Alushta-2010
| nter national Conference-School on

Plasma Physics and Controlled Fusion
and
4-th Alushta International Workshop
on the Role of Electric Fieldsin Plasma Confinement
In Stellarators and Tokamaks

Alushta (Crimea), Ukraine, September 13-18, 2010

BOOK OF ABSTRACTS

This Conference/Wor kshop is sponsored by:

European Physical Society

National Academy of Sciences of Ukraine

|
-

FAOOTONHIEL % SISAHd 40

National Science Center “Kharkov Institute of
Physics and Technology”

SO

NATIONAL SGIENGE GENTRE

Science and Technology Center in Ukraine




Inter national Advisory Committee:

O.Agren — Uppsala University, Sweden
V.Astashynski — IMAF, Minsk, Belarus
|.G.Brown—LBNL, Berkeley, USA
R.Galvao — CBPF, Rio de Janeiro, Brazil
M.Gryaznevich — Culhem Lab. Abingdon, UK
C.Hidalgo - CIEMAT, Madrid, Spain
A.Hassanein — Purdue University, USA
T.Klinger - IPP, Greifswald, Germany
E.P.Kruglyakov — INF, Novosibirsk, Russia
|.S.Landman - Forschungszentum Karlsruhe,
Germany
J.Linke — Forschungszentum Juelich, Germany
O.Motojima—ITER

Program Committee:

K.N.Stepanov (IPP NSC KIPT, NASU)- Chairman
V.A.Makhlay (IPP NSC KIPT) — Scientific
Secretary
N.A.Azarenkov (Karazin National Univ., Kharkov)
I.A.Anisimov (T.Shevchenko National Univ., Kiev)
V.A.Buts (IPENMA NSC KIPT, NASU)
O.K.Cheremnykh (Inst. of Cosmic Research, NASU)
|.E.Garkusha (IPP NSC KIPT, NASU, Kharkov)
|.A.Girka (Karazin Nationa Univ., Kharkov)
A.A.Goncharov (Inst. of Phys., NASU, Kiev)
V.I.Karas' (IPENMA NSC KIPT, NASU)
V.F.Klepikov — IERT, NASU, Kharkov, Ukraine
Yal.Kolesnichenko (KINR, NASU, Kiev)
K.P.Shamrai (KINR, NASU, Kiev)
I.N.Onishchenko (IPENMA NSC KIPT, NASU)

Wor kshop Organizing Committee:

G. Van Oost —Ghent University, Begium —
Chairman
L.1.Krupnik — IPP, NSC KIPT, Ukraine—
Scientific Secretary

L ocal Organizing Committee:

I.M.Neklyudov (NSC KIPT) — Co-Chairman
(IPP NSC KIPT) — Co-Chairman
|.E.Garkusha (IPP NSC KIPT) —Vice
Chairman
M.E.Maznichenko (IPP NSC KIPT) —Vice
Chairman
V.A.Mikhailov (NSC KIPT) - Vice Chairman
A.M.Yegorov (IPENMA NSC KIPT) —Vice
Chairman

K.Nakajima— Tsukuba Univ., I baraki, Japan
|.M.Neklyudov — NSC KIPT, NASU, Kharkov,
Ukraine
M.P.Petrov — |offe Phys.-Tech. Ingtitute,
St.Petersburg, Russia
A.A.Rukhadze — Inst. of General Phys., Russia
M.J.Sadowski — SINS, Warsaw, Poland
J.Sanches — CIEMAT, Madrid, Spain
V.P.Smirnov — Kurchatov Inst., Moscow, Russia
J.Stockel — PP, Prague, Czech Republic
G.Van Oost - Ghent University, Belgium
F.Wagner — IPP, Greifswald, Germany
A.G.Zagorodny-Bogolyubov Inst. for Theor.
Phys. (NASU), Kiev, Ukraine

O.S.Pavlichenko (IPP NSC KIPT, NASU, Kharkov)
0O.B.Shpenyk (Inst. of Electron. Phys., NASU,
Uzhgorod)
V.S.Taran (IPP NSC KIPT, NASU, Kharkov)
(IPP NSC KIPT, NASU, Kharkov)
V.T.Tolok (NSC KIPT, Kharkov)
V.S.Voitsenya (IPP NSC KIPT, NASU, Kharkov)
E.D.Volkov (IPPNSC KIPT, NASU, Kharkov)
A.M.Y egorov (IPENMA NSC KIPT, NASU,
Kharkov)
K.A.Y ushchenko(Paton Inst. for Welding,
NASU Kiev)
A.G.Zagorodny (Bogolyubov Inst. for Theor.
Phys., NASU, Kiev)
V.A.Zhovtyanski (Inst. of Gases, NASU, Kiev)

C.Hidalgo — CIEMAT, Madrid, Spain
A.V.Méenikov — Kurchatov. Inst., Moscow, Russia
J.Stockel — IPP, Prague, Czech Republic

\/.| Tereshin — PP NSC KIPT, Kharkov, Ukraine

V.A.Makhlay (IPP NSC KIPT) — Scientific
Secretary
V.V.Garkusha—Conference Secretary
V.P.Chizhov (NSC KIPT)
S.M.Maznichenko (IPP NSC KIPT)
L.K.Tkachenko (IPP NSC KIPT)
S.V.Urvantseva (IPP NSC KIPT)
V.V.Yakovleva (IPP NSC KIPT)



CONTENTS

Preface
INVItEA LECIUIBS. .o et e e e e e e e 3
Contributed Papers .....c.voeiii i e e 20
Topics:

1. Magnetic Confinement Systems:. (Stellarators, Tokamaks,

Alternative Conceptions).......ccvvvveieii e i 20
2. PlasmaHeatingand Current Drive...........cooovviiiiin i enn e, 55
3. ITER and Fusion Reactor ASPECtS.........oovviieiiiiieniinineenns 64
4. Basic Plasma PhySICS .......coviiiiiii e 73
5. SpacePlasma.......cooovii i 95
6. Plasma Dynamics and Plasma—Wall Interaction ................ 98
7. Plasma EleCtrOniCS ......cco v i e 116
8. Low Temperature Plasma and Plasma Technologies ........... 135
9. Plasma DiagnostiCS ......ouviuiie it e e e e 194

INdeX Of AULNOTS. .. ..o e e e 216



International Conference and School on Plasma Physics and Controlled
Fusion ALUSHTA-2010 combined with 4-th Alushta International Workshop
on the Role of Electric Fieldsin Plasma Confinement in Stellarators and
Tokamaks follows the previous International Conferences and Workshops,
which were held in Alushta in 1998, 2000, 2002, 2004, 2006, 2008 and were
organized by the National Science Center “Kharkov Institute of Physics and
Technology”. More than 100 Ukrainian scientists and 70 foreign participants
(from 16 countries) presented about 200 reports during Alushta-2008
Conference.

Alushta-2010 is sponsored by the National Academy of Science of
Ukraine, National Science Center “Kharkov Institute of Physics and
Technology”, Bogolyubov Institute for Theoretical Physics, European Physical
Society (EPS) and Science and Technology Center in Ukraine (STCU). More
than 220 abstracts were submitted by Ukrainian and foreign authors and selected
by the Program Committee for presentation at the Conference Alushta-2010 the
4-th Alushta International Workshop. All the abstracts have been divided into 9
groups according to the topics of the Conference Program.

Since the abstracts presented in this volume were prepared in camera-ready
form, and the time for the technical editing was very limited, the Editors and the
Publishing Office do not take responsibility for eventual errors. Hence, al the
guestions referring to the context or numerical data should be addressed to the
authors directly.

We hope that the contributed papers and invited talks, to be given at the
Conference and Workshop, will supply new valuable information about the
present status of plasma physics and controlled fusion research. We also hope
that the Conference will promote a further development of plasma physics and
fusion as well as the scientific collaboration among different plasma research
groups in Ukraine and abroad.

Program and Local Organizing
Committees



INVITED LECTURES

RECENT RESULTSFROM KHARKOV STELLARATORS

V.S. Voitsenya, E.D. Volkov, V.l. Tereshin, and the U-2M and U-3M Teams

Institute of Plasma Physics, NSC Kharkov Institute of Physics and Technology,
Kharkov 61108, Ukraine,
E-mail: voitseny@ipp.kharkov.ua

Uragan-2M. Uragan-2M device is a medium size stellarator-type fusion device (major
radius is R = 1.7 m, minor radius a £0.24 m) with reduced helical ripple value, moderate
shear and the magnetic well (up to dV'/V' =-4.3%). The main parameters of the magnetic
system: | = 2, m = 4 helical winding with additional toroidal magnetic field coils, maximum
toroidal magnetic field strength is Brax < 2.4 T. Presence of the toroidal magnetic coils and
the coils of the vertical magnetic field provides flexibility of this device in experiment.

Recently the new four-strap RF (FSA) antenna was installed and has to start operation
soon, without and with controlled gas (hydrogen) puff which gives a possibility to handle
with plasma of density 3 10" ion/cm®. This antenna produces plasma hardly and, therefore, for
plasma production a frame antenna (FA) hasto be used, and the FSA antennae pulse goes just
after the FA pulse.

A series of experiments on the vacuum chamber RF wall conditioning were carried out
aimed to develop a scenario for wall conditioning in a supercoducting machine. A discharge
driven by the slow wave at frequencies w>>w, is studied. Especialy for the RF wall
conditioning, a small frame antenna is designed and manufactured. It can be used both at low
(~8 MHz) and high (~150 MHz) frequencies. Owing to the small size, this antenna could be
inserted and removed through the vacuum gate. The experiments show the acceptable
performance of the antenna in both frequency ranges.

Uragan-3M. The unique feature of the torsatron U-SM (I =3, m=9,R=1m, a» 0.12m,
i(a)» 0.3, Bmax = 1.3 T) isthat al helical and vertical magnetic field coils are placed into a
large (5 m in diameter) vacuum chamber and, in such a design, a magnetic configuration with
the natural helical divertor is provided. A detailed study of the characteristics of the divertor

plasma flows in the regime of RF plasma production and heating at w < wg; is one of the key
problems for investigation at this device: a vertical asymmetry of the flows due to the NB
drift, ion and electron energy distribution in the divertor flows, fluctuations in the diverted
plasma before and during transition to H-mode, etc.

