geochemical characteristics of tape
clays of Central Asia lakes "

e RFBR 13-06-00782 "Comprehensive study of
the Xiongnu culture articles in elite and ordinary combs in
Northeast Mongolia and Transbaikalia"

e SB RAS Presidium interdisciplinary integration
project No. 50: "Reconstruction of year-to-year dynamics
of glaciers of Eastern Siberia over the past millenniums
based on the study of bottom sediments of proglacial
lakes and terrestrial sections"

e SB RAS Basic Research Program for 2013 - 2016
Research project V.46.5: "Research on physicochemical
processes in formation, distribution, transformation, and mi-
gration of dispersed substances in environmental medium"

e RFBR No. 12-05-31324 «Research on the regu-
larities of distribution of uranium and phosphorus in
sediments of Lake Baikal, oceanic ferromanganese nod-
ules and sediments of Uzon caldera for identification of
short-period climate oscillations (by nuclear-physical
methods of analysis)"

e RFBR No. 12-05-00057 «Natural analogues of
cement clinker: mineralogy, geochemistry and hydration
and corrosion processes”

e SB RAS Programs "Substitution of import"
2013, project 54 "Scanner with high spatial resolution
based on polycapillary optics for XRF analysis."

Examples of works in 2013:

Search for natural cyclicity in lake sedimentation
systems for medium-short predictive models of climate
dynamics.

The promising character of this research area can be
exemplified by earlier works on lake Teletskoe (the Altai
Mountains). A climate dynamics prediction function
based on the identified cyclicity was created in 2010 for
the next decade. These estimates turned out to be in good
agreement with the actual changes in the temperature in
the region in 2010-13.
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Fig. 6.2.18. Prediction of year-to-year temperatures
changes from natural periodicity of paleotemperature
reconstructions in the Altai Mountains region as com-
pared with actual meteorological data in 2009 to 2013.
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For analysis of distribution of geochemical indicators
over bottom sediment cores, their composition was meas-
ured with a step corresponding to 1 year in the timeline.
The resulting time series were processed by mathematical
methods with the aim of finding natural cycles with peri-
ods ranging from 3-5 years up to 1000 years.

Mo variation
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Fig. 6.2.19. Profile of Mo content variations in core of
sediments of lake Telmen in the time period from 0 to
2000 AD and empirical modes describing cycles with
periods of 120, 20 and 10 years separated by the Hil-
bert-Huang method [Huang, Wu, 2008].

Analysis of seasonal precipitation in lakes with an-
nually-laminated (varve) sediments.

Varve lakes Shira and Bele in Khakassia were the main
objects of the analysis. The annual layer thickness in the
studied samples ranged from 0.3 to 2 mm. Detailed scan-
ning was conducted both at the elemental analysis station
of the SCSTR using X-ray optics and at the micro-Spot
station (BESSY, Berlin). The results obtained made it
possible to construct a model of the annual sedimentation
cycle, to find indicators that mark the beginning and end
of the cycle and to reveal basic links of the sediment
structure and composition with weather-and-climate pa-
rameters of the environment.

Ca/Sr and Br/Rd distribution at Shira lake
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Fig. 6.2.20. Geochemical indicators marking the be-
ginning (Ca/Sr) and end (Br/Rb) of annual layer in
sediments of lake Shira, from experimental measure-
ments of distribution of micro-elements within 16 an-
nual layers. The step of scanning is 20-50 microns.

A time model for sediments containing annually-
laminated layers is built either by direct counting of all
visual layers (optical sections) or based on estimates of
the average rate of sedimentation for several intervals of
core. The results are then verified by data of isotope stud-
ies (137Cs, 210Pb, 14C, and 32Si). We also used geochemical
markers. Fig. 6.2.21 presents an example of time model
for modern sediments of Lake Shira that was built by
geochemical markers.
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Fig. 6.2.21. Above: counting of annual layers by geo-
chemical marker of Ca/Sr ratio in core of sediments of
Lake Shira. Below: time model for the interval of O -
140 mm.

The absolute timescale, exact separation of annual lay-
ers and detailed intra-year analysis allow finding quantita-
tive relationship of regional climatic parameters and
lithological and geochemical properties of sediments.

Comprehensive study of the Hsiung-nu culture me-
dia.

We used the SR XFA method to analyze 41 samples of
hair strands from mound 22. Extremely high content of
Cu was found in all hair samples, as well as high content
of Hg. Copper concentration in the hair varies in the wide
range from 750 to 20,000 pg/g. Most of the hair (35 out of
41 samples) has a copper concentration of 1,050 to 4,700
pg/g. Copper concentration in the rest 6 samples is sig-
nificantly higher (9,300; 7,200; 7,100; 8,400; 9,300;
20,000 pg/g), which may indicate a close contact with
copper objects.

The mercury content in the hair also varies in a wide
range, from 2.3 pg/g to 1,100 pg/g. In 6 hair samples the
Hg concentration is 4.8, 3.9, 4.8, 2.3, 5.9, and 5.2 ug/g,
which is 2-5 times higher than in the clay taken from the
burial. The rest 35 samples have even higher mercury
concentration: 20 samples contain mercury in the range of
10-100 pg/g; and the rest 15 samples, 100 to 1,000 pg/g.
It follows from the collected data that the hair contains
much more mercury than the clay the hair was taken
from. In most samples (86%) the mercury concentration is
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2-3 orders higher as compared with the clay (1.1 pg/g).
Consequently, the clay in the mound could not be a
source of mercury in the hair.

In general, the data obtained as well as some literature
data indicate the exogenous character of accumulation of
copper in hair samples, which can be associated with the
presence of various bronze and copper articles in the buri-
als.

Reconstruction of year-to-year dynamics of glaciers
in Eastern Siberia over last millenniums from data on
bottom sediments of proglacial lakes and terrestrial
sections.

The distribution of elemental composition of cores
from proglacial lakes adjacent to the glaciers of the Kodar
and Baikal mountain ranges and the East Sayan Moun-
tains was investigated. That allowed determination of the
pattern of ice slurry arrival because of the response of the
hydrological balance in the glaciers to climate change
over the past 400 years. The lowest intensity of the ice
slurry arrival was in 1700 - 1770 and 1945 - 1960, which
may indicate low ablation of glaciers in these periods.
The greatest amplitude of hydrological balance oscilla-
tions was observed in Sygyktinsky glacier (the Kodar
range); the smallest one, in the glacier of Cherski moun-
tain (the Baikal range). Records show a stable trend to-
wards increase in the intensity of their deglaciation in the
2000s.

Instrumental measurements of the temperature regime
near Peretolchin glacier showed the minimum tempera-
ture to stay practically unchanged, while temperature var-
iations increased 2-fold, which indicates transient climate
regimes. This is confirmed by glacial and climate phe-
nomena in the area of Peretolchin glacier. Year 2012 was
abnormally unfavorable for processes of glaciation; the
glacier significantly shrank, especially in thickness, and
crashed into fragments, having exposed ridges of recent
terminal moraines. Year 2013 was abnormally favorable
for nival-glacial processes — the glacier almost kept its
winter forms, and areas that were exposed last years were
filled with snow and ice masses. This may be a manifesta-
tion of transitional weather patterns in the middle of the
interglacial period. A new singular rock glacier (flow)
was found in the mountain-taiga area of Munku-Sardyk
landmass.

Analysis of the role of atmospheric aerosols in mi-
gration of chemical elements in tissues of living organ-
isms and in the environment media.

Works to identify the content of a set of chemical ele-
ment in atmospheric aerosols and environment and their
relationship with human health parameters were contin-
ued within studies of migration of dispersed substances in
the environment.

Collaborative research with the Institute of Internal
Medicine SB RAMS showed that the senile age (80 - 89
years old) and cardiovascular diseases are associated with
excess of certain chemical elements (Ca, Fe, Cu, Zn, Br,
and K) and decrease in Se and Zr in the blood of patients.

Analysis of bottom sediments in thermal lakes of the
Uzon caldera.
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Non-destructive layer- scanning yielded distributions of
chemical elements along the profile of sediment cores
from thermal lakes "Fumarole", "Chloride ", "Sizogo
kotla". Most elements have irregular distribution over a
section; there are peak concentrations that may differ
from the section-average values 4 to 5-fold. Such ele-
ments as Ca, Sr, As, Sb, C, S, and Zn are the emost inter-
esting in terms of their concentration non-uniformity; es-
pecially Cs, the concentration of which increases abruptly
more than 5-fold at a depth of 27.5 cm. Data obtained by
the SR XFA method correlate well with atomic absorp-
tion results.

Fig. 6.2.22. A - distribution of sedimentation rates
(SRs) in proglacial lakes, 0 — comparison of common
SRs with average climatic parameters of the region.

The behavior of zinc content against depth is worth
special mentioning. It is a monotonically increasing func-
tion with a mean zinc concentration of 70 ppm and three
"point" maxima, consisting of really one point each. As
the scanning step was equal to 1 mm, one can conclude
that the anomaly that is responsible for the high zinc con-
tent has negligible geometric dimensions, not exceeding
0.1 mm in vertical. The micro-particles are easily detect-
able by the SR XFA method.
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Fig. 6.2.23. Distribution of chemical elements along SR
XFA profile of core sediments from lake Fumarole.



Research on natural analogues of cement clinker.

The features of phase formation and fractionation of P,
S, Se, F, Br, I, Li, Na, K, Sr, Ba, Zr, Ti, V, Cr, Ni, Cu, Zn,
and U in the processes of natural calcination of mixtures
of phosphate-silicate-carbonate rocks were determined;
elements were identified that contribute to long-term sta-
bilization of the clinker minerals.

Comprehensive analysis of natural pirometamorphic
rocks — analogues of sulfoaluminate cement clinkers — re-
vealed the features of the phase formation and fractiona-
tion of elements between mineral phases. Experimental
and technological simulation of these features would have
required much time and money. Large (as compared with
man-made products) dimensions of mineral components
of natural analogues of sulfo-cement clinker made it pos-
sible to quantitatively characterize features of fractiona-
tion of these 20 elements during calcination of complex
raw-material mixtures. This approach offers the possibil-
ity of cement production from natural raw materials of
complex phase composition.

Creating scanner with high spatial resolution based
on polycapillary optics for XFA.

A scanner with high spatial resolution based on poly-
capillary optics is needed for research of sediment cores
by X-ray fluorescence elemental analysis. Analysis of the
elemental composition of lake sediments is necessary for
determination of patterns of change in the relative ele-
ment content in dependence on the surrounding condi-
tions. The high spatial resolution provided by the poly-
capillary optics and mechanical characteristics of the
scanner are required for most complete determination of
these patterns and their comparison with other indicative
characteristics, which will allow deciphering "paleocli-
matic records", resolving the boundaries of changes in
climatic conditions, and revealing lower-order fluctua-
tions within individual periods of cooling/warming.

A prototype scanner was developed and put into opera-
tion at the experimental station SR XFA. Tests showed
the spatial resolution of the X-ray optics system to be less
than 10 microns.

Fig. 6.2.24. Scanner with high spatial resolution at the
station SR XFA.

6.2.5. Station "Hard X-ray diffractometry”.

The station is intended for hard X-ray diffraction re-
search on the structure of substances.

Participating organizations:

e Institute of Solid State Chemistry and Mechano-
chemistry SB RAS;

Institute of Geology and Mineralogy SB RAS;
Budker Institute of Nuclear Physics SB RAS;
Institute of Catalysis SB RAS;

Institute of Metal Physics UB RAS.

In 2013, works on the station were supported by the
following projects and contracts:

e RAS basic scientific research program "Petrol-
ogy, mineralogy and geo-chemistry of metamorphic rocks
formed at different P-T parameters, fluid regime and geo-
dynamical conditions (exemplified by Central Asia)",
2012-2014;

e RFBR project 11-05-01121-a, "Dynamics of lat-
tice of microporous minerals during their interaction with
water medium at high pressures”, 2011-2013;

e RFBR project 12-05-31431-a-mole "Source of
potassium in subducting oceanic lithosphere and its be-
havior during subduction metamorphism " 2012-2014;

e RFBR project 12-05-00841-a "Conditions for
stability of hydrocarbon compounds at high pressures and
temperatures and their implications for deep structure of
the Earth and the planets", 2012-2014;

e RFBR project 13-05-00185-a, "Mechanisms of
formation and stability of water-containing high-baric sili-
cates of the MgO-Si02-H20 system under conditions of
subduction of the oceanic lithosphere" 2013-1015;

e RFBR project 13-05-00457-a "Microporous
aluminosilicates at high pressure: the influence of frame-
work topology and extra-framework subsystem composi-
tion on the compressibility and structural transformations”
2013-1015;

e RF Government Grant No. 14B25.31.0032 "Ex-
periments on matter at ultrahigh pressures and creating
harmonized thermodynamic model of deep structure of
the Earth" (headed by D.Sc. K.D. Litasov at IGM SB
RAS, Prof. E. Ohtani at Tohoku University, Japan). 2013-
2015;

e  State contract No0.14.513.11.0056 "Development of
scientific and technical basics for production of nano-
precursors and radiation-thermal synthesis of ferrite ceramics
for electronics and instrument engineering using intense elec-
tron beam with energy up to 5 MeV and synchrotron radia-
tion methods for analysis of products."

Examples of works in 2013:
1. Analysis of stages of phase formation in chemical in-
teraction of metals, alloys and their mechanocompo-
sites with melts of other metals and alloys.

The aim of the work is to study the physical and
chemical interaction between solid-state metals, alloys,
and mechanocomposites with melts of metals and alloys.
Currently, there is no consistent theory for such interac-
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tions. /n situ X-ray diffraction analysis with "hard" (pho-
ton energy 33.7 keV) synchrotron radiation will be used
for analysis of the processes of phase formation in sys-
tems with nickel and its alloys with tin-based melts. Ac-
cumulation of experimental data will allow developing an
approach to a theory of physical and chemical interactions
in different “solid metal - liquid metal” systems. Such a
theory would allow a focused approach to the creation of
new materials. Interest in the research on the stages of
phase formation in the nickel-tin system is caused by the
fact that intermetallic compounds of nickel and tin can be
used as anode elements in lithium batteries. Furthermore,
understanding the processes of interaction of nickel with
lead-free tin-based solders is also very important for the
electronics industry.

The samples were prepared by repeated rolling of
nickel powder or nickel-based solid solution with tin foil
or tin-based alloys.

Analysis of the staging of phase formation in a mixture
of nickel powder and tin foil of equiatomic composition
showed that the formation of the Ni;Sn, intermetallic be-
gins after melting of tin. An intermetallic compound
arises, with maximum content of the low-melting compo-
nent, Ni;Sny. Heating to 380°C begins transition to the
Ni3Sn, phase, which ends in 2 hours at a temperature of
about 600 ° C. Interaction of tin with nickel and tin mech-
anocomposite goes in the same way as the interaction of
nickel and tin, with the exception of origin of a small
amount of the NizSn phase. No full transition of NizSny to
Niz;Sn, occurs.

It should be noted that the interaction of nickel and tin
occurs at temperatures above the melting point of tin; no
halo from the liquid phase is observed in the diffracto-
grams. Perhaps, this effect is due to the presence of de-
generate eutectics in the system, and the intermetallic
compounds in the Ni-Sn system form via nickel dissolving
in a thin layer of eutectic melt, where the crystallization
occurs.

The interaction of nickel with alloy of tin and eutectic-
composition indium was investigated. When the sample is
heated above the melting temperature, a rapid increase in
the B phase from the In-Ni system is observed. The B
phase contains 56 at. % indium (on average) and exists in
the temperature range of 950 - 770 © C. Further heating to
160°C leads to origin of the In;Ni; phase and extinction of
the B phase. With heating above 400°C, there is observed
formation of the In;Ni, phase. No tin-containing phases
were detected. One can assume that tin is in the structure
of phases formed on the basis of indium and replaces in-
dium in the lattice.

The interaction of copper with alloy of tin and eutectic-
composition indium was investigated. The samples were
prepared three years ago by repeated rolling of indium-tin
foil and copper powder. Emergence of a new, unknown
phase was recorded in a sample, in addition to the pre-
existing phases of copper, In;Sn and InSn,. When the
sample is heated up to 100°C, reflections from this phase
disappear. Thus, using eutectic compositions and various

mechanocomposites, one can produce materials of new
properties.

2. Compressibility and structural behavior of naph-
thalene, a model compound of polycyclic aromatic hy-
drocarbons, at 0-6 GPa.

The interest in these compounds is associated with
their presence in the deep matter of the Earth (inclusions
in the mantle minerals) and meteorites, on the one hand,
and insufficient knowledge of their behavior at high pres-
sure. The obtained diffraction data show regular compres-
sion of the naphthalene structure and conservation of the
original monoclinic phase (spatial group P 2,/c) till 6 GPa.
The pronounced anisotropy of the compression (Fig.
6.2.25) is due to the difference in the orientation of C;oHg
molecules within and between the layers that form a "her-
ringbone" structure in Fig. 6.2.26. The naphthalene struc-
ture, including the coordinates of hydrogen atoms, was re-
fined by the Rietveld method. In the investigated range of
pressures, the intra-molecule distances C-C and C-H de-
crease by 3.5%, whereas the intermolecular distances
within and between the "herringbone" layers decrease by
18 and 10 %, respectively. The dependence of the inter-
layer distances on pressure (Fig. 6.2.26) has a distinct in-
flection at 2 GPa, and with further pressure increase their
compressibility is greatly reduced due to the approach of
hydrogen atoms of neighboring molecules. Intermolecular
distances within the layers are, in contrast, reduced regu-
larly throughout the pressure range. This implies a change
in the structural compression mechanism towards domi-
nating reduction of intermolecular distances within the
layers at P> 2 GPa. Structural abnormalities that are ob-
served at 2 GPa are consistent with the high-frequency
shifts of some lattice naphthalene phonons associated with
librational oscillations of molecules and C-H valence vi-
brations, which were observed in this pressure range.

Fabbiani et al. (2006)
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Fig. 6.2.25. Pressure dependence of parameters of
naphthalene unit cell (spatial group P 2;/c) as com-
pared with literature data.
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3. Radiation-thermal synthesis of nickel-zinc and
manganese-zinc ferrite ceramics.

