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Introduction

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

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

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

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

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

In the field of elementary particle physics and nuclear
physics:

. pioneering works on the development of the col-
liding beam technique, which is now the leading one in
the high energy physics:

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

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

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

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

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 had-
ronic vacuum polarization to the value of muon

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

development of the resonance depolarization method
for precision measurement of the masses of elemen-
tary particles and achievement of a record accuracy
in measurements of the masses of K, rho, omega, phi
and psi mesons and upsilon mesons (1975 - 2004);
discovery of parity violation effects in atomic transi-
tions and confirmation to the unified theory of elec-
troweak interactions (1978);

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

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

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

development of X-ray detectors for medical applica-
tions and creation of a low-dose digital radiographic
installation on their basis, with an ultra-low level of
patient exposure, and the X-ray system "Sibscan" for
inspection of people (since 1981).).

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



In the field of accelerator physics and technology:
successful long-term experience in creation of stor-
age rings and installations with colliding beams;
invention, development and experimental verification
of the "electron cooling" method for heavy-particle
beams, which is currently used at laboratories around
the world; delivery of efficient "coolers" to accelera-
tor heavy-ion complexes in Germany, China and
CERN (1965 - 2005);
invention and development of new types of high-
power RF generators (gyrocon, relativistic klystron
and Magnicon) (since 1967);
suggestion of a technique of linear electron-positron
colliding beams for production of super-high energies
(1968) and presentation of a physically self-
consistent project (1978);
development of elements of intense-field pulsed mag-
netic optics (X lenses and lithium lenses), which are
currently used at different laboratories (since 1962);
invention and experimental verification of the meth-
od of charge-exchange injection, which is currently
applied at all the major proton accelerators (1960 -
1964);
theoretical and experimental investigation into gen-
eration of polarized beams and spin dynamics in ac-
celerators and colliders and conceptual designing and
creation of highly efficient spin rotators and "Sibe-
rian snakes" for a number of accelerator complexes,
(1966 - 1995);
theoretical and experimental research on stochastic
instability and "collision effects" that impose limita-
tions on the luminosity of colliding-beam installa-
tions (since 1966);
development of the physical concept of a new gen-
eration of electron-positron colliders of very high lu-
minosity, so-called electron-positron factories (since
1987);
suggestion and development of a method of ioniza-
tion cooling of muons for creation of muon colliders
and neutrino factories (1969 -1981 - 2002);
development and creation of high-power low-energy
electron accelerators for a variety of technological
applications, including environment protection (ac-
celerators ELV-12 with a power of 500 kW and an
energy of 1 MeV and ILU-10 with a power of up to
50 kW and an energy of 5 MeV) (since 1963);
suggestion and implementation of a scheme of recu-
perator accelerator for high-gain free electron lasers
(1979 - 2003).

In the field of plasma physics and thermonuclear

synthesis:

invention (1954) and creation (1959) of the "classi-
cal" open magnetic trap (magnetic bottle) for hot
plasma confinement;

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

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

discovery of collisionless shock waves in plasma
(1961);

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

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

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

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

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

In the field of synchrotron radiation and free elec-

tron lasers:

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

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

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

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

invention and development of the optical klystron
(1977) and generation of coherent radiation in the in-
frared to the ultraviolet spectrum (since 1980);
development and creation of a high-power free elec-
tron laser (for photochemical research and techno-
logical applications as well as for energy transfer
from the Earth to a satellite) on the basis of the most
promising scheme, which uses a recuperator micro-
tron; generation of high-power (400 W) laser radia-
tion in the terahertz range (since 1987);

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



Applied works performed by BINP SB RAS rely entirely
on the results of the basic research performed by the Insti-
tute and are focused on the following main areas:

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

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

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

e installations for electron beam welding;

e radiographic equipment for defense research.

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

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

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

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

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

Every year, members of the Institute make about 200
reports at international and Russian conferences, publish
about 500 articles in leading Russian and foreign scien-
tific journals and issue monographs and textbooks. Ac-
cording to data published in the review ‘Bibliometric in-
dicators of the Russian Science and Russian Academy of
Sciences" (RAS Bulletin, June 2009, Volume 79, Ne 6),
the number of links to papers by BINP members that are
accounted in the authoritative international database ESI
was 28,267 in 1997-2007. In accordance with the survey
data, this is a maximum value among all the institutions
of the Russian Academy of Sciences. Four members of
the Institute are winners of the Elsevier special premium
as the most cited authors in the post-Soviet area in the
field of natural sciences.

Below are listed works recognized as the best in
2012 by the BINP Scientific Council.

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

1) on the VEPP-3 storage ring, the first-time determina-
tion of the two-photon exchange contribution to the
elastic scattering of electrons on protons and posi-
trons;

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

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

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

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

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

7) determination of the eigenvalues of the kernel of the
BFKL equation in the supersymmetric Yang-Mills
theory with N = 4 in the next-to-leading order for the
adjoint representation of the gauge group;



8) exact (in atomic field strength) derivation of charge
asymmetry in electron-positron pair production by a
high-energy photon in the field of a heavy atom;

prediction of the existence of superconducting and
isolating states for electrons in a one-dimensional un-

dulator nanochannel.

9)

In the field of plasma physics:

1) attainment of plasma pressure in relation to mag-
netic field pressure, f= 0.6, at the gas dynamic trap
(GDT) facility, which is a record value for axially sym-
metric open magnetic traps;

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

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

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

5) the first-time demonstration of effective plasma
heating and stabilization of MHD pinch instabilities with
a reversed field during powerful atom injection (in joint
experiments with the University of Wisconsin, USA).

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

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

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

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

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

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

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

RAS member N.S. Dikansky was awarded the Order of
Friendship for his contribution to the development of sci-
ence and many years of fruitful activity,
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Wechsler award of the Russian Academy of Sciences
in 2012 was conferred on a team of I.A. Koop, E.A. Per-
evedentsev and Y.M. Shatunov for their work ‘Facility
with circular colliding electron-positron beams for preci-
sion measurement of hadron cross sections at energies of
up to 2 GeV’.

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

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

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

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

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



1.1 CMD-3 DETECTOR

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

1.1.1

CMD-3  detector
experimental hall .

Fig. in the VEPP-2000

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

- all data, 0 - cosmic and beam data

1/nb per day GBytes per day Events (*10"*6) per day

Collected 1/nb

[ 16441.7 1/nb

Collected GBytes Collected Events (*10**6)

£ 8188.6 GB

. B B 8 EEE§ ol
Frrprrr

L EE 2B S

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

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

13

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

Combining these data with those acquired in 2011 in
the energy range of 1.05 - 2.0 GeV enabled completion of
the analysis of the e’e”— 3(n'n") process.

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

Fig. 1.1.3 shows measured cross section of e’e’
— 3(n'n") vs. energy in the center of mass system.
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Fig. 1.1.3 Cross section of the e'e” — 3(n"n") process vs.
energy. Black circles: results of the CMD-3 experiment;
open circles: results of the BaBar experiment. The vertical
line indicates the threshold of production of proton-
antiproton pair.
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Fig. 1.1.4. Cross section of the e’e” — K'K'n'n™ process
vs. energy. Black dots: results of the CMD-3 experiment;
open circles: data from the BaBar detector.

Further, a preliminary research on the dynamics of the
production of the final state 3(n'm’) was carried out.
Results of this work have been prepared for publishing.

In 2012, the CMD-3 detector was still engaged in the
study of the process of e'e” annihilation into a proton-
antiproton pair. Fig. 1.1.5 shows cross section of the



process vs. energy. The black dots show the preliminary
results of the CMD-3 experiment, and the open circles
present data from the BaBar experiment.
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Fig. 1.1.5. Cross section of the ete- annihilation into a
proton-antiproton pair vs. energy. Black dots: preliminary
result from the CMD-3detector; open circles: result from
the BaBar detector.

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

A system for beam energy measurement using the
inverse Compton scattering of laser light on a beam of
electrons in the storage ring started operation at VEPP-
2000 in September 2012. For tuning of the system, the
energy region of ¢ meson was scanned once again. In this
third session, data were acquired at 10 points in the range
of beam energies of 507 - 525 MeV. The luminosity
integral was 683 nb™', which corresponds to 130 million
physical events recorded on discs. In this session, the
VEPP-2000 beam energy was controlled by the system for
energy measurement from the inverse Compton scattering.
Analysis of these data resulted in the measurement of
curves of excitation of the ¢ resonance in K'K', K K,
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n'nn” decay channels. The obtained parameters of the ¢
meson are in good agreement with each other and with the
world average values.

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



1.2. THE SND DETECTOR
1.2.1. Experiments at VEPP-2000

Experimental season in 2012 started in February. The
main part of the experimental program in 2012 was the
scanning of the center of mass energy range 2E = /s
from 1280 to 2000 MeV. Before the scan, collider energy
calibration was performed. For this goal a short scan of the
energy region near the ¢-meson resonance was performed
and the ¢-meson mass was measured. This measurement
confirmed the correctness of the collider energy setting. By
the end of April, about 13 pb~! experimental statistics was
accumulated, about half of the announced program. Av-
erage luminosity in the runs varied from 2 to 10 x 103°
cm~—2¢c~ 1, Since the fall of 2012, experiments were contin-
ued in the w-meson energy region, below 2E = 1000 MeV.
Average luminosity was 2 x 1030 cm~2¢~!. By the end of
the year, about 1.5 pb~! integrated luminosity was accu-
mulated.

1.2.2. Detector status

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

Using the charge division method, a procedure was de-
veloped for the absolute calibration of the z-coordinate
measurement. Coordinates of the cathode strip clusters
served as a reference in the procedure. ete™ — eTe™
events were used for the calibration. As a result, the
accuracy of the z-coordinate determination of the emis-
sion points of charged particles was improved by 25% and
amounted to ~ 2 mm.

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

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

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

Tests of the new shaper - flash ADC cards for the
calorimeter electronics channel were carried out at the spe-
cial stand. The new channel will allow in addition of
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the signal amplitude to determine the response time of
the calorimeter counters, which is especially necessary for
the measurement of the eTe~™ — nn process cross sec-
tion. Temporal resolution, measured with cosmic muons
and the generator was 1.5 ns. The amplitude resolution,
measured by the generator was 0.5%, which corresponds
to 1.25 MeV. Now it is planned to install several new cards
directly into the crates of the SND electronics for further
inspection.

1.2.3. Software status

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

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

Changes in the MC simulation include: creation of new
primary generators of eTe™ annihilation into different fi-
nal states such as: 3y, ptu~, wrtn™, ete 2y, nw,
2707+ 7=, incorporation of the BHWIDE generator of
the electron-positron scattering and existing UNIMOD pri-
mary generators; upgrade to Geant4 9.5; Modeling of addi-
tional features of calorimeter counters and cathode strips
in the proportional and drift chambers; interaction point
parameters setting from the database of calibrations; de-
velopment and implementation of the software part of the
procedure of mixing (overlays) of random hits of detector
channels to the simulated events.

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

Massive reconstruction and preselection of events
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Figure 1.2.1: Cross section of the process e™e™ — na ™

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

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

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

1.2.4. Data analysis

The process ete™ — nm T~ was investigated in the de-
cay mode n — 7~y based on the experimental statistics col-
lected in 2010 and partly in 2011. Events with two charged
particles and with two or three photons were selected. For
the charged particles it was required that they have central
tracks. To suppress the beam related background, it was
required that the total energy deposition in the calorimeter
is within (0,6 + 1,8)E.

Charged tracks are fitted to a common vertex under the
assumption that, in the plane perpendicular to the beam
axis, the vertex coincides with the position of the beam in-
teraction point. Fairly mild condition y2 < 100 was then
required for the x? of the fit. The obtained z-coordinate
of the fitted vertex was used for recalculation of the polar
angles of the photons.

Then a kinematic reconstruction of the final state in the
hypothesis 77~~~ was performed. In the presence of
several photons in the event, reconstruction was carried out
for all two-photon combinations and then the combination
with the smallest x? was selected. On the final x2 of the
reconstruction, the condition Xfﬁrw < 60 was imposed.

For determination of the number of ete™ — npatn~
events, the distribution of the invariant mass of photon pairs
was approximated by the sum of distributions for the effect
and background. The effect (the n-meson peak) was de-
scribed by the sum of two Gaussian distributions, and the
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background was approximated by a second degree polyno-
mial.

The measured ete~ — nrt 7~ cross section is shown
in Fig. 1.2.1 together with the results of BABAR detector.
It is clear that the results of SND 2010, 2011 scans and the
BABAR data do not contradict each other.

The process ee™ — 7t 7~ 70 was studied in the energy
region 2F from 1.05 to 2.00 GeV. The analysis used exper-
imental data recorded in the 2011 experiment. The process
ete™ — atm~ 71070 constitutes the main background for
the process being studied in the energy region of interest.

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

Kinematic reconstruction procedure was applied to the
events selected in such a way. At first step, common ver-
tex was searched for tracks and compared to the interaction
point obtained from the calibration. When there are three
tracks in the event, two tracks with the smallest value of X%
are selected. The event was considered good if it satisfied
the condition X% < 100. For good events, kinematic re-
construction was performed in the hypothesis that the event
comes from the process e e~ — 77~ 27 and satisfies the
laws of energy and momentum conservation. On the x? of
the reconstruction, the imposed condition was X2 < 80.

For the selected events, two photon invariant mass spec-
trum was formed and approximated by the sum of the
distributions for the effect and the background obtained
from the MC simulation of processes ete™ — wt7 70
and ete” — 7770709, respectively. Number of back-
ground events was 10-25% of the selected events. Fig.1.2.2
shows the resulting cross section along with the BABAR
results and SND measurements at VEPP-2M for energies
2F < 1.4 GeV.
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Figure 1.2.2: A comparison of the measured cross section
ete™ — 7t7 7% to the previous measurement of SND
at VEPP-2M (2F < 1.4 GeV) and to the results of the
detector BABAR.
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Figure 1.2.3: Cross section of the process eTe™ — 7.

The process ete™ — 1y was investigated in the decay
mode 7 — 37" based on the experimental statistics col-
lected from 2010 to 2012. For the process under study,
in the energy range 530 MeV < E < 1000 MeV, the
main background is associated with the processes ete™ —
KsKr,ete™ — 7% and eTe™ — wrn70 with decay
w — 7%y. To select the events of the required process
and suppress the contribution of background processes,
events without charged particles were selected under the
following selection criteria: the number of neutral particles
N, > 7; total energy deposition (Fy.) in the calorime-
ter is from 1.4E to 2.4E; the total normalized momentum
of the photons po; - ¢/2F is less than 0.3; the condition
(Etot — prot - ¢)/2E > 0,7 is satisfied to suppress the
background with charged particles; kinematic reconstruc-
tion supports the hypothesis ete™ — ny (Xfw < 30) and
the hypothesis eTe™ — 379y (Xg7r07 < 50); invariant re-
coil mass of of the most energetic photon in the event lies
in the range 400 MeV< M., <600 MeV. To suppress
the background from the process ete™ — 7070y, an addi-
tional constraint Xioﬂo > 20 was used.

In the energy range from 530 to 1000 MeV, 60 events
were selected. The following decay parameters of the light
vector mesons into 77y final state were measured in the
channel n — 370:

oy = (55, T g A% £1,6)p0b,
oy = (47,4706 T8 £1,3)pb

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

A particular interest to the processes of eTe™ annihi-
lation into six pions is caused by the interference struc-
ture observed in the cross sections of ete™ — 3(ntn )
and ete” — 2(nt7~ %) processes at energy of about
1.9 GeV, that is near the threshold of the nucleon-
antinucleon pair production. This structure was first ob-
served in the DM2(1988) experiment. Its presence was
confirmed in BABAR (2006) experiment where the cross
sections of these two processes were measured by using ra-
diative return method. The BABAR data are virtually the
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only published experimental data on the cross sections of
ete™ — 3(rtn~) and eTe™ — 2(xt7n~70). The pro-
cess ete™ — w7~ 47Y has not been yet studied experi-
mentally.

A preliminary analysis of the processes of eTe™ annihi-
lation into six pions was based on 2011 data.
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Figure 1.2.4: The visible cross section for selected five
track (filled circles) and six track (empty circles) candidates
of the ete™ — 3(mtn~) process events. The vertical
dashed line shows the position of the nucleon-antinucleon
pair production threshold.
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Figure 1.2.5: The visible cross section for selected can-
didates of the ete™ — 2(nt7~7") process events. The
vertical dashed line shows the position of the nucleon-
antinucleon pair production threshold.

To study the process e e~ — 3(m 7 ™), events with five
or more tracks in the drift chamber were selected. It was re-
quired that at least five tracks are fitted to a common vertex
which in the plane perpendicular to the beam axis coincides
with the interaction point. The visible cross section for se-
lected in such a way events is shown in Fig. 1.2.4 (filled
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Figure 1.2.6: Distribution of the invariant mass of the three
less energetic 7 mesons for selected candidates of the
ete™ — 470 process events.

circles). The vertical dashed line shows the position of the
nucleon-antinucleon pair production threshold. A resonant
structure at energies of about 1.9 GeV is clearly visible
in the measured cross section. Below 1.6 GeV, five track
events are contaminated by background events from the
process ete™ — 2(wT ™) with one additional superflu-
ous track, for example due to delta-electron. If one requires
that the sixth track is also registered in the event, this back-
ground is suppressed, but at the cost of twofold decrease in
statistics. The visible cross section of selected events with
six tracks is shown in Fig. 1.2.4 (empty circles). In future,
the background from the process ete™ — 2(n 7 ™) is as-
sumed to be subtracted by using MC simulation.