The other problem being investigated in U-3M is the intensive comparative studies of the

regimes before and after transition to better confinement of the low-collisional plasma
(ne= 10" ion/em®), namely: measurements of the plasma characteristics, calculations of the
plasma turbulent fluxes, estimation of the energy confinement time. After transition the
energy confinement time increases significantly and becomes close to values that can be
found for U-3M experimental conditions from the conventional stallarator scaling.
The three-half-turn RF antenna was put into operation and several regimes of pulsed
discharges with mean plasma density (0.5-2.0)40" ion/cm® were investigated. At the plasma
density 0.540" cm™ the central electron temperature reaches ~500 eV. lon temperature is
lower, ~100 eV. The achieved energy content of plasma is higher as compared with other
experimentsin U-3M.


mailto:voitseny@ipp.kharkov.ua

CONCEPTUAL STUDY OF A STRAIGHT FIELD LINE
MIRROR HYBRID REACTOR

0. Agren', V.E. Moiseenko?, K. Noack®, A. Hagnestal*

'Uppsala University, SE-751 21Uppsala, Sveden
National Science Center “Kharkiv Institute of Physics and Technology”
61108 Kharkiv, Ukraine

The straight field line mirror (SFLM) field [1] with magnetic expanders beyond the
confinement region [2] is proposed as a compact device for transmutation of nuclear waste
and power production. Compared to a fusion reactor, plasma confinement demands can be
relaxed if there is a strong energy multiplication by the fission reactions, i.e
Q=Prision/Pruson>>1. The values of Q; is primarily restricted by fission reactor safety
requirements. For the SFLM, computations suggest that values of Q, ranging up to 150 are
consistent with reactor safety. In a mirror hybrid device with Q,>100 and where power loss is
dominated by electron drag from the hot ions to the colder electrons, the lower bound on the
electron temperature for power production can then be estimated to be around 400 eV, which
may be achievable for a mirror machine, but even higher T, values would be favorable to
reduce the plasma heating power. The SFLM with its quadrupolar stabilizing fields does not
rely on plasma flow into the expanders for MHD stability, and a scenario with plasma density
depletion in the expanders is a possibility to increase the electron temperature. A build-up of a
strong electric potential, which improves electron confinement, is associated with the plasma
density depletion. Preliminary estimates suggest that an electron temperature exceeding 1 keV
could be reached with a modest density depletion in the expander. Efficient power production
is predicted with a fusion Q=0.15 and an electron temperature around 500 €V. A fusion power
of 10 MW could then be amplified to 1.5 GW fission power in a compact 25 m long hybrid
mirror machine. The magnetic field is nearly omnigenous, radiofrequency heating is aimed to
produce a hot sloshing ion plasma [3] and magnetic coils are computed with sufficient space
for afission mantle in between the coils and the vacuum chamber. Neutron calculations [2,4]
show that nearly all fusion neutrons penetrate into the fission mantle. All sensitive equipment
can be located outside the neutron rich region and a steady state power production is possible.

References:

1. O. Agrenand N. Savenko, Phys. Plasmas, 11, 5041 (2004).

2. O.Agren, V.E. Moiseenko, K. Noack and A. Hagnestal, accepted for Fusion Science and
Tech., (2010).

3. V.E. Moiseenko and O. Agren, Phys. Plasmas 12, 102504 (2005).

4. K. Noack, A. Rogov, A. A. Ivanov, E. P. Kruglyakov, Fusion Science and Tech. 51, No.
2T, 65 (2007).
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RECYCLING AND SPUTTERING STUDIESIN HYDROGEN AND HELIUM
PLASMASUNDER LITHIATED WALLSIN TJ-11

F. L. Tabarés, D. Tafalla, JA. Ferreiraand T team

Laboratorio Nacional de Fusion, AS Euratom/Ciemat, Av.Complutense 22, 28040 Madrid,
Spain,

E-mail: tabares@ciemat.es

Up to date, THII isthe only stellarator routinely operated on lithiated walls, thus offering
the possbility to address important issues concerning the possible design of a stellarator-
based reactor under very low recycling conditions [1] In this work, the important issues of
fuel retention and wall erosion for H and He plasmas are addressed. Concerning erosion and
implantation, the energy of the ions reaching the wall could be strongly modified under pure
NBI heating due to minimization of charge exchange loses and the concomitant flattening of
edge Ti profiles [2]. However, the sputtering yield of lithium was found to be significantly
lower than that expected from laboratory experiments and Trim code cal culations. Moreover,
the dependence of that yield on edge temperature is consistent with an energy threshold much
larger than that of pure lithium. In order to assess the effect of material mixing, which appears
agood candidate for the observed effect [3], several degrees of mixing of the Li layer with the
underlying boron were induced by the conditioning plasma.

Another topic that has been recently investigated in TJ11 is particle retention and release
under H/He operation. Recycling coefficients R< 0.1 and R~0.85 for H and He, respectively,
were measured, leading to good density control in ECRH and NBI heated plasmas and
opening the possibility to strong He pumping by the lithium wall, as previously suggested [4].
The release of either species in the opposite plasma has also been investigated under several
plasma conditions. It is concluded that thermal effects, possibly related to the diffusion of the
released species across the lithium layer, can set a limit when isotope interchange is required,
independently of the flux of impinging particles.

In this presentation, TJIl as well as laboratory experiment results on Li sputtering and
recycling in the presence of boron will be addressed.

1. F.L. Tabaréset a. Plasma Phys. Control. Fusion 50, (2008) 124051
2. L.E. Z&kharov et al. J. Nucl. Mater. 363-365 (2007) 453

3. JP. Allain et a. J. Nucl. Mater. 390-391 (2009) 942

4. V.A. Etvikin et al. Plasma Phys Control Fus. 44(2002) 955
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EVOLUTION OF MIRRORSIN NOVOSIBIRSK:
PAST, PRESENT AND FUTURE

E.P. Kruglyakov, A.V. Burdakov, A.A. lvanov

The history of mirror studies in the Budker Institute of Nuclear Physics is described.
Appearance of modern concepts of plasma confinement in mirrors, development of heating
systems acceptable for plasma heating in long traps with small diameter of plasma (such as
relativistic electron beams and focused neutral beams) are presented. The modern status of

Novosibirsk mirror program is described and reactor prospects are discussed.
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EXPERIMENTS ON NEOCLASSICAL RIPPLE TRANSPORT
AT POLOIDALLY OR/AND TEMPORALY PERTURBED SEPARATIRIX
IN ELECTRON PLASMA

A.A. Kabantsev and C.F. Driscoll

Univergty of California at San Diego, La Jolla, CA 92093, USA

Neoclassical transport due to axial asymmetries is ubiquitous in magnetic fusion plasma
confinement. These plasmas typically have several locally (“helically”)-trapped particle
populations, either by design (stellarators) or due to coil discreteness (tokamaks), partitioned
by separatrices from one another and from passing (“toroidally trapped”’) particles. The drift
orbits for particles trapped in the two separate regions are displaced radially from one another
due to the asymmetry variance, leading to the standard neoclassical transport as particles
collisionally change (at rate n) from helically-trapped to toroidally-trapped and back.

This situation is dramatically modified when the separatrix is itself poloidally asymmetric
(ruffled), or when it fluctuates due to waves in the plasma. In such a case the particles see a
time-varying separatrix barrier, and without needing collisions they can chaotically transit
from helically-trapped to toroidally-trapped and back. This can give enhanced transport in the
low collisionality regimes associated with fusion plasmas. Our recent experiments with
controlled poloidal ruffles or fluctuations on a trapping separatrix identify form of novel
“chaotic” neoclassical transport scaling as B and this is distinct from collisional
neoclassical transport scaling as v/? B™Y? . We show that this previously undiscovered regime
results in enhanced transport that is independent of n and can greatly exceed standard

Jn superbanana transport.

In the experiments we use a magnetized low-collisionality electron plasma, with a squeeze
voltage Vs (Rw,0,zt) applied to a sectored central cylinder (radius Ry) to create two separate
“helically”’-trapped  populations [1]. Controlled ruffle voltages DV(t) give
Vs=Vpt+DVincog m(6-61)]; here we focus mostly on m = 2 . Ruffles spread the separatrix
energy by  Df (r,q)» eDVi, (r/Ry)™. Radial particle transport is conveniently driven by a small
magnetic tilt asymmetry with controlled magnitude ez° B~/B£10® and chosen tilt direction
qe° tan(B,/B,). Collisions cause radial transport scaling as \nw.e? (where we w, ?n isthe
of ExB drift rotation frequency) due to the collisional spreading of the separatrix energy by
DW, » T/n /w, , as expected theoretically [2].

In contrast, chaotic trangport dominates when ruffles or waves meke Df (r,q,t) 3 DW;

then, the effects of the ruffled separatrix on both the transport magnitude and poloidal
channeling (6 -petals) become clearly distinguished in the data, and are in close quantitative
agreement with recent theory. The neoclassical ripple transport shows the unambiguous and

digtinctive signature scaling as w.e?” (DW.D. +Df D, sina), where the O-petas
magnitude defined by the relative angle a ° qg - q,, is proportional to DV_eZB . This novel

chaotic transport mechanism could be an important loss process at very low collisionality in
many fusion systems with asymmetric separatrices such as stellarators.
The work was supported by NSF Grant PHY -0903877 and DOE Grant DE-SC0002451.

1. A.A. Kabantsev and C.F. Driscoll. Phys. Rev. Letters 97, 095001 (2006).
2. H. Mynick. Phys. Fluids 26, 2609 (1983).



TOKAMAK CODE TOKESMODELSAND IMPLEMENTATION
|.S. Landman
Karlsruhe Institute of Technology, IHM, P.O. Box 3640, 76021 Karlsruhe, Germany

During a few past years the code TOKES was developed [1], aming at integrated
simulation of plasma equilibriums and surface processes in tokamak devices. This paper will
describes some intermediate state of the code and available numerical results obtained so far,
including physical and mathematical background of incorporated models and design details.
The code calculates multi-fluid plasma processes in the core and the scrape-off layer (SOL),
and atomic processes a the vessel surface and in the vessel volume, by a sequence of time
steps for the whole discharge. The dynamics of magnetic field and plasma currents and the
currents in the poloidal field coils are also implemented. The code’'s models include the
fuelling by spreading cold atoms in the confined plasma volume and the heating by neutral
beams, the transport of radiation and neutrons in the whole vessel and the hot plasmain the
core, and plasma fluxes through the separatrix or the limiter into SOL towards the wall. Also
the processes of surface response to the load, such as the sputtering and the vaporization are
implemented, as well as the propagation of the emitted material atoms in the vessel and their
ionization in the confined plasma.

This work, supported by the European Communities under the contract EFDA/05-1305
between EURATOM and Karlsruhe Institute of Technology, was carried out within the
framework of the European Fusion Development Agreement. The views and opinions
expressed herein do not necessarily reflect those of the European Commission.

1. 1.S Landman, G. Janeschitz, Modelling of SOL transport and radiation losses for ITER
with the integrated tokamak code TOKES, J. Nucl. Mater. 390-391 (2009) 384.
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AFFINITY AND DIFFERENCE BETWEEN ENERGETIC-ION-DRIVEN
INSTABILITIESIN 2D AND 3D TOROIDAL SYSTEMS

Yal. Kolesnichenko!, A. Koénies?, V.V. Lutsenko!, Yu.V. Y akovenko®

Ynstitute for Nuclear Research, Prospect Nauky 47, Kyiv, 03680, Ukraine,
E-mail: yk@kinr.kiev.ua;
2 Max-Planck-Institut fiir Plasmaphysik, D-17489 Greifswald, Germany

Energetic (superthermal) ions are usually present in all types of toroidal fusion facilities.
They are produced by neutral beam injection, radio frequency heating, and fusion reactions.
The energetic ions can lead to various plasma instabilities, in particular, various Alfvén
instabilities. These instabilities can considerably affect the plasma performance by expelling
energetic ions from the plasma core. Moreover, there are experiments where the deterioration
of the plasma energy confinement time took place during these instabilities. Meanwhile,
some ingtabilities has no visible influence on the energetic ions and the plasma, in which case
they can be used for plasma diagnostics.