Experiments were conducted on the SR diffraction, as
well as phase analysis of the products of radiation-thermal
synthesis of ferrite ceramics of the (Nig75Zngs5)Fe,Oy,
(Mng ¢Zn 4)(Fep7sMny »5),04 and other compositions, ob-
tained in different modes of industrial accelerator ILU-6.
Dependencies of the degree of transformation on the syn-
thesis temperature, beam pulse power and time of expo-
sure were constructed. Kinetic curves of ex-situ synthesis
of nickel-zinc ferrite under an intense 2.4 MeV beam of
electrons were built. It was shown that the temperature
dependence of the radiation effect is consistent with the
active site model of the chemical reaction rather than with
the whole-system perturbation model. Analysis of the ki-
netics of radiation-thermal synthesis of ferrospinels and
characterization of the reaction products are presented in
published papers.

4. Analysis of the nano-domain structure of highly-
oxygen-deficient perovskite-type oxides based on
strontium ferrites.

The phase composition and characteristics of the nano-
domain state of the strontium ferrite series SrFe; M, O,
(M = V; Mo; x = 0 + 0.2) with high oxygen non-
stoichiometry (2.5 < 3 - 0 < 2.7) were investigated.
Computer modeling of defect structures and X-ray dif-
fraction on them showed that, the resulting diffraction ef-
fects have different characteristics depending on the struc-
ture of the nano-domains and extended defects in the
structure. Systematic analysis of the experimentally-
produced diffraction effects showed that with increasing
degree of substitution by highly charged cations and oxy-
gen nonstoichiometry the nano-domains system evolves
towards lesser size of the domains and more complicated
internal organization of them. The nano-domain states of
nonstoichiometric oxides were investigated by unique
methods and approaches.

5. Testing of non-standard diffraction methods on
SR using two-coordinate detector.

Hard SR and the two-coordinate detector were suc-
cessfully applied to testing of the following nonstandard
diffraction methods:

a) Experimental diffraction patterns of test samples in the
range of reciprocal space vectors Q of up to 19 A~ were
recorded, and good-quality radial distribution functions

(RDF) of atoms were calculated. As compared with the
conventional Bragg — Brentano methods, recording of
transmission diffraction patterns with the two-coordinate
detector has advantages of non-destructive examination of
the structure in the material volume, lenient requirements
to the sample volume (up to 1 mm?®), good statistics of
diffraction patterns, and relatively small shooting times.
In the future, all these qualities will make it possible to
investigate the structure of such complex objects as col-
loid solutions or nanoparticles stabilized in a polymer ma-
trix, which is impossible with the conventional diffracto-
meters.

b) There was also a series of experiments on shooting of
thin films in grazing incidence geometry. This method
was shown to allow examination of the crystalline struc-
ture of thin films ~ 200 microns thick deposited on glass.
This structure is indistinguishable in a transmission ge-
ometry: peaks from the structure of the film itself are
visible on the background of signal from the amorphous
glass. Despite the successful testing, this method has few
prospects as compared with implementation of grazing
incidence geometry on a diffractometer intended for re-
flection-mode shooting of samples.

6.2.6. Station "Diffraction movies".

The station is intended for time-resolved diffraction ex-
periments, including those at small angles, and general
purpose diffractometry.

Participating organizations:

e Institute of Solid State Chemistry and Mech-
anochemistry SB RAS;
e Novosibirsk State Technical University;
e Institute of Inorganic Chemistry SB RAS
e Institute of Thermophysics SB RAS
Examples of works in 2013:

Characterization of thin films of silicon.

Thin films of amorphous, nanocrystalline, microcrystal-
line, and polycrystalline silicon are widely used in the in-
strument engineering and solar power engineering. These
films are used as active layers in active-matrix liquid-
crystal displays (LCDs), solar cells, etc. The structural
properties of the films are important parameters and sig-
nificantly affect characteristics of such devices. The struc-
tural properties of these films are usually investigated us-
ing Raman spectroscopy and X-ray analysis, the latter
providing more detailed and accurate information about
the size of crystallites and their crystallographic orienta-
tion. Thin crystalline silicon films on a glass substrate are
useful in production of cheap solar cells of large area and
high efficiency. There is a promising way of making such
films in two steps: 1) high-speed deposition of amorphous
silicon films, 2) solid-state crystallization of these films
with formation of the necessary degree of crystallinity
and crystallite size.

We investigated the solid-state crystallization of amor-
phous hydrogenated silicon films synthesized by gas-
ejection chemical deposition with electron-beam plasma
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activation. This method provides high rates (up to 2.3
nm/s) of deposition of thin films from amorphous silicon
in a standard vacuum chamber. The films were deposited
on quartz substrates and annealed under vacuum at a tem-
perature of 700 °C. We investigated the structural and op-
tical properties of as-deposited amorphous films and the
nano-crystal films after annealing.

The crystallite size can be estimated from the broaden-
ing of diffraction peaks. Laboratory facilities were found
to be unsuitable for these samples because of the low in-
tensity and large divergence of beam and weak scattering
power of the thin films. Therefore, the films were investi-
gated on beamline 5b using the one-coordinate detector
OD-3M. It would be established in a position with maxi-
mum coverage of the diffraction lines of crystalline sili-
con (20 ~25 - 56 °). The wavelength was 1.516 A. In view
of the already noted weak scattering ability, the sample
exposure time was 20 minutes. After normalization, a
signal from the clean substrate was subtracted from the
diffraction data on the films, for elimination of the back-
ground signal (Fig. 6.2.27). Then the diffraction peaks
were approximated with Gaussians (Figure 6.2.28). The
particle size was estimated by the Debye-Scherrer for-
mula.

Table 6.2.1. Results of processing

Sample Peak Position Width CSR, A
number
] 27.90 1.07 83
TQA2 |2 46.63 225 Iy
3 54.96 211 46
1 27.93 131 68
TQad4 15 46.72 2.67 35
3 54.9 2.67 37
1 27.9 1.59 56
TQa6 15 46.77 2.87 33
3 54.92 2.79 35
1 27.99 146 61
TQA8 15 46.79 215 44
3 55.15 2.06 47

It is interesting that for all the samples the CSR size is
slightly larger in the (111) plane, which may evidence
presence of texturing.

Thus, we measured the dependence of the properties of
amorphous (as-precipitated) crystalline (after annealing)
films on the deposition temperature in the range of 190 °C
to 415 °C. The average crystallite size was measured via
X-ray analysis; the degree of crystallinity (59 - 46%) was
estimated by Raman scattering. The optical properties and
thickness of the films were determined via measurement
of the optical transmission spectra. The refractive indexes
and optical band gap were measured for both amorphous
and nanocrystalline films. The behavior of the refractive
index of nanocrystalline silicon in dependence on deposi-
tion temperature is correlated with the degree of crystal-
linity. Thus it was shown that this method can be used for
production of nanocrystalline silicon films with a crystal-
lite size of 4 - 8 nm and varying degree of crystallinity.
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Fig. 6.2.27. Diffractograms of clean substrate (top) and
substrate with sample of deposited silicon (bottom).
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Fig. 6.2.28. Result of subtraction of substrate signal
from sample signal and approximation of resulting
peaks with Gaussians.

6.2.7. Station "EXAFS spectroscopy”.

The station "EXAFS spectroscopy” is intended for re-
cording of X-ray absorption spectra (EXAFS and
XANES) of different (usually X-ray amorphous) samples
in liquid and solid phase state. The results allow one to
determine the electronic structure and parameters of the
nearest local environment (coordination number and in-
teratomic distances) of ions of interest, including samples
that cannot be investigated by radiographic structural
methods.

e Participating organizations:

e Institute of Semiconductor Physics SB RAS;

e Institute of Inorganic Chemistry SB RAS;

e Institute of Solid State Chemistry and Mech-
anochemistry SB RAS;

e Siberian Federal University, Krasnoyarsk;

e Institute of Chemistry and Chemical Technol-
ogy SB RAS, Krasnoyarsk;

e  Budker Institute of Nuclear Physics SB RAS.

In 2013, works on the station were supported by the
following projects and contracts:

e Program No. 24 "Basics of fundamental research
on nanotechnology and nanomaterials", project No. 69,
"Application of EXAFS and XANES spectroscopy to
analysis of microstructure of SiGe quantum rings on Si
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(100) surface, GaN/AlGaN quantum dots and AlGaN/AIN
superlattices with quantum wells".

e RFBR 12-02-00262-a. Analysis of the micro-
structure and electronic structure of calibrated clusters of
gold in cucurbit[n]urils using XAFS spectroscopy.

e RFBR 11-03-00219-A. Intercalation compounds
of complexes and clusters of nickel and copper in cavitand
cucurbit[8]uril: chemical experiment, spectroscopic analy-
sis and quantum-chemical modeling.

e Nonequilibrium phase formation in ternary oxide
films made by doping rare-earth elements to HfO2.

o Synthesis of AIGaN/AIN structures with quan-
tum dots and analysis of their luminescence and genera-
tion properties in excitation with low-voltage electron
beams.

e Experiment and theoretical research on the opti-
cal, vibrational, structural and electrical properties of het-
erostructures and nanostructures based on nitrides of
group III metals.

Examples of works in 2013:

1. Analysis of the microstructure and electronic
structure of calibrated clusters of gold in cucur-
bit[n]urils using XAFS spectroscopy.

As compared with bulk metals, particles of 10 nm or
less in size exhibit new or substantially modified proper-
ties, including parameters of the crystal lattice, intera-
tomic distances, mobility of atoms, electronic structure,
magnetic, optical and electrochemical properties, and
morphology of the surface. The special properties of
nano-structures offer unique opportunities for improving
already-existing or developing innovative products and
nanotechnologies. Gold has always been considered one
of the most inert metals. However, it was found recently
that in the CO oxidation reaction, gold dispersed to a par-
ticle size less than 5 nm exhibits higher catalytic activity
than metallic palladium and platinum, which are conven-
tional catalysts in this reaction. The synthesis and analysis
of the structure and properties of systems containing
metal clusters is associated with key problem of produc-
tion of nanoparticles homogeneous in size and shape.
Thus, it seems very promising if the role of "hosts" for
monodisperse metallic "guests" is played by cucur-
bit[n]urils, which are a family of organic molecules
CenHenN4y Oz, (CB[#]) with n =6, 7, and 8 and calibrated
cavity sizesd=5-9 A.

The synthesis of intercalation compounds of nanoparti-
cles of gold in cucurbit[n]urils (n = 6, 7, 8) was per-
formed. Intercalation compounds of metal nanoparticles
with CB [7] were synthesized via chemical reduction in
water/ethanol solution of chloroauric acid HAuCl,-3H,0O
with sodium borohydride (NaBH,). Besides, intercalation
compounds of Au@CB[7] were synthesized in aqueous
solution (without ethanol) and, for the first time, of
Au@CBJ[6] by a new procedure, in aqueous solution
(without ethanol) with addition of MgCl,. Step-by-step
synthesis was carried out, through reduction of gold com-
plexes synthesized within cavities of CB[8] and aggrega-
tion of Au clusters in them.

The EXAFS, XANES and HERFD XAS spectra of the
synthesized compounds were measured in the area of X-
ray absorption edges of Aul;;. The experimental material
was processed using the software packages FEFF 9.0 and
DL EXCURYV 98; parameters of the local structure were
determined (interatomic distances, local symmetry, partial
coordination numbers, and Debye-Waller factors); elec-
tronic characteristics were evaluated (charge states of at-
oms and structure of free electron states) for the system
under study, which contains gold nano-particles of cali-
brated size.

A detailed comparison of the experimental XANES and
HERFD spectra of fine-grained samples with the spectra
of samples containing larger applied particles of Au and
spectra of massive Au showed that, within the accuracy of
our experiments (< 10%), the spectra are indistinguish-
able in the initial region. Comparison of the experimental
spectra with model calculations by the program FEFF 9.0
suggests that, within our accuracy, the electronic state (in
particular, the charge one) of finely-grained gold is also
indistinguishable from metallic state.

A comparative analysis of data obtained for intercala-
tion compounds Au@CB[7], Au@CB[6], andAu@CB(8],
a reference sample of massive gold foil and finely-
dispersed samples that were synthesized earlier by other
methods was carried out. The analysis of the experimental
data on the finely-dispersed samples revealed that all the
samples contain gold in a bidispersed form: 1) fine-
dispersion gold inside the cavities of cucurbituril with
narrow size distribution, and 2) larger gold particles. For
gold clusters inside the cavities of cucurbiturils: 1) CB
[7]: coordination numbers Na,a, ~ 6; the average Au
cluster size d ~ 0.8 nm; 2) CB[6]: Nay.au ~ 5, the average
cluster size is also less, d ~ 0.7 nm. It was found that gold
clusters in the cavities of cucurbiturils CB[7] and CB[6]
are characterized by significantly less (by ~ 0.03 A) in-
teratomic distances and significantly larger (three-fold at
12 K) values of the Debye-Waller factor as compared
with massive Au. Thus, it was found that the structural
stresses and disordering of the crystal structure become
substantial for small gold particles, and this may deter-
mine the change in the reactivity of gold when the latter is
dispersed.

Kxth)
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Fig. 6.2.29. Modeled bidispersed system for one of the
samples: k’x(k) AuL;; EXAFS spectra filtered in the
region AR = 1.5 — 3.5 A (a); modules of the Fourier
transform of the function k*(k) AuLy EXAFS (b): o -
experiment; ® - model calculation.
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2. Analysis of the spatial and electronic structure of
complex compounds of Fe (II) with pyrazole at tem-
peratures above and below the structural and mag-
netic phase transitions.

At a certain ligand field force, the coordinate com-
pound Fe (IT) with FeNg coordination octahedron can exist
in two spin states: low-spin (LS) and high-spin (HS) ones.
Transition from one spin state to another involves a
change in the structure of the complex as the temperature
or pressure varies or under light of a specific wavelength.
Researchers are always interested in compounds with
thermally induced spin transition, because of their practi-
cal application, among other things.

Synchrotron radiation (SR) from VEPP-3 at BINP was
used for the very first measurement of EXAFS spectra of
a number of Fe (II) complexes with pyrazole: 1)
Fe(t(DMPz)M)(tz)3(NOs),, 2) Fe(t(DMPz)M),(ClOy),, 3)
Fe(t(DMPz)M),Cl,*H,0, and 4) Fe(t(DMPz)M),(NO;), at
temperatures above (~ 300 K) and below (~ 125 K) the
temperature of alleged structural and magnetic phase tran-
sitions. Analysis of the measured EXAFS spectra yielded
description of changes in the molecular and electronic
structures of these complexes. Results for some of the
samples turned out to be in correspondence with previous
results on single-crystal phases; the contribution of these
phases into the systems under study was determined.

The Fe(t(DMPz)M)(tz);(NOs), sample was found to
have a new low-temperature phase; its microstructural
characteristics were determined. Thus, only some mole-
cules (~ 50 %) in the Fe(t(DMPz)M)(tz);(NO3), sample
change their structural characteristics with decreasing
temperature and probably turn to the low-spin state. At T
~ 125 K in the spectrum there arise additional features as-
sociated with the origin of the distance of 1.97 A, which
is typical to the Fe-N distance in the low-spin complex. A
double first maximum is observed in the Fourier spectrum
of the transformant. The distance to the second sphere of
nitrogen varies slightly at a distance of ~ 3 A. The micro-
structure of the first sphere of the neighboring of Fe at-
oms in the Fe(t(DMPz)M),(C10,), and
Fe(t(DMPz)M),Cl,*H,0 samples did not change in cool-
ing to 125 °C, and the complexes apparently did not
change their spin states, because the edge absorption
spectra of Fe, the EXAFS spectra and the dependences of
the Fourier transformant on the interatomic distances are
identical at the two temperatures and correspond to the
same structural models. Analysis of the spectra measured
for the Fe(t((DMPz)M),(NO3) complex sample and their
comparison with model calculations showed that its mi-
crostructure changed in the cooling and the complex
turned to the low-spin state.
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Fig. 6.2.30. Fe K EXAFS absorption spectra for sam-
ples of Fe (II)- pyrazole complexes 1-4: at tempera-
tures above (300 K; -o-) and below (125 K; -e-) the
temperature of the structural and magnetic phase tran-
sitions.

3. Microstructure of SiGe quantum rings,
GaN/AlGaN quantum dots and superlattices with
quantum wells from EXAFS and XANES spectra.

Switching to the optical methods of generation, trans-
mission and reception of signals is a promising way to in-
crease the rate and volume of data transmission. Its im-
plementation requires effective and fast photonic equip-
ment, including photodetectors and modulators of radia-
tion operating at wavelengths in the near and medium IR
spectral ranges. Such devices are necessary for creation of
terabit optical fiber communication systems, on-ground
communication with flying and space objects, registration
of the radiation dynamics of atomic, molecular and solid-
state systems, and in chemical and biological sensors. As
concerns high-speed terahertz photonic devices, het-
erostructures based on gallium nitride have good pros-
pects due to the very strong electron-phonon interaction
in these ionic materials, which provides femtosecond
times of recovery to the initial state, which is much faster
than in other semiconductors. The large band offsets in
the conduction band of the GaN/AlGaN heterostructures
(2 eV in the GaN/AIN heteropair, which is a record for
semiconductor heterostructures) allow designing of elec-
trooptical switches and photodetectors on intersubband
electronic transitions in quantum wells or quantum dots
for the middle and near IR spectral ranges, up to 1.3 mi-
crons. Ring-like structures (quantum rings (QRs)), i.e.
quantum molecules consisting of a few immediately adja-
cent quantum dots (QDs) of SiGe on the Si (100) surface,
also exhibit some interesting electronic and optical prop-
erties, which are very promising for application to nano-
and optoelectronics.

GaN/AIN multilayer superlattices with a number of pe-
riods of up to 300 and extremely narrow (to 1 nm) quan-
tum wells (QWs) were synthesized by the MBE method,
as well as ring-like structures (quantum rings (QRs)) con-



sisting of closely spaced several quantum dots (QDs) of
SiGe in the Si(100) surface.