In the analysis of the ete™ — 2(z7Tm~7") process,
events were selected with four tracks in the drift cham-
ber which can be fitted to a common vertex as was de-
scribed above, and at least with four photons. For these
events, a kinematic reconstruction was performed with six
conditions: four laws of energy and momentum conserva-
tion, and two more conditions that the invariant masses of
photon pairs are equal to the 7°-meson mass. x? of the
kinematic reconstruction was used as a selection parameter.
The visible cross section for the selected events is shown in
Fig. 1.2.5. An interference pattern at an energy of about 1.9
GeV is also visible in it.

In the analysis of the et e~ — 77~ 47 process, events
were selected with two tracks in the drift chamber, which
can be fitted to a common vertex, and at least with eight
photons found in the calorimeter. Then a kinematic recon-
struction was performed with eight conditions: four laws
of energy and momentum conservation and 4 conditions
on the invariant masses of photon pairs. On the x? of the
reconstruction, X2 < 50 condition was imposed. For this
channel, a significant part of the registered events comes
from the background process ete~ — 77~ 7% followed
by the decay n — 37°. These events are easily seen in
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Figure 1.2.7: The visible cross section for selected can-
didates of the ete™ — w7~ 47" process events. The
vertical dashed line shows the position of the nucleon-
antinucleon pair production threshold.

the distribution of the invariant mass of three 7°-mesons,

shown in Fig. 1.2.6. In the distribution only one of the four
possible combinations of the three 7%-mesons with least
energetic particles was included. The condition on this in-
variant mass 0,51 < M0 < 0.59 GeV/c? suppresses the
background from the process et e~ — 77~ 7. The vis-
ible cross section for selected events is shown in Fig. 1.2.7.
In this case, at current level of statistics, a resonance struc-
ture is not visible.

To continue the analysis, the development of event gen-
erators for the MC simulation of the e*e~ annihilation into
six pions is required. This work was commenced. MC sim-
ulation of the background processes eTe™ — 2(ztn),
ete™ = 7tn 270, ete™ — 7t 7~ 37° and some others
will be also performed.

Results on the ete™ — wn® — 707%y cross section,

obtained by using SND 2010 statistics, were published in
2012. Here we present preliminary results based on the
unified 2010 and 2011 data sample for energy range 2F =
1.05+ 2.00 GeV.

Fig. 1.2.8 shows the measured cross section of
the process being studied and the results of previous
measurements at detectors SND(2000), CMD-2(2003),
CLEO(2000) and DM2(1991). The DM2 cross section was
measured in the channel 7+ 7~ 7%7% and it was recalcu-
lated using relative probabilities of the w meson decays
taken from the PDG table. CLEO measured the spectral
function in the decay 7 — wmr,. The cross section of
the process under study can be obtained from this spec-
tral function assuming conservation of the vector current.
Interestingly, a naive application of the relation based on
the vector current conservation hypothesis gives the result
shifted by 7-10 %. Fig. 1.2.8 also shows the result of a
joint approximation of the SND date used in this work and
of the published SND(2000) data. The approximation used
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Figure 1.2.8: Cross section of the process eTe™ — wr? —

7979, The figure shows the results of the SND(2012) ex-
periment (this work) along with the SND(2000), CMD-2,
CLEO and DM2 results. The curve represents the result of
the joint approximation of the SND(2012) and SND(2000)
data.

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

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

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

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

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

Fig. 1.2.9 shows a comparison of the experimental dis-
tributions for selected events of the total energy deposition
in the calorimeter and of the accollinearity angle in the
plane perpendicular to the beam with the corresponding
distributions for the MC simulated events of the process
ete~™ — pp. Itis seen that the experimentally observed
distributions are in a good agreement with the MC simu-
lated ones.

Preliminary SND results on the Born cross section of
the ete™ — pp process are shown in Fig.1.2.10. Only
the statistical errors are shown. analysis of the systematic
errors isn’t finished yet .

Analysis of the ete™ — ni process was continued us-
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Figure 1.2.10: Energy dependence of the cross section of
the ete~™ — pp process. Circles — preliminary SND re-
sults, squares — BABAR (2006) results.

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

1.2.5. Energy calibration

In 2012, the creation and installation of VEPP-2000
beam energy measurement system via inverse Compton
scattering of CO laser radiation was completed thanks to
efforts of the staff of several laboratories. In the experi-
ments with the system, the interference effect was observed
for the first time in the energy spectrum of back-scattered
MeV range gamma rays caused by influence of the mag-
netic field on the Compton scattering process. Quantitative
description of the shape of the spectrum (Fig.1.2.12) was
developed which allows to carry out an absolute calibra-
tion of the collider energy. In parallel with the data taking
process, testing of the system had began. According to the
preliminary results, the accuracy of the VEPP-2000 energy
setting at £ =~ 1 GeV was not worse than 1 MeV.

This work was financially supported by the Ministry
of Education and Science of the Russian Federation, by
basic projects BINP 13.1.1. and 13.3.1., by a project of
the Division of Physical Sciences OFN.L.1.2., as well as
by RFBR grants RFBR 12-02-00065-a, RFBR 12-02-
01250-a, RFBR 11-02-00276-a and by Russian Federation
President Grant for the support of scientific schools NSh
5320.2012. 2.
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1.3. KEDR DETECTOR

KEDR is a universal magnetic detector, which is used in
experiments on the eTe™ collider VEPP-4M at energies of
2 to 11 GeV in the center of mass system.

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

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

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

21

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

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

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

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

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

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

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

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

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

Electronics in all the muon chambers (88 units) have
been reconditioned and replaced; half of the units have
been installed in the detector; their performance has
been checked.



— All the elements of the detector yoke have been com-
pleted.

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

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

1.3.2. FARICH technique

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

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

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

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

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

— The efficiency of photon detection with silicon de-
tectors produced by CPTA (Moscow) (CPTA 151-30
and CPTA 149-35) was studied. It was shown that at
wavelengths of 400 to 650 nm, the detection efficiency
varies from 5 to 20%, which is about two times lower
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than data in the manufacturer’s catalog. These studies
will be continued.

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

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

Figure 1.3.2: FARICH prototype on beam at CERN.

The matrix has 2,304 pixels. For prototype operation
in a single-photon regime, the matrix was cooled to
—40°. A four-layer "focusing” aerogel radiator has
been tested on a beam with a momentum of 2 to 6
GeV/c. Pion and proton distribution over the radius
of the Cherenkov ring is shown in 1.3.3. The av-
erage number of detected photons was 14 for pions
with a momentum of 6 GeV/c. The radius resolution
is 0.7 mm for pions and 1.1 mm for protons. These
results confirm the possibility of separation of pions
and kaons at a significance level of 3¢ up to a momen-
tum of 7 GeV/c and separation of muons and pions up
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to a momentum of 1.3 GeV/c. A record high level
of separation of muons and pions has been attained.
Such detection efficiency is required for creation of
an identification system for the detector for the Super
Charm-Tau Factory.

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

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

— The results of experiments on the measurement of the
main parameters of the ¢(25) and (3770) mesons
were published.

— The mass of the J/1) and ¢)(2.5) mesons is being mea-
sured using the statistics collected throughout the ex-
periment.

— Lepton universality in decays of the J/1) meson was
checked.

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

1.3.4. Measuring parameters of the 1)(2S) and
¥ (3770) mesons.

Works on the measurement of parameters of the ¢)(2.5)
and ¥(3770) mesons were published in 2012. The main
results of the experiment are as follows.

e The 1(2S5) meson mass was measured with a preci-
sion of about 15 keV, which is half as better as that of
the best of the previous measurements.

e The product of the e™ -width by the probability of de-
cay into hadrons was measured for the ) (2.5) meson

23

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

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

1.3.5. Precision measurement of the masses of
the J/v and 1)(2S) mesons.

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

During the experiment with the KEDR detector we per-
formed 6 scans of the .J/v resonance and 7 scans of the
1(25) resonance. The statistics collected is 0.75 pb~! and
1 pb~1, respectively.

Preliminary results on the new precision measurement
of the masses of .J/v and 1)(2S5) resonances are as follows:

M,y = 3096.900 £ 0.002 + 0.006 MeV,
My 25y = 3686.100 & 0.003 =+ 0.009 MeV.

KEDR results in the measurement of the masses of the
J/v and ¥(2.5) mesons remain unsurpassed in precision.

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

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

In 2012, the KEDR collaboration performed an exper-
iment on checking lepton universality in decays of the
J/¢ meson. The ratio of the partial widths of the decays
J/Y — ete” and J/Yp — ptu~ was measured; the
following preliminary result was obtained:

Tote (J/0) /Tyt - (J /1) = 0.9964+0.004840.0060

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

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



1.5. DETECTORS FOR HEP

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

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

1.5.1. KEDR.

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

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

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

1.5.2. SND.

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

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

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

1.6. X-RAY DETECTORS

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

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

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

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

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

In 2012:

1. The equipment for check of counters of a
cylindrical calorimeter is created. With its help all counters
and the cables connected to them have been checked up.

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

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

Among the staff there are co-authors of more than 25
publications by the results of processing of the BELLE
experiment (KEK, Japan).



1.8. MICRO-PATTERN GAS DETECTORS

In 2012, the staff of Institute continued the develop-
ment of detectors based on Gas Electron Multipliers
(GEMs) in the following directions:

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

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

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

1.8.1. THGEMs-based two-phase cryogenic
avalanche detectors (CRAD:s).

Introduction.

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

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

For this project, two unique installations are to be cre-
ated — a smaller CRAD and a larger one, with the cryo-
genic chamber volume of 9 1 and 160 liters, respectively
(installation 1 and installation 2). The first installation
will be used in measurements for obtaining planned re-
sults on the two-phase CRAD with combined multiplier
(GEM/G-APD matrix) and on the two-phase CRAD re-
sponse to neutron scattering. As concerns the second in-
stallation, its basic elements will be refined on with a
view of creation of a draft designing documentation for a
practical two-phase CRAD.
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Besides that, the plasma staff of BINP will be engaged
in the designing and creation of metrological neutron
beams for calibration of dark matter detectors. A prospec-
tive result of this work may be creation of a BINP-based
international metrological neutron center for calibration
of dark matter and low-energy neutrino detectors.

G-APD matrix
_____________________ Anode grid
EL‘ ;‘! Avalanche scintillations in NIR

||||i|ﬁ|||||| THGEM2

THGEMI1

Proportional scintillations

Gaseous Ar . .
in VUV and NIR

Interface grid
Liquid Ar Single e’

Nuclear 1eu01] uua[y scintillations in VUV

sIiE

Radiation (x or WIMP)

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

Study of two-phase Ar CRAD with a practical ac-
tive volume and two-stage and three-stage hybrid mul-
tiplier THGEM/GEM.

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

A two-phase CRAD with a 91 cryogenic chamber
and a combined multiplier (THGEM/G-APD matrix)
was successfully studied in 2012. Its schematic dia-
gram is presented in Fig. 1.8.1, and Fig. 1.8.4 shows
mounting of the two-phase CRAD in the G-APD. Op-
tical reading of signals from the two-stage coordinate-
resolution THGEM was executed with the use of a ma-
trix of 9 G-APDs arranged as a square lattice with 1 cm
spacing at a distance of 7 mm from the last of the
THGEMs. The multi-channel data acquisition system
was based on the VME-standard electronic module
FADC CAEN 1720 (8 channels); reading and writing
of data was performed with the newly-created software
within the package Labview.

Fig. 1.8.5 shows a photograph of the first stage of
unique experimental installation 1 (of smaller size), in-
cluding an experimental two-phase CRAD with a 91
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cryogenic chamber, part of cryogenic and vacuum sys-
tems, and electronics of the high-voltage and data ac-
quisition systems.

/[

{)_' - 4
Fig. 1.8.4.

hoto of assembling of the G-APD matrix at
the stage of mounting of the two-phase CRAD.

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

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

During the measurements we revealed particularities
of operation of the G-APDs (made by CPTA, Moscow)
at cryogenic temperatures. They turned out to fail when
the detector was under a load of X-ray photons in ex-
cess of 100 Hz. This effect is under study now, a tenta-
tive explanation being the large constant of the time for
charging of G-APD pixel after the "Geiger" breakdown
due to a significant increase in the damping resistance
of pixel at cryogenic temperatures.



Fig. 1.8.5. Photo of the first stage of experimental installation 1. Prototype of the two-phase CRAD with a 91 cryogenic
chamber, part of the cryogenic and vacuum systems, and electronics of the high-voltage and data-collection systems.
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Fig. 1.8.6. Typical optical signal from G-APD in a two-
phase Ar CRAD with a combined multiplier (THGEM/
G-APD matrix); the THGEM gain is G = 160 at irradia-
tion with 20 keV X-ray photons through a collimator of 2
mm in diameter.

Fig. 1.8.7 shows the amplitude distribution of the sum
optical signal of the matrix from all active G-APDs (7 of
9) in the two-phase CRAD, from which one can estimate
the light yield of the combined multiplier (THGEM/G-
APD) and therefore the threshold sensitivity of the two-
phase CRAD. One can see that even with such a modest
gain (G = 160) a signal from a 20 keV X-ray photon
yields a substantial optical signal on the G-APD matrix —
of about 100 photoelectrons.
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Fig. 1.8.7. Amplitude distribution of the sum optical sig-
nal from all active G-APDs of the matrix (right) in the
two-phase Ar CRAD, the THGEM gain G = 160, under
irradiation with 20 keV X-ray photons through a collima-
tor of 2 mm in diameter.

300

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

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



APD matrix). In the two-dimensional distribution of re-
constructed events one can clearly see an "image" of the
hole in the collimator. From this image one can assess the
spatial resolution of the detector, subtracting the squared
contribution of the hole size (2 mm). For the Y coordi-
nate, the evaluation yields FWHM = 3.2 mm. Hence, the
contribution of the G-APD matrix into the measurement
accuracy is 2.5 mm (FWHM) or 1.1 mm (standard devia-
tion).
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Fig. 1.8.8. Two-dimensional distribution of events in the
two-phase Ar CRAD as reconstructed from the amplitude
of signals from the G-APD matrix (G-APDs #1-2-3 and #
2-5-8 for the X and Y coordinates, respectively), the
THGEM gain G = 160, under irradiation with 20 keV X-
ray photons through a collimator of 2 mm in diameter.
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Thus, with the help of a unique system for signal read-
ing, namely the combined multiplier (THGEM/G-APD
matrix), and with optical reading in the NIR, we received
a record spatial resolution for two-phase dark matter de-
tectors. Considering that the resolution decreases with the
number of photoelectrons as 1/VNpe, one can make an es-
timate for the above ultimate-sensitivity case, i.e. for re-
lease of an energy of 1 keV and a THGEM gain G = 500.
In this case, the coordinate resolution will be 8 mm
(FWHM) or 3 mm (sigma), which is still at the sub-cm
level, i.e. without a rival among two-phase detectors.

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

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

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

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

o4 a3 o2

Fig. 1.8.9. System of the 4 GEM-based detectors installed
on beam extracted from VEPP-4M.
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There were installed four identical detectors with a
spacing of 30 mm. Three of them were used for the track-
ing, while detector D3 was under investigation. About
200,000 events were collected on a 1 GeV electron beam.
The main parameters studied on the extracted beam were
the efficiency and spatial resolution in dependence on the
gas gain.

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

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



Efficiency

Effective gain

Fig. 1.8.10. Efficiency of GEM-based detector for the
scattered electron detection system vs. gas gain.

The measured spatial resolution was ~ 57 microns. The
result is shown in Fig. 1.8.12, which illustrates the distri-
bution of differences between measured track coordinates
and those calculated from three detectors. Multiplying the
standard deviation of this distribution, 70 microns, by
~1.22, one can obtain the resolution of one detector.
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Fig. 1.8.11. Two-dimensional distribution of coordinates
of tracks in detector D2 that fail to be recorded in detector
D3.

C KoppeKumeit

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

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

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

The works on cryogenic avalanche detectors were sup-
ported by the following grants: in 2009-2012, the federal
target program "Scientific and scientific-pedagogical per-
sonnel of innovative Russia" 2009-2013 (Ministry of
Education and Science contracts P682 and P980); in
2011-2013, RF Government Grant 11.G34.31.0047.



1.9. BELLE EXPERIMENT

1.9.1. Main results.

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

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

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

BINP members take an active part in the upgrade of
the detector and processing of the acquired experimen-
tal data.

Below are given the main results of the year 2012.
The unitarity triangle parameter ¢; was measured by a
model-independent method.

Search for exotic X state decays into various modes
with n, participation (.t'w, .o, e, and ) has
started.
The spin and P parity of the earlier discovered exotic
7Z,(10610) and Z,(10650) states have been determined.
The relative probabilities of the decays
Y(5S)—Y(1S)n and Y(5S)—Y(2S)n have been meas-
ured; the upper limit for the relative probability of the
decay Y(5S)—Y(1S)n' has been determined.
A reliable indication of the existence of the neutral
exotic state Z° (10610) has been obtained.
The Dalitz analysis of the decay B—D*wn was per-
formed. A procedure of signal reconstruction was car-
ried out; the full decay width has been measured; es-
timates for parameters of the decay model have been
obtained.

e The search for lepton flavor violation decays T —1

hh'', where 1=¢, p and h = w, K, was completed.
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Measurement of the relative probabilities and mass
spectra in T decays involving the K’s meson is close
to completion.

Measurement of the probability of the decay
A —pKn" by a model-independent method is un-
derway.

Measurement of neutral D meson mixing parameters
is going on.