Because most works dealing with energetic-ion-driven instabilities are relevant to tokamaks,
it isof importance to understand when the results of these works, especially theoretical works,
can be used for the description of similar phenomena in stellarators. On the other hand, the
stellarator theory incorporating effects of 3D geometry can be useful for understanding
ingtabilities in tokamaks, where the axial symmetry is broken by, e.g., magnetic islands.
Therefore, comparative analysis of instabilities in various types of toroidal systems is of
interest for both stellarator and tokamak communities. Such an analysis based on an
overview of energetic-ion-driven ingtabilities in tokamaks and stellarators is carried out in this
work. Instabilities in wide frequency range, from the ion/electron diamagnetic frequency to
high frequencies of specific stellarator modes, are considered. Effects of the instabilities on
the confinement of both the energetic ions and the bulk plasma are described. Numerical tools
available for the simulation of instabilities driven by energetic ions in tokamaks and
stellarators are reviewed.

Acknowledgements

The research described in this publication was made possible in part due to the Project
No. 4588 of the Science and Technology Center in Ukraine.

"This report is based on an invited paper submitted to Plasma Physics and Controlled Fusion
(PPCF) for publication in a PPCF cluster issue on physics at the stellarator-tokamak interface.
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KINETIC MODELING OF H-MODE PEDESTAL WITH .
EFFECTSFROM ANOMALOUS TRANSPORT AND MHD STABILITY

A.Y. Pankin'?, G.Y. Park®, G. Bateman', C.S. Chang>*, R.J. Groebner®, JW. Hughes’,
A.H. Kritz}, S. KW, T. Refiq', P.B. Snyder®, J. Terry®

!|_ehigh University, Bethlehem, PA, USA, E-mail: pankin@lehigh.edu;
%Ingtitute for Nuclear Research, Kyiv, Ukraine;
3New York University, New York, NY, USA;
“Korea Advanced Institute of Science and Technology, Daejeon, Korea;
°General Atomics, San Diego, CA, USA;
®MIT Plasma Science and Fusion Center, Cambridge, MA, USA;

This study addresses the development of a scaling of the H-mode pedestal in tokamak
plasmas with type | ELMs. The sheared ExB flows result in a reduction of anomalous
transport, which leads to the formation of an edge transport barrier and the transition to the H-
mode improved confinement in tokamaks. The nonlinear interplay between anomalous and
neoclassical effects motivates the development of a self consistent simulation model that
includes neoclassical and anomalous effects simultaneously. For the basic kinetic neoclassical
behavior, the XGCO kinetic guiding-center code [1] is used with aredlistic diverted geometry.
For the anomalous transport, a radial random-walk is superposed in the Lagrangian
neoclassical particle motion, using the FMCFM interface to the theory-based MMM95 and
GLF23 models. These anomalous models include transport driven by drift-wave instabilities,
such as the electron and ion temperature gradient driven modes and trapped electron modes.
The MMM95 model includes a resistive ballooning component that is particularly important
near the plasmaedge. The GLF23 model is used to cross-verify the anomalous transport in the
plasma core region. The effect of ExB flow shear quenching is implemented through a flow
shear suppression factor [2-4]: F=1/(1+(t. wexs)?), where 1. is the correlation time of
fluctuations for the case without flow and wexg is the normalized ExB flow shear rate:

0exe=|R By /By 0/0r (E: IR By )|. The radial electric field E; is computed in the first-principle
neoclassical kinetic XGC-0 code. Growth of the pedestal by neutral penetration and ionization
is limited by an ELM ingability criterion computed by the ELITE MHD stability code [5].
XGCO and ELITE coupling is automated in the EFFIS computer science framework. H-mode
pedestal profiles for two representative tokamak devices, DIII-D and Alcator C-Mod, are
considered: DIII-D for low B-field, low density, high temperature plasmas, and C-Mod for a
high B-field, high density plasmas. The simulations in this study use redlistic diverted
geometry and are self-consistent with the inclusion of kinetic neoclassical physics, theory-
based anomalous transport models with the ExB flow shearing effects, as well as an MHD
ELM triggering criterion. A scaling relation for the pedestal width and height is presented as a
function of the scanned plasma parameters. Differences in the electron and ion temperature
pedestal scalings are investigated.

1. C.S. Chang et al., Phys. Plasmas 11 (2004) 2649.

2. S. Hamaguchi and W. Horton, Phys. Fluids B 4 (1992) 319.
3. T.S. Hahm and K.H. Burrell, Phys. Plasmas, 2 (1995) 1648.
4. K.H. Burrell, Phys. Plasmas, 4 (1997) 1499.

5. P.B. Snyder et a., Phys. Plasmas 9 (2002) 2037.

"This work supported by the U.S. Department of Energy under DE-SC0000692, DE-FC02-08ER54985, DE-
FG02-06ER54845, DE-FG02-92ER54141, DE-FC02-04ER54698, DE-FG02-95ER54309, DE-FCO02-
99ER54512.
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RELIABILITY AND PERFORMANCE OF TOKAMAK FUSION DEVICES UNDER
VARIOUSPLASMA INSTABILITIES

Ahmed Hassanein
School of Nuclear Engineering, Purdue University, West Lafayette, IN 47907, USA

Plasma instability events such as disruptions, resulting runaway electrons, edge-localized
modes (ELM), and vertical displacement events (VDE) are mainly the most limiting factor for
successful Tokamak reactor concept. The plasma-facing components (PFC), e.g., wall,
divertor, and limited surfaces of atokamak aswell as coolant structure materials are subjected
to intense particle and heat loads and must maintain a clean and stable surface environment
between them and the core/edge plasma. This is critical to fusion device performance.

Comprehensive research efforts are developed utilizing the HEIGHTS simulation package
to sudy self-consistently various effects of high power transient on material
operation/selection. The package consists of several models that integrate different stages of
plasma-wall interactions starting from energy release at scrape-off-layer and up to the
transport of the eroded debris and splashed wall materials as a result of the deposited energy.
The integrated model predicts material loss, PFC lifetime from transients, and effects on core
plasma performance. HEIGHTS initial simulation shows that a single event such as a major
disruption, VDE, or runaway electron could severely damage the reactor wall and structura
materials and disrupt operation for a significant time. HEIGHTS is used to identify safer
operating window regimes and upper transient limits that PFC can withstand during various
instabilities.

11
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MATERIAL CHARACTERIZATION AND HIGH HEAT FLUX TESTING UNDER
ITER SPECIFIC OPERATING CONDITIONS

J. Linke, Th. Lowenhoff, G. Pintsuk, M. Rodig, A. Schmidt, C. Thomser, M. Wirtz
Forschungszentrum Jilich, EURATOM-Association FZJ, D-52425 Jilich, German

To withstand the extreme environments in a thermonuclear fusion reactor a number of
technological challenges have to be met; in particular high-temperature resistant and plasma
compatible materials have to be developed and qualified under ITER specific loading
conditions. Special attention has to be paid to high heat flux components, i.e. to the limiters
and the divertor targets with expected power densities up to about 10 MWm?. These extreme
loads make high demands on the selection of qualified materials and reliable fabrication
processes for actively cooled plasma facing components. The technical solutions which are
considered today are mainly based on beryllium, carbon or tungsten and copper alloys or
stainless steel for the heat sink.

Another important issue is the evaluation of the materials performance under short
transient events which occur during Edge Localized Modes (ELMs) and during plasma
disruptions. In this field significant progress has been made with the investigation of threshold
values for the damaging processes such as roughening, crack formation and melting of the
heat affected surfaces under ITER relevant loading scenarios. Electron beam based thermal
shock experiments have been performed on a number of metallic and carbon based armour
materials. In these tests the damage thresholds have been determined in single and multiple
shot experiments. To perform transient heat load experiments with ELM like loading rates,
i.e. millions of repetitions, the most essential machine parameter are the characteristics of the
beam such as beam profile and beam diameter. Systematic analyses have been preformed
which allow to quantify local energy deposition profiles as a function of beam current,
acceleration voltage, the currents in the focusing coils, and the chamber pressure. Based on
these parameters the experimental conditions for repetitive ELM-simulation tests have been
derived.

The wall bombardment with 14 MeV neutrons in D-T-burning plasma devices and the
resulting material damage are another critical issue, both, from a safety point of view, but also
under the aspect of the component lifetime. Next step thermonuclear confinement devices
such as ITER with an integrated neutron fluence in the order of 1 dpa do not pose any
unsolvable material problems. Due to the lack of an intense 14 MeV neutron source, complex
neutron irradiation experiments have been performed in material test reactors to quantify the
neutron-induced material damage.
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SIMULATION OF ITER ICWC SCENARIOSIN JET

A. Lyssoivan', D. Douai?, V. Philipps®, S. Brezinsek®, R. Koch', E. Lerche', M.-L. Mayoral®,
J. Ongena’, R.A. Pitts*, F.C. Schilller®, G. Sergienko®, D. Van Eester, T. Wauters™?,
T. Blackman®, V. BobkoV®, E. delaCal’, F. Durodi€', E. Gauthier?, T. Gerbaud®,

M. Graham?®, S. Jachmich?, E. Joffrin?®, A. Kreter®, V. Kyrytsya', P.U. Lamalle®, P. Lomas,
F. Louche!, M. Maslov®, V.E. Moiseenko®, I. Monakhov®, J.-M. Noterdaeme®*°, M K. Paul®,
V. Plyusnin™, M. Shimada®, M. Tsalas*, M. Van Schoor*, V.L. Vdovin®®
and JET EFDA Contributors*

JET-EFDA, Culham Science Centre, Abingdon, OX14 3DB, UK;
L PP-ERM/KMS, Association Euratom-Belgian Sate, 1000 Brussels, Belgium, TEC partner;
2CEA, IRFM, Association Euratom-CEA, 13108 & Paul lez Durance, France;
3| EF-PI asmaphysik FZ Julich, Euratom Association, 52425 Jilich, Germany, TEC partner;
4| TER International Organization, F-13067 & Paul lez Durance, France;
SCCFE/Euratom Fusion Association, Culham Science Centre, OX14 3DB, Abi ngdon, UK;
SMax-Planck Institut fiir Pl asmaphysik, Euratom Association, 85748 Garching, Germany;,
"Laboratorio Nacional de Fusién, Association Euratom-CIEMAT, 28040 Madrid, Spain;
8EFDA-CU, Culham Science Centre, OX14 3DB, Abi ngdon, UK;
°Ingtitute of Plasma Physics, NSC KIPT, 61108 Kharkiv, Ukraine;
9Gent University, EESA Department, B-9000 Gent, Belgium:;
Ynstituto de Plasmas e Fusao Nuclear, Association EURATOM-IST, Lisboa, Portugal;

2NCSR ‘Demokritos’, Athens, Greece:
BRRC Kurchatov Institute, Nuclear Fusion Institute, Moscow, Russia

In ITER and future fusion devices, the presence of the permanent, high toroidal magnetic field
resulting from operation with superconducting coils will prevent the use of conventional glow
discharge conditioning technique (GDC) between ohmic plasma shots. The lon Cyclotron Wall
Conditioning (ICWC) technique based on Radio-Frequency (RF) discharges is fully compatible
with high magnetic field and consdered as the most promising technique available to ITER for
routine wall conditioning, in particular for recovery after disruptions, isotopic ratio control and fuel
remova. The ability to operate in ICWC mode has recently been confirmed as a functional
requirement of the ITER main ICRF heating and current drive system.