The synthesized nanostructures (QWs, QDs, and QRs)
were characterized by atomic-force scanning microscopy
(ASM), high-resolution transmission electron microscopy
(TEM), small-angle scattering (SAXS) and photolumi-
nescence (PL).

EXAFS and XANES spectra of the synthesized systems
were measured near the K-absorption edges of Ge and Ga
at the EXAFS station on the synchrotron radiation (SR)
beamline on VEPP-3 (BINP). Local structure parameters
(interatomic distances and partial coordination numbers)
were determined; the influence of the growth conditions
and morphology of the synthesized systems on the inter-
layer diffusion, stresses and relaxation in the nanostruc-
tures and their optical properties were investigated.

The growth conditions and the thickness of the super-
lattices were found to influence the mixing in the border
layers, deformations, stresses and optical properties of
GaN/AIN. It was revealed that more intense luminescence
peaks shifted towards the short-wave side are typical to
samples with more appreciable mixing at the interfaces. A
substantial decrease in the Ga-Ga interatomic distances (~
0.03 — 0.04 A) was found in samples with "thin" superlat-
tices (20 - 40 layers) and extremely small (~ 1nm) thick-
nesses of GaN and AIN layers, which evidences substan-
tial deformations and stresses in the layers. A minimum
decrease (~ 0.01 A) in Ga-Ga interatomic distances R(Ga)
was found in multilayer samples with "thick" superlattices
(130 - 260 layers), which agrees with the observed plenty
of dislocations and the corresponding stress relaxation in
the GaN layers. In samples with "thin" superlattices and
extremely thin layers of GaN and AIN, the dependence of
the interatomic distances and coordination numbers on
temperature was determined. In such systems, the Ga-Ga
and Ga-Al distances are close to those typical to solid so-
lutions, except for certain differences associated with the
nonequilibrium of the systems under study. When the
synthesis temperature is increased from 800 °C to 900 °C,
the Ga-Ga and Ga-Al distances decrease somewhat with
augment in the Al coordination numbers, as it occurs in
equilibrium solid solutions with increase in the Al con-
centration. With temperature increased from 800 °C to
850 °C and then to 900 °C, the Ga-Al mixing in the
boundary layer amounted to 25, 30, and 35 % , respec-
tively.

It was found that in the first stage of growth of SiGe
quantum rings (application of a Si/Ge seed layer at ~ 700
° C), the Ge concentration is ~ 25%. With further growth
(application of the basic layer), the Ge concentration in-
creases up to 35-45% depending on the temperature (610-
550 °C). In the investigated samples, with the molecular
formula Ge,Si;« (0.25 <x <0.45) the Ge-Ge and Ge-Si in-
teratomic distances correspond to the values found for
solid solutions and Ga/Si quantum dots.

6.3. WORKS ON SR BEAMS FROM
VEPP-4

6.3.1. Station "Space”.

Station for metrology in soft X-rays on the VEPP-4
storage ring.

Modernization of station equipment.

A new two-mirror monochromator was made and
commissioned. The kinematic scheme of the new mono-
chromator allows higher dimensional stability of mono-
chromatic beam. The energy range that can be covered in
a single scan without opening of the vacuum volume of
the monochromator to the atmosphere was expanded. A
supplementary remotely-controlled adjustment of paral-
lelism of the mirrors in the transverse direction was
added. The compatibility of the mechanisms of the mono-
chromator with the high vacuum of the station was im-
proved. A control software package for the new mono-
chromator was developed and is being debugged now.

Fig. 6.3.1. Appearance of the monochromator and its
assembly drawing.

A new two-coordinate detector based on "back illumi-
nated" CCD matrix was purchased and put into operation.
It is intended for control of the quality of monochromatic
SR beam.

Development of methods to study the radiation deg-
radation of semiconductor detectors.

In 2013, there were 27 joint shifts with Ioffe Physical-
Technical Institute (St. Petersburg) at the station "Space".
The radiation degradation of silicon photodiodes under
soft X-rays was investigated. Photons with energies
within a limited bandwidth were isolated from the "white"
SR beam using total external reflection mirrors and thin-
film filters. The filters limited the photon flux in the soft
region of the spectrum, and the mirrors removed high-
energy photons from the beam. Besides, spherical focus-
ing mirrors were used for increasing of the photon flux. A
small area on the surface of the detector under testing was
exposed to a quasi-monochromatic SR beam through a
round 2 mm aperture until a certain dose was received.
After that the homogeneity of the detector sensitivity was
studied over the entire surface as follows. The detector
scanned a relatively thin (about 200 microns) monochro-
matic SR beam. Then the sensitivity maps of the detector
before and after the irradiation were compared. The shape
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and place of the arrival of the quasi-monochromatic beam
on the detector were additionally controlled by an ex-
press-visualization method, suggested by Lebedev Phys-
ics Instittute RAS (Moscow): the detector was cooled to
negative temperatures and then, under normal conditions,
formation of condensation droplets was observed on its
surface. Due to the electro-wettability phenomenon, the
irradiated area would become visually contrasting to the
rest surface of the detector.

Fig. 6.3.2. Visualization of irradiated region of the de-
tector; its sensitivity map (made at photon energy 100
eV). The arrow shows region exposed to 10.2 eV pho-
tons with a surface dose of 9.5 mJ/cm’.

6.3.2. Station "Flame".

Development of station for diagnostics of combus-
tion processes using SR in VUV range at the VEPP-
4M storage ring.

Under agreement with the Ministry of Education and
Science of the Russian Federation No. 8186, a station was
designed for diagnostics of combustion processes using
synchrotron radiation in the VUV range. The station will
use the radiation from a bending magnet of the VEPP-4M
storage ring and be located on the Ist floor of the SR
bunker. The station "Flame" will provide fundamental re-
search on flame, including the kinetics and mechanism of
elementary chemical reactions in flame, as well as the
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mechanism and kinetics of transformations in thermal de-
composition of condensed substances.

The plant operation is based on mass spectrometry
analysis of intermediate combustion products taken from
different parts of flame. Ionization of products to analyze
will be performed using synchrotron radiation (SR) of the
VUV range (photon energy of 5-20 eV). The station is
based on an UHV SR beamline with differential pumping.
The optics scheme of the station includes a monochroma-
tor with plane grating and focusing mirrors.

Fig. 6.3.3. Beamline arrangement.

1 - ion pumps; 2 - vacuum gate valves; 3 - fast (10 ps)
gate for emergency protection of vacuum; 4 - radiation
shutters; 5 — unit of insert focusing mirror; 6 - diffrac-
tion grating unit; 7 - nitrogen trap; 8 - gas filter; 9 - exit
slit. Distance to the radiation point in meters is shown in
the bottom of the figure.

Fig. 6.3.4. Focusing system of the station: 10 m crossed
spherical mirrors.

The first results on SR beam are expected to be re-
ceived in the fall of 2014. The station will be the only one
in Russia and one of three similar stations in the world.



6.4. WORKS WITH TERAHERTZ BEAMS

6.4.1. Novosibirsk terahertz free electron laser.

The Novosibirsk free electron laser (FEL) remains 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 amounts to 500
W. In 2013, the Novosibirsk FEL worked for users for
around 1000 hours. In the standard mode of operation for
users at a repetition rate of 5.6 MHz, the average radiation
power at the user stations depended on the wavelength
and tuning of the accelerating system and was about 100

/
&

W. In this mode the FEL radiation is linearly polarized
and fully spatially coherent; the wavelength is varied in
the range of 40 to 240 microns; the relative spectral width
is less than 1% (full width at half maximum); the pulse
duration is less than 100 ps (full width at half maximum).

A scheme of the energy recovery linac (ERL) with
three FELs installed on the first, second and fourth (the
third-stage FEL) tracks is shown in Fig. 6.4.1.

In 2013 there were two main tasks: organization of
regular work at six user workstations and preparation for
commissioning of the third stage of the Novosibirsk FEL.

Fig. 6.4.1. General view of the ERL with three FELs installed on the first, second and fourth tracks.

6.4.2. Experiments on THz beams.

At the Siberian Center for Synchrotron and Terahertz
Radiation (SCSTR), works with terahertz radiation in-
volve 20 groups from 12 scientific organizations of No-
vosibirsk, Moscow and South Korea.

Below are listed some of the works in 2013 and per-
forming organizations.

1. Detailed research on the propagation of surface
plasmon polaritons on flat and curved metal-
insulator-air interfaces were conducted, as well as on
their "hops" through long air gaps, which are of in-
terest for development of planar integrated circuits of
the terahertz range (Budker Institute of Nuclear Phys-
ics SB RAS and the Science-and-Technological Cen-
ter of Unique Insturment Engineering RAS (Mos-
cow)).

2. Optoacoustic effect in silicon was investigated using
the terahertz free electron laser (Moscow State Uni-
versity and Budker Institute of Nuclear Physics SB
RAS).

3. Research on the magneto-optical effects in magnetic
materials using terahertz radiation FEL yielded first
results (Kirensky Krasnoyarsk Institute of Physics SB
RAS and Budker Institute of Nuclear Physics SB
RAS).

4. A set of binary silicon diffractive optical elements
was created and tested. It is intended for controlling
the FEL radiation and radiation from other mono-
chromatic sources that allow a variety of experimen-
tal designs for a broad class of fundamental and ap-
plied research (Samara State Aerospace University,
Institute of Systems for Image Processing RAS and
Budker Institute of Nuclear Physics SB RAS).

5. A prototype of terahertz near-field optical microscope
was created (Technological Design Institute of Scien-
tific Instrument Engineering SB RAS and Budker In-
stitute of Nuclear Physics SB RAS).

6. A prototype of terahertz ellipsometer was created and
put into operation (Rzhanov Institute of Physics of
Semiconductors SB RAS and Budker Institute of Nu-
clear Physics SB RAS).

7. The development of unique methods of ultrafast
spectroscopy in the terahertz range was continued. In
particular, this technique was applied to spectral
analysis of the Novosibirsk FEL radiation in unstable
modes. Spectra (instability modes) of FEL single
pulses (100 ps) were obtained for the first time.
These spectra cannot be measured correctly by other
known spectral methods. With this method applied to
the field of high-resolution gas spectroscopy, signals
of molecules associated with the precession of their
magnetic moment in a magnetic field were recorded
for the first time in real time. These experiments al-
low high-sensitivity and fast recording of various im-
portant radical species (Budker Institute of Nuclear
Physics SB RAS and Voevodsky Institute of Chemi-
cal Kinetics and Combustion SB RAS).

8. Experiments on the research on combustion and
detonation of hydrogen-oxygen mixture by water va-
pors and OH radicals that arise in these reactions
were continued. At transitions of these molecules,
terahertz radiation absorption of about 30% was de-
tected in the hot phase of detonation and stronger ab-
sorption of up to 100%, in the subsequent cooling
phase. Two-dimensional distribution of water vapor
in combustion of hydrogen-oxygen flame was meas-
ured in a pyroelectric camera (Budker Institute of
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Nuclear Physics SB RAS, Lavrentiev Institute of Hy-
drodynamics SB RAS and Voevodsky Institute of
Chemical Kinetics and Combustion SB RAS).

9. Experiments were begun on backscattering of tera-
hertz radiation on water mist. First scattering signals
at a wavelength of 118 microns were recorded (Bud-
ker Institute of Nuclear Physics SB RAS, Zuev Insti-
tute of Atmospheric Optics and Voevodsky Institute
of Chemical Kinetics and Combustion SB RAS).

10. A new record power was generated at the Novosi-
birsk FEL, 220 W at a repetition frequency of 5.6
MHz. That allowed generation of a powerful optical
discharge at the diagnostics station. This experiment
can be a basis for many other user experiments (Bud-
ker Institute of Nuclear Physics SB RAS).

11. Research on the nonthermal effects of terahertz radia-
tion on living systems of different levels of organiza-
tion (Institute of Cytology and Genetics and Budker
Institute of Nuclear Physics SB RAS).

12. Development of a new method of mass spectrometry
based on nondestructive soft ablation under the influ-
ence of terahertz radiation (Institute of Cytology and
Genetics and Budker Institute of Nuclear Physics SB
RAS).

6.4.3. Upgrade of the FEL and ERL.

An optical cavity for third-stage FEL was designed.
The key components of the optical cavity were fabricated
at the BINP experiment workshop. The unit of the mirror
is shown in Fig.6.4.2.

Fig. 6.4.2. Unit of the mirror of the optical resonator of
the third stage of the FEL.

The assembling of the optical cavity was started. The
vacuum chamber of the optical cavity was suspended in
the accelerator hall, see Fig. 6.4.3.

Fig. 6.4.3.Vacuum chamber of the optical cavity of the
third-stage FEL, suspended in the accelerator hall.

The measurement electronics of the RF generator of
the accelerating system of the ERL was upgraded. Control
cables for transmission of signals from the measuring
loops of the RF cavities out of the accelerator hall were
replaced with air-insulated cables. That resulted in a sev-
eral-fold reduction of the dependence of the phase shift on
the temperature of the cables.

A new high-voltage rectifier (Fig. 6.4.4) for the elec-
trostatic electron gun of the ERL was designed and fabri-
cated.

A 90 MHz RF generator for the RF electronic gun for
the ERL was put into operation (Figure 6.4.5). The rated
voltage across the resonator of the gun and an average
electron current of 25 mA were attained after RF training.

Fig. 6.4.4. New high-voltage rectifier for the electro-
static electron gun.
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Fig. 6.4.5. RF electron gun with diagnostics beamline.

Magnetic fields in all three undulators for the fourth-
track FEL were measured. Then the trajectory of electrons
in the measured field and amplitudes of spontaneous
emission were calculated. The calculation results were
used in the field correction by replacement of some
blocks of magnetic material by blocks with the required
magnetization components. The magnetic measurements
were repeated, and the undulators were installed on the
fourth track of the ERL (Fig. 6.4.6).

A

Fig. 6.4.6. Undulators of the third stage of the FEL on
the fourth track of the ERL.

Calculations and experiments were done for opti-
mization of the process of electron beam energy recovery
in its four-time deceleration in the RF accelerating cavi-
ties. A circulating current sufficient for radiation genera-
tion in the FEL was attained.

6.4.4. Meeting on energy recovery linacs.

The International Meeting "Energy Recovery Linacs

2013" was held at Budker Institute of Nuclear Physics
from 9 to 12 September 2013.
These international meetings are held every two years
with the support of the International Committee on Future
Accelerators (ICFA). The previous two meetings were
held in the United States and Japan.

The meeting was devoted to the new type of charged
particle accelerators, energy recovery linacs (ERLs). It is
often that most part of high-current beams of charged
particles (usually electrons) is left in the exhausted beam.
This power can be returned to the accelerating system if
the exhausted beam is directed to it. An accelerator that
not only accelerates charged particles but also slows
already used ones is called ERL. The ERL was proposed
by M. Tigner (USA) in 1965 for creation of electron-
electron collider. There are only three ERLs working now
the world: at Thomas Jefferson National Laboratory
(USA), at Budker Institute of Nuclear Physics (Russia),
and at Daresbury laboratory (England). The first two
ERLs are used in high-power free electron lasers. Projects
of super-high-brilliance X-ray sources based on ERL are
developed in Germany, Russia, the USA and Japan.
Besides, the possibility of using ERLs in nuclear physics
(Germany) and elementary particle physics (the U.S. and
the European Centre for Nuclear Research, CERN) is
considered.

ERLs can be applied not only to science. ERL-based
high-power lasers can transmit power into space for
communication satellites, produce isotopically pure
materials, treat various surfaces and selectively affect
living systems. Technologies developed for ERLs can be
used in other promising applications of charged particle
accelerators, e.g. decontamination of radioactive waste.

Participants of the meeting visited the Novosibirsk
ERL, which differs greatly from the "mainstream" devices
by the electron gun with control grid, long-wave non-
superconducting  accelerating  structure,  branched
magnetic system with tracks, bypass and three FELs, as
well by the fact that it operates at a shared-equipment
center created on the basis of the FEL.

6.4.5. Results in 2013 and plans for 2014.

Main results of works in 2013:
1. An optical cavity was mounted; undulators of the third
stage of the FEL were installed.
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2. Construction of new stations and improvement of the
FEL systems continued.

3. Experiments using THz radiation at user workstations
continued.

Plans for 2014 roa:

1. Commissioning of the third stage of the FEL.

2. Continuation of works on the development of new sta-
tions and improvement of the FEL.

3. Continuation of experiments using THz radiation at the
user workstations.

6.5. DEVELOPMENT AND CREATION OF
DEDICATED SR GENERATORS

6.5.1. Superconducting wigglers.

The development and manufacturing of several cryo-
genic superconducting magnetic systems for SR genera-
tors were preformed in 2013, under contracts with various
acceleration centers of the world.

A 63-pole 4.2 T wiggler with period 52 mm was in-
stalled and put into operation on the Australian Synchro-
tron (AS) storage ring in January 2013. The temperature
of the magnet was lowered to 3.5 K in a cryostat, with no
flow of liquid helium and reduced residual gas pressure.
That allowed achieving the maximum value of magnetic
field in the wiggler of 4.5 T due to thermal bias in the
load characteristics of the superconducting wire. The
wiggler is used on the Imaging and Medical Beamline
(IMBL) for Micro-beam Radiation Therapy (MRT). Fig.
6.5.1 shows the wiggler on the AS storage ring.

Fig. 6.5.1. 63-pole 4.2 T wiggler with period 52 mm, in-
stalled on the storage ring of the Australian Synchrotron
(AS) in Melbourne for biomedical research.

A 15-pole 7.5 T wiggler with period 200 mm was built
in the territory of the LSU-CAMD storage ring (Louisi-
ana, USA) in May 2013. It has a feature of high stored
magnetic field energy (~ 850 kJ), which required a special

reliable protection of the wiggler windings from damage
in quench. The maximum achieved magnetic field is 7.7
T. The wiggler was installed on the storage ring (Fig.
6.5.2) and is used for research on protein crystallography.

|

i
=
E.