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

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

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

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

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

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

1.9.2. Data analysis.

Model-independent measurement of the unitarity
triangle angle @;

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

The most sensitive method of ¢; measurement uses the
decay B*-D'K*, where D" is reconstructed in the three-
particle decay D"—Kgn'n . In this case, parameters of the
D’ decay amplitude are different for the decays of B” and
B (i.e. CP violation is observed). Fitting the event distri-
bution over the phase space of the decay of D” into B” and
B, one can measure the @; parameter. It should be noted
that the traditional analysis uses a model description of
the D decay amplitude, which leads to an additional
measurement error, which becomes comparable with the
statistical accuracy. A group of BINP members has devel-
oped a modified method for @; measurement in which the



phase volume of decay is divided into areas (bins), and
the missing information on the amplitude is obtained from
experiment on the study of quantum correlations of D
mesons in the process e'e” —y(3770)—DD. A study of
DD correlations was performed in 2010 in the CLEO ex-
periment, and in 2012 a BINP group performed analysis
of the data and published the first model-independent
measurement of the ¢; angle in Physical Review D. This
analysis revealed CP violation with a statistical signifi-
cance larger than 99% (see Fig. 1.9.1). The resulting ¢; =
[77 £ 15(stat) & 4(syst) = 4(CLEO)]" is only slightly infe-
rior to the model method in accuracy, but instead of a
hard-to-interpret model error, which is estimated to be as
high as 9°, it has a purely statistical additional uncertainty
of 4°, which can be improved significantly in future.
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Fig. 1.9.1. Results of measurements of the (x,y) parame-

ters of the amplitude D and the angle @; from the decay B
— DK.

Search for X decays into modes with participation of
1. meson

The exotic state X(3872) was first discovered by the
Belle collaboration in 2002 in exclusive decays
B'—»K'n'nJ/y. The mass of this state is close to the
threshold M(D°) + M(D™ ), which led to a conjecture
that X(3872) might be a D°D™ molecule. So, it was
suggested that there may be other similar particles which
are also bound states of D) mesons. If these states exist,
their quantum numbers differ from that of X(3872) and
can be found in decays with participation of 1. meson. A
group of BINP researchers were searching for decays of
an exotic X-like state into various modes with participa-
tion of 1: ncn%’, Ne®, MeN, and ncno. An algorithm was
developed for extraction of events of the decay B*—K"X
with subsequent decay into the above-mentioned modes.
On the basis of events of the signal modeling, optimal
conditions for extraction were selected and detection effi-
ciencies were determined for each of the four decays. For
verification of correctness of the algorithm, a study of the
test decay B*—K*y(2S)—K*(J/yn'mw) was carried out.
No signal has been detected so far in any of the studied X
decay channels (see Fig. 1.9.2), and thus the upper limits
for the corresponding products of branchings of X pro-
duction and decay H were determined. The work is close
to completion and will be published after discussion
within the collaboration.
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Fig. 1.9.2. Distributions of invariant masses of n.t'n (a),
ne» (b), nen (¢) and ne’ (d) in the corresponding decays
B*—>K*X.

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

In 2010-2011, the BINP group in the Belle collabora-
tion performed analysis of data on e'e” annihilation to fi-
nal states of the form Y(nS)n'n’, where n = 1, 2, and 3.
The most important result was the first observation of
charged bottomonium-like states Z,(10610) and
Z(10650). The analysis, however, used a simplifying as-
sumption that contributions in which pions are in an S
wave are dominant in the observed transitions
Y(5S)—Y(nS)n 7. Further development of the amplitude
analysis method allowed the BINP group to do without
the simplifying assumptions and carry out full amplitude
analysis of six-dimensional phase space.

The analysis involves completely reconstructed events
of Y(5S)—Y(nS)n'm’, where Y(nS) is reconstructed in the
channel of the decay Y(nS)—p . For suppression of the
background, the KLM system of the Belle detector should
identify muons reliably. Fig. 1.9.3. presents two-
dimensional M*(Y (nS)1)ax distributions vs. M*(z'n) for
background and signal events in the decay
Y(5S)—Y(nS)n'w.

A substantial contribution to the background of the
processes under study are events Y(5S)—p Wy, in which
the photon is then converted into an e'e” pair. In view of
the smallness of pulses of the tracks, the electron identifi-
cation with the Belle detector has low efficiency in this
case. Such events however can be easily dropped with the
requirement M(n'n) > 0.4 GeV/s®. The distribution of
background events for the remaining part of the phase
space is well approximated with a smooth polynomial
function. One-dimensional distributions by two-particle
invariant masses are shown in Fig. 1.9.4.
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Fig. 1.9.3. Dalitz distribution for background events (a)
and events from the signal area (b) for the decay
Y(58)—Y(2S)n' .

The distribution of signal events over the phase space
for all the three final states is parametrized by the follow-
ing general model:

Ar=Az1 + Az +Ap+Ap + Ang,

where Azjand Az, are the amplitudes of the Y(5S) de-
cay with appearance of intermediate Z states; Ay and Ap
are the amplitudes of the decays Y(5S)—Y(nS)fy(980)
and Y(5S5)—Y(nS)f,(1270), respectively; Axg is the non-
resonant decay amplitude. In the course of approximation
of the experimental data with a combination of signal and
background distributions, the relative phases and contri-
butions of individual quasi-two-particle amplitudes are
determined, as well as the masses and widths of the Z,
states. Each final state is fitted in four different model
versions corresponding to the quantum numbers of Zj
resonances: J* =17, 17, 2" and 2" (the 0" and 0" combina-
tions are forbidden).

The most important result of this work was the deter-
mination of the spin and P parity of previously discovered
exotic states Z,(10610) and Z,(10650) directly from the
data. The best description of the observed distributions of
signal events over the phase space was obtained with the
J* = 1" model. Because of decays of the Y(5S)—Y(nS)r"
form, Z,, cannot be classified as two-quark systems. So,
there must be four quarks at least. The authors of this
work have suggested considering the new states as a
weakly coupled system of B and BL1" mesons for the state
Zy(10610) and a system of B'B11" mesons in for the state
Z(10650). Being in good agreement with all the known
properties of Z, states, this model also predicts new char-
acteristics, some of which can be verified with the statis-
tics already accumulated. The results of the work were
published in Physical Review Letters.
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Fig. 1.9.4. Invariant mass distribution of the Y(2S)n"
(a) and ' (b) systems for events from the signal area for
the decay Y(5S)—Y(2S)n'n". Points: experimental data;
histogram: result of the fit; crosshatched histogram: pre-
dicted level of background events.

Study of the Y(5S)—Y(1,2S)n decays

Transitions between bottomonia with 1 meson are
poorly described theoretically. In particular, the measured
width of the transition Y(4S)—Y(1S)n is two orders
higher than the estimated one. So, measurement of the
probabilities of the Y(55)—Y(1,2S)n decays is of un-
doubted scientific interest. Record statistics of 120 fb™
were collected for e'e” annihilation at the Y(5S) resonance
energy in the Belle experiment.

Completely reconstructed Y(5S)—Y(nS)n events are
used in the analysis; Y(nS) is reconstructed in the
Y(1,28)—p"w and Y(2S)—Y(1S)n'n” decay channel. The
n meson is reconstructed in the final yy and 7'7wn° states.
Suppression of background requires reliable identification
of muons with the KLM system of the Belle detector. The
signal is extracted using the distribution by the difference
between the total energy of a candidate and the collision
energy in the center-of-mass system. The distributions by
the invariant mass of candidates for  mesons are also
used. The corresponding distributions are shown in
Fig.1.9.5.

As a result, the following decay probabilities were
measured:

Br[Y(5S)—Y(I1SM] = (7,3 + 1,6 £ 0,8) 10,

Br[Y(5S)—Y(2SM]=(38 £4 £ 5) 10, and

Br[Y(58)—Y(1S)n'] < 1,2x10™ (90% CL).



These results were presented at international scientific
conferences and are being prepared for publications in a
peer-reviewed journal.
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Fig. 1.9.5: (a) n—n'nn’ candidate missing mass distribu-
tion. (b) n—vyy candidate invariant mass distribution. His-
togram: data; solid curves: result of approximation; dotted
lines: contribution of background events.

Discovery of the exotic state Z"(10650)

In 2011, in the course of analysis of Y(5S)—Y(nS)r'm
decays, BINP members discovered two exotic charged
states: Z'(10610) and Z7(10650), which decay into
Y(nS)n". A model was proposed that describes the new
states as a bound system of BB" u B'B" mesons for
7(10610) and Z(10650), respectively. This model de-
scribes well the observed properties of the Z states.

To verify this model, BINP members carried out a
search for and amplitude analysis of the
Y(58)—Y(@nS)n’n’ decays. Y (nS) is reconstructed in the
Y(1,2S)—p'w,e’e and Y(2S)—Y(1S)n'n decay channel.
The n0 mesons are reconstructed from a pair of photons.
Muons are identified with the KLM system of the Belle
detector; photons are reconstructed and electrons are iden-
tified using an electromagnetic calorimeter. Events that
meet the energy-momentum conservation laws are se-
lected. The quantity of signal events is determined from
fitting of missing mass distribution to two n° (see
Fig.1.9.6).
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Fig. 1.9.6: n’n” system missing mass distributions for
Y(nS)n’n’ candidates, (a) Y(nS)—u'w, (b) Y(nS)—e'e.
(c) Y(1S)n'm invariant mass distribution. Histograms: ex-
perimental data; solid curves: result of approximation;
dotted lines: contribution of background events.
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Thus the following decay probabilities were measured:
Br[Y(58)—Y(1S)n’n’] = (2,25 + 0,11 £ 0,20) 10~ and
Br[Y(58)—Y(2S)n’n’] = (3,66 + 0,22 + 0,48) 10~

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

A=Az + Az + Ap T+ Ap TANg,

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

Dalitz analysis of the B—>D*on decay

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



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

At this stage, a parametrization of the matrix element
for the B»>D*wn decay was proposed; the angular distri-
butions of the final particles of the decay were investi-
gated. The results of this study have been published in
Journal of High Energy Physics. In addition, the signal
reconstruction procedure was completed; the total decay
width has been measured; estimates of parameters of the
decay model were obtained. For extraction of the signal
model parameters, an unbinned fitting to experimental
data has been perfromed. Fig. 1.9.8. presents the results of
the fitting for the invariant masses of the D*= pair and the
on pair. This work is close to completion, and will be
published after discussion within the collaboration.
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Fig. 1.9.8. Results of signal area fitting in the Dalitz
plot. (a) D*r mass distribution, (b) om mass distribution.
Dots: experimental data; shadowed histogram: back-
ground contribution to the signal area; dotted histogram:
signal component of the fitting; black histogram: com-

plete result of the fitting.
Studies of t-lepton decays

The search for T—1 hh' decays violating the lepton fla-
vor was completed. Here | = e, p and h =z, K (in total, 14
different decay modes). This analysis was carried out with
statistics corresponding to 854 fb™', or 782x10° pairs of -
leptons produced. In all but two modes, the desired signal
does not exceed the predicted background, which allows
setting upper limits for the relative probabilities of corre-
sponding decays — B(t—¢hh') < (2,0 — 3,7)x10%, B(t
—phh') < (2,1 — 8,6)x10™® — at a 90% confidence level.
These limits are 1.8 times higher than the previous results
of Belle and more powerful than those obtained by BaBar.
This improvement was achieved due to larger statistics,
stronger suppression of background processes and more
efficient selection of events. The results are shown in Ta-
ble (1.9).1. Preliminary results of this work have been
published in Nuclear Physics B. The final results have
been presented in Nuclear Physics B.

The measurement of relative probabilities of decays
and mass spectra in T decays involving the K’s meson is
close to completion. In this case, the analysis used statis-
tics corresponding to 669 fb”', or 616x10° pairs of 1-
leptons produced. As a result, on the basis of the effec-

tiveness matrix, the relative probabilities of the inclusive
T-K%X v, decay and six exclusive decays — T—-K%mv,,
r'—>KOSK'vT, ’E_—>TEOK051t_VT, r'—>1t0KosK'vr, t'—»KOSKosn'vT,
and T KK mn’v, — were determined. Finally, with the
use of the procedure of elimination of detector effects, the
invariant mass spectra for the oK%y, and T
—1’K%Kv, decays were found (see Fig. (1.9).9). Pre-
liminary results of this work can be found in Nuclear
Physics B. The final results will also be published in the
very near future.

Table 1.9.1. Upper limits for each of the modes studied.
The table presents the signal efficiency (g), number of ex-
pected background events (Npg), total systematic uncer-
tainty (o), number of events observed in the signal area
(Nops), upper limit at a 90 % confidence level for the
number of signal events including systematic uncertain-
ties (sgp) and upper limit at a 90% confidence level for the
relative probabilities of decays (B) for each decay mode.

n]z) ‘:]c:y (,,Z ) Nic E’O/Vo; Nows | Soo | B(107%)
Tounn | 583 | 0,63£0,23 | 5,7 0 | 1,87 2,1
Tou'nn | 6,55 | 0,33£0,16 | 56 1 | 401 3,9
Toen'n | 545 | 055023 | 57 0 | 1,94 2,3
Toe'nn | 656 | 037+£0,19 | 55 0 | 210 2,0
T K'K | 2,85 | 0,51+0,19 | 6,1 0 | 1,97 4.4
TP KK | 2,98 | 025+0,13 | 6,2 0 | 221 4,7
T—e K'K | 429 | 0,17+0,10 | 6,7 0 | 229 34
T—e'KK | 464 | 0,06+0,06 | 6,5 0 | 239 33
Tou K | 2,72 | 0,72+028 | 6,2 1 | 3,65 8,6
T—en'K | 3,97 | 0,18+0,13 | 6,4 0 | 227 3,7
T-uK'n | 2,62 | 0,64£023 | 57 0 | 1,86 4,5
t—oeK'n | 407 | 055031 | 6,2 0 | 1,97 3,1
T’ K | 2,55 | 0,56+021 | 6,1 0 | 193 4.8
T—e'Kn | 400 | 046021 | 6,2 0 | 203 32

34




4
= I
35000: (a) B
30000}~ +
- ¥ L
3 '
5 280001 ol
o E o Ko
< 20000F a T Kgaly
— * *
g E o
3 15000[-
<] -
10000
5000 e
O G2 P N PR P (OO PO O
08 09 1 11 12 13 14 15 16 1.7 1.8
M. 0 (GeV/c?)
16000
o 1t
F i
14000:(b) f“ "
b f
12000~ :
o 1 +
F 1 +
5 10000k '
o k + -l
2 sooob t 2 T K Kenvy
€ 4 i
@ 5000 L
z '
u : f
4000
s '
2000 ’
N TN P PPN PP S DL 7N, PP
11 12 13 14 15 16 17 18 19 2

2
My o (GEV/C?)

Fig. 1.9.9. n°K’%mn(a) and n’K’K" (b) invariant mass
spectra in t-lepton decays.

Model-independent measurement of the relative
probability of the A, —pKn" decay

The absolute value of the relative probability of the
A —pKn" decay is an important factor for the theory of
physics of heavy quarks because the probabilities of most
other A, baryon decays were experimentally measured
relative to this mode. The absolute probability of the
A —pKn" decay (5.0 = 1.3)% has a large uncertainty
(26%), mainly because of the dependence of the meas-
urements on theoretical models. BINP members have de-
veloped a model-independent method of measurement of
the probability of the A, —pKn" decay. This method is
based on the followmg two ways of extraction of exclu-
sive e'e—A. p D’ and A/’ pa' D™ processes: (1) re-
construction of A.” in the recoil mass (Fig. 1.9.10 (a))
and (2) full reconstruction of the desired process with A"
detection in the invariant mass of pK'n' from a peak at a
zero in the recoil energy (Fig.1.9.10 (b)). The ratio of sig-
nal events in (2) to those in (1) gives the desired result
with an error of about 10% (with due account of system-
atic uncertainties). This work is close to completion and
will be published after discussion within the collabora-
tion.
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Model-independent measurement of D meson mix-
ing

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



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

1.9.3. Upgrade of the detector

The upgrade of the detector (Belle II) and the collider is
underway. The goal is to increase the facility luminosity
up to 8x10”> cm™s”. The new experiment will allow
measuring all the angles of the unitarity triangle with ac-
curacy of up to a few percent, and perhaps going beyond
the Standard Model. Besides the study of the CP violation
mechanism, the huge amount of data obtained in this ex-
periment will yield new results on the physics of decays
of B and D mesons and t-lepton.

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

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

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

In 2012, BINP completed the development of a VME-
standard shaper-digitizer and placed an order for 100 such
modules (see Fig. 1.9.12). This module is the basic unit of
the new electronics system. It is used for shaping signals
from counters, digitizing of the signal shape every 0.5 us
and subsequent digital processing with reconstruction of
the amplitude and time of arrival of signal. In addition,
the module generates a fast analog signal for use in the
neutral trigger system. Testing of the modules proved
their functionability and compliance of measured parame-
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ters with the expected ones. In 2012, an order for mass
production of shaper-digitizer modules was placed. 100
such boards will be made by April 2013.

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

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

check of operation of all ADC bits;

check of the programmable logic integrated cir-
cuit;

identification of signal shape in 16 spectrometer
channels and retrieving of parameters of a func-
tion that describes this shape;

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

measurement of coherent and incoherent noise;
measurement of the conversion factor and
nonlinearity of the spectrometric channel and
the trigger ones;

serviceability testing and measurement of the
range of adjustment of attenuators of the trigger
channel.



Shaper DSP

16 preamplifiers

)

FAM(new EBM)

Collector

Fig. 1.9.13. Scheme and appearance of the stand for test-
ing of modules of the shaper-digitizers.

Checking one module takes about twenty minutes, after
which a graphical representation of the measured data is
output (see Fig. 1.9.14), as well as a list of parameters that
failed to meet the specifications.