This paper focuses on a study of ICWC discharge performance in the largest current tokamak
JET using the gandard | CRF hegting antenna A2 in a scenario envisaged a ITER full field: on-axis
location of the fundamental ICR for deuterium, w=wp+. TO enhance the wall conditioning outpu,
the RF discharge ignition/sustainment phases have been optimized in terms of (i) antenna-near E-
field generation (paralel to the Br-field) responsible for the discharge ignition, (ii) antenna coupling
to low plasma density (~10* m®) and (iii) plasma wave excitation/absorption over the torus in low
density plasmas. The optimization procedure enabled to extend the JET A2 antenna (two modules)
reliable operation in the ICWC mode over alarge range: f=25 MHz, 00rz- and monopole-phasing
for the antenna current dragps, coupled power Prep»80- 250kW (with the antenna coupling
efficiency Py / P »0.5-0.6), gas compogtion (He, D, and their mixtures) a pressure

P2 10° Pa, Br=3.3- 345 T, By=0- 30 mT. The efficiency for fuel remova was assessed in the
isotopic exchange scenario. The conditioning cycle with 8 identicd D, ICWC shots (an
accumulated discharge time of 72 ) in the vessel preloaded with H; resulted in an increase of the
isotopic ratio D/(D+H) between 30% and 50% with the wall retention about 3 times higher than
desorption.

The empirical direct extrapolation of the obtained experimenta ICWC data to ITER Sze
(asuming similar power dengity scaling) are compared with the predictions from 1-D RF full wave
and 0-D/1-D RF plasmacodes. The andysisindicates that the currently planned ITER ICRF H&CD

system could be used for ICWC operationson I TER.
*Seethe Appendix of F. Romanelli e ., Proc. 22™ Int. FEC Geneva, IAEA (2008).
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GENERALIZED FOKKER-PLANCK EQUATION AND UNIFIED DESCRIPTION
OF BALLISTIC AND DIFFUSIVE PROCESSES

Anatoly Zagorodny
Bogolyubov Institute for Theoretical Physics, 252143 Kiev, Ukraine

Turbulent diffusion generated by plasma instabilities in many cases manifests anomalous
properties which cannot be described on the basis of ordinary diffusion equation. In
particular, mean-square particle displacement can have fractional power time behavior
changing in course of the system evolution.

In the present contribution we propose the unified description of diffusion processes that
crosses over from a ballistic behavior at short times to a fractional diffusion (sub- or super-
diffusion) as well as ordinary diffusion at longer times using the non-Markovian
generalization of the Fokker-Planck equation. The relations between the non-time-non-local
kinetic coefficients and observable quantities (mean- and mean- square displacements) are
established. The problem of calculations of the kinetic coefficients using the Langevin
equations is discussed. Solutions of the non-Markovian equation describing diffusive
processes in the rea (co-ordinate) space are obtained. Such solution agrees for long times
with results obtained within the continuous random walk theory but is much superior to this
solution at shorter times where the effects of the ballistic region are crucial.
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IMPURITY ION HEATING AND DRIFT VELOCITY
IN THE AL'FA EXPERIMENT

D.H. McNeill
3955 Bigelow Blvd., Pittsburgh, Pennsylvania 15213, USA

Al'fawas one of the first (c. 1960) large toroidal plasma experiments (major and minor
radii 1.6 and 0.5 m; toroidal B~0.1 T). Extensive, early diagnostic development and results
were reported for this ohmically heated device:' x rays, energetic electrons, and charge
exchange H atoms were detected. In particular, high impurity ion energies (hundreds of eV,
far above the nominal 20 eV electron temperature) and substantial toroidal drift velocities of
these ions were observed spectroscopically. This impurity ion behavior has never been
adequately interpreted theoretically** or related to today's experiments.

Describing loop voltage traces from the British ZETA experiment, upon which Al'fa
was modelled, Artsimovich noted? that the "trace of V is typical of a highly nonstationary
process. The amplitude of the high frequency voltage spikes is comparable to the average
voltage applied to the discharge chamber. The characteristic frequency of these spikesisin
the range of 10°-10° Hz."

The observed impurity ion behavior in Al'fa can be explained, consistently with data
from the experiment,’ in terms of charged particle acceleration in its average and transient
toroidal electric fields (given by the loop voltage V., divided by the discharge major
circumference). Here the following factors are ssmulated by calculations of rates and time
scales, etc., using data from the Al'fa experiment, cross section data, and 1-D momentum
eguations: (i) fluctuations in V| caused by, e.g., changes in plasma shape, (ii) generation of
transient fast electron populations during spikes in V, and (iii) production of highly ionized
states of impurities by these electrons. Acceleration of impurity ions in the toroidal electric
field leads to the spectroscopically observed effects: (iv) an apparent high temperature of the
impurity ions owing to toroidal acceleration, in both directions, during spikes in V,, along
with (v) their net toroidal drift corresponding to the average (smoothed) V, [O(800 V)].

The source of the observed impurity ion momentum in Al'fa thus appears to have been
the toroidal electric field corresponding to the noisy loop voltage of these discharges. This
interpretation does not require the invocation of turbulence, inward fluxes, or microfield
anomalies. In general, the impurity ion population is thermally decoupled from the H (bulk)
ions, asit is from the electrons, in these runaway discharges.

The model for impurity ion toroidal drift in the average (smoothed) V. of Al'fa also
applies to ohmically heated tokamaks, which are comparatively quiescent, with far lower V.
[O(2 V)] and higher confining toroidal magnetic fields. The high average V| in Al'fa leads
invariably to an (average) impurity ion drift in the direction of the toroidal current. On the
other hand, toroidal impurity ion drift in tokamaks may be parallel or antiparallel to the
toroidal current, depending on the plasma and device parameters, but the impurity drift will,
asin Al'fa, generally be decoupled from that of the bulk hydrogenic ions.*

1. Various authors, Zhurnal Tekhnicheskoi Fiziki, 30 (12), 1381-1488, (1960).

2. L. A. Artsimovich, Controlled Thermonuclear Reactions, 2nd ed., Moscow (1963).

3. S. Yu. Luk'yanov, Hot Plasmas and Controlled Thermonuclear Fusion, “Nauka’, Moscow
(2975).

4. D. H. McNelll, 33rd European Physical Society Conf. on Plasma Physics, Rome, Italy, 19-
23 June, 2006, Paper P4.182; also, related paper contributed to this conference.
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BEAM-TARGET PLASMA INTERACTION AND THERMALIZATION

Petr Kulhanek

Czech Technical University, Faculty of Electrotechnical Engineering, Department of Physics,
Technicka 2, 166 27 Prague 6, Czech Republic

Predominant future primary power source will be the nuclear power. It is the only way to
cover increasing energy consumption, it is not the source of the greenhouse gases and the fuel
will last for billions of years. By employing this energy the ecological problems arising from
the CO,, production can be trimmed down. Fusion power plants would not have problem with
waste and on the other hand they will be able to produce energy with high efficiency without
the need for intermediate thermal stage. The difficulties associated with mining and
transportation will also disappear. If any catastrophic event should occur, the reaction would
die off in a fraction of a second with no risk of radioactive contamination. There are tokamak,
laser, pinch and other systems. In our work we oriented on small fraction of the questions
involved in fusion program — beam target plasma interaction and thermalization.

The generalized Buneman dispersion relation for two-component plasma was derived in
the case of nonzero pressure of both plasma components and longitudinally dominated
magnetic field. The derived relation is also valid for other field configurations. It can be
useful in a variety of plasma systems, e.g. in the analyses of plasma jet penetrating into
background plasma, in beam-target physics and in tests of various MHD and hybrid numerical
codes designed for the magnetized plasmas.

In paralel to the experimental research simulations are in progress. They are essential
for understanding the nature of phenomena as well as experiments and theory. They assist by
estimating the parameters, which cannot be measured and so they allow better comprehension
the observed event. In our department was developed fully 3D PIC model of plasma fibers or
beams. Code of the program is written in the FORTRAN 95 programming language. Model
comprises five types of particle motion solvers (Newton, Runge-Kutta, Boris-Buneman,
Leap-Frog and Canonical) and two types of field solvers (FFT and multigrid). Procedures are
implemented in both relativistic and nonrelativistic variants. Model can employ periodical and
non-periodical boundary conditions as well. The PIC program package numerically simulates
behavior of a fiber or beam and its interaction with the background plasma or target, in
particular the evolution of the magnetic field structures and turbulences. Numerical solution
of a motion of the charged particles and solutions of electrical and magnetic fields form only
asmall part of the program package. Model includes series of functions and cooperates with
other program packages for computer plasma diagnostics, graphical output and other
calculations. For the visualization of fields the method LIC (Line Integral Convolution) was
used. Visualization of the particles has many options, including disappearing smoke trace
behind the moving particle. Useful is also the possibility to record evolution of the scene as an
animation into the avi file. As other components of the package there are diagnostic functions,
which allow computation of quantities which can be compared to the experiments. Whole
package is in the development for several years and meanwhile several diploma and PhD
students oriented in plasma physics are participating on it. PIC model developed at our
department allows deep understanding of the processes present in the plasma beam, especially
simulation of beam thermalization or onset and advancement of the helical modes. PIC
program package could also be useful for studying shock waves in plasma, instabilities,
electrical double layers, polar cusp and variety of other phenomena. In the present the model
is used especially for the simulations of plasma fibers and beams, but authors are certain of
the fact that it will be useful as well for the other simulations of plasmain the near future.
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RECENT PROGRESSON LASER PLASMA ACCELERATORS
AND APPLICATIONS FOR COMPACT HIGH-QUALITY PARTICLE BEAM
AND RADIATION SOURCES

Kazuhisa Nakajima

High Energy Accelerator Research Organization,
1-1 Oho, Tsukuba, Ibaraki 305-0801, Japan,
Department of Physics, Shanghai Jiao Tong University,
800 Dongchuan Rd., Shanghai 200240, P. R China

In this decade, worldwide experimental and theoretical researches on laser-plasma
accelerators have brought about great progress in high-energy high-quality electron beams of
the order of GeV-class energy and a few % energy spread. On the other hand, laser-driven
production of GeV-class high-quality ion beams such as protons and carbon ions is
underdeveloped, harnessing development of Petawatt-class ultra-intense lasers with high-
quality and ultra-thin foil targets. These high-energy high-quality particle beams make it
possible to open the door for a wide range of applications in research, and medical and
industrial uses.

Here recent progress in laser-driven plasma particle accelerators including electron- and
ion-acceleration is overviewed in terms of particle beam parameters such as energy, energy
spread, emittance, bunch length and charge, strictly determined by accel eration mechanism or
laser-plasma interaction such as the bubble mechanism in electron acceleration and radiation
pressure acceleration in ion acceleration.