— =

Fig. 6.5.2. 15-pole 7.5 T wiggler with period 200 mm,
mounted on the LSU-CAMD storage ring (Louisiana,
USA) for research on protein crystallography.

The wigglers that have been developed at BINP in re-
cent years have very low consumption of liquid helium
and require maintenance once a year at most. Thus lot of
wigglers that were manufactured by BINP earlier and op-
erate now on different storage rings could be upgraded in
line with modern requirements. The cryostat of the 49-
pole 3.5 T wiggler that was in operation on the ELETTRA
() storage ring Italy since 2002 was upgraded in June
2013. The magnetic system was not changed. Fig. 6.5.3
shows the process of testing the upgraded wiggler.
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Fig. 6.5.3. Upgraded 45-pole 3.5 _wiggler on the
ELETTRA storage ring (Italy).
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The upgrade of the cryostat of the 17-pole 7 T HMI
(HBZ) wiggler, which has worked on the BESSY-II stor-
age ring since 2002, was completed in August 2013. Fig.
6.5.4 shows transportation of the modernized wiggler
back to the storage ring.

" ; : l A;_ A
Fig. 6.5.4. Transportation of the upgraded 7 T HMI
(HBZ) wiggler to the BESSY-II storage ring.

A test commissioning of the 40-pole 2.5 CATACT wig-
gler with period of 48 mm for the ANKA storage ring
(Karlsruhe, Germany) was carried out on the customer’s
site in December 2013 (Fig. 6.5.5.). A helium temperature
decrease to 3.5 K was demonstrated with no liquid helium
consumption and negative pressure in the helium vessel.
That allowed obtaining a magnetic field of 2.9 Tesla,
which exceeds the planned value. Currently this wiggler
is being prepared for installation on the ANKA storage
ring. The final commissioning is scheduled for July 2014.

Germany) radically differs in design from all previous
wigglers. This wiggler is cooled to low temperature not
with liquid helium but by refrigeration machines through
mechanical thermal contacts. The magnetic system itself
is in vacuum. A short prototype of such a magnet was
tested. It was cooled to a temperature of 3 K and a mag-
netic field of 3.3 T was achieved. Now the testing of the
prototype is continued in various modes of operation and
the 72-pole full-length magnet is being produced. The
commissioning of the full-size magnet with indirect cool-
ing is scheduled on May 2014.

Fig. 6.5.6. Appearance of prototype of superconductive 3
T wiggler for the ANKA storage ring (Karlsruhe, Ger-
many).

6.6. DEVELOPMENT OF MAGNETIC
STRUCTURE OF NEW SR SOURCE

on the ANKA storage ring (Karlsruhe, Germany). 6.6.1. General concept

The popularity and demand for research methods using
SR at the Novosibirsk Scientific Center has resulted in the
appearance of an active user community, which became a

The 3 T CLIC wiggler with period 51 mm and mag-
netic gap 18 mm for the ANKA storage ring (Karlsruhe,
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basis for the Siberian Center for Synchrotron and Tera-
hertz Radiation (SCSTR).

Currently researchers at the Center work with SR
beams from VEPP-3 and VEPP-4, the parameters of
which do not meet today’s requirements. In addition, the
necessity to share the operation time with other physics
programs that are carried out at the complex severely lim-
its the usage of SR methods.

So, the absence of a dedicated SR source is the main
problem of the center.

Since 2005, researchers at the center have been devel-
oping a new concept of the SR source. A few options have
been reviewed so far, including a relatively inexpensive
project of SR source to be placed in the tunnel of the
VEPP-4M collider and to utilize the existing infrastructure
of the complex as much as possible.

Toan
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e Basic parameters of the proposed source are pre-
sented in the table below.

Table 6.6.1. Main parameters of the new SR source for
the SCSTR.

Parameter Value
Perimeter 360 m
Electron energy 3 GeV
Design horizontal emittance <1 nm rad
Operation current Up to 500 mA
RF 180 MHz
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Fig. 6.6.1. Arrangement of the SR source, generation units and radiation extraction lines.

The dimensions of the proposed source are determined
by the currently existing tunnel of the VEPP-4 collider.

This approach has an undoubted advantage of a lower
project cost because there is no need in construction of a
new building. However, the underground location of the
tunnel poses a problem of extraction of SR beams.

This project suggests concentrating the SR generation
devices in the area of the existing experiment interval of
VEPP-4. A rough plan of the proposed structure of the SR
source is shown in Fig. 6.6.1.

Six multi-pole devices for generation of SR (supercon-
ductive wigglers and undulators) are to be installed. The

radiation extraction beamlines are shown with blue lines.
Beams transported through these beamlines can be used
in the existing and new (specially designed) premises of
building 13.

The possibility of using the currently existing experi-
ment hall in building 28 for work with SR beams is also
considered.

Besides, a long (up to 10 m) undulator can be mounted
at the end of the engineering span of VEPP -4.
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6.6.2. Magnetic structure.

The TME (Theoretical Minimal Emittance) structure
suits rather well for a low-emittance embodiment of the
magnetic structure in this case. The ring contains long
bending arcs, and filling them with TME cells allows
most efficient use of the advantages of the sufficiently
large perimeter of the ring and the absence of extraction
of radiation from the bending arcs. Special cells can make
the dispersion function be zero at places where wigglers
(or undulators) are to be placed. Such places are few, and

thus their contribution into emittance increase will be
small.

Limiting the gradients of the sextupole and quadrupole
lenses with realistic values will allow implementation of
the TME-based structure with emittances about 150 pm
rad. Unfortunately, high sextupole lenses cause significant
decrease in the dynamic aperture, which excludes the pos-
sibility of successful realization.

Optimization of the magnetic structure in this case
means search for an optimal balance between these two
values (emittance and dynamic aperture). Thus, realistic
aperture values imply a reasonable deviation from a
minimum emittance. Therefore, the design emittance
value was chosen at the level of 1 nm rad.
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Fig. 6.6.2. Example of cell (SplitTME) in bending arc of the SR source.

The so-called SplitTME variant has substantial advan-
tages among the possible implementations of the TME
structure. The essence is the possibility of using one
quadrupole lens between two adjacent magnets instead of
a universal triplet. A variant of such structure is shown in
Fig. 6.6.2. Although the TME conditions in the magnets
are met not exactly in this case, at reasonable deviations
from the minimum emittance this does not play a decisive
role.

This approach has an undoubted advantage of the com-
pactness of the resulting cell, which is very important in
the sufficiently narrow tunnel of VEPP-4.

Another advantage of this cell is its flexibility, i.e. pa-
rameters of individual elements can be changed, while the
entire cell stays operable. In particular, choosing the
phase shift on the cell, one can optimize the dynamic ap-
erture: with the phase shift @, which is quite realizable,

the transport matrix of the cell becomes equal to (-/).
Placing two identical sextupole lenses with such spacing
leads to compensation of geometric and chromatic aberra-
tions induced by these sextupoles, which in turn provides
a dynamic aperture growth.

At present, the search for the optimal parameters of the
cell is underway.
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7.1. POWER SUPPLIES FOR ELECTRO-
PHYSICAL INSTALLATIONS

7.1.1  Sources of stable current.

Development of precision sources of stable current for
electro-physical installations is one of the main tasks of
the Radiophysics Laboratory. Precision DC sources are
intended mainly for powering electromagnets of charged
particles storage rings. The output current of such sources
varies from several amperes to tens of kiloamperes. Thus
the output power is from tens of watts to several hundred
kilowatts and several megawatts. Current sources tend to
have a wide range of current regulation and high accuracy
of regulation and stabilization (error of 0.01% and less).
Below are listed the main results of works performed in
2013 for designing and manufacturing of stable current
sources:

e The upgrade of the electronics of precision thyristor
power sources of the IST series was continued. An
IST stable current source consists of a mains reduc-
ing three-phase transformer, a controlled thyristor
rectifier with LC filter, a channel for active ripple
suppression and electronics for current control and
stabilization. The power output of the current sources
of the IST series is up to 200 kW. The IST-type cur-
rent sources of new modification with an output cur-
rent of up to 400 A and power OF up to 200 kW
made it possible to test the electron cooling facility
that was developed and manufactured by BINP for
the COSY accelerator, Germany. Permanent techni-
cal support for more than 30 IST-type power sources
on VEPP-5 and K-500 is provided. A unit for rapid
output current reversal has been developed and put
into operation.

L
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Fig. 7.1.1. IST-type stableurrent sources.

e A number of power sources specially designed for
powering of the electromagnets of the booster accel-
erator of the synchrotron radiation source NSLS-II
(BNL, USA) were successfully launched in 2013.
The booster is capable of operating at a repetition

rate of up to 2 Hz, so the requirements to the power
sources are quite unique. While meeting high stabili-
zation accuracy requirements, the current power
sources have high dynamic characteristics. In particu-
lar, the current rise time from the minimum value to
the nominal one does not exceed 0.26 s in all the cur-
rent sources. In total, over 50 current sources were
developed and manufactured for powering of the
electromagnets of the booster. Table 7.1.1 presents
the main parameters of these power supplies.

Table 7.1.1
Power Q- | Max Max Max
supply ty current, |voltage, | power,
A \Y \
BR-QF 1 157 207 32,496
BR-QD |1 85 49 4,200
BR-QG |1 126 73.2 9,229
BR-SXV | 8 18 17.4 2,507
BR-SXH | 8 18 17.4 2,507
BR-Corr |32 |7 8.8 1, 963
DCsep- |1 400 15 6, 000
tum
-

Fig. 7.1.2. Power supplies for quadrupoles and DC
septum of the booster accelerator at NSLS-II.

The development and manufacturing of precision
current sources with an output power of up to 30 kW
and a current of up to 1,000A, made using high-
frequency (about 20 kHz) converters were continued
in 2013. A series of such sources is being produced
for replacement of obsolete thyristor current sources
of the B-1000 type.

*As part of contract works, a precision current source
with current stability of about 20 ppm was designed
for the correction magnets at the XFEL installation,
Germany.
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Fig. 7.1.3. Precision current source for correction mag-
nets.

7.2. HV SOURCES OF HIGH STABILIZED
DIRECT VOLTAGE

The Institute has successfully conducted develop-
ment of HV sources of high stabilized direct voltage with
a wide power range:

e tens of watts: for powering of electrostatic de-
flection devices or those for focusing of charged
particles beams;

e hundreds of watts to tens of kilowatts: for supply
of various HV “direct action” accelerators;

e hundreds of kilowatts: HV power supply of ion
sources and atomic injectors.

The high-voltage power supplies have high stability and
regulation accuracy; they are protected against short cir-
cuits and breakdowns.

7.2.1. HV sources for atomic injectors for diag-
nostics and heating of plasma in plasma facili-
ties

Development and production of high-power HV
sources for atomic injectors for corpuscular diagnostics
and heating of plasma in plasma experiment facilities re-
mains one of the main directions of the activity of the
Laboratory. In particular, in 2013
e the development and manufacturing of units of the

HYV PS for the high-power source of negative ions to

be developed under a contract with TAE, USA was

continued. The HV PS has the following parameters:

U (output) = - 880 kV, I (output) = 10 A, T (pulse) =

100 s. The HV PS consists of eight series-connected

high-voltage rectifiers with an output voltage of - 110

kV placed in one volume filled with an insulating

gas. The sources of controlled AC voltage (2 kHz, 3

kW) in these rectifiers are 2 kHz voltage inverters

with an output power of up to 350 kW each.

e a HV source (120 kV, 100 mA) for a stand of the
source of negative ions to design under a contract
with TAE, USA has been developed, manufactured
and put into operation. The HV PS consists of a stage
generator, or "voltage multiplier", operating at a fre-
quency of 20 kHz, and an adjustable high-frequency
(20 kHz) voltage inverter (20 kHz);

e a HV PS with an output voltage of up to 60 kV and a
power of 600 kW for the diagnostics injector of the
RUDI-x facility, Germany was put into operation.

Fig. 7.2.1. HV PS for the diagnostics injector at RUDI-x.

7.2.2 HV PSs for electron acceleration tubes.

In 2013 the development and fabrication of units of HV

PSs for electron acceleration tubes was continued.

e A HV PS for the electron tube for Novosibirsk the
free electron laser was made using a stage generator
(a two-stroke voltage multiplier). The output voltage
of the FEL HV PS is up to -300 kV at an output cur-
rent of over 50 mA.

Fig.7.2.2 Section of stage generator for voltage
multiplication .
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e A new high-voltage rectifier was designed and made
with an output voltage of up to -60 kV and a power
of up to 60 kW. It will be used in new electron-beam
welders.

e  The commissioning of the HV PS for the electron
cooling installation of the COSY accelerator, Ger-
many was completed. The output voltage of the HV
PSisupto2 MW.

. Under a contract with TAE (USA), a HV PS with an
output voltage of -110 kV and an output current of
over 100 mA was manufactured and put into opera-
tion. This HV PS is based on a stage generator oper-
ating at a transformation high frequency of 20 kHz.

7.2.3 Switching Power Supplies for electromag-
nets of accelerator complexes.

The manufacturing and adjustment of pulsed current gen-
erators for transport beam lines K-500 was continued in
2013; 75 switching power supplies of the GID-25 type
were made and adjusted.

.
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Fig. 7.2.3. Switching power supply of the GID-25 type.

7.2.4  Electronics for diagnostics and control
of charged particle beam position.

Below are listed main works in 2013 on the creation of
electronics for diagnostics and control of charged particle
beam position:

e  Manufacturing and adjustment of the new electronics
for pick-ups at the VEPP-2000, VEPP-4, and injec-
tion complexes. Over 40 units were made and are be-
ing put into operation.

e The electronics for pick-ups for the electron cooling
facility of the COSY accelerator, Germany, were
manufactured and delivered.

e  Under a contract with JINR (Dubna), the electronics
for the ion beam phase measurement system for the
NICA booster was supplied. This system supple-
ments the booster RF system, which is under manu-
facturing at BINP. The system allows measurement

of beam phase relative to the accelerating voltage of
the RF system with an error below 1 degree. The
measurement can be done every 10 Os. The system
was successfully tested on the JINR accelerator "Nu-
clotron" in the spring of 2013.

e Under a contract with PINP (Gatchina), a new 4-
channel NMR magnetometer was made and deliv-
ered. The magnetometer is a 1U Euromechanics
standard module and is connected to the computer via
Ethernet. The new magnetometer differs from the old
one in a response time, which was improved due to
faster processing of NMR signals. The error of meas-
urement of homogeneous fields (with gradient less
than 10™*/cm) does not exceed 1 ppm (10°). A new
software was developed for the new magnetometer.
Another such NMR magnetometer was made and
provided for operation on the magnetic measure-
ments stand at BINP.

7.3. DEVELOPMENT OF NONSTANDARD
AND SPECIAL ELECTRONICS

The Institute develops a lot of non-standard and special
electronics. In particular, the following was developed in
2013.

® A semiconductor RF generator with an option of out-
put voltage amplitude modulation for powering of the
plasma emitter of the ion source was designed, fabri-
cated and tested successfully. Its prototype, which
provides an output power of up to 20 kW of 4 MHz
high voltage, was tested in operation with the atomic
injector. The production of a similar generator for a
power of up to 40 kW was started.

® A contract of supply of twenty hydrostatic capacitive
level sensors of the SASE type to Toyota Tsuho
Corp. was completed in 2013. The sensors allow one
to determine a mutual vertical displacement of ves-
sels at the accelerator complex from water levels in
communicating vessels. The calibrated range of wa-
ter level measurement with an accuracy of 1 micron
is 5 mm; the measurement frequency is up to 0.5 Hz.
The measured displacement of vessels allows one to
control the vertical adjustment of elements of the ac-
celerator complex.
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Fig. 7.3.1. Semiconductor RF generator for atomic injec-
tor driver.

7.4. RESEARCH RELATED TO MODEL-

ING AND SOLVING ELECTROSTATIC

AND ELECTRO-DYNAMIC PROBLEMS
OF ACCELERATOR PHYSICS

The calculation and designing of elements of accel-
erators for the Institute and under international contracts
was continued in 2013. Computational methods and pro-
grams for calculation and designing of elements of accel-
erator technology and computer modeling of the dynamics
of charged particle beams were also being developed and
modernized:

e Under a contract on the construction of a powerful
source of neutral particles - an atomic injector - an
optimization of the magnetic field configuration in a
plasma charge-exchange target was done; the elec-
tron fluxes to the chamber walls were evaluated; the
final version of the magnetic system was passed to
the BINP designing bureau.

e Under a contract on construction of a high-voltage
installation for electron cooling for COSY, Germany,
works on the computer modeling of the design of the
electron gun and collector were done. The results
showed good agreement of the measured and calcu-
lated parameters.

e  Further development of programs for calculation of
electrostatic and magnetostatic fields and electron

and ion guns was continued. The work of the pre- and
postprocessors in the program set UltraSAM was sig-
nificantly improved; the revealed errors were elimi-
nated.

Within the framework of the designing of the future high-

power atomic injector the following was done:

e calculation and optimization of field in the expansion
plasma chamber with peripheral multipole permanent
magnets;

e calculation and optimization of field of the magnetic
filter of plasma electrode;

e calculation and optimization of the deflecting magnet
in the ion-optical system;

e calculation of electric fields in the ion-optical system
of the prototype atomic injector with one driver and
"single-aperture extraction";

e calculation of trajectories of accelerated negative ions
and associated electrons.

7.5. NEW RF SYSTEM FOR STORAGE
RING OF BOOSTER OF ELECTRONS
AND POSITRONS

The Institute is working to create a new radio frequency
(RF) system for the storage ring of the booster of elec-
trons and positrons (BEP), which operates as an injector
for the accelerator complex VEPP-2000. The new RF sys-
tem will increase the energy of particles in the BEP from
0.9 GeV to 1 GeV. The RF system works at 174 MHz
(the 13th harmonic of the BEP revolution frequency) and
consists of an accelerating cavity, RF generator and con-
trol system.

The accelerating cavity is of coaxial type and is de-
signed for a maximum voltage of 120 kV. The cavity has
mechanisms for tuning of the fundamental and higher
modes. Parameters of the cavity are given in Table 7.5.1.