Based on 12 modules, a stand was created for checking
the counters of the cylindrical calorimeter (see
Fig.1.9.15). The stand allows measuring 184 counters of
the calorimeter. We measured the noise level, response to
calibration signal and position of a peak corresponding to
the maximum possible energy release of minimum ioniz-
ing cosmic particles. Sequentially switching the stand to
the 36 stations of the cylindrical calorimeter over a period
of three months, we have tested all the counters. As a re-
sult, 10 damaged cables were revealed. The cables were
repaired. All the counters turned out to be serviceable.
Measurement results are shown in Fig. 1.9.16.
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Fig.1.9.14. Example of graphical representation of infor-
mation from the stand for testing shaper-digitizer mod-
ules.
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Fig.1.9.15. Scheme and appearance of thestand for

testing of the counters of the cylindrical calorimeter.
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Fig. 1.9.16. Energy release spectrum of minimum ion-
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Besides the designing of the shaper-digitizer module, a
team of BINP experts in electronics has developed a new
version of the collector module with logic allowing work
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with high-speed (gigabits per second) data exchange. The
new module has been fabricated and is under testing now.
BINP members have developed mechanical and electri-
cal specifications for the new VME crate (see Fig.1.9.17)
for operation of 12 shaper-digitizer modules with no in-
crease in noise. One crate has been manufactured and
tested. Measurements performed with this crate have
made a basis for improvements in the design. An order for
mass production of such crates is being prepared now.

Fig. 1.9.17. Appearance of the VME crate
rimetry electronics.

for calo-

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

A scheme of the irradiation setup is shown in Fig.1.9.18
(a). The crystals were irradiated with bremsstrahlung pho-
tons produced on a lead converter by 1.4 MeV electron
beam from the first industrial accelerator ELV-6, built
and working at BINP. The average photon energy was
about 0.4 MeV (see Fig.1.9.18 (b)). Crystals irradiated
with such photons from both sides, the dose heterogeneity
does not exceed 20%. The absorbed dose was measured
with a counter on a small (2x 2x1 cm) CsI (T1) crystal.

The total dose to be received by the counters during the
operation of the detector is expected to be about 10 krad.



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

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

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

Experiments with the BABAR detector were
conducted on the e’e” collider PEP-II at SLAC (USA)
from 1999 to 2008. Data collected in the experiment are
being processed now. The BABAR collaboration consists
of about 300 physicists, representing 72 institutions of 12
countries, BINP members among them. In 2012, the
collaboration published 32 articles (30 papers in 2011).
The total number of publications is 504.

The main objectives of the BABAR experiment are the
research on CP violation in decays of B mesons, precise
measurement of decays of B and D mesons and 7 leptons
and search for their rare decays. Though the detector and
collider have been optimized for research on CP
asymmetry, the potential of investigation into other
processes was not reduced.

BINP participants of the collaboration are engaged in
the analysis of measurements of the V,, element of the
CKM matrix, measurements of the cross sections of the
e’e  annihilation into hadrons by the radiative return
method and research on two-photon processes with
registration of scattered electrons.

The radiative return method was developed by BINP
members. It consists in the registration of processes with
hard photon emission from initial particles and the
residual energy thus being spent on production of hadrons
at lower energies, to the production threshold. This allows
one to study the exclusive processes of e'e” annihilation
into hadrons in the hadron mass range from the threshold
to 6.5 GeV/c’.

Analysis of the e’e’ — p [Ip process from the
complete statistic (about 500 fb™') that was acquired in the
BABAR experiment was completed in 2012. The analysis
was performed by the radiative return method. The cross
section was measured from the reaction threshold to 4.5
GeV. Below 3 GeV, this is today’s most accurate
measurement. The effective electromagnetic form factor
of proton was derived from the measured cross section.
The measured dependence of the form factor on the
invariant mass of the p [lp pair is shown Fig.1.10.1 in
comparison with data of previous experiments. The form
factor growth near the threshold of the reaction, which
was discovered earlier in the experiment PS170 at the
facility LEAR (CERN), was confirmed. At higher
energies, the energy behavior of the form factor is
complicated. In three areas — near 2.2 GeV, 2.55 GeV,
and 3 GeV — there was revealed a stepwise decrease in the
form factor and cross section with energy growth. No
theoretical explanation to such behavior has been found
yet.

In the analysis of the angular distribution of proton, the
ratio of the electric and magnetic form factors was
measured. The dependence of the forms factors on the
invariant mass of the p [Ip pair is presented in Fig.1.10.2.
Near the threshold, below 2.1 GeV, this ratio turned out to
exceed 1 by far, which contradicts the measurement of the
PS170 experiment. The asymmetry of angular distribution
of proton was also measured. It was found to be small,
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- 0.025 £+ 0.014, and compatible with the zero value with
the available level of accuracy.
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Fig. 1.10.1. Effective form factor of proton as measured in

the BABAR experiment and other e'e¢ and p [p

experiments for p [p invariant masses from the threshold

to 3.01 GeV/c? (a) and for masses of 2.58 to 4.50 GeV/c?

(b).

Currently, BINP physicists are analyzing the higher-
accuracy measurement of the V,, parameter. Works on the
measurement of the cross sections by the radiative return
method are going on.
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Fig. 1.10.2. Ratio |GE/GM| as measured in the BABAR
experiment (black circles) vs. invariant mass of the p [Ip
pair. The empty circles show results of a previous
measurement in the experiment PS170 at the facility
LEAR (CERN).



1.11. PARTICIPATION IN THE ATLAS EX-
PERIMENT AT THE LARGE HADRON
COLLIDER (LHC)

In 2012 the detectors ATLAS and CMS collected sta-
tistics at world highest energy of colliding protons, 8 tera-
electron-volt (TeV) in center of mass system. By begin of
July, 6 inverse femtobarn (fb™') were acquired, a little bit
more than in full 2011 year at energy of 7 TeV. In total 20
fb"! were accumulated in 2012.

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

The Higgs boson was proposed by theorists for sim-
plest realization of the electroweak symmetry breaking as
far back as in 1960s. The strength of interaction of the
Higgs boson with other fundamental particles depends on
the Higgs boson mass. Unfortunately, both theoretical
considerations and results of previous experiments im-
posed quite weak constraints on its value, and it was nec-
essary to perform a search in a wide mass region (see Fig.
1.11.1).
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Fig. 1.11.1. Combined (over three Higgs boson decay
channels, H—yy, H->ZZ*—4] u H->WW*—lvlv) upper
limit (at 95% confidence level) on p value (the ratio of
measured cross section to expected in the Standard
Model). The mass interval 111-559 GeV is excluded, ex-
cept the region 122-131 GeV, where significant excess of
the signal over expected background is observed.
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Two factors, hampering the search for the Higgs boson
(in addition to small production cross section), are large
background for highly probable decay modes (e.g. in two
photons, Fig. 1.11.2) and small branching ratio for more
“clean” channels (e.g. with four leptons in the final state,
Fig. 1.11.3).
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Fig. 1.11.2. The distribution over the two-photon invari-
ant mass m,,. In bottom inset the fit of the signal after
subtraction of the background (which was approximated
by fourth order polynomial) is shown.
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Fig. 1.11.3. The distribution over the four-lepton invariant
mass my, for selected events-candidates. Blue histogram
shows expected signal for the Standard Model Higgs
boson with a mass of my=125 GeV.

By the end of 2012, the existence of the new boson
should be considered as firmly established. The probabil-
ity of background fluctuation is estimated as 2.8-10" for
decay into two photons (2.1-107 for decay into four lep-



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

The search for new physics is not at all exhausted by
Higgs bosons. In particular, BINP physicists continued to
search for heavy neutrino in the channel with leptons and
hadronic jets in the final state. Two theoretic models were
examined — Left-Right Symmetric Model, in which the
neutrino is generated by hypothetic right vector boson
Wk, and the model with virtual W boson Standard Model.
The world best upper limits are set on masses (up to the
level of 1.5 TeV), production cross sections and coupling
constants of heavy neutrinos. Based on these results, K.
Skovpen has defended the PhD thesis. The analysis of 8
TeV data is continuing. But further significant improve-
ment is possible only after the increase of the energy of
colliding protons in the LHC (as mentioned above, it is
planned in 2015).

In total, the ATLAS collaboration with participation of
BINP authors has published 227 papers, based on colli-
sions data (2010-2012), including 128 papers in 2012.

The work on support and development of the computing
infrastructure and software is constantly under way.
Thanks to 10-gigabit network, BINP physicists are able to
run jobs in NSU and SB RAS computing centers (the vir-
tualization technology based on KVM platform is used).

Since 2007 BINP experts continuously participate in
activities of the Trigger and Data Acquisition Sysadmins
group, dealing with maintenance and development of the
hardware and software for High Level Trigger (HLT),
Event Builder and other parts of the Data Acquisition
System. The equipment includes about 2300 network
booted servers (in total, about 17000 CPU cores), 50
servers supporting the ATLAS control room, and many
other units of the experiment’s IT infrastructure.

Of great importance is the work on the support and ad-
ministration of the ATLAS central computers (~300
units), located in CERN main computer building. They
ensure smooth uninterrupted operation of critical services
— numerous components of ATLAS distributed comput-
ing system, data bases, detector’s electronic logbook, data
quality monitor, event display etc.
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Since 2008 BINP programmers have made and continue
to make significant contributions into creation and ad-
vancing of important services and applets to manage the
ATLAS Distributed Computing system (ATLAS GRID):
Data Replication Monitoring and ATLAS GRID Informa-
tion System (AGIS).

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



1.12. LHCB EXPERIMENT

1.12.1. Technical support forthe LHCb detector.

The data flow from the LHCb detector, which is re-
corded for subsequent storage and processing, consists
of about 50 kB of events, which pass through the high-
level trigger (HLT2) with a frequency of about 4 kHz.
Thus, the flow of data to store is about 200 MB/s or
2000-3000 TB per year of operation. This volume is
too large to process in each specific analysis. Instead of
it, centralized preliminary offline selection of events
(the so-called "stripping") is applied in the LHCb ex-
periment. Around 10% of events are selected from the
total data volume and then recorded in a few (5-8)
flows. Thus, each flow has a much smaller amount of
similar events (e.g. one flow can group all channels
with muons in the final state or events from D meson
decays), which can be really processed in the GRID
system in a relatively short time. In addition, after the
"stripping", data already contain information about
candidate particles and their combinations, which sig-
nificantly reduces the time for processing and obtain-
ing a physical result. This approach has a disadvantage
of certain pre-selection to perform already at the data
collection stage. The problem is partially solved vie in-
clusive selections (for example, of muons with large
transverse momentum, "topological” selections, and so
on).
The BINP group is responsible for developing and
supporting the software environment which provides
pre-selection of events ("stripping") following the se-
lection criteria description specified by developers of
physical analysis. Environment for "stripping" allows
simultaneous operation of several hundreds of physical
event selection processes, sends events for recording
into multiple data streams, and contains modules for
adjustment of selection criteria and monitoring of re-
sults. In addition, the BINP group participates in the
support for pre-selection for analysis of angle y meas-
urement in tree-level decays of B mesons. These selec-
tions cover channels of decay of b mesons and b bary-
ons into open-charm states.

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

1.12.2. Physical results.

The research program of the BINP group in the LHCb
experiment is focused on the observation of effects be-
yond the Standard Model of electroweak interactions. A
particular task within this general project is precision
measurement of parameters that are sensitive to CP viola-
tion—unitarity triangle angle y and parameters of D meson
mixing. Spectroscopy of heavy hadrons is a separate task.
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At present, the data volume for the year 2011 with an
integrated luminosity of 1 fb™' is available for analysis.
The corresponding number of detected B meson decays in
the main channel exceeds the statistics collected in ex-
periments on the Tevatron collider, and for many decay
channels exceeds the B meson statistics acquired on the
electron-positron B factories.

CP violation

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

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

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

Another way of y measuring involves the process
B—DK, where D decays into the three-particle state
Kat'n or KKK, In this case a model-independent modi-
fication of this method was applied, in which the theoreti-
cal uncertainty associated with the amplitude of the D de-
cay is completely eliminated due to the use of the CLEO
experiment data on the threshold of production of DD
pairs. This method was developed and first used in analy-
sis of the Belle experiment data. Now it is applied to the
LHCb experiment with significant contribution of the
BINP group. y angle restrictions resulting from analysis
of D—hh and D—KShh in the LHCb experiment are
shown in Fig. (1.12).1. Combination of all the measure-
ments in the B—>DK decays yields y = (717"7_15)° (see Fig.
(1.12).2), which is comparable in accuracy with the final
results of experiments on the B factories.



Another process that is potentially sensitive to the y an-
gle is the process B,—D"K'K", which was recently dis-
covered in the LHCb experiment.
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Fig.1.12.1. Results of y measurement in the decays
B—DK with D—hh (ADS and GLW) and D—Kghh
(GGS2).
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Fig.1.12.1. Results of y measurements in the LHCb ex-
periment (combination of all measurements in the process
B—DK).

Spectroscopy of heavy hadrons

Today the LHCb detector provides an opportunity to
study a large number of decays of A, baryons, which can
be used for analysis of spectroscopy of heavy baryons
containing the b quark. BINP members completed analy-
sis of the Ay 'spectrum, which resulted in discovery of
two excited A, baryon states, A, (5912) and A, (5920).
According to the quark model predictions, these states are
radial excitations of A, with spin 1/2 and 3/2, respec-
tively. The significance of the observation of the new
states is 5.2 and 10.2 standard deviations for A, (5912)
and A, (5920), respectively. Masses of the discovered
particles have been measured: M[A,, (5912)] = 5911.97 +
0.12(stat.) + 0.02(syst.) = 0.66(A, mass) MeV/c?,

M[A, (5920)] = 5919.77 + 0.08(stat.) = 0.02(syst.) =+
0.66(A, mass) MeV/c?.
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1.12.3. Review of the LHCb results and planned
upgrade.

In 2012, the LHCb collaboration with participation of
theorists published a review of the LHCb results on the
study of rare decays of mesons and CP violation in the
system of B and D mesons. In addition to discussion of
the most significant LHCb results and their theoretical in-
terpretation, that review presented plans for upgrade of
the detector, which is scheduled for 2018, and the ex-
pected physical results.

1.12.4. Modeling radiation environment in the
detector area

This work was carried out in the following three direc-
tions:

1. porting of the existing simulation in the FLUKA en-
vironment from the local machine to the GRID computing
system, using the GANGA framework (hereafter referred
to as FLUKA, GRID and GANGA),

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

3. creation of documentation.

Porting of simulation in the FLUKA system to
GRID

Based on the existing scripts, new ones have been de-
veloped, which are adapted to the specific simulation
(magnetic field maps have been added) and easier to use.

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

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

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

In the new system, random seeds are taken from a file,
which allows fine tuning of the behavior and elimination
of possible intersections of sequences of random num-
bers. If there is no file of seeds, a rollback to the previous
scheme occurs.



Besides that, the FLUKA distributive that is used on
GRID was updated to the new version (FLUKA has a fea-
ture of older versions turning off in a few years).

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

Visualization of results

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

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

The framework WT is worth a special mentioning. This
framework allows writing web applications in C++ using
the signal-slot paradigm and a set of web widgets, similar
to how this is done in the framework QT. The framework
WT performs all the work on generation of a valid HTML
and Javascript code for the page to be shown to the user.
The resulting executable module can contain a simple
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embedded web server or be connected to popular web
servers (Apache or Lighttpd) via the FastCGI interface
(the current project used the latter scheme).

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

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

The requirements list included the following:

* a cross-section of histogram on one of the XYZ axes
at a given point and visualization of the resulting two-
dimensional histogram in a color scale mode.

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

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

» retention of image's proportions (‘Keep aspect ratio’);

* possibility of setting a multiplier (‘Number of colli-
sions’);

* catalogue of histograms with the possibility of selec-
tion from it (‘Choose map’).

A result of job completed is shown in Fig. 1.12.3. In
addition to the requirements list, the following several
useful features were implemented:

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

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

* the axes can be inverted (‘Invert axes’);

« the statistics panel can display the minimum, average,
and maximum values over a two-dimensional cross sec-
tion (‘2D-plane’), as well as on a selected volume (‘3D-
box’);

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

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

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



Creation of documentation https://twiki.cern.ch/twiki/bin/view/
LHCb/LHCbFlukaGanga/

All source codes of the web-based application and as well as the assembling and setting up the web-based
GRID simulation scripts have been laid out in the system  visualization of simulation results:

for control of versions https://twiki.cern.ch/twiki/bin/view/
/afs/cern.ch/lhcb/software/GIT/curie.git/. This system LHCb/LHCbFlukaResults/
is accessible for all the CERN staff.

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

late on GRID:
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Fig. 1.12.3. View of the web application in operation.
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2.1. EXPERIMENTS WITH
INTERNAL TARGETS

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

R = ce+p/Ge_p

It is well known that measurement of R makes it pos-
sible to determine the contribution of the two-photon ex-
change (TPE) into this process. The revival of interest in
the two-photon exchange is associated with the fact that
information on TPE may explain the dramatic difference
in the results of recent experiments on the proton form
factors that were carried out in TINAF (the U.S.) by the
polarization method with the results of earlier, non-
polarization measurements, in which the proton form fac-
tors were determined via analysis of differential cross sec-
tions of the reaction under the assumption of validity of
single-photon approximation.

The allowance for TPE corrections, however, faces
both theoretical difficulties (there are no generally ac-
cepted correct calculations because of the complexity of
taking into account of excited states of proton in the in-
termediate state) and experimental ones. Attempts to de-
termine the TPE contribution into the scattering cross sec-
tion were made in the 70s, but either the statistic and sys-
tematic accuracies were bad or the angles of scattering of
electrons/positrons were small (the TPE contribution
should be very little in this case).