Although there is no practical application to date, underdeveloped are various
applications of laser plasma accelerators such as a compact THz or coherent X-ray radiation
source and radiation therapy driven by laser-accelerated electrons. A promising application
project of laser-driven proton and ion beams to the future hadron therapy is implemented
worldwide. In the future laser-plasma accelerators may come into being as a novel versatile
tool for space radiation studies where a compact and cost-effective tool is required as well as
inherent application to the energy-frontier particle accelerator.
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LONG SEQUENCE OF RELATIVISTIC ELECTRON BUNCHESASA DRIVER
IN WAKEFIELD METHOD OF CHARGED PARTICLESACCELERATION IN
PLASMA

K.V. Lotov!, V.I. Maslov, I.N. Onishchenko

NSC Kharkov Institute of Physics & Technology, Kharkov 61108, Ukraine
'Budker Institute of Nuclear Physics, Novosibirsk 630090, Russia

Using LCODE 2.5D-simulation of wakefield excitation in plasma by a long sequence of
relativistic electron bunches for high-gradient acceleration of charged particles was
performed. Conditions for enhancement of excitation efficiency, acceleration gradient, and
transformation ratio for energy transform from the exciting bunches to the accelerated bunch
were investigated. Differences of 2.5D-consideration results from known 1D-consideration
were revealed. Interpretations of certain results of KIPT experiments with 6x10° relativistic

electron bunches are given.
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HIGHLIGHTS OF DENSE MAGNETIZED PLASMA RESEARCH IN POLAND

M.J. Sadowski'? and M. ScholZ?

! The Andrzej Soltan Institute for Nuclear Sudies (IPJ), 05-400 Otwock-Swierk, Poland
2 |nstitute of Plasma Physics and Laser Microfusion (IPPLM), 01-497 Warsaw, Poland
E-mail: msadowski @ipj.gov.pl

This invited lecture presents the most important achievements of theoretical and
experimental studies which have concerned dense magnetized plasmas and have been
performed in Poland during recent few years. Those studies were concentrated on high-
current pulse discharges performed within the large mega-joule PF-1000 facility, which was
operated a the IPPLM in Warsaw and investigated by researchers from the IPJ and |PPLM.
The machine was operated mainly with a pure D, filling, and the peak discharge current
amounted to 1.5-1.8 MA.

In previous years theoretical studies concerned mainly the modeling of a current sheath
dynamics on the basis of an extended 2D-MHD model. Recently attention has been paid to
computer modeling of motions of accelerated primary deuterons as well as fast fusion-
produced protons. An influence of so-called current filaments, which are often observed in
high-current pinches, was analyzed. The obtained theoretical results have been compared with
data obtained from recent experiments.

The experimental studies included detailed measurements by means of a multi-frame
laser interferometer, time-integrated and time-resolved measurements of neutron yields, as
well as optical emission spectroscopy of a plasma stream during its free propagation and
interactions with a solid-state target. It was shown that one can determine experimental
conditions when a relatively pure deuterium plasma stream arrives to the investigated target,
what is of importance for studies of fusion-reactor materials.

Recent experimental efforts concerned also the corpuscular diagnostics of fast electron-
and ion-beams emitted from the PF-1000 facility. To measure energy spectra of electrons the
use was made of a magnetic analyzer equipped with a shielded X-ray film. It was shown that
the electron beams, which are emitted from deuterium discharges supplied from a 21-27 kV,
290-480 kJ condenser bank, have energies ranging up to about 800 keV.

To investigate the ion beams there were applied small pinhole cameras equipped with
shielded PM-355 track detectors. Mass- and energy-analysis of the emitted ions was
performed by means of a miniature mass-spectrometer of the Thomson type. It was shown
that for the experimental conditions described above the emitted ion streams consist of many
deuteron micro-beams of energies ranging up to > 700 keV. It has been confirmed by the first
time-resolved measurements of the deuteron beams. The appearance of such energetic
deuterons is explained as an effect of non-linear phenomena occurring in a pinch column.

Recently particular attention has also been paid to measurements of an angular
distribution of fast fusion-produced protons by means of pinhole cameras and shielded PM-
355 detectors. It has been shown that the recorded azimuthal distribution of the fusion protons
is consistent with predictions of theoretical simulations performed for the filamentary pinch
column.
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MEASUREMENTS OF RADIAL ELECTRIC FIELD
AND GEODESIC ACOUSTIC MODE OSCILLATIONSWITH HEAVY
ION BEAM PROBE IN LARGE HELICAL DEVICE

A. Shimizu, T. Ido, M. Nishiura, M. Yokoyama, S. Kato, H. Nakano,
K. lda, M. Yoshinuma, K. Toi, H. Takahashi, Y. Yoshimura, S. Kubo, T. Shimozuma,
H. Igami and LHD Group

National Institute for Fusion Science, 322-6 Oroshi-cho, Toki 509-5292, Japan
E-mail: akihiro@nifs.ac.jp

In the toroidal magnetized plasmas, radial electric field E; (or potential f) is a very
important parameter in order to understand the confinement property of plasma In the Large
Helical Device (LHD), a heavy ion beam probe (HIBP), of which maximum beam energy is 6
MeV, was installed and has been developed [1-3]. By improving components of our system,
such as the electro deflector, the ion source, and the beam detector, the equilibrium potential
profile and the fluctuation was measured with good signal to noiseratio.

In the case of low density high temperature plasma, the measured potential in the core
region was positive and the positive radial electric field was observed. The potentia at the
center gradually decreased with the increase of density, and the radial electric field in the core
region became negative, while the electric field in the outer region was positive. From the
neoclassical theory, the positive radial electric field (electron root) in low density case and the
negative radial electric field (ion root) in larger density case are predicted. And in some
cases, multiple roots (both electron root and ion root) are prospected. Theradial electric field
predicted from neoclassical theory ailmost coincides with the experimental results.

The fluctuation of potential in low density plasma was observed by HIBP. When the
current drive by electron cyclotron heating was applied to plasma, the fluctuation, of which
frequency was a few tens kHz, was observed. This frequency and its dependence on the
temperature correspond to those of geodesic acoustic mode (GAM), so we consider this mode
is GAM. The mode localizes in the core region, and the fluctuation amplitude is about a few
hundred volts.

In the presentation, we will show the detail of our HIBP system, improvement of system,
and recent experimental results.

[1] A. Shimizu, T. Ido, M. Nishiura, et a., J. Plasma Fusion Res. 2 (2007) S1987.

[2] T. Ido, A. Shimizu, M. Nishiura, H. Nakano, S. Ohshima, et al., Rev. Sci. Instrum. 79
(2008) 10F318.

[3] T. Ido, A. Shimizu, M. Nishiura, H. Nakano, S. Kato, S. Ohshima, et al., Plasma Sci.

Tech. 11 (2009) 460.
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LONG-RANGE CORRELATIONSIN EDGE TURBULENCE AND ROTATION
EFFECTSIN BIASING AND ALFVEN HEATING EXPERIMENTSIN TCABR

R.M.O Galvao*?, A.G. Elfimov?, H. Figueiredo®, Y u.K. Kuznetsov?, I.C. Nascimento?,
L.F. Ruchko?, JH.F. Severo? C. Silva®

Centro Brasileiro de Pesquisas Fisicas, 22290-180 Rio de Janeiro, RJ, Brasil;
?Ingtituto de Fisica, Universidade de S8o Paulo, 05508-090 Sdo Paulo, SP, Brasil;
®Instituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, 1049-001, Lisboa,
Portugal

Relevant results recently obtained in the TCABR tokamak will be reported. Long-
distance correlations (LDC) of floating plasma potential fluctuations measured by the array of
multi-pin Langmuir probes in the plasma edge have been investigated in the regime of the
biasing H-mode. Experimental data confirm the effect of strong amplification of LDC in
the potential fluctuations by biasing, recently observed in other experiments, whereas
correlation of the density fluctuations is low. A new method to determine the temporal
evolution of plasma rotation has been developed and the change in the plasma toroidal
during electrostatic biasing has been measured. A small power Alfvén wave heating pulse was
aso applied to the discharges with electrode biasing (B: =1.1T, ne&1.1-1.6" 10*/ms,
Te~ 350-550eV, Ti=100-150eV, and Pa = 30 kW). This produces small electron heating
ATe~= 30-50eV detected by ECE emission, which is accompanied by increasing line-averaged
density, ClII and CV lines and soft X-ray emission, indicating impurity accumulation in the
plasma core. Strong MHD oscillations with m=2 appear with time delay about 3-4 ms after
the AW application.
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PHYSICS AND CONSTRUCTION STATUS
OF THE WENDELSTEIN 7-X STELLARATOR

Thomas Klinger
Max-Planck-Institute for Plasma Physics, Wendd steinstrassel, 17491 Greifswald, Germany

Wendelstein 7-X is the largest stellarator device under construction. Its key element is an
optimized magnetic field configuration, generated by 50 non-planar superconducting coils. It
is the mission of the project to demonstrate the reactor potential of the optimized stellarator
line. In particular, stellarators can operate in steady-state, which is still difficult to achieve in
nowadays tokamaks. Wendelstein 7-X aims for steady-state operaion of fusion-relevant
plasmas for the first time.

This talk gives a comprehensive overview of the construction status of Wendelstein 7-X
and outlines the key elements of the future research concept. The latter is largely based on
results obtained with the predecessor device, Wendelstein 7-AS. The most relevant ones are
reviewed in this talk. Operation features of Wendelstein 7-X like density and temperature
profiles, ECR current drive, divertor load etc., could be predicted by numerical simulations.
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PLASMA DENSITY BEHAVIOR DURING RF HEATING IN THE URAGAN-3M
TORSATRON (review)

V.V. Chechkin, L.I. Grigor’'eva, |.M. Pankratov, A.A. Beletskii, Ye.L. Sorokovoy

Institute of Plasma Physics, NSC Kharkov Institute of Physics and Technology,
Kharkov 61108, Ukraine,
E-mail: chechkin@ipp.kharkov.ua

A middle-size device, the Uragan-3M torsaron/heliotron (U-3M: | = 3, m =9, R =
100cm, a » 12cm, i(a) » 0.3, Bf =0.72 T), has some characteristic properties distinct from
other stellarator-type devices.

1. The toroidal magnetic field is generated by the helical windings only. The whole
magnetic system, including helical coils, vertical field coils and their supports, is enclosed
into alarge vacuum chamber, its volume (70 m®) being more than two orders of magnitude as
large as that of the plasma volume.

2. An open natural helical divertor isrealized.

3. The working gas (hydrogen) is admitted continuoudy into the vacuum chamber.

4. The plasma is produced and heated by RF fields in the w<w; range of frequencies
under conditions of the multi-mode Alfven resonance. To ignite the discharge and inject RF
power into the plasma, an unshielded twisted frame-type antenna is used that is disposed
under two helical coils along one helical field period.

These distinctions give rise to some characteristic features in plasma density behavior
both at the active stage of discharge and after RF pulse termination and manifest themselves
asfollows:

e density rise after RF pulse termination;

e density decrease with heating power;

e the hydrogen pressure is necessary to be increased to retain a fixed density with RF
power increase;

e divertor plasma flow (DPF) increase with RF power;

e resonance character of density and DPF versus magnetic field dependences.