The RF generator is designed for a maximum power of
20 kW and has an output stage on tetrode GU-92A and
transistor prestages. Power transfer from the generator to
the cavity is performed via a copper coaxial feeder of 160
mm in diameter with a characteristic impedance of 75
Ohms. The feeder kit includes a set of replaceable ele-
ments of different lengths for a "trombone"-shape knee
bend. One can select the feeder length with an accuracy of
1/32 of the wavelength that would be optimal for both the
generator output stage regime and beam stability against
synchrotron oscillations.

The control system adjusts the amplitude and phase of
the accelerating voltage and provides synchronization in
filling of the separatrices of the storage ring.
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Table 7.5.1. BEP cavity parameters.

Parameter Value
Number of harmonics 13
Operation frequency, MHz 174.3755
Frequency hopping, kHz +130
Transit time factor t 0.996
Characteristic impedance pt®, Ohm 127
Unloaded Q 14,900
Accelerating voltage, kV 112
Power to beam, kW 6.9
Power loss in cavity, kW 3.5
Total power, kW 10.4

The fabrication of the cavity and components of the
feeder line connecting the generator to the cavity was
completed in 2013. An apparatus complex was prepared
for testing of the cavity in the ring and for work with
beam in the BEP. The RF parameters of the operation and
higher (up to 1500 MHz) modes of the cavity (Fig. 7.5.1)
were measured. A warming of the cavity was performed;
a working vacuum of 1.5 « 10" Torr was attained.

Fig. 7.5.1. RF measurements of parameters of the new
BEP cavity.

The cavity will be tested in the storage ring with a stan-
dard RF generator. The installation of the cavity in the
ring and the mounting of the feeder line and generator are
currently close to completion (Fig. 7.5.2).

Fig. 7.5.2. Output stage of the BEP RF generator.

7.6. 816 MHZ PASSIVE SINGLE-MODE
CAVITY

. In 2013, the Institute successfully completed works
under a contract with the National Synchrotron Radiation
Laboratory, Hefei city, China on the development and
fabrication of a passive single-mode RF cavity for a fre-
quency of 816 MHz (Fig. 7.6.1). The cavity will be used
in the storage ring for increasing the bunch length. This
will reduce the "Touschek effect" and increase the beam
lifetime.

storage ring at National Synchrotron Radiation Labora-
tory, Hefei city, China.

The cavity operates at the fourth harmonic of the ac-
celerating RF voltage. The cavity is excited directly by
beam. The cavity voltage level is adjustable via detuning
of the cavity relative to the RF harmonic. The maximum
voltage is 80 kV. The main parameters of the cavity are
shown in Table 7.6.1. The higher modes of the cavity are
damped by means of an RF load based on RF ceramic
dampers placed inside the vacuum chamber. For decoup-
ling of the load and the main mode, the load is connected
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to the cavity through a section of an evanescent
waveguide.

Table 7.6.1. Cavity parameters.

Frequency, MHz 816
Maximum voltage, kV 80

Q factor 20,000
Characteristic impedance, Ohm 135
Shunt resistance, MOhm 2.7
Fundamental frequency tuning range, MHz 52
Losses in cavity walls, W 1,500
Losses in RF load, W 1,000
Impedances of higher modes, Ohm <700

The fabrication of the cavity was completed in 2013;
the RF parameters of the operation and higher modes
were measured. The cavity was warmed; the operation
vacuum was attained. The cavity delivered to the cus-
tomer and mounted at its place on the accelerator ring.

7.7. INSTALLATION FOR DYNAMIC
BEAM SEPARATION ON VEPP-4

In 2013, the Institute developed and successfully
tested a device for dynamic separation of accelerator
beams on the VEPP-4 accelerator. Counter beams of elec-
trons and positrons are separated by means of high volt-
age applied to deflecting plates when the beams fly by.
The orbits of the electrons and positrons are changing at a
rate twice as small as the revolution frequency, ie 409
kHz.

The block diagram of the device is shown in Fig.
7.7.1.

The deflection plates are located along the vacuum
chamber and have a length of ~ 1 m. Each side of the
plate has a lead through a ceramic insulator and contains
external ballast devices to suppress high frequency oscil-
lations caused by the flying beams. This is necessary for
exclusion of the possibility of synchrotron oscillation
build-up due to parasitic resonances on the deflection
plates.

The resonant circuit is made using a high-Q coil (Fig.
7.7.2). Stability of tuning to the resonance frequency is
provided by heat-stable capacitors and special technology
of winding coils on ceramic frame. The oscillation circuit
is shielded and has forced air cooling from a source of
compressed air. The voltage on the exits of the resonant
circuit is controlled using 4 capacitance-resistance voltage
dividers. These signals are used in the voltage and phase
feedback, as well as for monitoring of the deflecting volt-
age and control of the moment of beams pass through this
section of the accelerator.

Phase control Amplitude control

Voltage-
— controlled [€7] Phase Locked Loop
oscillator
| Automatic <_Amplitude Phase
" gain control detector | discriminator
Ly Controlled Filter Reference
amplifier 409kHz frequency
T (F/2)=409kHz
A 4
Poweramplifier_> Resonance [ o
200W circuit B> 5
409kHz Ly -‘g
5kVmax =
y A v
Deflector,

—> 4—,"Hf Beams

5kVmax
Device for swinging bunch. Block-scheme.

Fig. 7.7.1. Block diagram of device for separation of
beams.

Fig. 7.7.2. Resonant circuit and section of the VEPP-4
accelerator with leads of deflection plates.

The power amplifier provides up to 200 W at a fre-
quency of 409 kHz and is located next to the resonant cir-
cuit. The amplifier and power supply are controlled re-
motely.

The amplitude-phase modulator is placed at a dis-
tance, in a served room, and is a controllable element of
the device. It is a circuit that sets the amplitude and phase
of voltage on the deflecting plates. The circuit comprises
two auto-regulation loops, by amplitude and by phase.
The phase and amplitude of the signal are adjustable over
a wide range. The amplitude adjustment corresponds to a
voltage change from 0 to 10 kV across the gap of the de-
flection plates; in phase it is 0+360° at the revolution rate.
These parameters can be controlled manually, e.g. in de-
bugging, and from the computer, through a DAC. The
unit is based on a self-oscillator controlled by a phase-
lock loop (PLL). The PLL synchronizes the voltage on
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the resonant circuit of the separation system with a refer-
ence voltage of 409 kHz, i.e. half the accelerator revolu-
tion frequency. The phasemeter has a phase characteristic
stable and linear within £180°. It is made by a circuit of
frequency-phase detector using high-speed CMOS trig-
gers. The circuit is stable due to its powering from a pre-
cision source and shielding against possible external inter-
ference. A signal from the phase detector is compared
with a set reference voltage and controls the autooscillator
to make their difference closer to zero. Varying the refer-
ence voltage, one can shift the phase of the output volt-
age. Thus the device can be tuned so that the maximum
voltage on the deflection plates corresponds to the mo-
ment of pass of beams. The amplitude on the gap is ad-
justed by means of a stage for amplification adjustment,
which can be operated in manual mode, i.e. without feed-
back, and in automatic control regime, when the voltage
across the gap is used for feedback. An automatic control
circuit matches this value to the reference voltage. The
computer control of phase and amplitude is the main op-
eration regime. Two DAC channels are used in this re-
gime.

7.8. DEVELOPMENT OF RF SYSTEMS
FOR HIGH-POWER INJECTORS OF
NEUTRAL ATOM BEAMS FOR PLASMA
PLANTS

. In 2013, the Institute continued works on the creation
of a high-power continuous injector of hydrogen atom
beams with energies up to 1,000 keV on the basis of
negative ions. The prototype of the source of negative hy-
drogen ions will be investigated on the following test
benches under construction: one to form a 120 keV beam
of negative hydrogen ions in the source and the second to
accelerate a 1.5 A beam of negative hydrogen ions to en-
ergies of 500+1,000 keV.

Experiments on the first-bench will be carried out in
two stages, with a beam current of 1.5 A (the first stage)
and with a current of 9 A (the second phase, after modifi-
cation of the equipment). An RF discharge is the plasma
source. The sources will be fed from a specially-designed
RF system. A master clock generator forms a 4 MHz sig-
nal at a low power level.

The frequency of the master clock generator is tuned
within £3.5% by means of a self-tuning system and thus
tracks the resonance frequency of the circuit made by an
inductor and ceramic capacitors placed on the screen of
the RF emitter. The signal from the oscillator is amplified
by an adjustable amplifier (AA), which regulates the out-
put power level and maintains a stable amplitude. From
the AA output the signal arrives at the pre-amplification
transistor stage. The output stage is made on a cermet tet-
rode 4CW50000E made by Eimac (USA) with a common
cathode circuit. From the output of the stage the RF
power is supplied to the inductor of the plasma emitters
through an isolating RF transformer. In operation with a
beam current of 1.5 A one channel of the system is used;

with a current of 9 A, four independent channels will be
used. Parameters of the system are given in Table 7.8.1.

Table 7.8.1. Main parameters of the RF system of ex-
erimental stand with beam current of 9 A.

Operating frequency, MHz 4 (£3.5%)
Number of channels 4

Load power, kW 4 x40
Mode Continuous
DC voltage on the "antenna" rela- | 120

tive to the platform, kV

Anode supply power, kW 400

One channel of the above RF system is used for the
second bench. All equipment of the RF system for the
second bench is located on a platform under a 880 kV po-
tential.

The first phase of the RF system was put into opera-
tion in 2013. Experiments with beam started. The hous-
ings of the tube stages and the box and the internal ele-
ments of the isolating transformers for the second phase
of the system were made. The mechanical mounting of
the anode rectifier for the second bench was done.

7.9. ACCELERATING CCDTL
STRUCTURES FOR LINAC4, CERN

The European Organization for Nuclear Research
(CERN) implements an upgrade of the injection complex
of the Large Hadron Collider (LHC). The aim of the up-
grade is to ensure reliable operation of the LHC with a
luminosity of up to 5x10** ecm™s™. The upgrade program
provides, in particular, construction of Linac4 — a new lin-
ear accelerator of H™ ions to an energy of 160 MeV (Fig.
7.9.1) — instead of the outdated Linac2 (energy 50 MeV).

Linac4 consists of accelerating structures of various
types, optimized for the relevant energy ranges of accel-
erated particles.

BINP together with VNIITF has developed and pro-
duced seven accelerating CCDTL (Coupled Cavity Drift
Tube Linac, a linear accelerator with drift tubes and cou-
pling cells, see Fig. 7.10.2) modules for acceleration of
particles in the energy range of 50 to 104 MeV. The total
length of a Linac4 CCDTL section is ~ 25 m. The operat-
ing frequency is 352.2 MHz.

An accelerating CCDTL module is a m/2 structure con-
sisting of 3 accelerating cavities (with 2 drift tubes in
each) and 2 side coupling cells between them. The cavities
are made of stainless steel. The inner surface of the cavi-
ties is electrochemically covered with a copper layer
30+50 50 microns thick. The drift tubes are made of cop-
per. Each module is installed on its support frame.

The drift tubes, accelerating cavities, coupling cells,
and support frames for all the 7 accelerating CCDTL
modules were made in 2013.
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Fig. 7.9.1. Linac4 scheme.
e BINP conducted "cold" (low power) measurements Vacuum tests of the modules were conducted (Fig.

of the RF parameters of the 7 CCDTL modules in the op-  7.9.3). The cavities of the modules were tuned basing on
erating mode. The frequency and the quality factor of the the frequency shifts in the cavities during pumping.
fundamental mode were measured (4.1+4.5-10%); the non- ,
uniformity of the field (the difference in the maximum & SN, : -

field strengths in the central gaps of tanks of one module) N i
is <3%; the range of resonance frequency tuning with a
movable tuner and the range of adjustment of the coupling
coefficient of the module with the waveguide were also
measured. The measured parameters correspond to the
technical task.

/’s f: =w 1 | A e .
Fig. 7.9.3. Accelerating CCDTL module during vac-
uum tests at BINP.

All the 7 CCDTL modules had been delivered to
CERN, where they were assembled and subjected to vac-
uum tests and geodesic measurements, the results of
which correspond to the design parameters.

e All the modules have been prepared for "hot" tests
with a powerful RF generator (Fig. 7.9.4). Tests of module
2 resulted in attainment of the peak power (870 kW) in the
cavities of the module in 1 ps (RF pulse duration) at 2 Hz
(RF pulse repetition frequency) and a vacuum of 3-10™
mbar, which corresponds to the nominal parameters of Li-
nac4 in th'e regime of injection in the PSB.

Fig. 7.9.4. Left: preparation of CCDTL modules 5 and 6 to tests at CERN. Right: module 2 secure bunker during
"hot" tests.
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7.10. ACCELERATING RF STATIONS OF
THE ION BOOSTER OF THE NICA-MPD
COLLIDER

In 2013, works under a contract with the Joint Institute
for Nuclear Research (JINR), Dubna were continued. Un-
der the contract, the Institute is to deliver to JINR two ac-
celerating RF stations for the booster of the NICA-MPD
collider. The fabrication of both accelerating cavities was
completed in 2013. The cavities were warmed at 350°C,
and a design vacuum of 410" Torr (Fig.7.10.1) was at-
tained. The cavities are ready for connection to RF gen-
erators. A cavity is formed by two coaxial line segments
that are short-circuited at their ends and connected to each
other in the center via an insulator. For reduction in the
dimensions and increase in the shunt resistance in the op-
erating frequency band of 0.55+5.5 MHz, the coaxial
space between the conductors is filled with rings of amor-
phous iron.
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Fig. 7.10.1. Cavity with attached ion pump.

The permeability module of the material of the rings is
at least 2,000 at a frequency of 1 MHz. Ring sizes: 500
x 250 x 15 mm. 90 such rings were made for the cavities
at the Asha metallurgy factory.

Each accelerating cavity is set on 4 supports. A power
amplifier with power supplies and a semiconductor
broadband preamplifier will be assembled in a separate
compartment under the cavity.

The assembling of the RF power amplifier is close to
completion (Fig.7.10.2). The connection of the accelerat-
ing cavities with the power amplifiers and RF tests of the
stations are planned for the beginning of 2014.

The output stage of the amplifier is set up as a com-
mon-cathode circuit on two GU-36B-1 tetrodes. The tubes
are excited by paraphase RF voltages. The anodes of the
tubes are connected directly to the free ends of the coaxial
lines of the cavity near the insulator. The RF voltage am-
plitude on the anode of each tube is 2.5 kV and thus the
accelerating voltage of each station is 5 kV in the operat-
ing frequency range. The DC anode voltage coming from
the anode rectifier is 4 kV. The semiconductor preampli-
fier for excitation of the tubes is placed in the power am-

plifier compartment. The maximum output power of the
preamplifier is 500 W.

Fig. 7.10.2. RF power amplifier during mounting.

The control system is made in the Euromechanics

standard and is located in a separate rack. There is an os-
cillator driving the frequency of revolution of the parti-
cles, which is connected with the Control Center of the
Booster. This master oscillator uses the DDS technology.
The output frequency of DDS chip varies in a program-set
dependence on synchronizing signals and also depends on
feedback signals from magnetic field sensors in the
Booster and gauges of position of the equilibrium orbit of
the accelerated beam.
The electronics provides correct phasing of the accelerat-
ing voltages of the stations and controls the accelerating
voltage amplitude by a certain program. Multichannel
ADCs and DACs set and control operating regimes of the
stations. The control unit is connected with the control
center of the accelerator via Ethernet.

7.11. RESTORATION OF 325 MHZ RF
SYSTEM OF ELECTRON ACCELERA-
TORS AT KAERI, SOUTH KOREA

In June-July 2013, a group of BINP experts traveled to
South Korea to perform the final stage of a contract with
the Korean Atomic Energy Research Institute (KAERI)
for restoration of the RF systems of the electron accelera-
tor that were damaged by fire in April 2009. The accelera-
tor has two RF systems, for frequencies of 176 and 352
MHz. The first part of the contract — restoration of the
176 MHz RF system — was completed in 2012. Below
are listed works the BINP specialists performed in 2013
for the restoration of elements and performance check of
the 352 MHz RF system:

1. The power supplies for the RF generators made at
BINP were assembled and put into operation. The anode
power supply has a constant output voltage of 9.2 kV at a
current of 45 A in continuous mode (Fig. 7.11.1). The rip-
ple voltage does not exceed 0.5%. The source has an op-
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tion of fast (<30 ps) switch-off of the output voltage at a
breakdown in the tetrodes of the generator.

2. The two existing RF generators for 50 kW each
were revised and relevant parts were replaced. The gen-
erators had been developed and delivered by the Institute.

3. A small-signal RF control system was mounted and
tested. It performs adjustment of the amplitude of the su-
perconducting accelerating cavities and phasing of the RF
voltages of the cavities with each other and with the RF
voltage of the injector that is functioning now. The control
system also performs auto-tuning of the superconducting
accelerating cavities.

Fig. 7.11.1. Anode power supply (9. kV, 45 A).

The cryogenic system at KAERI was not ready and
thus it was impossible to cool the cavities. The RF system
was tested at maximum allowable conditions. The tests
have been successfully completed.

7.12. RF INJECTOR OF MICROTRON
RECUPERATOR

In 2013, the Institute continued tests of the new RF in-
jector for the microtron recuperator of the Novosibirsk
free electron laser. The tests were conducted on a stand
equipped with instrumentation for beam diagnostics, a 30
kW beam dump, and radiation protection.

The RF injector includes a 90 MHz accelerating cavity
with an integrated grid thermal cathode assembly and a
plug-in control unit for the grid thermal cathode assembly.

The control unit sums up four types of voltages on the
control grid of the thermal cathode assembly: two AC
voltages with frequencies of 90 and 360 MHz and an am-
plitude of 20 V, constant cutoff bias of up to 120 V, which
regulates the bunch charges, and a surge voltage of 60 V
with a pulse duration of 4 ns and an adjustable pulse repe-
tition rate of up to several MHz.

With this control unit electron bunches with energies
of up to 300 keV, a regulated duration in the range of
0.5+1.5ns, a charge of up to 1.5 nC and a repetition rate

of up to 2 MHz were produced. At a repetition rate of 90
MHz a maximum average current of 55 mA of a 250 keV
beam was attained.