In 2009, R measurements were carried on VEPP-3 at
an positron/electron beam energy of 1.6 GeV in two areas
of the angle of et/e- scattering: 16-23 and 56-75 degrees.

To extend the kinematic range of measurements it was
suggested to perform data acquisition at a lower elec-
tron/positron energy with simultaneous increase in the
angle of particle scattering.

In this case, the R value was expected to be close to
that in the experiment in 2009. The statistical accuracy of
the new measurement, however, was expected to be much
higher.

Statistics gathering in the new kinematic region — at a
beam energy of 1 GeV and electron/positron scattering
angles of 67-105 degrees began in late September 2011
and ended in March 2012. Fig.2.1.1 presents the course of
data gathering in time. The integral of the elec-
tron/positron beam current on VEPP-3 reached almost
100 kC, and the integral luminosity was up to 600 pb™.

Table 2.1.1 shows the main stages of the experiments
on R measurement on VEPP-3, and Fig.2.1.2 demon-
strates their preliminary results. The figure also presents
the known world data and results of some theoretical cal-
culations
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Fig. 2.1.1. Beam current integrals accumulated over a
shift (histogram) and total beam current integral vs. time
(solid line).

Then statistics gathering was started at a beam energy of
0.6 GeV. It was, however, interrupted.

Table 2.1.1. Stages of the experiment on R measurement
on VEPP-3.
Milestones of the Novosibirsk experiment
® The proposal was published (Aug 2004): nucl-ex/0408020

ange and elastic scattering of
ey, R... Holl, D.M. Nikolenko, LA. Rach

ns/positrons on the proton. (Proposal for an experiment at VEPP-3).
hestakov, VN Stibunov, D K. Toporkoy, H. de Vies. Aug 2004. 13 pp.

o Data taking:

Run Duration Epeam.  Number of [ luminosity,
GeV  e'+e cycles pb~?
Engineering run May-Jul 2007 1.6 90 12
Run | Sep—Dec 2009 1.6 1100 324
Run Il Sep 2011 - Mar 2012 1.0 2350 600
Run 111 Apr 2012 0.6 220 18

® Some preliminary results were published (Dec 2011): arXiv:1112.5369
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Fig.2.1.2. Preliminary results of the R measurements on
VEPP-3 (red circles), known world data (green squares,
triangles and crosses), and results of some theoretical cal-
culations (curves).

We note that the accuracy of our results is much better
as compared with the world-famous data: experimentally-
determined TPE contribution to the elastic (ep) scattering
is rather large; calculations made by P.G. Blunden, et al,
2005 (which are recognized as the most correct so far) are
in agreement with our data. As a result, the known con-
tradiction in the measurements of proton form factors by
different techniques may be eliminated.



Completion of the data analysis is planned for 2013.

It should be noted that two similar experiments have
already been conducted in the world. Those are measure-
ments on the CLAS detector, TINAF (U.S.) and the stor-
age ring DORIS, Germany, OLYMPUS collaboration. No
information on results of these experiments is available
yet.

I1I. During the summer stop of the acceleration complex,
the detector and the target of the experiment on R meas-
urement were dismantled and the mounting of equipment
for research on coherent photoproduction of neutral pion
on tensor-polarized deuteron was started (Fig. 2.1.4).

- GEANT4
Fig. 2.1.4. Scheme of the detector for the experiment on
coherent photoproduction of neutral pion on tensor-

polarized deuteron on VEPP-3.

This is one of the most important processes in nuclear
physics; it provides valuable information about the struc-
ture of the pion-nucleon and nucleon-nucleon interaction.

Although theoretical studies of this reaction, with pre-
dictions for the differential cross sections and various po-
larization observables, have been carried out for a long
time with the use of diverse approaches to description of
the process, detailed experimental data on the cross sec-
tions appeared only in recent years.

As concerns polarization observables, there are some
measurements of £ asymmetry. There were no data at all
on T,; (tensor analyzing power in the reaction) before our
data appeared (JETP Letters, 89 (2009) 518).

The upcoming experiment will significantly improve
the measurement accuracy as compared with the previous
data, which will enable assessment of correctness of the
theoretical predictions (Fig. 2.1.5).
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toproduction of neutral pion on deuteron (red circles), re-
sults of previous measurements (blue squares), and some
theoretical predictions (curves).

II. Works on the creation of a system for quasi-real pho-
ton tagging (SPT) on VEPP-3 continued. The SPT will
significantly enhance the research on photoreactions on
VEPP-3 and attaining a photon energy of 1.5 GeV. Fur-
thermore, it will be possible to determine the transverse
polarization of a substantial portion of photons and thus to
carry out experiments with double polarization. It should
be noted that, apart from obtaining new data on deuteron,
it will be possible to expand these measurements on neu-
tron.

All first-stage orders have been executed. As for the
SPT detectors, the first version of a GEM-based detector
and its electronics were successfully tested. It is planned
to prepare the SPT for the first test on VEPP-3 and then to
carry out this test in autumn 2013.

Creation of detectors for an experiment on the photo-
disintegration of deuteron with the use of SPT at photon
energies of up to 1.5 GeV was started.

IV. During intervals between the experiments, some
works were carried out on improvement of the target. For
instance, a stand was constructed for investigation into the
effects that reduce polarization of the target and search for
ways to suppress them.

It was suggested to change the procedure of applica-
tion of coating on the cell for protection of atoms from
de-polarization. A stand was made for fixation (heating in
vacuum) of coating on the storage cell. It was made all-
metal (with metal seals) for prevention of contamination
of the coating with gassing from rubber seals. An ion
pump with nitrogen trap pumps out the volume. Meas-
urements have shown that with such coating the portion
of recombinating atoms on the surface of the cell (an
atom in the cell experiences on average about 200 colli-
sions with the walls) was 0.29 - 0.08, which is close to the
known data.

The source of polarized deuterium atoms was up-
graded, i.e. a stage of intermediate pumping out was
added between the skimmer and the wall of the supercon-
ducting sextupole magnet. The superconducting sextu-
pole magnet has a temperature of 4.2 K and therefore is a



cryopump. A TMN-1500 turbomolecular pump was used.
Creation of this system made it possible to investigate an
interesting and little-studied phenomenon - formation of a
free-molecule regime from a transition gas flow (between
a continuum flow and a free-molecule one). As for the
impact of the additional pumping on increase in the inten-
sity of the atom stream from the source of polarized at-
oms (SPA), it was ineffective.

The stray flux of molecules from the SPA into the stor-
age cell, which decreases polarization of target, was
measured. It was quite small - less than 3% of the inten-
sity of focused atom beam.

It is now generally recognized that the intensity of
SPA is limited to ~10'" atoms/sec, which is insufficient
for many experiments with polarized targets. Production
of polarized orthohydrogen via spatial separation of hy-
drogen molecular beam due to interaction of nuclear mo-
ments with inhomogeneous magnetic field is being exam-
ined. It is suggested to demonstrate the capabilities of this
method using an existing SPA with superconducting sex-
tupole magnets with a magnetic field of about 4 T.

The experiments with internal targets are carried in col-
laboration with groups from Tomsk, St. Petersburg,
NIKHEF (Netherlands) and ANL (USA).
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3.1. CP NONCONSERVATION

Difference between radiative transition rates in atoms and
antiatoms
A.D.Dolgov, I.B. Khriplovich, A.S. Rudenko
JETP Letters 96, No. 7, 421-423 (2012)

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

3.2. GRAVITY

Gravitational four-fermion interaction on the Planck scale
[.B. Khriplovich
Phys. Lett. B 709, Iss. 3, 111-113 (2012)

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

Cosmology constrains gravitational four-fermion
interaction
I.B. Khriplovich and A.S. Rudenko
JCAP11 (2012) 040

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

3.3. QCD

Check of the gluon-reggeization condition in the
next-to-leading order: Gluon part
M.G. Kozlov, A.V. Reznichenko, V.S. Fadin
Physics of Atomic Nuclei, Volume 75, Issue 4, pp
493-506, April 2012

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

Impact factor for gluon production in multi-Regge
kinematics in the next-to-leading order
M.G. Kozlov, A.V. Reznichenko, V.S. Fadin
Physics of Atomic Nuclei, Volume 75, Issue 7, pp
850-865, July 2012

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

Colour-octet bound states, induced by Higgs mechanism,
S. Bladwell, V. F. Dmitriev, V. V. Flambaum, A. Kozlov
arXiv:1212.5416.

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

Decays of Fourth Generation Bound States
V. F. Dmitriev, V. V. Flambaum
International Journal of Modern Physics A Vol. 27 (2012)
1250179.

We consider the decay modes of the heavy ¢’¢’ bound
states originating from Higgs boson exchange between



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

Evolution equation for 3-quark Wilson loop operator.
R.E. Gerasimov, A.V. Grabovsky.
arXiv:1212.1681 [hep-th]

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

BFKL equation for the adjoint representation of the gauge
group in the next-to-leading approximation at N=4 SUSY
V.S. Fadin and L. N. Lipatov
Phys. Lett. B 706 (2012) 470-476.

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

Connection between complete and Mobius forms of gauge
invariant operators
V.S. Fadin, R. Fiore, A.V. Grabovsky and A. Papa
Nucl. Phys. B 856 (2012) 111-124.

We study the connection between complete representations
of gauge invariant operators and their M6bius representa-
tions acting in a limited space of functions. The possi-
bility to restore the complete representations from Mdobius
forms in the coordinate space is proven and a method of
restoration is worked out. The operators for transition from
the standard BFKL kernel to the quasi-conformal one are
found both in Mobius and total representations.

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

56

M. G. Kozlov, A. V. Reznichenko and V. S. Fadin
1, 75 (2012) 905-920; Phys. Atom. Nucl. 75 (2012)
850-865.

The one-loop correction to the impact-factor for one-gluon
production at one-reggeon state transition into two-reggeon
t-channel state. This impact-factor is a part of multi-
particle production amplitudes in the multi-Regge kinemat-
ics. The correction under consideration is required for de-
velopment of the theory of Regge and multy-Regge pro-
cesses. In particular, it is necessary for the proof of the
multi-Regge form of production amplitudes in the next-to-
leading logarithmic approximation. It permits one to com-
plete verification of the last unproved bootstrap condition
for the gluon reggeization and to prove in this approxi-
mation validity of the multi-Regge form. All necessary
calculations are described and explicit expressions for the
impact-factors at all possible colour states in the t-channel
are presented.

Check of the gluon reggeization condition in the
next-to-leading order: Gluon part
M. G. Kozlov, A. V. Reznichenko and V. S. Fadin
1, 75 (2012) 529-542; Phys. Atom. Nucl. 75 (2012)
493-506.

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

Difference between standard and quasi-conformal BFKL
kernels
V.S. Fadin, R. Fiore and A. Papa
Nucl. Phys. B 865 (2012) 67-82.

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



Therefore we come to the conclusion that the simplicity of
the quasi-conformal kernel is caused mainly by using the
impact parameter space.

NLO Corrections to the kernel of the BKP-equations
J. Bartels, V.S. Fadin, L.N. Lipatov and G.P. Vacca
arXiv:1210.0797 [hep-ph]; to be published in Nucl. Phys.
B 867 (2013) 827-854.

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

Presenting LiteRed: a tool for the Loop InTEgrals
REDuction
R.N. Lee
arXiv: 1212.2685

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

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

Journal of Physics: Conference Series 368 (2012) 012050

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

Master Integrals for Four-Loop Massless Propagators up
to Transcendentality Weight Twelve
R. N. Lee, A. V. Smirnov and V. A. Smirnov
Nucl.Phys. B856 (2012) 95-110
arXiv: 1108.0732

We evaluate a Laurent expansion in dimensional regular-
ization parameter ¢ = (4 — d)/2 of all the master integrals
for four-loop massless propagators up to transcendentality
weight twelve, using a recently developed method of one
of the present coauthors (R.L.) and extending thereby
results by Baikov and Chetyrkin obtained at transcenden-
tality weight seven. We observe only multiple zeta values
in our results. Therefore, we conclude that all the four-loop
massless propagator integrals, with any integer powers
of numerators and propagators, have only multiple zeta
values in their epsilon expansions up to transcendentality
weight twelve.
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The Dimensional Recurrence and Analyticity Method for
Multicomponent Master Integrals: Using Unitarity Cuts to
Construct Homogeneous Solutions
R. N. Lee and V. A. Smirnov
JHEP 1212 (2012) 104
arXiv: 1209.0339

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

Spin-dependent part of pd interaction cross section and
Nijmegen potential
S. G. Salnikov
Nuclear Physics A 874 (2012),98-107.

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

Massless two-loop self-energy diagram: Historical review
A.G.Grozin,
Int. J. Mod. Phys. A 27 (2012) 1230018 (22 p.)
[arXiv:1206.2572v3 [hep-ph]]

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

Simultaneous decoupling of bottom and charm quarks
A.G.Grozin, M.Hoschele, J.Hoff, M.Steinhauser,
Proceedings of Science (LL2012) 032 (10 p.)
(http://pos.sissa.it/cgi-bin/reader/conf.cgi?confid=151)
[arXiv:1205.6001 [hep-ph]]

Parameters and light fields of the QCD Lagrangian with
two heavy flavours, b and c, are related to those in the
low-energy effective theory without these flavours, to



three-loop accuracy taking into account the exact depen-
dence on m./myp. Similar relations for bilinear quark
currents are also considered.

Decoupling in QED and QCD
A.G.Grozin
Int. J. Mod. Phys. A (2013), in print
[arXiv:1212.5144[hep-ph]]

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

Quantum Chromodynamics
A.G.Grozin
arXiv:1205.1815 [hep-ph]

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

Reduce interface
A.G.Grozin
arXiv:1204.3020 [cs.MS]

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

Mass Spectrum in SQCD and Problems with the Seiberg
Duality. Another Scenario
V.L. Chernyak
JETP, 114 (2012) pp. 61-79

The ' = 1 SQCD with SU(N.) colors and N flavors of
light quarks is considered within the dynamical scenario
that assumes that quarks can be in the two different phases
only: the HQ (heavy quark) phase where they are con-
fined, or they are higgsed, at the appropriate values of the
lagrangian parameters. The mass spectra of this (direct)
theory and its Seiberg’s dual are obtained and compared for
quarks of small equal or unequal masses. It is shown that
in those regions of the parameter space where an additional
small parameter exists (itis 0 < (3N, — Np)/Nr < 1
at the right end of the conformal window where the direct
theory is weakly coupled in the vicinity of its IR-fixed
point, or its dual analog 0 < (2Nz — 3N.)/Nr < 1 for
the dual theory at the left end of the conformal window),
the mass spectra of the direct and dual theories are para-
metrically different. A number of other regimes are also
considered.
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Mass spectrum in SQCD with additional fields. I,
V.L. Chernyak
arXiv : 1205.0410 [hep-th], 2012, pp. 1-54

Considered is the A" = 1 SQCD-like theory with SU(N,)
colors and 0 < Np < 2N, flavors of light quarks Q;, Q;
and with the additional N2 colorless flavored fields ®;;
with the large mass parameter po >> Ag. The mass spec-
tra of this ® - theory (and its dual variant, the d® - theory)
are calculated at different values of pug /A¢g > 1 within the
dynamical scenario which implies the (quasi)spontaneous
breaking of chiral symmetry. It is shown that, under appro-
priate conditions, the seemingly heavy and dynamically
irrelevant fields ® ‘return back’ and there appear two
additional generations of light ® - particles with small
masses p(®) < Ag. Also considered is the X - theory
which is the N/ = 2 SQCD with SU(N,) colors and
0 < Nr < 2N, flavors of light quarks, broken down to
N = 1 by the large mass parameter of the adjoint scalar
field X, px > Ao. The tight interrelations between
these X and ® - theories are described, in particular, the
conditions under which they are equivalent.

Mass spectrum in SQCD with additional fields. I,
V.L. Chernyak
arXiv : 1211.1487 [hep-th], 2012, pp. 1-27

This article continues arXiV: 1205.0410 [hep-th]. Consid-
ered is the N/ = 1 SQCD-like theory with SU(N.) colors
and 3N./2 < Np < 2N, flavors of light quarks Qi,@j,
and with the additional N2 colorless flavored fields ®;;
with the large mass parameter o > Ag. The mass
spectra of this ® - theory (and its dual variant, the d® -
theory) are calculated at different values of pus/Ag > 1
within the dynamical scenario which implies that quarks
can be in two different phases only : either this is the HQ
(heavy quark) phase where they are confined, or they are
higgsed at appropriate values of the lagrangian parameters.
It is shown that at the left end of the conformal window,
ie. at0 < (2Ng —3N.)/NF < 1, the mass spectra of the
direct and dual theories are parametrically different.

Hard two photon processes vy — MM in QCD,
V.L. Chernyak
Invited talk given at the Taipei International Workshop
”QCD in two photon processes”, 2 - 4 October 2012,
Taipei, Taiwan, arXiv : 1212.1304 [hep-ph], 2012, pp.
1-19 (will be published in proceedings of the Workshop).

A review of leading term QCD predictions vs those of the
handbag model for large angle cross sections vy — P3Py
(P is the pseudoscalar meson 7+ °, K*° 7). and for
vy — VoV (V is the neutral vector meson p°, w, ¢), in
comparison with Belle Collaboration measurements.



3.4. QED

Charge asymmetry in the differential cross section of
high-energy e+e- photoproduction in the field of a heavy
atom
R.N. Lee, A.I. Milstein, V.M. Strakhovenko
Phys. Rev. A 85, 042104 (2012).