The analysis of these features draws to the conclusion that all of them directly or

indirectly result from the effect of plasma confinement degradation with heating power which
is observed in all toroidal devices with magnetic confinement, including tokamaks and
stellarators.
The objective of this presentation being of an review character is to bring together
experimental results obtained in U-3M in different works and time that evidence a rising
dependence of plasma loss on the heating power and to consider some important mechanisms
causing such a dependence.
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GYROKINETIC SIMULATION OF TOROIDAL MOMENTUM TRANSPORT
IN DRIFT-WAVE PLASMA TURBULENCE

Ihor Holod”
University of California, Irvine, CA 92697, USA

Studies of kinetic electrons effect in the toroidal momentum transport in the ion
temperature gradient (ITG) turbulence and pioneering global nonlinear gyrokinetic
simulations of momentum transport in collisionless trapped electron mode (CTEM)
turbulence using flagship gyrokinetic GTC code [1] are presented. The distinct off-
diagonal momentum fluxes are observed. Varying the background rotation speed, the
toroidal momentum pinch velocity and residual momentum flux is calculated, and
used to separate the diffusive momentum flux and to calculate the intrinsic Prandtl
number, defined as the ratio of true momentum to heat diffusivities, for the first time
[2]. The obtained values of Prandtl number for ITG and CTEM turbulence are found
to be from 0.3 to 0.9, which is consistent with experimental observations and
quasilinear estimates.

The effect of kinetic electrons leads to the increase of momentum flux in the ITG
turbulence, mainly due to increase of the turbulence intensity, with the ratio of
momentum to the heat flux not being affected by kinetic electrons (Fig.1) [3]. The
convective particle flux in this case gives relatively small contribution to the total
momentum pinch. It is found that the dominant contribution to the momentum flux in
CTEM case comes from the diffusive term (Fig.2), opposite to ITG case, where
diagonal and off-diagonal momentum fluxes are comparable.

“In collaboration with Y. Xiao, W.L. Zhang and Z. Lin. The work was supported by
SciDAC GPS, GSEP and Plasma Science Centers.
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[1] Z. Lin, et al., Science 281, 1835 (1998)
[2] I. Holod and Z. Lin, Phys. Plasmas, 15, 092302 (2008)
[3] I. Holod and Z. Lin, Plasma Phys. Controlled Fusion 52, 035002 (2010)
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LONG-DISTANCE CORRELATIONSOF FLUCTUATIONSIN TCABR TOKAMAK

Y u.K. Kuznetsov?, I.C. Nascimento', R.M.O Galvao', C. Silva?, H. Figueiredo?,
JH.F. Severo'and participants of TCABR Joint Experiment

Ynstituto de Fisica, Universidade de So Paulo, 05508-090 Sdo Paulo, SP, Brasil
?Ingtituto de Plasmas e Fusdo Nuclear, Instituto Superior Técnico, 1049-001, Lishoa,
Portugal

One important issue related to zonal flows is the long distance correlation (LDC) of potential
and density fluctuations along the equilibrium magnetic field lines. Recent results obtained in
edge polarization experiments carried out in TJIl stellarator [1,4] and ISTTOK [2] and
TEXTOR [3] tokamaks indicate that the correlation length of floating potential fluctuations
can be of the order of the length of the plasma column. Here we present results obtained in the
TCABR tokamak during an experimental campaign organized within the framework of the
IAEA Coordinated Research Project on “Joint Experiments Using Small Tokamaks’ (May
2009). A graphite electrode was used to obtain biasing H-mode. The set of multi-pin
Langmuir probe arrays used in the experiments includes a 20-pin rake probe, 5-pin probe, 6-
pin forked probe and 8-collectors Gundestrap probe. Results obtained on TCABR confirm
recent observations of LDC in potential fluctuations, whereas correlation of density
fluctuations is very low. The LCD is already observable in the low confinement regime but
increases strongly during L-H transition. Together with these common features, there are
distinct data on dominant components in V;. for the LCD. The LDC is caused by low
frequencies f < 20-40 kHz without coherent modesin JT-11, while it is dominated by coherent
mode (f ~ 1.6 kHz) in TEXTOR. Our data are more close to that of JT-II, i.e. the LCD is
dominated by frequencies f<40-50 kHz in our case. We observe also strong increase in H-
regime of very low frequency highly coherent fluctuations without dominant mode (f<5 kHz).
The local autopower spectrum in wave number space S (k) obtained from the frequency-wave
number spectrum S (k,f) shows that turbulent broadening decreases substantially and Sk) has
maximum value at k = 0 in biasing H-mode.

[1] M.A. Pedrosa et a, Phys Rev. Lett., 100, 21503 (2008)
[2] C. Silvaet a, Phys. Plasmas, 15, 120703 (2008)

[3] Y. Xu et a, Phys. Plasmas, 16, 110704 (2009)

[4] C. Hidalgo et &, EPL, 87, 55002 (2009)
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APPLICATION OF ELECTRODE-DRIVEN SHEAR FLOWS FOR IMPROVED
PLASMA CONFINEMENT

A. Beklemishev, P. Bagryansky, V. Prikhodko
Budker Institute of Nuclear Physics SB RAS, Novosibirsk, Russia

In open magnetic configurations (open traps, SOL) it is possible to control the plasma
potential along magnetic field lines via externa electrodes. Thus, there is a possibility for
direct drive of shear flows and suppression of instabilities if there is a sufficient electrical
contact of plasma with electrodes (such contact occurs across the Debye sheath and is not
particularly good even in 100eV plasmas.) In contrast to the ITB shear flows, the governing
equations in this case are strongly dissipative: the same electrical contact (line-tying) that
allows control of the plasma potential negates conservation of energy and enstrophy for long-
wavelength perturbations. Thus, the electrode-driven shear flows are not particularly good for
simulation of ITB physics. We show that nevertheless they allow achievement of improved-
confinement regimes in open traps.

The following simplified set of equations, governing the two-dimensional plasma dynamics
on open field lines, is studied analytically and numerically [1]:

1.0 +{ .Di}=H( -j,)+nDj +R{Nj P} +k{P.r}
1.P+{j ,P} =nDP

It is supposed to describe nonlinear drift-interchange modes in presence of a hot-ion species
that provides the pressure, P. H 3 1lis the line-tying coefficient, kK is the normalized

curvature, while j (r) is the floating potential with respect to the ground, i.e., this function

of coordinates has a discontinuity at coordinates corresponding to junction of electrodes. The
jumpinj (r) is, essentially, the source of the plasma flow, which is generated along it.

If the collisiona transverse diffusion, n, remains small, the flow layer evolves into a sort of
Kelvin-Helmholtz instability, which in the nonlinear stage looks like two moving chains of
guasi-stationary vortices on both sides of the central flow-layer. The transverse-to-parallel

ratio of vortices is influenced by the FLR ion viscosity term, N{Nj , P}, i.e., vortices become

elongated along the flow. But the most important effect is the nonlinear saturation of
curvature-driven interchange modes. The flow width provides a new transverse scale that
limits plasma convection across it. If the applied potential exceeds the saturated amplitude of
the interchange mode the vortex chains do not overlap and the transverse transport remains
small.

Thistheoretical picture is compared to experimental data from the gas-dynamic trap (GDT) in
Novosibirsk, where the “vortex-confinement” regime with applied potentials has become
standard. When the biasing potentials of order T, are applied at the edge of the plasma

column, the transverse confinement improves to values only slightly below classical
diffusion. Saturated rotating m=1 or m=2 modes are seen on a variety of diagnostics,
frequency and threshold parameters are in reasonable agreement with predictions of the
model.

[1] A.D.Beklemishev, P.A.Bagryansky, M.S.Chaschin , E.l.Soldatkina, Fusion Science

& Technology 57 (2010) 351
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STUDY OF COLLISIONLESSHIGH ENERGY PARTICLE LOSSES FOR
URAGAN-2M TAKING INTO ACCOUNT THE INFLUENCE OF CURRENT-FEEDS

AND DETACHABLE JOINTSOF THE HELICAL WINDING
V.V. Nemov}, S.V. Kasilov!, W. Kernbichler?, V.N. Kalyuzhnyj*, B. Seiwald?

Ynstitute of Plasma Physics, NSC “Kharkov Institute of Physics and Technology ”,
Akademicheskaya str. 1, Kharkov, Ukraine

ZAssociation EURATOM-OAW, Institut fiir Theoretische Physik - Computational Physics,
TU Graz, Petersgasse 16, A-8010 Graz, Austria

A study of collisionless charged particle losses (in particular, a -particle losses) is
important for assessment of general confinement properties of stellarator devices. In the
proposed report such losses are studied numerically for the magnetic configuration of U-2M
(Uragan-2M [1]). For the computation of the magnetic field the influence of current-feeds and
detachable joints of the helical winding has been taken into account. Because of the non-
symmetric arrangement of these elements of the magnetic system, the stellarator symmetry of
the resulting magnetic field of U-2M is broken. This requires a specia approach for the
computation of the gradient of the magnetic surface function, Ny , which is necessary for the
numerical particle confinement sudy. Such an approach has been elaborated recently in [2].

To assess particle losses, target functions which have been introduced in [3,4] are used
in combination with the technique of [2] for the computation of Ny . For the magnetic field
calculations the Biot-Savart code which has been developed in [5] isused. The purpose of this
code is the modeling of the magnetic field defined by the magnetic field coils and of the
influence of current-feeds and detachable joints of the helical winding. For comparison,
supplemental computations are performed for the magnetic field calculated using the
Lagrange polynomial interpolation on athree-dimensional grid obtained with help of this Biot
Savart code.

[1] O.S.Pavlichenko for the U-2M group, First results from the "URAGAN-2M" torsatron,
Plasma Phys. Control. Fusion 35, B223-B230 (1993)

[2] V.V.Nemov, S.V.Kasilov, W.Kernbichler, B.Seiwald, Proc. 36th EPS Conf. on Plasma
Phys. Sofia, June 29-July 3, 2009, ECA Vol.33E, P-4.127 (2009)

[3] V.V.Nemov, S.V .Kasilov, W.Kernbichler, G.O.Leitold, Phys. Plasmas, 12, 112507 (2005)
[4] V.V.Nemov, S.V .Kasilov, W.Kernbichler, G.O.Leitold, Phys. Plasmas, 15, 052501 (2008)
[5] V.V.Nemov, V.N.Kalyuzhnyj, S.V.Kasilov, W.Kernbichler, G.G.Lesnyakov, B.Seiwald,
N.T.Besedin, Proc. 34th EPS Conf. on Plasma Phys.Warsaw, Poland, 2-6 July 2007, ECA
Vol.31F, P-1.077 (2007)
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PLASMA TURBULENCE AND LOCAL ELECTRIC FIELD INVESTIGATIONS
OF THE DENSE PLASMA ON TJ-II STELLARATOR AND T-10 TOKAMAK
BY HIBP DIAGNOSTIC

L.I. Krupnik, A.V. Melnikov?, C.Hidalgo®, A.A.Chmyga, L.G. Eliseev?, E. Ascasibar,
T. Estrada’, A.D. Komarov, A.S. Kozachok, M .Liniers', S.E. Lysenko?, V.A. Mavrir?,
M.A.Ochando, J.L.de Pablos', M.A. Pedrosa’, S.V. Perfilov?, F. Tabares', A.l. Zhezhera

Institute of Plasma Physics, NSC KIPT, 61108 Kharkov, Ukraine;
! Laboratorio Nacional de Fusién por Confinamiento Magnético, Asociacion EURATOM-
CIEMAT, 28040-Madrid, Spain;
Z |ngtitute of Tokamaks, RRC “Kurchatov Institute”’, Moscow, Russia

Heavy |on Beam Probe diagnostic on TJ-I1 stellarator has been upgraded for two point
measurements to study with a good spatial (1cm) and temporal (10 ns) resolution the plasma
electric potential and density, so as their fluctuations, poloidal component of electric field
Ex=( 1-j 2)/Dr[V/cm] and to extract radial turbulent particle flux G =Gepoixator. =Gexe.