The works on the sand will be continued in 2014. In
particular, tests and refinement of the existing control
block are planned. There are also plans to apply the new
assembly with a view to obtain an average beam current
of 100 mA and more. The new assembly is based on volt-
age switching by RF transistors. The assembly generates
pulses 1 ns long with an amplitude of up to 120 V and ad-
justable repetition rate of up to 100 MHz.

Besides, the analysis and measurements of beam char-
acteristics, such as bunch duration, emittance, energy
spread etc, will be continued.

7.13. RF INJECTOR FOR ACCELERATOR
AT VNIIEF

The design average current of the RF injector is 40 mA
and more; _the electron energy is 50+100 keV. The bunch
duration is 1 ns; the bunch repetition frequency is adjust-
able from 0 to 100 MHz.

e The RF injector consists of a 100 MHz accelerating
cavity (Fig. 7.13.1) with an integrated grid thermal cath-
ode assembly and a plug-in control unit for the thermal
grid cathode assembly. The coaxial cavity is loaded with
a capacitor. The cavity is excited by a 15 kW tube RF
generator (on a tetrode GU-92A) through a loop power
input (Fig. 7.13.1, top). The control unit operates via volt-
age switching by RF transistors.

Fig. 7.13.1. RF cavity of injector for VNIIEF.
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The RF generator was assembled and prepared for op-
eration at the workshop of the Institute in 2013. The fabri-
cation of the RF cavity units was completed using ad-
vanced technologies, such as electron beam welding, dia-
mond turning on numerical-control machines, and thermal
diffusion brazing in vacuum oven of the bimetallic (cop-
per - stainless steel) housing with silver plating inside.

e The cavity was assembled, checked for vacuum leaks
and moved to the stand for further testing, including RF
training and work with beam. The latter is planned for
early 2014.

7.14. UPGRADE OF RF SYSTEM FOR
MICROTRON RECUPERATOR

The RF system of the microtron recuperator of the No-
vosibirsk free electron laser includes two 180 MHz con-
tinuous-wave RF generators with a maximum output
power of up to 600 kW each. The output stage of each
generator sums up the power of 4 GU-01A tubes.

Long-term experience of work with GU-01A tubes
showed the tube life to be over 4,000 hours if the power
generated per tube is below 120 kW. At the same time, if
the output power of the generator is increased up to
120+150 kW per tube, its lifetime decreases to 1,000
hours and even to a lesser value in some cases. The main
causes of tube failure after the specified time are short-
circuits between the grids or between the control grid and
cathode and quickening breakdowns between the anode
and the screen grid. Therefore it was decided to upgrade
the RF generators, replacing the GU-101A tubes by
TN781 tubes made by THALES. The guarantee period of
these tubes is 3,500 hours. At a less filament voltage and
an output power of 150 kW, the expected lifetime is over
7,000 hours.

The adaptation of the stages of the generators to the
TH781 tubes and replacement of tubes began in 2012. The
remaking of the stages addressed only intra-stage ele-

ments. In 2013, the upgrade of the RF generators of the
FEL microtron was completed. All the 8 GU-101A tubes
were replaced by TN781 ones in the output stages of both
generators feeding the accelerating cavities of the micro-
tron. For increase in the output power of the generator, the
following optimization of the power supplies for the gen-
erators on TN781 tubes was performed: the filament volt-
age was decreased (8.5 V); the anode voltage was in-
creased (up to 10 kV); the bias voltage of the tubes was
augmented (up to —250 V). Certain steps were made for
suppression of self excitations of the stages at non-
operating frequency. Currently, each generator is working
stably at a continuous power output of 550 kW.

7.15. 100 MHZ GENERATOR WITH OUT-
PUT OF 540 KW IN CONTINUOUS MODE

Under a contract with VNIIEF the Institute developed
a design of RF generator with an output power of 540 kW
at 100 MHz in continuous mode. The required power ca-
pacity is attained via summing-up of the powers of three
generator units on domestic tubes GU-101A. A similar
scheme of power combining has been successfully used
for many years in 180 MHz modular generators that were
developed at the Institute for different installations. The
combining of the powers of the three tube modules is done
by their direct connection with the output line with loads
in cross sections of the line at distances that are multiples
of half the wavelength. Each generator module provides
an output power of 180 kW at the least.

Each generator module is excited independently. A
module includes a semiconductor preamplifier with an in-
put power of up to 3 W and an output power of 500 W at
the least. The power from the preamplifier arrives at the
input of an intermediate amplification stage made on a
GU-92A tetrode. The output power of this stage, 12 kW,
is applied to the input of the output stage of the generator,
which uses a GU-101A tetrode (Fig. 7.15.1).

Fig. 7.15.1. Left: — transistor preamplifier and pre-output stage on GU-92A; right: output state on GU-101A.
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An optimal balance of phases and amplitudes of exci-
tation voltages is achieved with a system for controlling
the amplitude and phase of input signals of the generators.
The system requires no tuning in the frequency range of
100 £ 1 MHz, except for resonance tuning of the anode
circuit common for the three tubes (coupling line).

The load coupling is adjusted by change in the wave
impedance of a quarter wave section at the output of the
combining line. The coupling adjustment system allows
attaining a power of 540 kW at a VSWR of 1.3 at most in
the operating frequency range. The output of the combin-
ing line is designed for connection of a hard coaxial cop-
per feeder with an impedance of 50 Ohm and diameters of
the internal and external conductors of 70 mm and 160
mm, respectively.

Each of the three tube modules has its own system of
high-voltage and low-voltage power supply. The high-
voltage PS applies the operating voltage to the anode and
screen grids of the tetrodes and ensures smooth rise of the
voltage at switching-on or a rapid shutdown at a break-
down in the tubes and circuits of the RF generator. The
anode power supply is an adjustable high-voltage source
with input controlled by a regulator on thyristors that op-
erates at the mains frequency. The GU-101A anode sup-
ply voltage is —13 kV and that of GU- 92A is —6 kV. The
output of the GU-101A tube source (— 13 kW) has a fast
protection circuit for breakouts and overloads with a re-
sponse time of <50 ps.

The first generator module was fabricated and tested
at the Institute and then delivered to VNIIEF and com-
missioned in 2010. In 2013, the Institute started the fabri-
cation of the second generation module. Some elements
of the stages of the generator were fabricated; the assem-
bly of the cabinets for the power electronics was begun. A
set of control electronics was prepared, which includes a
variable gain amplifier and a modulator, which are used
in a feedback loop that regulates the amplitude of RF
voltage on the cathode of the output GU-101A tube. The
required phase of this voltage is stabilized by another
feedback circuit — a phase meter measures the phase dif-
ference between the reference RF signal and the RF volt-
age from the GU-101A cathode. The output of the phase
meter controls a phase shifter in the variable-gain ampli-
fier. The construction of a test bench for the generator and
the power combining system on the coupling link was
started. Tests of the second generator module are to be
carried out at the Institute in 2014, and a contract for fab-
rication of the third generator module and the power
combining line will be concluded.

7.16. UPGRADE OF RF GENERATORS OF
COMPLEX "SIBERIA-2"

In 2013, the Institute fabricated and delivered to Kur-
chatov Institute, Moscow elements for upgrade of the out-
put stages of the RF generators of the complex "Siberia-
2". The upgrade will be performed with the aim of re-

placement of the domestic tubes GU- 101 A by TN781 tet-
rodes made by THALES, which in turn will increase the
tube lifetime and the reliability of the generators. The
three accelerating cavities of the complex "Siberia-2" are
excited by two generators, operating in continuous mode.
In the output stage of each generator, the powers of two
GU-101A tubes are summed up. Thus, four tubes are to be
replaced. In 2014, the output stages are to be remade; the
TN781 tubes are to be mounted; the generators are to at-
tain the operating regime with beam in the "Siberia-2"
storage ring.

7.17. DEVELOPMENT OF EQUIPMENT
AND SYSTEMS FOR AUTOMATION OF
PHYSICAL RESEARCH

7.17.1. Electronics for monitoring and control
of COSY cooler.

The following developments were carried out for the
electronic cooling facility of the COSY accelerator (Ger-
many):

e control crate for the high-voltage terminal (HVT);
e a'"Compass" system;
e aset of control and interface modules.
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Fig. 7.17.1. Control crate for the high-voltage terminal
of the COSY cooler.

The HVT crate is shown in Fig. 7.17.1. It contains 15
modules, some of which (modules 9, 10, 11, and 12) pro-
vide stable power supply for the high-voltage electrodes
of the gun and collector with an accuracy of 0.1%, and an
8-ampere filament supply (modules 13, 14, and 15). Be-
sides, the crate comprises a beam diagnostic module (8)
and a module for optical communication with the PS of
the collector (4). The collector current and the leakage
current are measured via module 6; modules CEAC124 (2
and 3) and CEDIOB (7) control the crate via a CAN
communication line.

Because of the extremely large potential across the
HVT (up to 2 MV), the CAN control is transmitted via a
radio link (module 5) and the crate (module 1) is fed via a
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25 kHz stage transformer of the accelerating column. The
four-fold range of allowable input voltages that can be
applied to the primary source (1) ensures reliable opera-
tion under any column-feeding loads.

Links with the "ground" are realized via standard Wi-Fi
access points with an operating frequency of 5 GHz. To
this end, an additional module has been developed and in-
stalled in the HVT. This module houses an Ethernet-CAN
gateway and PSs for the gateway and the Wi-Fi access
point inside the HVT. The second access point, which is
connected to the control computer, is located under the
stage transformer of the accelerating column.

Effective electron cooling of proton beam requires
high homogeneity of magnetic field on the axis of the so-
lenoid — its transversal component should not exceed a
value of 10” from the longitudinal constituent. This is
achieved via mechanical adjustment of solenoid sections
after measurement of actual inhomogeneity using the sys-
tem "Compass".

The system '"Compass' (Fig. 7.17.2) includes opto-
mechanical and electronic parts. Gimbaled planar mov-
able mirror 3, which is placed on the axis of solenoid 1 in
vacuum volume 2, is the sensitive element of the system.
The planar mirror is oriented across the force lines using a
ferromagnetic core. A mechanical drive can move the
sensitive element by guides along the axis of the solenoid.

Parallel light beam 4, which is generated by semicon-
ductor laser 5, falls on the mirror. Mirror-reflected beam 6
passes backward and gets to four-quadrant photodiode 7.

The system is adjusted so that, when the mirror is ori-
ented straight across the solenoid, the light spot is formed
in the center of the photodiode, causing equal signals
from its sectors. Deflection of the mirror that occurs when
a magnetic field transverse component appears makes the
spots on the photo-diode shift and changes the output cur-
rents from the sectors. Because of the large length of the
system, a deviation by an angle of 107 causes a displace-
ment of about 0.1 mm.
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Fig. 7.17.2. Structure of "Compass".
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The amplified output signals from the sectors arrive at
main electronics unit 8 behind the radiation protection.
The unit forms signals corresponding to the vertical and
horizontal displacements of the light spot.

Then these signals with given amplitude coefficients
are delivered to actuators of the PID controller and from

its output, to external power amplifiers 9, which form cur-
rents in two elongated pancake coils, stacked vertically
and horizontally along the solenoid.

At the beginning of the measurements, the sensor is
moved to a specified area of the solenoid. Next, with the
PID controller circuit opened, the light beam is directed at
the photodiode (either manually or by computer). Then
the PID controller is switched on, closing the feedback
loop and outputting the light spot in the center. The corre-
sponding currents in the pancake coils are recorded, fields
induced by them compensating the stray transverse mag-
netic field components in this area of the solenoid.

These measurements are repeated at a set of points
along the solenoid. Thereafter, based on the resulting het-
erogeneity profile, the position of solenoid sections is ad-
justed.

A set of control and interface modules was prepared
by the members of the Radiophysics Laboratory for inter-
action of the control computers with subsystems of the
cooler. These modules are presented in Table 7.17.1.

Table 7.17.1. Control and interface modules for the COSY
cooler.

Unit Q-ty Purpose
CAN- —
Ethernet 5 Link with CAN modules
CEAC208 1 Compass

CEAC208 10 Operation with MPS-6

CEAC124 7 Operation with 200 PSs

CEAC124 2 Operation in HVT

Temperature meter and

CEAD20 6 .
signal meter

CEDIO_B 1 Input/output register

Control of heaters and

CEDIO_C 16 gathering of interlocks

Total 43

7.17.2. Measurement electronics for
NSLS II booster.

Members of the Institute have created a system to
measure parameters of pulsed fields of the injection and
extraction magnets of the NSLS-II booster. In the spring
of 2013, these electronics were integrated into the overall
control system of the booster and tested on real signals
under control of engineering programs (Fig.7.17.3).
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The first group of modules in the system (module
VsDC 3) is intended for measurement of magnetic fields
in the septum and bump magnets. The error they induce
while working with microsecond pulse signals does not
exceed 3-10°, which is much better than the accuracy re-
quirements for measuring the field in the magnet. This al-
lows one to use the module VsDC 3 to adjust the current
of the high-power switched PSs of the magnets, ensuring
high stability of their work.

The second group of modules consists of digital ADC-
200ME recorders and is intended for oscillography of op-
erating currents in the windings of the injection and ex-
traction kickers. The recording accuracy shall be about +
107, while the pulse width is only 300 ns. Options of the
ADC-200ME modules enable if necessary feedback to ad-
just currents of the kickers.

BR-XS-Bumps Engineering Screen

better than 10, which implies that the error of field
measurement and dynamic errors of the master oscillator
should be 5-107 at least.

Besides the above task, the controller adjusts the ampli-
tude of the accelerating voltages of the cavities by a given
law, depending on the booster operation phase, and con-
trols the modes of the high-power stages of the stations.
In addition, the controller measures about twenty signals
characterizing the behavior of elements of the stations
during an acceleration cycle.

The structure of the controller is shown in Fig. 7.17.4.
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Fig. 7.17.3. Engineer screen for controls of field in
bump magnets. The upper graph shows that the meas-
urement noise is about 3-107, and the field stability is
better than 10™. The lower graph shows waveforms from
induction sensors.

7.17.3. Controller of accelerating RF stations of
NICA booster.

Under the contract on the development and fabrication
of the RF stations for the NICA booster, the development
of the controller of the stations started in April 2013.

The most important function of the controller is high-
precision measurement of magnetic field in the aperture
of the booster magnets and generation of master sinusoi-
dal signal, which is in link with the measured field value.
The error of keeping the field/frequency ratio should be
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Fig.7.17.4. Structural schematics of RF controller of sta-
tions.

The device is based on a single-board computer with
536 MHz microcontroller ARM Cortex-AS Atmel
SAMASD31. The peripherals are controlled via SPI and
I’C buses with clock frequencies of 50 MHz and 400 kHz,
respectively.

The controller software is implemented as two co-
routines. The first co-routine is Linux with installed
server Tango and is for integration with the control sys-
tem of the booster. The second co-routine is activated
upon start of acceleration cycle and provides all the nec-
essary measurements and real-time operation of the mas-
ter oscillator.

7.17.4. Precision devices.

The Institute is a leader in the field of development of
precision devices of grade 10~ and higher. Below are de-
scribed two works performed in this direction in 2013.

A controller of PSs for correction magnets for the
European free-electron laser (European XFEL) realizes
all the functions of control of the high-power units of the
source. It contains a 18-bit DAC that sets the output cur-
rent, a multichannel 24-bit ADC that provides measure-
ments of some voltages, 1/0 registers, and a CAN bus in-
terface with the control system of the installation.

The controllers were developed subject to the following
requirements:

—  DAC accuracy grade: 10° (100 pV);
—  DAC stability over year: 5-107 (500 uV);
—  stability over 8 hours: 107 (100 puV);
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— DAC temperature stability: 1.5 ppm/°C;
— MTBF 10° hours (12 years!)
—  DAC error: 10° (100 V)

The electrical specifications did not look fantastic as
BINP applies controllers with even better parameters in
its installations, e.g. sources of the CANDAC-20 type.
However, the requirements of long-term stability and reli-
ability, as well as on meeting them for the entire series of
controllers (400 pieces), made us solve the problem of de-
signing and tracing of PCBs in most thorough way, find a
manufacturer of PCBs, select component types and sup-
pliers and agree them with the customers.

) A few controllers
(Fig.7.17.5) were made
in 2013, two of which
were shipped to DESY
for preparation and test-
ing of programs. Pro-
grammers at DESY
found the system of
commands (based on a
similar one that is con-
ventional at BINP) of

Fig.7.17.5. Photo of control-  this controller to be ra-
ler. tional and convenient.
At the same time, our
collaborators had some suggestions on enhancing the
functionality of the device. As a result, now the controller
functionality is markedly superior to the previous designs.
The serial production of these units and equipping the
manufactured sources with them will be started in 2014.

The wide-range current meter of ionization
chambers should also be classified as a high-precision
device. Ionization chambers (ICs) are used in works with
synchrotron radiation for SR beam monitoring. The level
of output signal of IC is usually small. Depending on the
chamber design and the interior medium (vacuum/gas),
the output current may be in the range of tens of femto-
amperes to a few microamperes.

Three experimental devices were made in 2013. They
are capable of measuring currents from 10™"° A to 10° A
and have two identical channels, each with a "current-
voltage" converter and a 24-bit ADC. Besides these
elements, which transform current into a digital code, the
devices comprises a controllable high-voltage source with
low noise level, connected to the chamber, and a
communication module by which the device is linked
with the user computer through the Ethernet interface.
With the two synchronously-operating channels in the
current meter one can create a system to stabilize the SR
beam position.

Due to the functionality of the device, it can also be
used in other investigations associated with ultra-low cur-
rent measurements, for example in PH-metering or in re-
search on semiconductor structures.

Fig. 7.17.6 shows the device without housing and di-
rectly connected to the IC, which allows perform all elec-

trical links with it directly, without the use of cables and
plug connections.

Fig. 7.17.6. Photo of femto-ampere current meter
mounted on ionization chamber.