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

Angular distribution of high-energy e+e- photoproduction
close to the end of the spectrum at large momentum
transfer
A. Di Piazza, A. 1. Milstein
Phys. Rev. A 85, 042107 (2012).

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

Quasilocalaized states in a model of electron-electron
interaction in graphene
R.N. Lee, A.I. Milstein, 1.S. Terekhov
Phys. Rev. B 86, 035425 (2012).

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

Quasiclassical approach to high-energy QED processes in
strong laser and atomic fields
A. Di Piazza, A. 1. Milstein
Physics Letters B 717, 224 (2012).

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

Production of a Pair by a Polarized Photon in a Uniform
Constant Electromagnetic Field
V.M. Katkov
Journal of Experimental and Theoretical Physics, 2012,
Vol. 114, No. 2, pp. 226-233.

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



3.5. GRAVITATION AND ASTROPHYSICS

First order representation of the Faddeev formulation of
gravity
V. M. Khatsymovsky
arXiv:1201.0806[gr-qc], pp. 1-9, (2012).

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

On some feature and application of the Faddeev
formulation of gravity
V. M. Khatsymovsky
Thesis of Conference ”Quantum Field Theory and Gravity
20127, July 31 - August 4 2012, Tomsk, Russia - TSPU
Bulletin, No. 13(128), pp. 76-80, (2012);
arXiv:1212.0978 (2012).

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

Faddeev formulation of gravity in discrete form
V. M. Khatsymovsky
arXiv:1201.0808[gr-qc], pp. 1-18, (2012).

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

On area spectrum in the Faddeev gravity
V. M. Khatsymovsky
arXiv:1206.5509[gr-qc], pp. 1-17, (2012).

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

Charged black rings in supergravity with a single non-zero
gauge field.
A. Feldman, A.A. Pomeransky
JHEP 1207 (2012) 141

General charged black ring solution of the 5D Einstein-
Maxwell-dilaton theory with Kaluza-Klein dilaton is



found by the inverse scattering method. The metric has
two independent angular momenta, a charge and a dipole
charge. The solution is presented in a relatively concise
form in which its symmetries are manifest. The regularity
conditions are found and the physical characteristics of the
regular solution are expressed via its parameters.

3.6. CHAOS

Wigner crystal in snaked nanochannels: outlook
0.V. Zhirov, D.L. Shepelyansky
Physica B407(2012) p.1909-1911.

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

Elastic enhancement factor as a quantum chaos probe
Ya.A. Kharkov, Valentin.V. Sokolov
arXiv:1211.1773v2 [quant-ph] 8 Nov 2012; published in
Phys. Lett. B 718 (2013) 1562-1565.

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

Chaotic interference versus decoherence: external noise,
state mixing and quantum-classical correspondence
V.V. Sokolov
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Proceedings of the Chaos2012 International conference,
Athens, Greece, pp. 2-5, (2012).

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



4.1. RESEARCH ON THE GDT DEVICE

GDT (Gas Dynamic Trap) in the Budker Institute of
Nuclear Physics SB RAS is designed for experimental re-
search on basic plasma physics problems that should be
solved for controlled nuclear fusion in axially symmetric
magnetic open traps.

Table 4.1. The main parameters of GDT device.

Parameter Value
Distance between mirrors 7m
Magnetic field in the central plane upt0 0.35T
Mirror ratio 33

Power of atomic beams 55 MW
Energy of the injected deuterium atoms 25 keV
Average energy of hot ions ~ 10 keV
Duration of atomic injection 5 ms
Inclination angle of atomic beams 45°

Warm ions density in the central plane 210" m?
Maximum density of hot ions 5.10" m?
Electron temperature 10 250 eV
Plasma radius in the central plane 14 cm
Relative pressure of plasma up to B = 0.6

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

L>> ﬂ,,',' -ln(R)/R,

where 4; - the mean free path of the ions relative to the
scattering by angle of the order of unity, R — mirror ratio,
which is supposed to be large for GDT (R>>1). The tem-
perature of the warm ion component is close to the elec-
tron temperature and has a value of few percent relative to
the energy of the atomic beams particles. It should be not-
ed that the presence of warm plasma in the GDT is neces-
sary as it can help solve fundamental problems of plasma
confinement: the suppression of drift-cone cyclotron in-
stability and suppression of transverse losses associated
with magnetohydrodynamic instabilities.

As a first application GDL offers a powerful 14 MeV
neutron generator of DT reaction for solution of thermo-
nuclear material science problems and for the manage-
ment of subcritical nuclear reactors for various purposes,
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including apparatus for consuming of long-lived radioac-
tive waste. The record for axially symmetric magnetic
traps value of relative plasma pressure § = 0.6, reached in
recent experiments on the GDT, as well as a simple and
well-studied physics of longitudinal confinement are reli-
able basis for the construction of fusion reactors with the
essential parameters for fusion applications.

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

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

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

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

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

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

4.1.1. Study of kinetic instabilities.

For the study of electromagnetic waves in plasma with
the possible development of microinstabilities a special
system of high-frequency magnetic probes was created.
Magnetic probe consists of three orthogonal coils embed-
ded with 10 mm in diameter, each of which registers its
corresponding component of the magnetic field of the ex-
cited wave: the radial, azimuthal and longitudinal (paral-
lel to the axis of the GDT device). Coils through respec-
tive paths are electrically connected with the channels of
synchronous waveform recorder. The frequency range of
the magnetic probes and registration paths lying in 0.1 +
10 MHz. The probes were fixed inside the vacuum cham-
ber near the plasma edge at 30 cm from the axis of the
GDT device. Six of them were installed on the same line



along the axis, overlapping one half of the movement re-
gion of hot ions. Magnetic probes were installed not equi-
distant, the distances between them were chosen to use
the optimal method of correlation analysis of wavelength
oscillations propagating along the magnetic field. Also,
five probes were placed at equidistant azimuthal angles in
the plane perpendicular to the axis of the device that al-
lows analyzing the azimuthal structure of the excited elec-
tromagnetic oscillations.

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

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

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

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

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

4. In the spatial oscillation spectrum the mode with az-
imuthal wave number m = 1 dominates.
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Fig. 4.1.1. The dependence of the relative phase of the
signals at the frequency 1.15 MHz from relative angle
coordinate of azimuthal probe.

Figure 4.1.1 gives reason for the last statement. It
shows the relative phase of the oscillations with the fre-
quency 1.15 MHz from the relative angular coordinates of
the corresponding azimuthal probes. It can be seen that
the measured values of the phases are close to the line
corresponding to the azimuthal wave number m = 1.

Mentioned features allow one to conclude that the
Alfven wave is observed, and we have to deal with the
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Alfven ion-cyclotron instability. This type of instability
leads to the generation of waves with circular polarization
and o < Q. Recall that the Alfven wave propagates along
the magnetic field lines.

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

1. Oblique injection of neutral beams;

2. Close to the real distribution function of the velocity
of hot ions;

3. Real spatial inhomogeneity of the magnetic field and
plasma.

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

1. The generation of an electromagnetic wave is per-
formed by a group of ions with longitudinal veloci-
ties exceeding the average longitudinal velocity of
the particles of injected atomic beams [V|jyes| = |V)jinl-

2. Accounting of transverse inhomogeneity leads to an

increase in the threshold values relative pressure of
plasma at which the development of the instability
begins.

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

a)_Qci = kHVHres’ @.LD

where - wave frequency, Q. — cyclotron frequency
for of hot ions, corresponding to the magnetic field in the
plasma in the central plane of the GDT, where the genera-
tion of wave, & - a projection of the wave vector in the
direction of the magnetic field, v, - longitudinal velocity
of the ions in resonance with the wave.

Injection area Vi

(mean energy 23 keV,
angular spread 5°)

Vi res

V2 res Y

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



The wave frequency - directly measured value, & - cal-
culated based on the results of the correlation analysis of
the data from the magnetic probes located along the axis
of the setup. Thus to evaluate a range of the longitudinal
velocity of the resonant ions (4.1.1) we need to know €.
To calculate the cyclotron frequency it’s necessary to ob-
tain the value of the magnetic field inside the plasma, tak-
ing into account its diamagnetism. In our case it was done
the two limiting estimates. In the first case Q. was calcu-
lated for the vacuum magnetic field in the central plane of
the GDT, the magnitude of which was By=0.3 T. Also
Q,; calculation was carried out to the central plane with
the maximum value of the parameter 3 (the transverse
plasma pressure to the magnetic field pressure ratio) at the
time of the instability development. This value is obtained
by direct measurement of the magnetic field inside the
plasma by means of a beam-spectroscopic diagnostics,
based on the dynamic Stark effect. Measurements are
made turning point of hot ions, the value of B, corre-
sponding to the "threshold" of the instability, was =
0.28.

Thus, from (4.1.1) two values Vs and V)2, obtained
the minimum and maximum possible values of the longi-
tudinal velocity of the resonant ions. The result is illus-
trated in Figure 4.1.2, which shows the contours of the
distribution function of hot ions in the plane v - v,.

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

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

1. The type of instability is identified - Alfven ion-
cyclotron with ® < Q;
Found that a group of ions with energies close to
the maximum and the angular spread close to the
angular spread of the injected neutral beams is in
resonance with the wave. During braking and scat-
tering particles leave the resonance region without
reaching the loss cone;

It is shown that the critical value of 8, correspond-

ing to the threshold of the instability development,

increases by increasing of the gyroradius of hot
ions up to values comparable with the characteris-
tic plasma radius (p_inj —> Tp)-
In 2013 it is planned to complete this cycle of re-
search. The work plan for 2013 includes the following
tasks:
1.

2.

Clarification of the range width of the longitudi-
nal velocity of the resonant ions;
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2. Accurate measurement of the dependence of the
B threshold on r,/p inj;

Experiments with simultaneous injection of
beams of Dy and Hy. Measurement of f§ thresh-
olds on the concentration ratio of hot ions with
different masses.

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

3.

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

Energy lifetime of hot ions in GDT is mainly deter-
mined by their Coulomb deceleration due to interaction
with the electrons and the electron temperature is propor-
tional to the degree of 3/2:

3/2
_ m T

3
i N

where m, z — mass and charge of hot ions, m.en,T, —
mass, charge, density and temperature of the electrons, A
- Coulomb logarithm. This fact means that the electron
temperature is the most important parameter that deter-
mines the confinement time of hot ions and the effective-
ness of the designed neutron source based on GDT.

The use of an additional electron cyclotron (ECR) heat-
ing is one way to increase the electron temperature. To
implement the additional heating in GDT the creation of
the ECR heating on the basis of two gyrotrons (f = 54.5
GHz, P = 450 kW) was proposed. The total power of the
microwave radiation generated by the two modules of the
gyrotron (2x450 = 900 kW), is comparable with the pow-
er of plasma heating due to the deceleration of hot ions in
it (= 1000 kW).

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

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

In 2012 work on the preparation of the experiment on
the ECR heating on the GDT was completed. All the ele-
ments required for line formation and transport of beams
of microwave radiation was obtained from production in
the TAP RAS and ZAO "Gikom" (Nizhny Novgorod).




Additional components required for mounting and align-
ment of waveguides elements manufactured and assem-
bled in the GDT as well as conical elements of the vac-
uum chamber with ports for injection of microwave radia-
tion into the plasma and movable valves with pneumatic
drive to protect the quartz input windows from covering
by titanium film during titanation of inner surface of the
vacuum chamber before operating pulses. All the work on
the installation and calibration of microwave radiation
beam transport lines from the two gyrotron modules to the
GDT device completed.

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

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

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

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

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

e
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Fig. 4.1.3. Construction of a new version of the elec-
tron gun for the experiments with the injection of the
electron beam in GDT: 1 — coil, 2 - hot cathode, 3 - an-
ode, 4 - electrode to suppress the flow of ions from the
trap, 5 - cooling water tubes.
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The design of the new version of the electron gun for
experiments with the electron beam injection in GDT is
explained by figure 4.1.3. The device is constructed based
on the following parameters of the electron beam:

e Electrons enegry - 50 keV;
e Beam current -20A;
e Pulse duration -1 ms.

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

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

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

try.

In 2012 a series of experiments with a small (= 5 cm)
displacement of axial lines of atomic beams relative to the
axis of plasma symmetry in order to transmit the plasma
column an additional momentum of different signs de-
pending on beams aiming geometry. The result was that
in the case of a transfer of angular momentum in the di-
rection of the natural rotation of the plasma through ExB
drift in the radial electric and magnetic fields plasma con-
finement is improved significantly. The radial electric
field appears due to the radial drop of electron tempera-
ture and corresponding to that drop of ambipolar plasma
potential gradient. In this mode, the maximum achieved
to date, the value of the electron temperature T, > 250 eV.

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

T,=260.53 eV, AT,=10.16 eV.
n,=1.29e+13 cm™, An,=3.36e+11 cm>,
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Fig. 4.1.4. The maximum temperature of the electrons
obtained in the experiment with offset axial lines of
atomic beams relative to the axis of plasma symmetry:

is measured on the axis in central plane at the moment
of atomic injection end.



4.1.5. Measurements of the heat flux density at
the mirror plane.

In 2012 the direct measurements of the heat flux den-
sity in a GDT mirror plane were also carried out. It is
shown that this parameter had a maximum value of Q =
0,25 GW/m® at the end of the the atomic injection heating
pulse and did not achieving steady state values. Numeri-
cal modeling of the plasma flows through the mirror
shows that in the case of the steady state conditions when
the power of the atomic beams 5 + 10 MW is possible to
obtain heat flux density up to 1 GW/m” at the mirror.
These results demonstrate that on the basis of GDT the
creation of stand for studying the interaction of "plasma-
surface", capable to realize a full-scale heat flux density
in plasma boundary layer of next generation ITER-like
tokamaks, is possible.
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Fig. 4.1.5. The reconstructed from measurements time
evolution of thermal power density in the GDT mirror
for the plasma gas dynamic regime.

In Figure 4.1.5 shows the calculated from measurements
time evolution of thermal power density in the GDT mir-
ror for the plasma gas dynamic regime. We see that at the
end of atomic injection (8.5 ms scale in the figure) heat
flux density reaches 0.25 GW/m’. Thus closest to the line-
arly increasing pulse shape indicates that for neutral beam
injection duration of 5 ms the stationary state is not
reached.
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4.2. GOL-3 FACILITY

4.2.1. Description and main operation modes of
the facility.

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

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

A typical scenario of experiment in a standard GOL-3
configuration is as follows. A few gas-puff valves in a
metal vacuum chamber @10 cm placed inside a solenoid
create a desired longitudinal distribution of the density of
hydrogen or deuterium. Then a special longitudinal dis-
charge creates an initial plasma of a length-averaged den-
sity varying in the range of (1 — 30)x10”* m™ and a tem-
perature of ~ 2 eV. After that, a relativistic electron beam
generated by U-2 accelerator is injected into the plasma.
The beam has the following parameters: the electron en-
ergy is 0.5 - 0.8 MeV; the current is 20 - 25 kA; the base
duration is 8 - 12 ps; the energy content is up to 120 kJ;
the beam diameter is 4.1 cm (this is a figure for a 3.2 T
magnetic field, corresponding to the minima of the corru-
gated field). Such a beam is formed in a slit relativistic

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

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

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

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

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

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

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

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

In 2012, the GOL-3 operation mode was changed,
which meant switching to a new system of generation and
injection of an electron beam into plasma. These experi-
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Fig. 4.2.2. Spectra of plasma electromagnetic emission
for different times after the beginning of the electron
beam injection.
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Fig. 4.2.3. Evolution of plasma density from CO, inter-
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Fig. 4.2.4. Emission dynamics in the 489 GHz spectral
channel at relativistic electron beam relaxation in GOL-3.



ments are to demonstrate the possibility of injecting a
long-duration electron beam into plasma. The physical
program of the research includes both experiments to
achieve a quasi-stationary state of plasma in the GOL-3
facility and works to clarify some assumptions to be used
in the physical design of a new-generation open trap.

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

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

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

The scheme of the injector is shown in Fig. 4.2.5.
High-voltage electrode (/) of stainless steel is mounted on

Fig. 4.2.5. Diagram of the beam generator in the ex-
pander tank of the GOL-3 facility.

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

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

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

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

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



4.2.5. Injection of long-pulse electron beam into
GOL-3.

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

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

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

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

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

The total current flowing in the plasma chamber was
measured with Rogowski coils at 8 different positions
along the length. The amplitude and shape of currents
measured at various points were almost identical, which
attests to the fact that in these experiments, there was no
current leak across the magnetic field. In most cases, the
amplitude of measured net current was 30 - 50% of the in-
jected beam current. The beam current may be (as in the
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Fig. 4.2.8. Top: diagram of the experiment. Middle: typi-
cal distribution of magnetic field along the length of the
facility. Bottom: typical initial distribution of deuterium
concentration along the length of the facility.
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Fig. 4.2.9. Beam imprint on the collector (at 12 m from
the source), made with a pinhole camera. The mean of B
is 1.24 T. The dotted line shows a Gaussian-profile ap-
proximation.
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Fig. 4.2.10. Beam transverse size vs. compression factor.
Dots: experimentally-obtained transverse dimensions of
the beam. Solid line: calculated curve.

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

Beam stability during its transport was tested in ex-
periments with fast X-ray pinhole camera. Fig. 4.2.9
shows a typical X-ray image of the beam on the tantalum
collector. The beam imprint size is in a reasonable agree-
ment with the expected value calculated in an assumption
of adiabatic motion of the beam in the magnetic field (see
Fig. 4.2.10).