Major problems of probing beam penetration into dense area of plasma and carrying
out of measurements from center to edge in the existing devise consist in the following:
increasing of initial intensity of the probing beams and expanding of the dynamical range of
measurements. These problems were solved by comprehensive modification of the probing
ion beam injector.

Recent experiments in the THII sellarator with Li-coating and NBI heating have
shown evidence for spontaneous L-H transition occurring at a threshold value of the plasma
density. During the direct L-H transition edge and core fluctuations of local plasma potential
and poloidal electric field Epol shows some reduction. The strong suppression in plasma
density fluctuations and their coherence with Epq at the H-mode was observed.

Heavy lon Beam Probing becomes a new tool to study Energetic ion driven Alfvén
Eigenmodes (AE) with the high spatial and frequency resolution. HIBP in the TJ-Il heliac
observed the localy (~1 cm) resolved AE at radii -0.8 < r< 0.9. The set of low m (m<8)
branches, detected with the high frequency resolution (<5 kHz) is supposed to be Toroidally
Induced Alfvén Eigenmodes (TAE). TAE are pronounced in the local density, electric
potential and poloidal magnetic field oscillations, detected simultaneously by HIBP and
Lengmour probes in the frequency range 50 kHz<wae<300 kHz. AE are visible in the NBI-
heated plasma.

Geodesic acoustic modes (GAM) were investigated on the T-10 tokamak using Heavy
lon Beam Probe. HIBP is a powerful diagnostics to study GAMSs. It is able to get
simultaneously the oscillatory components for plasma electric potential and density. It was
shown the GAMs are more pronounced in the plasma potential rather than density.
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ON THE POSSIBILITY OF SOLVING THE PROBLEM OF CONTROLLED
THERMONUCLEAR FUSION BASED ON MAGNETO INERTIAL APPROACH

S.V. Ryzhkov
Bauman Moscow State Technical University

A new fusion scheme which can avoid some of the major difficulties faced in the
present approaches in magnetic and inertial confinement fusion is presented. Magneto-inertial
fusion represents the all-inclusive set of pulsed high-pressure (inertially confined) approaches
to fusion that involve magnetic field in an essential way. Presence of a magnetic field reduces
the heat conductivity and plasma should be at thermonuclear temperatures for only
microseconds.

Magneto-inertial fusion (MIF) is a pulsed high energy density approach to achieving
fusion in that combines features of both inertial (1CF) and magnetic fusion (MFE) techniques.
When a magnetic field is enbedded in awarm dense plasma (n > 10 m™), thermal insulation
is improved, thereby alowing compression to be achieved with the use of lower power (and
hence cheaper) inertial drivers (plasma liner [1] or laser driver [2]). At the instant of the
maximum compression the ultrahigh magnetic field can be generated (B > 1000 T).

For MIF, often called MTF (magnetized-target fusion), the fusion-product alpha
particle and proton orbit and heating problem is another point of interest for this proposal.
Plasma-Jet Magnetized-Target Fusion dynamics [1] has attracted a large amount of interest of
scientists around the world during the last decade, partly because the plasma-jet version
circumvents the difficult problem of electrode survival for the solid-liner version and the slow
implosion speed of the liquid-metal version of MTF.

High-convergence uniform implosion and properly synchronized laser beams (laser
intensity > 10" W/m?) and plasma jets (velocity > 100-200 knvs) are assumed. Possibility of
adiabatic compression is discussed and different gas dynamic regimes are investigated.
Analysis of schemes for laser-driven [2] and plasma jet-driven magneto-inertial fusion [1] is
carried out.

The research was supported by the grant of the RFBR No. 09-08-00137.

References
[1] J.F. Santarius, "Plasma-Jet Magneto-Inertial Fusion: One-Dimensional Burn Dynamics
Example Cases," PLX Plasma-Jet Kickoff Meeting (2009).
[2] SV. Ryzhkov, I.Yu. Kostyukov, “Magneto inertial fusion based on a cusp field
configuration,” ArXiv e-prints, http://arxiv.org/abs/0911.5497 (2009).
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STUDIES OF ANOMALOUS TRANSPORT IN THE EDGE PLASMA
OF THE URAGAN-3M TORSATRON

A.A. BeletsKii, L.I. Grigor'eva, V.V. Chechkin, Ye.L. Sorokovoy, Y.D. Volkov,
P.YA. Burchenko, A.Y. Kulaga, S.A. Tsybenko, A.V. Lozin, A.S. Slavnyj, N.V. Zamanov,
V.K. Pashnev, V.L. Berezhnyj

Institute of Plasma Physics, National Science Center “Kharkov Institute of Physics and
Technology ”, Kharkov, Ukraine,
E-mail: beletskii @kipt.kharkov.ua

In the «Uragan-3M» torsatron with an open natural helical divertor (U-3M: | =3, m=
9, Ro=1mM, a» 0.12 m, i(a)/2p » 0.3) and a plasma produced and heated by RF fields

(WS wg), joint studies of low frequency (5-100 kHz) density (ion saturation current, |s) and
potential (floating potential, Vs) fluctuations near the plasma boundary and in the diverted
plasma, were carried out, using Langmuir probe arrays. It was revealed that both diverted
plasma flow (DPF) fluctuations and SOL fluctuations belonged to the higher- (lower-)
frequency subrange depending on spatial probe position [1]. A supposition was made that the
lower-frequency fluctuations were associated with trapped ion loss.

Investigations of density fluctuations with the use of probability distribution function
(PDF) analysis were carried out too [2]. Basing on comparison of 3-rd (skewness, S) and 4-th
(kurtosis, K) moments evolution with spectral characteristics of fluctuations, on the one hand,
and other U-3M diagnostics results, on the other hand, we made the next conclusions:

- Relatively large K of I fluctuations PDF in DPFs on the ion toroidal B” NB drift side is
apparently concerned with significant amount of fast ions[3] in these DPFs,

- Anomalous radial transport direction in the SOL depends on radial location. This radial
dependence changes with plasma production and heating alteration.

In this work, an analysis is presented of radial turbulent flux dynamics depending on
plasma heating regimes in U3-M. In [4] it is shown that the transition to the H-like mode is
triggered by the short-time fast ion loss increase. This mechanism comes into operation
beginning with some threshold power introduced into the plasma.

Radial turbulent flux measurements as function of plasma heating power reveals
increasing of turbulent flux with introduced power increase that is in accordance with well-
known effect of confinement degradation with power increase. An evident correlation of
turbulent flux and average density dynamics was observed.

Spectral and statistical analysis of |s and floating potential in SOL as a function of
power introduced in plasmawas carried out too.

A. A. Beletskii et. a. Ukr. J. Phys. 2008, v. 53, N 4, p.351-355

A. A. Beletii et. a. Plasma Phys. Reports 2009 35 8185

V. V. Chechkin et. a. Plasma Physics Reports, 2009, Vol. 35, No. 10, pp. 852—859.

|. M. Pankratov, A. A. Beletskii, V. V. Chechkin et al. Contributions to Plasma Physics,
special issue (accepted for publication in February, 2010).
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LOCALIZATION OF ROTATING MHD MODESBY POLOIDAL SOFT X-RAY
DETECTOR ARRAYSIN THE STOR-M TOKAMAK*

M. Dreval*?, C. Xiao', S. Elgriw', D Trembach', S. Wolfe®, and A. Hirose'

!Plasma Physics Laboratory, University of Saskatchewan, Saskatoon, K, Canada;
2 |PP NSC Kharkov Institute of Physics and Technology, Kharkov, Ukraine;
3Plasmionique , Brossard, Quebec, Canada
A technique is presented for determining the radid location of the rotating magnetohydrodynamic

(MHD) modes by use of soft x-ray (SXR) detector arrays. The location is determined by examining the
difference in the SXR emission intengty integrated through two adjacent lines of sight. This technique
ggnificantly improves the sgna-to-noise ratio by suppressing the influence of non-rotating background
MHD fluctuations. The radial dependence of the line integraed SXR emisson intengty on mode
numbers and the magnetic idand geometry is modelled numerically. The technique has been gpplied to
the STOR-M SXR datato locatethe radid postion of the MHD modes
* Supported by NSERC and CRC, Caneda
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INVESTIGATION OF ENERGY AND MASSBALANCE IN “TRIMY X-3M”
GALATEA MULTIPOLE MAGNETIC TRAP
A.M. Bishaev, A.l.Bugrova, M.V. Kozintseva, A.S. Lipatov, V.V.Savelyev”, A.S. Sigov,
I.A. Tarelkin, V.A. Terekhov, A.V. Desyatskov
Moscow Institute of Radio Engineering, Electronics and Automation (Technical University),
Moscow, Russia
") Keldysh Institute for Applied Mathematics RAS Moscow, Russia

The investigations of the energy and mass balance and, accordingly, measurements of
particles life time t, and energy confinement time te in plasma in most cases are
interdependent and mutually complementary. Simultaneous measurements of t, and te allow
to obtain the most full information about transfer processes and other plasma properties.

In the work using Rogowski loop, measurements of the diamagnetic current, generating in
the trap plasma volume under its filling by plasmoids have been carried out. These
measurements are confirmed by signals from diamagnetic probes. The mean value of the
energy in plasma volume and its change in the process of the trap filling by plasma and its
decay have been determined by the magnitude of diamagnetic current. These measurements
are carried out simultaneously with the measurement of the time dependence of mean plasma
density by microwave interferometer. Measurements have been carried out a “Trimyx-3M”
Galatea multipole magnetic trap [1, 2].

The problem of measurement of diamagnetic current which value is about (0,1, 1)% of the
current in trap coils has been solved by manufacturing Rogowski loop of the length ~2,5m
and locating it so that the loop has not covered trap coils. Besides in experiments with the
using of diamagnetic probes (wire coils of diameter 200mm and 340mm), installed at the axis
of the trap magnetic system out of plasma volume, it succeeded in obtaining signals
concerned with plasma current. The current in trap coils achieves maximum at the moment of
plasmoid injection into the trap and the derivative of magnetic flux of this current, which is
measured by both Rogowski loop and diamagnetic probes, is close to zero at this moment.
The measurement of derivative of magnetic flux, generating by diamagnetic currents, with
respect to time is possible due to the fact the rate of change of magnetic flux generating by
diamagnetic currents is by an order of magnitude and more higher, than the rate of change of
magnetic flux generating by currents in trap coils. Signals from Rogowski loop and
diamagnetic probes have been numerically integrated and in such a way the values of
diamagnetic current and magnetic flux have been determined. Calculations of equilibrium
configurations in the trap “Trimyx-3M” [3] have shown the existence of diamagnetic currents
in two opposite directions, and the value of one current is about a few percentages from the
other. Therefore one may consider Rogowski loop allows to measure the magnitude of the
total diamagnetic current in plasma.