7.17.5 Research to improve stability and reduce
ripple of field in magnets of VEPP-4 to 5-1 0’.

The need in this work is linked with the preparation of
new experiments in high-energy physics. This work was
divided into two phases. In the first phase, the possibili-
ties of CANDAC-20 modules, which are controllers of
sources of the IST type and first of all determine the accu-
racy parameters of magnet current in the frequency range
of up to 1 Hz, were thoroughly investigated.
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Fig. 7.17.7. Ripple spectrum and ripple voltage of
CANDAC-20 (microvolts) vs frequency range before
and after modernization.
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Then a thorough revision of the CANDAC-20 circuitry
was carried out, which allowed refinement of a few units.
The results are presented in Fig. 7.17.7.

The figure shows that in the frequency range of up to 1
Hz the ripple level was reduced 2-fold on average and be-
came equal to 20V (2:10°%).

In the frequency range of 1+100 Hz, a decisive contri-
bution to the instability comes from the high-power ele-
ments of the IST source. The ripple level is no longer de-
pendent on the CANDAC-20 control voltage quality, and
thus it was proposed to investigate the possibility of sup-
pressing high-frequency pulsations by an induction
method.

The essence of the proposal was in the measurement of
field ripple with an induction sensor with subsequent ad-
justment of current into the winding of the magnet by
means of a generator that is connected to the IST source
in parallel and has a current opposite to the measured rip-
ple. First of all, it was necessary to make sure that the rip-
ple of magnetic field with an amplitude of 5-10* G (IB/B
~3-107) in the 100 Hz frequency band can be measured.
Then it was necessary to close the feedback and check
whether the ripple can be corrected on a local site of the
magnetic structure, which seems to be simpler than work-
ing with all magnets of the ring simultaneously.

The experiments on ripple correction were performed
with a separate so-called gauge magnet, which was con-
nected in series to the structure. The results in Fig. 7.17.8
include two types of graphs: spectral composition of the
ripple and field ripple levels vs. frequency band obtained
as the square root of the sum of squared amplitudes of the
spectrum components.

For both types of graphs, the situations before and after
the correction are shown. One can see that in the gauge
magnet the ripple was reduced by almost an order of mag-
nitude. In 2014, these experiments will continue with the
whole magnetic system.
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Fig. 7.17.8. Field ripple levels vs. frequency band
(upper curves) and ripple spectra (lower curves) (in
units) before and after the correction. All graphics are
in the units 1B/B; B = 1,800 G.

7.17.6. Magnetic measurement systems based on
inductive method.

It is known that magnetic measurements based on the
induction method imply signal integration. In recent
years, the Institute has created for such measurements a
new generation of electronics that uses the digital integra-
tion method. Solutions that were found in the course of
the development enable creation of precise and yet wide-
band and multifunctional integrators VsDC 2 and 3 VsDC
(Volt-second to Digital Converter), which have been
widely at the Institute since 2012. Below are presented
examples of works in 2013.

Upgrade of the system of measurement of pulsed
fields of the bypass from the BEP storage ring to the
VEPP-2000 collider. The bypass is equipped with 22
pulsed magnets, 4 pulsed bending dipole magnets and 2
septum magnets. The stability of fields generated by the
magnetic elements of the bypass is controlled with induc-
tion sensors. It should be noted that only the high-power
dipole magnets and septum magnets are equipped with
sensors that measure the magnetic field itself. As for the
other elements of the bypass, it is not field that is meas-
ured but the current in the bus that feeds the magnet. The
measurement is done using belts in the PSs of the AC-
CORD type. The measurement system is made on the ba-
sis of VsDC2 integrators and has 40 measurement chan-
nels.

The equipment for pulsed measurements in the mag-
netic elements of beam line K 500 is made in a similar
way. The pulsed magnets are fed by new-generation PSs
of the GID-25 type.

These PSs are placed
in Euromechanics crates
and are functionally
complete devices with
modules for control and
communication with the
computer, power devices
and VsDC2 integrators.
A photo of the control
and measurement mod-
ules of the PS GID-25 is
shown in Fig. 7.17.9.

Fig.7.17.9. Control and
measurement modules of
GID-25PS.

7.17.7. Manufacture and operation of earlier-
made equipment.

Every year the Institute produces series of earlier-
designed units, which are needed for upgrade of the exist-
ing equipment or for newly created systems. The follow-
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ing was manufactured, adjusted and put into operation in
2013:

14 CEAC-124 units,

10 CEAC-208 units,

5 CEAC-51 units,

15 CGVI-8ME units,

7 CAC-208 units,

40 VsDC 2 units,

5 VsDC 3 units, and

20 IPP-32 units.

The Laboratory keeps
maintaining the electronics .
of various experiment and
production stands at the In-
stitute. For instance, the
Laboratory ensures the
manufacture and measure-
ment of numerous mag-
netic components made at AN
the Institute. The Labora-
tory maintains the control
systems for four ovens for
hot gluing of magnetic ele-
ments. In recent years, the control electronics of the ovens
has been based on new up-to-date controllers
(Fig.7.17.10).

The systems for precise measurement of magnetic ele-
ment parameters on benches require constant and very
thorough maintenance. Five Hall systems and three induc-
tion-method systems are in use at the Institute now.

The Radio-physical Laboratory is also responsible for
the technical servicing and repair of hundreds of elec-
tronic units that were created at the Laboratory and are in
service on installations at the Institute and other organiza-
tions.

Since in previous decades the mass automation was
based on the CAMAC standard, most of the devices oper-
ated are CAMAC units. For information, Table 7.17.2
presents the amount of CAMAC electronics on VEPP-4
only.

Significant quantities of CAMAC modules and systems
are used on VEPP-2000, FEL, GOL-3, GDT, KEDR de-
tector, and various stands. The "youngest" CAMAC unit —
ADC-333 — is 13 years old, and the "oldest" ones are
about 35 years old. The Laboratory staff show a lot of re-
sourcefulness in search for microcircuits made in the 80s,
repair of peeling-off conductors on printed circuit boards,
restoration of connectors, etc. Apparently, it is high time
to take a decision to develop a new generation of elec-
tronics for the numerous automation systems of the instal-
lations of the Institute.

Fig.7.17.10. New control-
ler for ovens.
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Table 7.17.2. Amount of CAMAC equipment in the
VEPP-4 control system in 2013.

Number of
Odrenok Purpose CAMAC
modules

MSVEPP-4 Control of VEPP-4M 70
magnetic system

BEAMV-4 | VEPP-4M beam diag- 90
nostics

MSV3 Control of VEPP-3 40
magnetic system

REV3 Control of VEPP-3 RF 20
system

BEAMV-3 VEPP-3 beam diagnos- 40
tics

UPO Control of "Positron" 80
injector

PO Monitoring of 40
"Positron" injector
Control of VEPP-

CHAN 3/VEPP-4M beam line 70

BEAMPO Beam diagnostics in 20
transport beam lines

CONTROIL, | Vacuum and tempera- 20
ture control
Control of position of

FOTHSCAN SR beam from VEPP-3 6

Total: 496
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Fig. 8.1.1 ILU-10 accelerator for joint BINP-NSU laboratory.

8.1. ACCELERATOR SUPPLIES

Since 1983 the ILU accelerators are supplied abroad
where they are used for researches and are working in the
industrial lines. Some of these machines are working
round the clock for years. The reliability and technical
level of these machines is confirmed by the new supplies.

The manufacturing of the ILU-8 machine for radiation
treatment of cables was started according the contract with
public corporation OKB KP, Mytischi, Moscow region.

2 converters with collimators for X-rays generation
were shipped and mounted on the accelerator in Korea
according the contract with the Korean firm EB-TECH
Co., Ltd. The converters are purposed for 2 electron
accelerators with beam power up to 10 kW and electron
energy range of 5 — 7.5 MeV. The presence of the
controlled collimators was stipulated by the customer
from the very beginning.

The adjustment works were carried out on the ILU-10
machine mounted in the Park for Nuclear Technologies,
town of Kurchatov, Kazakhstan.

The new RF cavity was manufactured according the
contract for modernization of the ILU-6 accelerator signed
with BARC, Mumbai, India. The planned upgrading
result — the accelerator ILU-10M with maximum energy
of 5 MeV and beam power up to 15 kW, the ILU-6
accelerator has the energy range up to 2.5 MeV. The new
RF cavity was tested in the BINP, accepted by the
representatives of the BARC and shipped to India.

The preparation works for the joint BINP and
Novosibirsk State Univercity research and educational
laboratory on radiation technologies are going on. The
electron accelerator ILU-10 (Figure 8.1.1) with the power
supply system (Figure 8.1.2) were manufactured for this
laboratory.
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Fig. 8.1.2. IU-O power supply system for joint BINP-
NSU laboratory.

8.2. RADIATION-THERMAL FERRITE
SYNTHESIS PROCESS
DEVELOPMENT

Radiation-thermal process for ferrites synthesis was
developing in collaboration with the Institute of Solid
State Chemistry, Siberian Branch of RAS, according the
state contact titled “Development of scientific and
technical basis for nanoprecursors production and
radiation-thermal synthesis of ferrite ceramics purposed
for radioelectronics applications and instrument
engineering by means of intensive electron beam with
energy up to 5 MeV and synchrotron radiation diagnostics
methods for products analyses”.

The preparation of the initial reaction mixtures was
elaborated as well as the ways and temperature regimes of
the ferrite ceramics radiation-thermal synthesis.

The thermal synthesis of the same ferrite ceramics was
carried out for comparison.

The parameters of the experimental samples were
measured by different methods.

The reaction mixtures for the ferrites synthesis were
prepared from the purchased fine chemicals (metal
oxides) and from the oxides nanopowders produced by
evaporation by intensive electron beam generated by
ELV-6 accelerator and the following vapor condensation.
Also the mechanochemic activation in the mills was used
for oxides mixtures to properly mix them and to diminish
the particle sizes. The measured particle sizes after the
milling were from 30 to 100 nm.

The structure and phase composition of the ferrite
ceramic samples were studied by different methods
including the synchrothron radiation.

The tomographic images of the ferrite samples were
obtained on the synchrotron radiation source VEPP-3 on
the station “Microscopy and Tompgraphy”.

The difractometry studies of the samples’ surfaces were
carried out on the VEPP-3 second synchrotron radiation
channel.

The samples’ edges peek-a-boo difractometry was
carried out on the VEPP-3 forth synchrotron radiation
channel.

The small size of the initial particles and the radiation-
thermal process allow to carry out the ferrite ceramics
synthesis for short time — up to some minutes at
temperature of 900 °C. The ferrite synthesis reaction in
these conditions are fully completed — the initial oxides
content in the ferrite ceramics samples after the synthesis
ended can be very close to zero. The zero initial oxides
concentration was fixed by the studies. The high
resolution roentgen tomography studies (the most
sensitive method) proved the zero content of the initial
oxides with accuracy of less than 0,1%. (The initial
oxides content can be up to 30% in the commercial
ferrites.)

The grain sizes in the ferrite ceramics samples
produced by radiation-thermal process were measured by
electron backscattering diffraction, the sizes were 0.3-0.5
micrometers. The industrial RF ferrite type 100VCh was
studies also by the same method, its grains were less than
5 micrometers.

The ferrite ceramics with grain size of 0.5 micrometers
has rather low magnetic permeability — from 10 to 80.
Such ferrites are suitable for work in the superhigh
frequency range.

The comparison of the radiation-thermal and thermal
ferrite synthesis showed the advantages of the radiation-
thermal process — synthesis temperature decreased and the
synthesis duration reduced from 18-20 hours to 20-30
minutes.

8.3. NEW RADIATION TECHNOLOGIES
DEVELOPMENT

The radiation treatment of the beneficated ores was
carried out in collaboration with the Institute of Mining,
Siberian Branch of RAS. The radiation treatment resulted
in the energy consumption for the following ore reduction
and increase in the output of the useful minerals
containing the nonferrous metals.

The iron ore radiation-thermal treatment resulted in the
phase transitions and appearance of the magnetic
properties — the magnetite formation was observed. It
permits to use this process for following ore benefication.

The mixed feed electron beam treatment was carried
out in collaboration with the Institute of Experimental
Veterinary for Siberia and Far East, Siberian Branch of
Russian Agricultural Academy, to prolong the keeping
time for the products delivered to the Northern Territories
of Russia.

The irradiation influence on samples made of various
polymers  (polyethylene,  fluorocarbon  polymer,
polymethylmethacrylate, etc.) was carried out to study the
changes in  strength  properties  (plasto-elastic
deformations). The work was performed in collaboration
with the Institute of Hydrodynamics, Siberian Branch of
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Russian Academy of Science, to set the data for
deformation analysis models.

The irradiation influence on samples made of specially
prepared nylon films with various impregnations was
carried out to create the blood vessels prothetics. The
work was performed in collaboration with the Institute of
Chemical Biology and Fundamental Medicine, Siberian
Branch of Russian Academy of Science. The first
prothetics were successfully implanted in mice. The final
goal — the growth of the body’s own tissues on these
prothetics.

The possibilities of electron beam treatment for the
heavy hydrocarbon compounds (including tar oil and
pitch) were studied in collaboration with the Institute of
Solid State Chemistry and Mechanochemistry, Siberian
Branch of Russian Academy of Science.

The electron beam treatment of the silver stearate and
the silver salts solutions was carried out in collaboration
with the Institute of Solid State Chemistry and
Mechanochemistry, Siberian Branch of Russian Academy
of Science, to obtain the silver nanoparticles

The chemical reactions mechanisms in the incapsulated
systems based on the nanostructured oxides formed by the
mechanochemical and radiation thermal processes were
studied aiming the formation of materials with the set
functional properties. The work was carried out in
collaboration with the Institute of Solid State Chemistry
and Mechanochemistry, Siberian Branch of Russian
Academy of Science, within the framework of the SB
RAS Integration Project.

8.4. APPLICATIONS OF
INDUSTRIAL ELV
ACCELERATORS IN SCIENCE AND
TECHNOLOGIES

8.4.1. Accelerators supply.

The main activity of the laboratory is to manufacture
and supply of ELV accelerators. In 2013 laboratory team
delivered 10 ELV accelerators. At the same time 15 ac-
celerators were assembled, installed, put to commission-
ing and started up. 6 accelerators were delivered in com-
plete assembly, 4 accelerators were supplied to the cus-
tomers in cooperation with companies from South Korea
and Republic of China).

The energy distribution is shown in Table 8.4.1.

Table 8.4.1.
ELV-4 (1.0 MeV, 1.5 MeV)*100 kW 6
ELV-8 (2.5 MeV)*100 kW 4

Distribution by countries is given in Table 8.4.2.

Table 8.4.2.

Country Supply Startup and
2013 commissioning

China 4 9

Korea 3 3

India 1 0

Germany 1 1

Russia 1 2

Indonesia 0 1

Total 10 15

8.4.2. Experiments in cooperation and
collaboration.

Currently, the National Laboratory of Superconduct-
ing Cyclotron at Michigan State University, East Lansing,
USA (Michigan State University National Superconduct-
ing Cyclotron Laboratory) developed a new generation
facility to obtain beams of rare isotopes FRIB (Facility for
Rare Isotope Beams). Its main purpose is to obtain and
study of new isotopes of chemical elements for the study
of fundamental matter properties. Introduction of the fa-
cility is planned for 2018 - 2019 years. In FRIB facility
the scheme of fragmentation of implemented primary ion
beam at a solid target is implemented. Ion beam ( from
oxygen to uranium inclusively) with 400 kW power, the
energy of up to 200 MeV/nucleon and the transverse size
of about 1 mm is splited into fragments in a collision with
a carbon target, producing new isotopes, which further are
sent to an experimental area for study.

The target for isotope production is a multiple-section
disc made of graphite, with 5000 rev / min rotating speed.
Its specific feature is the high (up to 1900°C) temperature.
This is due to the release of primary beam power in the
form of heat from it. During the development of the target
design the special attention was focused on its reliability
in operation. To this end, a target prototype was produced
to test it under the electron beam of up to 50 kW power,
and 700-keV energy.

Fig. 8.4.1. The vacuum chamber of prototyp target.
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3
Fig. 8.4.2. Set slices of target graphite.

In the framework of cooperation between the INP and
the University of Michigan in INP the graphite target for
FRIB under focused electron beam of ELV-6 accelerator
were tested. During joint experiments with participation
of Michigan State University specialists the calculated
temperature was achieved and operating mode of target
operation is FRIB facility was simulated.

During the tests, the graphite targets were placed in a
sealed vacuum chamber made of stainless steel, which
was attached directly to the extraction device of electron
ELV accelerator. Electron beam generated by ELV accel-
erator and having a size of few millimeters, was absorbed
in the graphite target and heated it to the required high
temperatures. To remove power the target was rotated at a
speed of several thousand revolutions per minute. In col-
laborative experiments the mechanical resistance of a
graphite target was studied as to short-term (up to 1 hour)
and to stationary (a few hours) heating. The heating
modes, the least destructive to the target material were
chosen. Furthermore, the temperature distribution was
measured in a radial direction.

For remote control of target temperature the vacuum
chamber was equipped with optical windows. Tempera-
ture control was carried out by optical sensor through a
set of optical mirrors. To remove the heat power from the
target the water cooled panels were placed into vacuum
chamber.

Fig.8.4.3. Specialists of the Laboratory Ne 12 and University of Michigan after successful experiments on the laboratory
test facility.

150



air

13— 19— . :

:/
ay

LL

air or nitrogen

inert gas 12

Fig. 8.4.4. - Scheme of modified laboratory facility with closed carrier stream.

1 —ELV-6 accelerator extraction device, 2 — gas seal flange, 3 - water-cooled reactor, 4 - evaporated material,- 5 -
molten material, - 6, — electron beam, 7 — tank Nel for aerosol cooling and coarse fraction separation, 8 - aerosol
cooling and coarse fraction separation reservoir Ne2, 9 — filtration box, 10 - bag filter, 11 - fan, 12 — nanopowder

production control module, 13 - differential pressure gauge PROMA-IDM to measure pressure in reactor, 14 -

differential pressure gauge to measure the pressure difference before and after the filter bag .