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

4.2.6. Plasma heating.

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

In these experiments, we also used special microwave
diagnostics that detects emission at a double plasma fre-
quency. This emission is a reliable indicator of strong
Langmuir turbulence induced by the beam at its relaxa-
tion in the plasma. The radiation signal is lasting for a
significant part of the shot (Fig. 4.2.11).
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Fig. 4.2.11. Typical waveforms for a beam of a power of
1.7 MW (1 ~ (0.5 - 0.9)x10* m™; <B>=1.24T.)
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Closer to the end of the beam injection, the VUV radia-
tion from the plasma area begins increasing, which is ap-
parently due to the local density growth, which in turn
leads to reduced beam-plasma interaction and decreasing
intensity of detected electromagnetic radiation (as the fre-
quency of the radiation varies as the square root of plasma
density). We also observed soft X-ray radiation from the
plasma, associated with formation of fast electrons. The
lifetime of such electrons in the trap is up to 1 ms, which
is confirmed by the fact that the soft X-ray emission from
the plasma remains for this time after the end of beam in-
jection (Fig. 4.2.12).

Data obtained from the Thomson scattering also sug-
gest collective relaxation of the beam as the recorded en-
ergy distribution of plasma electrons deviates from the
equilibrium distribution. However, at the Maxwell ap-
proximation of the core (low-energy part) of the measured
distribution, the electron temperature in the center of the
beam-plasma column (depending on the mode) is in the
range of 20 to 100 eV. Registered via the Thomson scat-
tering, the plasma density in the beam cross-section
amounts to 10"°-10* m™, and the radial density profile is
constant. Note that a typical signal of diamagnetism of-
beam-heated plasma (the radial profile data taken into ac-
count) gives an average energy of an electron-ion pair of
100 - 150 eV. Several diagnostics allowing estimation of
the ion temperature show that the major part of plasma
energy is still contained in fast electrons.
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Fig. 4.2.12. Waveforms of the accelerating voltage (top)
and soft X-rays in the energy range of 2 - 20 keV (bot-
tom).

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

One of the major demonstrations of interaction of pro-
longated beam with the plasma was the direct observation
of intense generation of electromagnetic radiation in the
range of 50 - 200 GHz, which is an indirect indication of
energy transfer from the electron beam to the plasma in a
turbulent way (see Fig. 4.2.13). The strong irregularity of
the detector signals is another evidence of possible forma-
tion of dynamic dips in the plasma density (plasma cavi-
ties), which follow the Zakharov mechanism, during the
development of Langmuir turbulence in the plasma.



Operation with such electron beam makes it possible to
obtain experimental observations of emission of electro-
magnetic radiation for a fairly wide range of the guiding
magnetic field of the solenoid, which is equivalent to
changing the level of the electron beam compression. In
the first experiments on changing the guiding magnetic
field it was found that its growth is accompanied by an ef-
fective increase in the level of emission of electromag-
netic radiation from the plasma. So, for example, at a
guiding magnetic field of 0.7 T the power of radiation on
the detector is ~ 8 uW, while for a field of 1.24 T this
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Fig. 4.2.13. Detected power of emission of electromag-
netic radiation in the range of 75 - 120 GHz (solid line)
for different values of the electron beam current (dashed
curve).
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Fig. 4.2.14. Distribution of the power of electromag-
netic radiation from the plasma, averaged over the spec-
tral channels of the frequency-selective four-channel
quasi-optical system for experiment conditions corre-
sponding to the maximum emission ability of plasma in
the given frequency range (the total electron beam cur-
rent is 25 + 3 A; the magnetic field value is 1.24 T).
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value is 0.25 mW, and the mode of operation for electron
beam generation remains unchanged.

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

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

From the results of diagnostics of plasma density by the
Thomson scattering it was found that interaction of a
submillisecond electron beam with a cold plasma is ac-
companied by formation of a plasma with a density of
3x10" m™, which corresponds to the plasma frequency fp
~ 49 GHz. Since the detection system applied uses detec-
tor sections with a transitional input waveguide window
that defines a cut-off in the frequency sensitivity band of
detectors for 70 GHz or less, it was impossible to observe
radiation in the vicinity of the first harmonic of the
plasma frequency.

Spectral studies of the microwave radiation in the vi-
cinity of the double plasma frequency revealed a narrow
peak in the electromagnetic radiation spectrum in the vi-
cinity of /'~ 94 GHz, with the width 4f'< 15 GHz, see Fig.
4.2.14. At a magnetic field of 1.24 T and electron beam
current of ~ 25 A, the power of microwave radiation in
the local maximum is ~ 10 kW.

4.2.8. Summary of the GOL-3 results.

The GOL-3 facility remains involved in experiments
aimed at the creation of a physics knowledge base re-
quired for construction of an open-trap fusion reactor. The
quality of information obtained is improved due to both
implementation of new diagnostics techniques and con-
duction of problem-oriented experiments. New technolo-
gies of plasma heating, which will improve plasma pa-
rameters, are being developed. Applied research was also
conducted in various directions. Further plans include the
improvement of the electron beam source and creation of
a new source of initial plasma and neutral beam injection
system.



4.3. PLASMA THEORY

4.3.1. Alf'ven ion-cyclotron instability

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

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

Vires ¥ (@ =€)/ k. The total contribution of resonant

particles can be destabilizing only in the sloshing ion
Vi =V which the

experimentally verified relation of the wave length with
injection longitudinal velocity and frequency. The
stability threshold is strongly depends on injection details,
in particular angle and energy dispersion. The distribution
“tail”, arising because of drag and scattering, gives the
main contribution into the plasma density and pressure.
The threshold weakly depends on the details of the tail
area, only integral contributions of the tail is important.

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

The used approximation of the distribution function
allows to take into account the distribution function
details in the injection area and to make analytical
continuation of the dispersion relation in
z,7,@andk complex planes. The last is necessary for
searching absolute instability threshold and the wave stop
points in WKB method.

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

injection area results in

|res >

4.3.2. Development of the theory of electron
cyclotron heating

Propagation of an extraordinary electromagnetic
wave in the vicinity of electron cyclotron resonance
surface in an open linear trap is studied analytically,
taking into account inhomogeneity of the magnetic field
in paraxial approximation. Ray trajectories are derived
from a reduced dispersion equation that makes it possible
to avoid the difficulty associated with a transition from
large propagation angles to the case of strictly
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longitudinal propagation. Ray trajectories have been
found in analytic form. An analysis of these trajectories
has demonstrated that the inhomogeneity of both the
magnetic field strength and the field direction can
qualitatively change the picture of wave propagation and
significantly affect the efficiency of electron cyclotron
heating of a plasma in a linear magnetic trap. A criterion
for the resonance point on the axis of the trap to be an
attractor for the ray trajectories has been found.

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

4.3.3. Theory of electromagnetic emission
generated in a turbulent plasma

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

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

4.3.4. Two-dimensional simulations of nonlinear
beam-plasma

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



wavelength upper-hybrid waves propagating parallel to
the magnetic field, whereas in the strong magnetic field,
the spectral energy is transferred to the electrostatic
whistlers with oblique propagation.

4.3.5. Optimization of the reactor based on the
open trap

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

4.4.1. Beam Injectors of Hydrogen Atoms

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

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

Works under the project of powerful continuous
injector of beam of fast hydrogen atoms with 500-1000
keV energy on the basis of negative ions are continued.
The project is based on separate formation and
acceleration of negative ion beam. Detailed designing of
the basic elements of an injector was completed.
Prototype of a source of negative ions of hydrogen is
assembled. Experimental test stand for study of formation
of intense hydrogen negative ion beam with energy of 120
keV in the ion source was under preparation. The test
stand is provided with modern electro-technical and
vacuum equipment.



4.5. INSTALLATION GDMT-T

4.5.1 Conceptual design of the GDMT-T facility.

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

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

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

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

4.5.2. Superconducting magnetic system.

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

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

Fig. 4.5.1. GDMT installation.
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40
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Fig. 4.5.2. Top: scheme of GDMT-T. 1 - the expansion
tank; 2 — the electron beam generator; 3 — the cryopump;
4 — the superconducting solenoids, 5 - diagnostics interval
I with the steady-state plasma system; 6 - diagnostics in-
terval II (targets and the ECR heating system); 7 — the test
chamber. Bottom: possible configurations of magnetic
field of the installation. a — a multiple-mirror configura-
tion, b - a quasi-homogeneous magnetic field configura-
tion.

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

4.5.3. Production of steady-state plasma flow.

RF heating of plasma is widely used for generation of
steady low-pressure discharges. The GDMT-T installation
assumes generation of plasma flow with a helical dis-
charge, which occurs when fast helical waves are excited
in a magnetized plasma with collisional damping. A mag-
netron with an operating frequency of 915 MHz can serve
as a microwave power source. These magnetrons, widely
used in the industry, have high efficiency, high output
power (up to 100 kW) and a relatively low cost. Simula-
tion of absorption of microwaves in the plasma shows that
at the selected operating frequency, the system can be
used for generation of plasma flows at magnetic fields of
up to 2-5 T and a plasma density of up to 10* m™.

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

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

magnetized electrons of the plasma do). Microwave
power is transmitted to the antenna through a coaxial in-

put with a bore for cooling fluid.
Coaxial
feedtyough

Vacuum
chamber

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

1ty.

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

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



4.5.4. Electron beam generator.

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

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

The electron beam generator is a multiple-aperture vac-
uum diode with arc plasma emitter. The energy of elec-
trons in the beam is taken to be 100 keV, which is optimal
from the point of view of achieving small angular spread,
efficiency of beam-plasma interaction and simplicity of
the power system. For decrease in the density of particle
flux from the plasma, the generator shall be placed in a
low magnetic field. In this case, the possible beam com-
pression in the magnetic field is limited with the angular
spread of electrons in the beam and amounts B,,,,/By ~
200, which determines the magnetic field magnitude in
the 0.03-0.04 T beam generator. Then the equivalent cur-
rent of ions from the plasma in the beam generator is re-
duced to a value of 0.1 A/cm’. It should be noted that the
ion current value is considerably higher than the steady
work limit, 20 mA/cm’, determined on GDMT in experi-
ments with diodes with incandescent emitters.

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

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

Below is described a diode structure chosen from these
considerations. A planar diode of 50 cm in diameter con-
sists of 361 holes combined in 19 groups hexagonally-
located within an aperture of 34 cm in diameter (Fig.
4.5.5a). Each group of 2 cm in diameter is powered from
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its own arc plasma source and consists of 19 holes, which
are the unit cells of the accelerating diode (Fig. 4.5.5b). A
unit cell consists of a cathode hole of 3 mm in diameter
and an anode opening of 3.6 mm in diameter, with a spac-
ing of 15 mm.

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

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

Increase in the beam current density has an additional
advantage of amplified efficiency of the beam-plasma in-
teraction. This interaction shifts the spectrum of the elec-
tron beam towards lower energies, which is preferable for
experiments on test of components of plasma dumps. The
ratio of beam electron concentration to the plasma elec-
tron concentration is a critical parameter that determines
the efficiency of the beam-plasma interaction. This ratio
shall exceed a value of 107. With these beam parameters,
the beam current density significantly exceeds this limit,
which allows efficient transfer of energy from beam elec-
trons to plasma thermoelectrons.

4.5.5. Conclusion.

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

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

4.6. RESEARCH ON GENERATION OF
MILLIMETER WAVE RADIATION ON
THE ELMI INSTALLATION

4.6.1. Introduction.

Within a research on radiation generation in a single-
channel planar free-electron maser (FEM) with two-
dimensional distributed feedback, which was performed
earlier on the ELMI installation, there was demonstrated



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

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

4.6.2. Arrangment of the experiment.

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

In the first series of experiments, the FEM channels
were separated with a metal bar throughout their length.
Even with this separation, there was electrodynamic cou-
pling between the FEM channels in the experiment, be-
cause of the scattering of radiation fluxes near the dumps
for absorption of electron beams. On the inclined surface
of these dumps, the radiation fluxes from the channels
were bent for extraction into the atmosphere. There was
an option of removing a portion of the bar in the area of
the two-dimensional Bragg reflector in order to provide
synchronization of radiation generation via combination
of transverse radiation fluxes in the two channels.
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Fig. 4.6.2. Scheme of two-channel heterodyne diagnostics
device.

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



four-channel diagnostics device was fabricated based on
waveguide band-pass filters, and for precise spectral
measurements we used two-channel heterodyne diagnos-
tics (see a scheme in Fig. 4.6.2.).

4.6.3. Results of research.

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

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

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

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

ous experimental conditions. These measurements have
shown that at an arbitrary ratio of the guiding magnetic
and undulator fields, in the radiation spectrum, as a rule,
there are several lines close to the frequencies of eigen-
modes of the resonator. However, if one selects a ratio of
the fields and an electron beam energy to meet the reso-
nance conditionw—/hv, =Q, , where v = ¢ is the lon-

gitudinal velocity of electron and Q, =27, /dw is the

frequency of electron bounce oscillations in an undulator
magnetic field with a period d a stable single-

frequency generation of 4-mm wave radiation is observed
in the experiment. Consistency of the electron beam en-
ergy near the flat top of voltage across the diode enhances
rapid excitation of a single dominant mode in the resona-
tor. Moreover, in such shots, radiation generation in both
channels of the FEM occurred at approximately the same
frequency and synchronously in the oscillation phase. An
example of waveforms of signals registered in one of
these shots is shown in Fig. 4.6.4 (a) and Fig. 4.6.4 (b)
(enlarged scale).
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Fig. 4.6.4. Signals of voltage across the diode, current of
one of the beams and power of mm-wave radiation in the
frequency range of 74-75 GHz in shot # 7671.

The radiation spectrum in this shot shows a stable nar-
rowband generation with a spectral width of ~ 20 MHz at
the frequency of one of the modes of the Bragg resonator
(Fig.4.6.5). In this case, the typical width of mm-wave ra-
diation pulse was 100 to 200 ns, and the radiation band-
width was close to the natural width.
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Fig. 4.6.5. Radiation spectrum in shot #7671.

Processing of signals in all shots with single-frequency
generation of mm-wave radiation revealed synchroniza-
tion of electromagnetic waves in both channels of the
FEM. Fig. 4.6.6 shows an example of such synchroniza-
tion of radiation. It presents intermediate frequency sig-
nals from mixers that record radiation from the two chan-
nels of the FEM. In our view, the synchronism of genera-
tion of mm-wave radiation in the two channels of the
FEM is provided by the electrodynamic coupling between
them due to the scattering of radiation fluxes in the area
of the vacuum channels where the radiation fluxes are
bent for radiation extraction into the atmosphere.
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Fig. 4.6.6. Time expanded portion of intermediate-
frequency signals received from the mixers used in the
measurement of the radiation spectrum in the two chan-
nels of the FEM.
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4.6.4. Preparation of experiments on two-step
generation of terahertz radiation.

To carry out experiments on two-stage generation of
THz radiation, we are reconstructing the ELMI facility. A
new vacuum chamber with a new system of coils for crea-
tion of guiding and undulator fields was designed and fab-
ricated, as well as a new-version electrodynamic system
of the maser (for the two-stage scheme of generation).
The first test experiments will be carried out in single-
pass scattering of millimeter waves. The experimental
scheme is shown in Fig. 4.6.7.
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In channel Ne 1, which is a planar FEM with a com-
bined Bragg resonator, a radiation wave with a frequency
of about 75 GHz and field structure close to that of TEM
wave is generated using the first strip beam. Then the
Bragg deflector directs the mm-wave radiation to channel
#2, where it is converted inside the planar Bragg con-
verter (Fig. 4.6.7) from the TEM wave to a quasi-critical
one, which propagates with a low group velocity towards
the second strip beam. Such a wave is a superposition of
two plane waves propagating almost perpendicular to the
direction of beam motion. Each of them is scattered by
the electron beam with frequency conversion from 75
GHz to the range of 600-1000 GHz, depending on the en-
ergy of the electrons of the beam, and extracted from the
maser by the transport beam line through a window to the
atmosphere. Such a scheme was chosen for increasing the
coupling of the electrons of the beam with the scattered
wave and for reducing the Doppler frequency conversion,
which allows one to measure the spectrum of the scattered
radiation using the existing diagnostics equipment. Note
that in counter scattering of wave on a beam of electrons,
the radiation frequency range shifts into the interval of 1.5
- 2 THz, and measurements in this interval require expen-
sive special equipment.

Effectiveness of the two-step generation can be easily
improved with integration of an electromagnetic undula-
tor that is a planar Bragg resonator for storing the pump
wave. Besides, for mode selection, a planar THz radiation
resonator based of modified Bragg reflectors (MBR) will
be placed in channel Ne 2 of the two-stage FEM. The
principle of operation of the MBRs is based on the cou-
pling of quasi-critical waves and those propagating along
the channel, this coupling realized due to one-dimensional
corrugation of the surface of the reflectors. Three-
dimensional computer modeling and "cold" measure-
ments have shown the MBRs to provide high selectivity
up to the transverse dimensions of the gap in the reflector,
which exceed the radiation wavelength by an order of
magnitude (~ 20 A). For operation at a frequency of 0.6
THz, we made MBRs with the following parameters: the
period of the lateral corrugation of the surface is 0.5 mm,
and the corrugation depth is 50 m.
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Fig. 4.6.7. Scheme of the electrodynamic system of the
two-channel FEM with single-pass scattering of a 4-mm
wave into a THz wave.



5.1. VEPP-2000 COMPLEX: WORK WITH
ROUND BEAMS AND PLANS
ON UPGRADE

5.1.1 Round beams on VEPP-2000

VEPP-2000 working energy range is 0.2-1 GeV, maxi-
mal luminosity is 1x10°* cm™s™". The main disadvantage
of the complex at the moment is acute shortage of posi-
trons. With given luminosity at the energy 1 GeV particle
loss is 6107, but at the same time the existing system of
positrons production can produce 2x10" positrons per
second only. This means that this system is insufficient
taking into account all other transfer coefficients and op-
erational efficiency. All hopes for future for collider
VEPP-2000 at BINP are related to injection complex
VEPP-5.