8.4.3. Nanopowders production using focused
electron beam extracted into atmosphere.

In order to improve productivity and the quality of
nanopowders the laboratory facility for nanopowders pro-
duction was modified. The modification included the
automation of facility parameters record, in particular, the
flow discharge of cooling water flow, control of carrier
gas flows and monitoring of pressure difference across
the transport path of nanopowder. To improve the purity
of obtained nanopowders the insulation in area of the
beam inlet hole protecting the air entering into evapora-
tion chamber was improved. Insulation was achieved by
intercepting gas flows (Fig. 8.4.4). The closure of inert
gas flow from the path output to the facility input into
evaporation chamber made possible to reduce the evapo-
ration consumption of inert gas in the process of
nanopowders production. Before modification, inert gas
was extracted into ventilation system.

8.4.4. Metal nanopowder surfacing.

In 2013, the studies on surfacing of modifying powders
onto metal surfaces using the focused electron beam
extracted into atmosphere were continued. The studies
were made in collaboration with the Department of
Materials Science in Mechanical Engineering of
Novosibirsk State Technical University.

Through these studies, the technique of surfacing the
refractory and heavy metals such as tantalum, niobium,
zirconium onto titanium base was developed. The purpose
of forming such the coatings is to strength the surface

layer material by particularly high corrosion resistance
against some strong acids such as nitric acid and sulfuric
acid. Furthermore, because of its high biocompatibility,
alloys of Ti-Ta-Nb are of interest for medical applications
as a material for implants.

The developed surfacing method has high a efficiency
up to 7 cm® /s (2.5 m* /h ) , the thickness of the coating
being formed is 2 - 3 mm. The concentration of the
alloying components in coatings at single layer surfacing
reaches, depending on the kind of the alloying
component, the 20 - 25 % weight, the thickness of the
modified layer is 1.8 - 2.2 mm. By increasing the number
of surfaced layers alloying concentration is increased up
to 40 - 50 % weight, and the layer thickness is up to 3
mm. Table 8.4.3 shows some examples of concentration
of chemical elements in the surfaced layers.

The studies have shown that the formed coatings have a
good complex of mechanical properties, they are
practically free of defects and have adhesion to the
substrate, which is not weaker than the strength of the
basis itself. Figure 8.4.5 shows a diagram of the test on
adhesive strength of coatings. The material breakage in
the zone of jointing of coating with the basis occurred at a
voltage of 410 ... 430 MPa that corresponds to titanium
strength.

Several tests on the corrosion resistance in boiling
concentrated nitric acid (Figure 8.4.6) showed that the
corrosion resistance of the coating material is increased
by more than 100 times faster than the resistance of the
titanium substrate.
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Table 8.4.3.

Fig.8.4. 5. Diagram of the test on adhesive strength.

8.4.5. Potential application of nanopowders.

In process of searching of activators and organic basis
for nanocomposite plastic fiber amplifiers of one and a
half micron range, the possibility to reduce the opales-
cence and increase the refractive index due to the compo-
nent index matching and reducing the size of erbium-
containing nanoparticles of activator was investigated.

The luminescence decay of solid solution of thiophos-
phonate and fluoruquinolone complexes of terbium, er-
bium, ytterbium and europium in organic glass was inves-
tigated.

The perspective of using LED UV pumping of gel and
fiber-glass lasers with rare earth activators is noted.

Light output of plastic X-ray phosphor with addition of
ultrafine activator of barium fluoride powder (the per-
spective of which being a UV subnanosecond scintillator
for time-of-flight positron tomography was found by Ya.
Valbis in 1986) was measured. Unfortunately, volume
plastics (except polyolefins, which are getting muddy
quickly because of crystallisation) are not sufficiently
transparent to UV light, so we had to add terphenyl and

.. .. Melted layer chemical Depth of
Initial powder composition, The number - .
ight %, the rest is flux of treatments composition, weight %. melted
Mode Ne weig ’ The rest is titanium layer, mm

Ta Nb Ti 1 Ta Nb
1 22 0 38 1 10.5+1.5 0 1.4
2 40 0 24 1 22.3+1.1 0 2.2
3 51 0 18 3 34.3+5.1 0 2.6
4 20 15 26 1 5.8+0.8 11.0£0.6 2.5

349
Cnown
P Ti-Ta . . .
- Relative corrosion resistance
\ 4
173
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l Bt
JAN | A 87
48
- |
||
0 3.9 10.8 17.0 22.4 Ta

Tantalum concentration

Fig.8.4. 6. Results of tests on corrosion resistance of the
coating material with different tantalum concentration.

anthracene, transfoming original ultraviolet into radiation
that is able to spread in polystyrene, to the composition.
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9.1. VITA CURRENT STATUS

9.1.1. Introduction.

Nowadays boron neutron capture therapy is regarded as
a promising method for the treatment of malignant tu-
mors. Clinical trials at the reactors showed that BNCT can
treat glioblastoma and brain metastases of melanoma.
These types of malignant tumors are impossible to treat
with any other methods. Progress of the boron neutron
capture therapy in clinical trials at the reactors and the po-
tential relevance of techniques have led to intense discus-
sions on the development and creation of a neutron source
based on a compact and low-cost accelerator.

At BINP it was proposed an original epithermal neutron
source based on vacuum insulation tandem accelerator
(VITA). During 2013 the study of parameters of gener-
ated neutrons was conducted, namely: energy distribution,
neutron flux density and spatial distribution of neutron
dose. In vitro studies clearly demonstrating the effect of
BNCT were carried out. Negative effect of charge-
exchange gas on tandem accelerator operation was dis-
covered. Solution of this problem was proposed.
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Fig. 9.1.1. Vacuum insulation tandem accelerator (VITA).
1 —H ion source, 2 — diaphragm, 3 — magnetic lenses, 4 —
magnetic corrector, 5 — first electrode, 6 — vacuum tank, 7
— second electrode, 8 — central electrode, 9 — charge-
exchange tube, 10 — high energy beam channel, 11 — vac-
uum pump, 12 — insulator.

General scheme of the accelerator is shown in Fig.
9.1.1. Negative hydrogen ions are generated by H™ ion
source, and are accelerated to 1 MeV. After that they lose
two electrons in charge-exchange target and are
accelerated again for total energy 2 MeV. Pumping is
carried out by cryogenic and turbomolecular pumps
through the blinds system. High voltage is applied to the
electrodes from a high voltage source through the
insulator.

9.1.2. Neutron spectrum measurement.

The results achieved in the long stable generation of
neutrons at a proton beam current of 1.5-2.5 mA allowed
us to measure the spectrum of neutrons using TOF tech-
nique. To create short neutron pulses it is applied a new
technical solution, which is briefly described below. Ac-
celerator operates in a stationary mode, generating pro-
tons with energy 1.875 MeV, just below the neutron pro-
duction threshold. Protons with subthreshold energy hit
the electrically insulated lithium target, which at the same
time is supplied by short 200 ns square pulses of 40 kV
high voltage. During each high voltage pulse the energy
of protons increases to 1.915 MeV and neutrons are gen-
erated. The energy of emitted neutrons is calculated after
measuring the time interval between high-voltage pulse
and neutron pulse in the remote neutron detector.

Previously this method of generating short pulses of
neutrons was not applied by anybody, so we had to solve
a number of problems that hinder to conduct
measurements. An interesting problem was the noise
signal to the resulting neutron spectrum. It was discovered
several sources of noise, namely: 1) scattered neutrons; 2)
neutrons generated in the reactions “Mn(p,n)”Fe and
5Cu(a,n)**Ga, caused by proton beam interaction with
construction materials; 3) high intensity y-ray flow; 4) in-
sufficient stability of the proton energy, which leads to
unwanted neutron generation when the threshold 1.882
MeV is exceeded. Original technical solutions to suppress
this noise and a special method of controlling signal-to-
noise ratio were registered as know-how.

As a result of applied solutions we were able to
measure spectrum of the neutron flux at a proton energy
1,915 £ 0,005 MeV. The spectrum is shown in Fig. 9.1.2
in comparison with calculated spectrum.

neutrons 10% s cm” lethargy unit

10° 10° 10% 10° 10 108

Neutron energy, eV

Fig. 9.1.2. Solid columns show the calculated
spectrum. Points show the measured spectrum. / - 340
eV line is due to the scattering of neutrons by *Mn. 2,
3 - transmission lines of *°Fe: 24.5, 72.9 and 82.0 keV.
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9.1.3. Spatial distribution and intensity of the
generated radiation.

Spatial homogeneity of the neutron flux was
determined using neutron activation diagnostic and
dosimeter DKS-96 (Corp. "Dose", Russia). As the activa-
tion detectors indium pills were used. Each pill had a di-
ameter of 10 mm and weight 0.2 g, so the average thick-
ness was 400 microns. Activation detectors were located
at different distances from neutron producing target.
When the detectors are placed at 15 cm from the target,
the received data is presented in Figure 9.1.3.
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Fig. 9.1.3. The spatial distribution of the neutron flux
intensity near the target..

Measurement allows us to understand that the greatest
density of the neutron field is concentrated in the region
with a diameter of about 5 cm. This heterogeneity can be
explained by water cooling system of the target having a
minimum thickness near the axis, as well as the presence
of structural elements, leading to further reflections of
neutrons (splash on the left part of the graph).

The intensity of the neutron flux depending on the
distance to the target is shown in Fig. 9.1.4.
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Puc. 9.1.4. The intensity of the neutron flux on the
distance to the center of the target for activation of
indium. Squares — horizontal alignment, rhombs —
vertical alignment..

The results show that the neutron flux generated in the
near-threshold mode has a noticeable direction. While
starting from a distance of about 1.5 meters we can see a
significant contribution of the scattered neutrons, the
intensity of which is practically independent of the
direction and distance from the target.

Spatial distribution of the neutron dose was measured
by the dosimeter DKS-96 at different distances from the
target along the proton beam axis and outside the axis.
Fig. 5 shows the measured values (the distance from the
lithium layer to the center of the detector is shown, the
target thickness is assumed to be 6 cm) normalized to 1
mA of proton current and the curve close to 1/, adopted
knowing the size of target. The calculated curve fits well
with the measured points, assuming the presence of a
background level of 50 mSv/h @ 1 mA (from scattered
neutrons). Measurement of doses closer than 20 cm from
the target was physically impossible due to the large
diameter of the spherical moderator of dosimeter DKS-
96. Extrapolation of the graph closer to the target gives a
value of 20 Sv/h @ 1 mA at a distance of 2 cm from the
target.
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Fig. 9.1.5. Neutron dose depending on the distance from
the target measured using dosimeter DK S-96.

9.1.4. Influence of charge-exchange gas on tan-
dem accelerator operation.

During operation it was discovered an unusual effect:
the degree of stripping decreased when the charge-
exchange gas puffing exceeded a certain value, while the
theoretical dependence goes to stable value of 99.998%
stripping. Explanation of this effect was found in the
analysis of the interaction of the beam with argon in the
stripping tube. Conducting of the high-power proton
beam through the charge-exchange gas leads to ionization
of the gas. Positively charged argon ions penetrate into
the acceleration channel from both sides of the charge-
exchange tube and the electric field accelerates them up to
the full potential of high-voltage electrode. Formation of a

156



beam of accelerated argon ions leads to the following
problems. First, part of the high voltage power is con-
sumed by the acceleration of the argon beam. Second,
when the accelerated argon beam hits electrodes of accel-
erator it leads to a redistribution of their potentials,
changes in the conditions of acceleration and focusing of
the injected beam of H™ particles. Third, argon beam hit
leads to modification of electrode surfaces (Fig. 9.1.6.).
And at high argon beam currents the electrodes can even
be melted or deformed.

To solve this problem, we propose to use a magnetic
field deflecting the flow of positively charged argon ions
inside the high voltage electrode in order to prevent them
from passing through the electrode diaphragm and go to
the acceleration channel.

Puc. 9.1.6. The imprint of argon beam on a rotatable
diaphragm located at the entrance of the H beam into
the accelerator.

Because in a transverse magnetic field not only flowing
ions of stripping gas, but also high-energy ions (nega-
tively charged at the entrance of the stripping tube and
positively charged at the exit of the stripping tube) will be
deflected, it is proposed to tilt or shift the tube. Examples
of possible realizations are illustrated in Fig. 9.1.7.

High voltage
clectrode

Stripping
target

Fig. 9.1.7. The concept of magnetic suppression of ar-
gon ions in the embodiment of tilted (left) or shifted
(right) charge-exchange tube.

9.1.6. Modernization of the facility.

To ensure stable operation of the accelerator it is neces-
sary to provide high enough vacuum in the beam path. If
the vacuum is not good the high-energy beam ionizes the
residual gas. Formed electrons and ions are accelerated
and hit the high voltage electrodes, causing secondary
emission. If the gas pressure is not sufficient to form the
avalanche ionization in the high voltage gap, breakdowns
can still occur due to not uniform load of the high voltage
divider. This parasitic current on the high voltage elec-
trodes "shorts out" one or more high-voltage gaps, result-
ing in increased voltage on the remaining gaps, which
may cause breakdown of the insulator. Breakdown along
the insulator surface also may be produced by the ultra-
violet radiation due to beam interaction with the gas.

The main sources of residual gas in the accelerator are
the source of negative ions and the stripping tube, which
produce 0.1 - 0.2 I'Torr/s of hydrogen and 0.05 - 0.1
I'Torr/s of argon respectively. With the help of differential
pumping the hydrogen flow in high voltage gap dropped
to 5107 I'Tort/s, at a pressure in the low energy channel ~
107 Pa. At the first stage of experiments additional gas
pumping inside the high-voltage electrode is not pro-
vided, pumping is performed only through the blinds.
Maximum outgassing from the walls, electrodes and
beam receiving targets falls on moment of switching on
the beam, and should decrease in time.

Previously, the accelerator vacuum volume was
pumped by O01ABI1500 turbomolecular pump (TMH
1500) with total pumping speed of 600 1/s, which pro-
vided pressure 510 Pa at 1.5 mA beam current. While
stripping gas flow rate was 0.016 1Torr/s, which corre-
sponded to more than 60% stripping of the beam.

To increase the stripping gas flow rate and the degree
of beam charge exchange, as well as to improve the vac-
uum conditions enhancing the operation stability of the
accelerator, the vacuum system has been fully modern-
ized. Old pumps were replaced with new high-speed oil-
free turbomolecular and forevacuum pumps. We are pre-
paring to install a new cryogenic pump with a closed he-
lium cycle.

In addition to the vacuum system we modernized ac-
celerator apertures. Previously performed analysis of the
beam transport showd that current deposition on three
output apertures can reach 16%. New apertures were in-
stalled with a diameter 5 mm higher than the calculated
beam envelope. This replacement allows us to expect that
the maximum value of the accelerated current will in-
crease from 2.5 mA to 3 mA. The first experiment on the
ion beam transportation after modernization has shown
value 3.2 mA of the resulting output current (Fig. 9.1.8).
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Fig. 9.1.8. Transported current after modernization of the
accelerator.

9.1.7. Results and prospects

As result of conducted research we have measured the
spectrum, intensity and spatial distribution of the neutron
flux generated at the accelerator source of epithermal neu-
trons. It is shown that during experiments on irradiation
of cell preparations, which are located at a distance of 2
cm from the bottom edge of the target, neutron dose rate
can reach 20 Sv/h @ 1 mA.

A new effect is discovered: the influence of charge-
exchange gas on accelerator operation, limiting further
increase of accelerated beam current. Technical solutions
were proposed to overcome it.

The results of this research allowed making applica-
tions for two patents and know-how.

Upgrade of the facility allowed moving to higher accel-
erated currents at high operational reliability of the accel-
erator.

The work is carried out in the framework of the re-
search project I1.13.3.7 "Neutron source for neutron ther-
apy of cancer based on the electrostatic tandem accelera-
tor" Program of Fundamental Research of SB RAS on the
physics and technology of charged particle accelerators.
Partial support is assured by government contracts Ne
14.518.11.7039 and 14.512.11.0105.

Results of the work are presented at the IV Interna-
tional Conference on Charged Particle Accelerators
(IPAC 2013, Shanghai, China), 7th meeting of young
BNCT researchers (7th YBNCT Meeting, 2013, Granada,
Spain) and published in [1-13].
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9.2. X-RAY DETECTORS FOR
MEDICINE AND INSPECTION

9.2.1. Micro-doze Digital Radiographic Instal-
lation (MDRI) "Siberia".

A direct-quantum-counting detector and associated
registration electronics were being developed in 2013.
The detector is made based on lines of micropixel ava-
lanche photodiodes coated by a scintillator layer. The
number of actuated cells in each photodiode depends on
the amount of light generated in the scintillator and there-
fore the energy of detected quantum. The achieved energy
resolution allows implementation of the counting mode
and elimination of the self-noise of the detector, as well as
energy separation of registered quanta. These properties
of the new detector will improve the X-ray image quality
(for example, through the use of weighting coefficients).
Epy detector can also be used for densitometry in osteo-
porosis diagnosis. An application for a patent "Method
and installation for making projective radiographs" was
filed.

9.2.2. X-ray inspection system (XIS) "Sibscan".

In 2013 the Institute was developing a new XIS ver-
sion, which differs from the earlier modifications pro-
duced in the city of Orel by ZAO "Nauchpribor" and in
China by Nuctech (under BINP license) in its smaller di-
mensions and weight and lower cost. That was achieved
via reduction of the "emitter - detector" distance from 2 to
1.5 m and using a compact and cheap monoblock IRI-
160/2 of domestic production instead of a high-voltage
generator and Italian medical X-ray tube (and high-
voltage cables connecting them). The image quality will
be better because of a fixed tube anode applied in new ra-
diation source.
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H. Eickhoff (GSI)
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8 CELLS Collaboration in the field of application of new | 2008 | E. Levichev (INP),
(Spain) equipment for SR sources. Joan Bordas and
Orpinell (CELLS)
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10 University Theoretical and numerical studies of dynamic | 1991 | A. Skrinsky,
of Milan chaos in classic and quantum mechanics. V. Sokolov (INP);
(Italy) T. Montegazza,
J. Kasati (Italy)
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