Fig. 5.1.1. Main elements of VEPP-2000 collider.

VEPP-2000 consists of 8 dipole magnets, 24 quadru-
poles and 4 superconducting solenoids, which make linear
optics of the ring (Fig. 5.1.1). There are numerous correc-
tions: 24 horizontal, 20 vertical, sextupoles, skew-
quadrupole corrections provide beam manipulations, con-
trol, fine tuning etc. Beam monitoring system includes 16
CCD cameras (2 in each magnet), 4 pickups (1 in each
quadrant), current meters and photomultiplier. The com-
plex is equipped with two methods of energy calibration:
resonance depolarization (2 Touschek sensors and depo-
larizer) and back Compton scattering method that is used
regularly last year. Collider has two detectors installed:
CMD-3 and SND, which are very important instruments
for high energy physics as well as for tuning the operation
of the accelerator.

VEPP-2000 tuning consists of several stages. The first
one is closed orbit correction that includes accumulation
of response matrices of closed orbit on variations of
quads’ gradients, SVD analysis, and calculation of correc-
tors’ currents. We need to make 2-3 iterations, each takes
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about 10 minutes. Then one should minimize currents in
correctors, and we have beam orbit with accuracy of
0.5 mm with respect to the projected orbit. After that we
make tuning of the ring optics: accumulation of response
matrices in pickups and CCD cameras on variation of
dipole correctors, SVD analysis, correcting currents in
quadrupoles and solenoids. 3—4 iterations are required (10
minutes each), that is much better than we had in previ-
ous experimental season (1 hour per iteration). First of all
it is due to installing the new system of CCD cameras in
this year. Such progress allowed us to consider this pro-
cedure as routine, real tuning of operation can take sev-
eral hours instead of days in the past. As a result we have
smooth beam sizes, projected value of f*, zero dispersion
function outside the achromats. Besides this we correct
coupling of betatron oscillation with the aim of 3 families
of skew-quadrupoles to the level v; —Vv, <0.003.

Fig. 5.1.2 explains the importance of optics correction.
During 2010-2011, when this procedure was not so rou-
tine, one can see that luminosity remained at low level,
after correction the increase is about 4-5 times.
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Fig. 5.1.2. Specific luminosity vs £ parameter at energy
900 MeV.

Together with modernization of beam observation sys-
tem (4 new CCD servers and 16 fast CCD cameras, Fig.
5.1.3) another control system modernization was carried
out (Fig. 5.1.4): the new equipment for VEPP-2000 con-
trol room was purchased (Fig. 5.1.5) and the new systems
of beam energy calibration with NMR were commis-
sioned. The new system of pickups service that allowed
us to measure beams beginning from very small currents
is put into operation. The new structure of software —
system of logs was realized, which allows one to record
all working parameters, analyze and restore successful
operating modes. The system repeatedly proved to be in
work, and we very actively use it.

Let us shortly describe the history of work in this sea-
son. January 2012: tuning VEPP-2000, degassing, opera-
tion in 510 MeV range with SND. CMD-3 at the begin-
ning of the year eliminated problems with cryogenic sys-
tem, in a month they continued normal work.



Fig. 5.1.3. Beam from all 16 CCD.

February—march: the laser of Compton backscat-
tering was installed and we performed experiment HIGH
2012 (510-990 MeV). At the beginning we calibrated
energy with ¢ -meson at 510 MeV (again with two detec-

tors). But on February 5 there was an accident — current
lead of solenoid 1S1 was burned out, the repair took 2
weeks, then we performed degassing and starting opera-
tion. Further work went steadily. As it was mentioned our
first problem is the lack of positrons. The second diffi-
culty is that at high energies (from 800 MeV) we have to

I Control Room ———

work in the regime of beam acceleration in VEPP-2000
ring. Injection part (BEP and channels) although is de-
signed for operating at 900 MeV, in real life we can work
up to 825 MeV, then beams are injected in VEPP-2000
and further manipulations are performed in the ring. Nev-
ertheless this allowed us to reach 990 MeV, operation of
collider is shown in Fig.5.1.6. During the experiment
there was accumulated luminosity integral of 13.6 pb™,
Fig.5.1.7.
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Fig.5.1.6. VEPP-2000 collider regular work.
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Fig. 5.1.7. Luminosity collected in HIGH 2012 experi-
ment.

At the same time the first test of calibration energy with
Compton backscattering was made. Laser beam meats the
electron one, and backscattered light is registered with
detector (Fig. 5.1.8). And the very first experiments
showed us scattering spectrum as in Fig. 5.1.9. There was
proposed an explanation based on laser beams interfer-
ence from several points of interaction region. After that
these data were put in the energy calibration formula, the

accuracy for the given figure is £ = 993.662 + 0.016 MeV.

In this season energy measurement based on CBS method
is also an routine operation.

In the summer of 2012 there was installation of addi-
tional BPMs in BEP-VEPP-2000 channels, that affected
on speed and quality of tuning the injection channels. In
September 2012 we started operation, modernization of
control system, CCDs, new electronics for pickups instal-
lation. October—November: geodesic work, start of opera-
tion with round beams, further VEPP-2000 tuning. We

&9

made energy calibration with ¢ and €2 mesons (510 and

390 MeV), 19 points were recorded. Since December 4
up to now: experiment RHO 2012 (energy range from
490 MeV and lower), at the moment we reached
360 MeV, statistics was taken in 32 points, luminosity
integral is 4.1 m6™'. Statistical data gathering is shown in
Fig, one can see regular growth in spite of energy lower-
ing. The gap in operation is due to NY.

\
I
} Infrared radfation
} HPGe defector

e beam

backscattered
photons

b2

Fig. 5.1.8. CBS method scheme.
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Fig. 5.1.9. Energy calibration.

The feature of VEPP-2000 work at low energies is flip-
flop effect — increasing the size of one of the colliding
beams and decreasing of another one. But in the case of
round colliding beams this effect does not lead to dra-
matically reduction of luminosity and allows us to work
with big enough currents and big specific luminosity. We
have stable increasing of accumulated integral in spite of
lowering the energy. The beams are presented in Figure
5.1.11 — positron beam is big, electrons are small, but the
luminosity is at enough level.

The dependence of collider luminosity on energy is
shown in Figure 5.1.12. This is summary picture of all
years, two experiments HIGH 2012 and RHO 2012 are
added. Starting from the energy 640-650 MeV we have
lack in positrons production, and from energy 800
(825) MeV we have to accelerate and decelerate of beams
in VEPP-2000 ring for normal operations.
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Fig. 5.1.12. Luminosity of VEPP-2000 complex.

5.1.2. Modernization of booster ring BEP and
channel K-500.

Modernization of injection part to work at the energy
1 GeV consists of several sages. At first the beams from
injection complex VEPP-5 are needed. Secondly, it is
necessary to construct and put the K-500 channel into
operation. The third point is that we have to upgrade BEP
to avoid problems with boost and lowering the beams in
VEPP-2000 ring. And of course modernization of BEP—
VEPP-2000 channel is required, as it is significantly con-
nected with BEP. The preparation of VEPP-2000 for in-
jection on 1 GeV is also required.

On the K-500 channel at the moment an installation
and preliminary geodesic placement of all the magnetic
elements is finished, except ones which require disman-
tling the old injection part we still work with. Laying of
feeding cable routes of all elements is complete, power
supplies are in active development and production. Vac-
uum chamber is also complete; system pumping is at the
moment carried out. New bending magnet (the last chan-
nel element) is almost manufactured. One can see for the
Figure 5.1.13 assembled vacuum system, installed quad-
rupoles, magnets, cables are routed and connected. Fur-
ther works on turning-on and tuning are assumed.

To upgrade BEP at first the new RF cavity on new
energy is needed. The modification of bending magnets is
required, and the first one (13™ magnet) is modified al-
ready and its measurement is carried out. Besides this,
modification of quadrupoles is required to increase gradi-
ent and to enhance sextupole component to be able to rise
beams up to 1 GeV. Modification of aluminum vacuum
chamber, new BEP elements such as bump, Ferro probe
are needed. The part of these works demands a full stop
of the VEPP-2000 complex and BEP dismantling. The
new BEP magnet (Fig. 5.1.14) is already placed in the
BEP hall, connected, and the first tests showed results as
in the Figure 5.1.15. The modification of this magnet ap-
peared not such simple task, insignificant completion was



originally assumed. But during the further work we real-
ized that the magnet has to be more strongly modified for
achievement of necessary field level.

Fig. 5.1.14. New BEP magnet.

Injection channels require manufacturing 8 new mag-
nets, the work is in progress. modification of power sup-
plies is also needed, we assume to use old high-voltage
supplies from the old channel. Preparation of VEPP-2000
for injection on 1 GeV is installation of additional inflec-
tor plates in the magnets near to RF cavity.
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Fig. 5.1.15. Magnetic measurements of modified BEP
magnet.

5.1.3 Resonance depolarization on VEPP-2000.

The experiment on energy calibration using resonance
depolarization is carried out, preliminary results are
shown in Figure 5.1.16 the work took place in a flat beam
mode — VEPP-2000 without solenoids and CMD-3. Three
runs were made. The first one was a pilot run to simply
observe a jump; it was carried out with large amplitude
and large depolarizer frequency speed. The jump was at
the position predicted by measurement using Compton
backscattering method. Following experiments were car-
ried out more accurate with less amplitude and speed of
depolarizer. Recorded jumps are almost coincident with
each other; movement was at first from right to left, then
from left to right. At that the voltage of VEPP-200 RF
cavity was different, that in the case of a side resonance
would lead to different results It is clearly seen from Fig-
ure 5.1.17 a good agreement of measurements with each
other as well as with the energy measured in CBS method.
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Fig. 5.1.16. Resonance depolarization.



5.2.VEPP-4 ACCELERATOR COMPLEX

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

5.2.1. Distribution of working time

In 2012 the planned reconstruction of the KEDR
detector was continued, thus, the high-energy physics
experiments at the VEPP-4M collider were not carried out.
Fig. 5.2.1 shows the time distribution for various aspects
of works at the VEPP-4 complex for 2012.

16%
%

......

/ 34% 18%

1,1%_/

Fig. 5.2.1. Distribution of working time of the VEPP-4
accelerator complex.

As seen from the diagram, this year the complex
working hours are distributed mainly between the
experiments with synchrotron radiation (16,9 % VEPP-3
+ 1.6% VEPP-4M), and also the DEUTERON
experiment at VEPP-3 (17,4 %). Regular maintenance
works (1,8 %) are carried out weekly. The accelerator
physics experiments at VEPP-4M were performed to
adjust the scattered electron registration system and to
develop the research on CPT theorem checking. The
series of experiments with a beam of high-energy
y-quanta obtained by conversion at the internal target
(«the output beamy) is also continued at VEPP-4M.

5.2.2. DEUTRON experiment at VEPP-3.

Measurement of ratio of cross-sections of the elastic
electron/positron  scattering on a proton allows
determination of the contribution of a two-photon
exchange to this process. The necessity to take into
account the two-photon exchange has been realized due to
the contradiction in the results of measurements of proton
electromagnetic form-factors.

In 2009 the measurement of R with the accuracy
considerably exceeding the accuracy of the known world
data is performed at the storage ring VEPP-3. In 2011 the
measurement of R in other kinematic area was started
(Fig. 5.2.2), this will allow us to double the achieved
accuracy. These works were continued in 2012.
By 1.04.2012 the planned integral of luminosity - over
100 kilocoulomb - was obtained. Currently the
experiment is finished and the collected data are under
processing.

i —

Fig.5.2.2. The DEUTRON experiment equipment at
VEPP-3.

5.2.3. The output beam at VEPP-4M.

Calibration of various systems of elementary particle
detectors for the accelerators being under construction
and design requires the beams of y-quanta and electrons
with certain properties. This type of beams are obtained at
VEPP-4M via using the electron scattering either on the
residual gas or on the tungsten converter specially
inserted into the accelerator vacuum chamber. The
produced secondary particles get to the equipped
experimental hall through the collimator (Fig. 5.2.4). The
design parameters of y-quanta and electron beams are
represented in Table 5.2. 1.

— Efe,
Converter —___ «Zftrg ,
(gamma to electron) T ,::-:{l_ﬁﬂam (Vepp P4 & .
T ‘-::_\‘__l\;‘f_”!)g g &F
. P — e ;
/ [ ‘ e I
| NEA, 2 NEM. L

/ =B EREEERE]

[Expg,.s frrEret
!_bﬁ_ff'l"‘?ﬂta; —
i fi8n |

El‘r_mi ol
{ room

A
f I D ganumna

Fi2.N  Fil.R FL1 5§ Fl.5
COHVBHBI"T

{electon to gamamal}

Fig. 5.2.3. The output beam at VEPP-4M.



Started in 2011, the testing of FARICH prototype for
the super c-t factory being under design was continued in
March — May 2012. Along with testing of the equipment
designed and manufactured in BINP, testing of the
detectors provided by PHILIPS company was carried out.
Continuation of both experiments is planned for 2013.

Table 5.2.1. Parameters of the output y-quanta and
electron beams

Parameter electrons y-quanta
Energy, GeV 0.1+3.0 0.1 +3.0
iz 0.5+5.0 ~1
E,%
Intensity, Hz 10 +1000 1000
Coordinate resolution, 0.5 -

mm

5.2.4. Scattered electron registration system.

Modernization of the registration system was carried
out: new two-co-ordinate Gas FElectronic Amplifiers
(detectors) were added, the complicated system of energy
calibration including two lasers and a BGO-based precise
calorimeter was produced and put into operation. The
adjustment of the system was performed with the
VEPP-4M electron beam at the energyE = 4 GeV. These
modifications provided a considerable improvement in
the accuracy of measurement of the parameters of
two-photon events; this is especially important for
studying the production of single pseudoscalar
resonances.

5.2.5. 7-pole wiggler with a 3T field.

In 2012, at VEPP-4M accelerator the experiments with a
new element of magnetic structure — a 7-pole wiggler
with a 3T field (Fig. 5.2.4).

Radiation from the wiggler goes through the new SR
beamline to the experimental hall where it is supposed to
be used for various experiments (Fig. 5.2.5).

Fig.5.2.4. 7-pole wiggler with a 3T field, installed in the
northern semi-ring of the VEPP-4M accelerator.

Fig. 5.2.5. Experimental hall and the new SR beamline.
5.2.6. Experiment on CPT-invariance check

Experiment consists in comparison of the energies of
electron and positron beams at the VEPP-4M collider
using the method of resonant depolarization with the
accuracy better than 10°. To eliminate the systematic
errors in energy measurement, the solution of the problem
of separating the beams in parasitic interaction points was
required. The suggested method allows us to avoid use of
the systems of electrostatic separation of the orbits of
electrons and positrons. The method is based on affecting
the particle radial orbit by RF signal on the second
subharmonic of revolution frequency. In this case electron
and positron bunches run along the same orbit which is
closed every two turns.

Bunches collide at the main interaction point, and at
parasitic interaction point are always separated. The
system for RF separation is installed in a technical area of
VEPP-4M and is tested with electrons (Fig. 5.2.6).
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Fig. 5.2.6. Separation of two electron bunches by means of RF-system. On the left -CCD-matrix data, on the right —
turn-by-turn diagram of electron beam centre-of-gravity position registered by the multianode PMT.
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5.3. INJECTION COMPLEX VEPP -5

5.3.1. Activity in 2012.

Upgrade of the vacuum system of the Injection com-
plex was completed, and operation of the RF system of
the complex was started at maximum design values of RF
power of all the klystrons. The old RF loads of the accel-
erating structures of the linear electron accelerator were
replaced with new, more powerful devices. The second
acceleration structure of the linear electron accelerator
was also replaced. The previous prototype structure at this
site had constraints on the average RF power input to the
structure. In addition, the new beam diagnostics system
was prepared for operation with positrons in the linear
positron accelerator. This system includes three extend-
able phosphor sensors, one of them combined with a
Faraday cup. Each sensor has its own digital external-
synchronization photometric camera for measurement of
transverse distribution of beam intensity. In the linear
electron accelerator, phase tuning of RF accelerating
fields in the structures was performed, which was neces-
sary for optimal acceleration of bunches. The computer
control system of the complex and part of the control
software were upgraded. The upgrade of the control sys-
tem involved replacement of outdated system modules
and monitors of the main control computers with new
ones and switching to a more recent version of the operat-

e or e’
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-

ing system LINUX. The Injection complex is now work-
ing 24 hours a day in the adjustment regime; the new
power supply system of the pulsed flux-concentrator
magnet for positron production is being tested; training of
the accelerating RF system of the fourth module at the
maximum RF power is close to completion; the damping
ring of the complex is ready to receive a positron beam.

5.3.2. Studies of wakefield acceleration.

The BINP workshop completed the production of
plasma section elements for study of wakefield accelera-
tion. The plasma section is being prepared for vacuum
tests in the laboratory. Beams of the storage ring will be
used for experiments on plasma wakefield acceleration.
An installation for investigation into plasma acceleration
is being built in a hall neighboring the storage ring. This
installation is an additional transport line for electron and
positron beams emitted from the storage ring (see Fig.
5.3.1). In its full version, the installation will include a
beam compression system, although at first a simplified
version will be commissioned, with uncompressed beams
injected into plasma. In this case, one can also observe a
significant change in the energy and angular spread of
beam due to the development o