Carried out experiments have shown the process of diamagnetic current attainment lasts
~70mcs after the plasmoid injection into the trap. Signals from diamagnetic probes decrease
down to zero to 220-th microsecond, whereas the duration of signal from interferometer is
more than 1ms. The estimation of value of the average plasma temperature by the diamagnetic
current value agrees with the estimation from calorimetric measurements.

The work has been carried out in the frames of realization of FPP “ Research and research-
educational personnel of innovational Russia” for 2009-2013y.y. on the state contract #P957.

References.
1. Morozov A.l., Bugrova A.l., Bishaev A.M. et. a. // Plasma Phys. Rep. 32, 171 (2006).
2. Morozov A.l., Bugrova A.l., Bishaev A.M., et. d. // Tech. Phys. 52, 1546 (2007).
3. M.B. Gavrikov, V.V. Savelyev // Journal of Mathematical Sciences 163, 1 (2009).
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KINETIC ANALYSISOF THE AXIALLY-SYMMETRIC MIRROR BASED
SYSTEMS FOR FUSION APPLICATIONS

A.Yu. Chirkov}, S.V. Ryzhkov!, P.A. Bagryansky?, A.V. Anikeev?

'Bauman Moscow Sate Technical University, 105005, Moscow, Russia
Budker Institute of Nuclear Physics, 630090, Novosibirsk, Russia

Axialy symmetric magnetic mirror trap is very attractive system from the engineering
view point due to its simplicity and possibility of high-b confinement (b = plasma pressure /
magnetic pressure). Low cost fusion reactors and neutron generators for power engineering,
materials technology, and fusion-fission reactor can be developed on the base of such system.
One of them is Open machine with strong plasma collisionality known as Gas Dynamic Trap
(GDT); its promising application is neutron generator [1]. Note that ambipolar electrostatic
end plugging by the compact end cell shows the essential improvement of plasma
confinement in GDT experiments[2].

The work includes results of studies of fusion systems operating in collisionless
regimes with electrostatic end plugging. The transition from gas dynamic (strongly
collisona) to kinetic collisonless confinement allows realizing high fusion efficiency at
relatively small length of open system. The feature of the system under consideration is the
plasma heating by the strong injection of neutra particles. The efficiency criterion is the
fusion plasma amplification factor Qu = Prd/Pinj, Where P is the fusion power, Py is the
injection power absorbed by the plasma. Injection of high-energy (or fast) particles into warm
thermal plasma affects essentially on the fusion plasma properties. To caculate the heat
transfer between fast particle and warm plasma kinetic models and numerical codes are
developed. Very important effect of the fast particles is the increase of the fusion reactivity in
comparison with thermal Maxwellian plasma. Previous analysis shows the modeling of fast
ion kinetics is key element of physical justification of high efficiency of open-ended magnetic
traps [3]. We consider magnetic systems with the following parameters. the magnetic
induction of the central solenoid By = 1.5...2 T, magnetic field in the mirror coil By, up to 20
T, avolume averaged betavalue b » 0.5.

We have proposed and investigated a very compact pulsed neutron source with
appropriate high efficiency regimes with Qq » 1. We also analyze regimes with Qq » 10 for
mirror based reactors using conventional DT and advanced D—He fuels. Application of the
axially symmetric open trap for classical stationary magnetic fusion device is compared with
its prospects for high-density magneto-inertial fusion regimes.

Work was partially supported by Russian Foundation for Basic Research (projects 08-
08-00459-a and 10-02-90734-mob_st) and the Ministry of Education and Science of Russian
Federation in framework of Presidential Program (grant MK-1811.2010.8).
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ON POSSIBILITY OF PRESSURE PERTURBATION RESONANT EXCITATION
BY AN EXTERNAL LOW FREQUENCY HELICAL
FIELD NEAR EDGE PLASMA

.M. Pankratov, A.Y a. Omelchenko

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Akademicheskaya str., 1, Kharkov, Ukraine

Control of Edge Localized Modes (ELMs) is a critical issue of the present day large
tokamaks and future ITER operation. ELMs are short bursts of particles and energy at
tokamak edge plasma observed in H-mode operation [1]. Melting, erosion and evaporation of
divertor target plates may occur as results of these bursts. Many experiments in DIII-D have
shown that ELMs can be suppressed by small externa low frequency helical magnetic
perturbations [2]. Until now, understanding of the underlying physics of ELMs and their
suppressions has been far from complete.

In Ref. [3] the influence of an externa helical field on the equilibrium of ideal plasma
was investigated in the frame of MHD theory. A perfect shielding of the externa resonant
field was assumed.

In the present paper, a possibility of pressure perturbation resonant excitation near the
plasma edge is shown. The equations that describe the influence of externa low frequency
helical magnetic perturbations on the ballooning and peeling modes excitation are derived on
the basis of MHD equations for a case when al poloidal harmonic amplitudes of external
perturbations have finite values. Plasmarotation and plasma response are taken into account.

Early influence of external low frequency helical magnetic perturbations on the ballooning
and peeling modes was studied for one dominant poloidal external mode and neighboring
poloidal modes were considered as small [4].

On the basis of the presented equations, interpretation of the ELM’s control experiments

in the tokamaks JET, DIl1-D and future ITER operation may be made.

K. Kamiya, N. Asakura, J. Boedo, et a., Plasma Phys. Control. Fusion 49 $43 (2007).
T.E. Evans, R.A. Moyer, K.H. Burrell, et al., Nuture Physics 2 419 (2006).

J—K. Park, M.J.Schaffer, J.E. Menard, A.H. Boozer, Phys. Rev. Letter 99 (2007) 195003.
[.M. Pankratov, A.Ya. Omelchenko, Problems of Atomic Science and Technol ogy,
Series: «Plasma Physics (14)», No. 6, p. 25-27, Kharkov, 2008.
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ON A POSSIBLE MECHANISM OF HARMONICS GENERATION OF RF FIELD
IN A NEAR-ANTENNA REGION OF PLASMA IN URAGAN-3M

V.L. Berezhnyj, 1.V. Berezhnaya, V.S. Voitsenya, 1.B. Pinos,
A.V. Prokopenko, I.K. Tarasov, M.l. Tarasov

Institute of Plasma Physics of National Science Center “Kharkov Institute of Physics and
Technology”, Akademicheskaya &. 1, 61108 Kharkov, Ukraine

In the 1=3 torsatron Uragan-3M plasma is produced and heated by RF field excited in the ion
resonance frequency range w = (0.8, 1)wy,;. However, in the spectra of some diagnostics other
harmonics are frequently observed, f = nxf, (n=2,3,4...11), with amplitudes of second and

third harmonics comparable to the fundamental harmonic amplitude. The excitation of
harmonics was related either to nonlinear processes [1] or to entire RF generator itself [2].

Appearance of harmonics of RF field can result in decrease of the power at the
reference frequency, to represent a noise disturbance for some diagnostics, and to complicate
understanding of the heating process of plasma. Thus, shedding light on mechanism of their
generation is of interest in RF plasma heating experiments.

The important feature of RF discharges is formation of a space charge (SC) of positive
ions near the negative electrode [3]. This SC possesses nonlinear characteristics [4]. At the
early beginning of the RF pulse the antenna in U-3M can be considered as a cold cathode. The
RF field can penetrate into a discharge volume only through the SC layer. Taking into account
the nonlinear character of interaction of the RF field with this layer, the process of interaction
can be presented as the sum Xou(t) = K[ Xin(t) + eX3q(t)]. Then, the pump mode A;cos(wt) at
the output of SC will be depicted by the relation: Xou(t)=A1cos(Wt)+e/2XA,°cos(2wt)+ e/2>A 47,
We see that at the output not only the main component cos(wt) but also its second harmonic
cos(2wt) and the fixed term e/2>A,?, indicating the rectification effect do appear.

If first and second harmonics are then interacting with SC, four more harmonics of RF
field occurs. Supposing that this process is of an avalanche character, the interaction of lowest
modes with SC leads to appearance of increasing numbers of modes.

Such a mechanism of high harmonics’ generation is supported by the fact that they are
registered in many experiments on RF plasma heating; it is also explains the reason why
sometimes the second harmonic has higher amplitude than the fundamental one, what is the
mechanism of appearance of combination frequencies (wy = W») in the case of two pump
modes, and supports the well known fact as for rectification of the RF field in the constant
component.

1. Yu.G. Zaesskiy, P.I. Kurilko, N.I. Nazarov, V.V. Plusnin, O.M. Shvets. Fisika Plasmy,
v.15, Nel12, 1989, p. 1421-1429. (in Russian).

2.V.L. Berezhnyj, V.L. Ocheretenko, |.B. Pinoset a. Ukr. J. Phys. 2008, v.33, Ne4, p. 333.
3. G. Francis. lonization phenomena in gases. Moscow: “Atomizdat”, 1964.

4. V.A. Godyak, A.A. Kuzovnikov. Fisika Plasmy, v.1, No3, 1975, p. 496. (In Russian); Sov.
J. Plasma Phys., 1 (1975) 276.
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EFFECTS OF RECTIFICATION AND RUN-AWAY ELECTRONS GENERATION
IN TORSATRON U-3M DURING RF POWER PLASMA PRODUCTION

V.L. Berezhnyj, I.V. Berezhnaya, V.S. Voitsenya, 1.B. Pinos, A.V. Prokopenko

Institute of Plasma Physics, National Science Center “Kharkov Institute of Physics and
Technology ”, Akademicheskaya S. 1, Kharkov, Ukraine

A large body of measurements show existence of a high positive spatial potential in the
near-electrode space of RF discharges [1,2]. This potential Uy appears due to rectification of
RF voltage as the result of interaction of RF voltage and a space charge (SC) of positive ions
in a near-electrode layer, the latter has a non-linear current-voltage characteristics. The
absolute value of Uy is of the order of an alternating voltage: U, =V_/p [1].

In conditions of experiments on the U-3M torsatron, under interaction of RF field
A;cos(wt) with the SC the processes of harmonic generation and rectification are realized:

Xou(t) = Arcos(wt) +&/2A;%cos(2wt) + e/2A,°.

A fixed term D =e/2:A;% corresponds to the shift of the mean value what means the
existence of the rectification. If several harmonics are interacting with SC simultaneously, the
shift of the mean value is significantly higher:

10
o

QD=2 A (A + A+t AT)

n=1
as it is defined by a nonlinearity factor ¢ of the space charge and the amplitudes of RF
harmonicsthat are taking part in the interaction.

Appearance of positive potential results in acceleration of ions from a near-antenna
plasma. Under bombardment of the antenna surface by these ions the flux of heavy impurities
can come into plasma. Such process occurred in experiments on Uragan-3M [3]. Due to field
electron emission and ion-electron emission a beam of electrons is created from the antenna
surface. These electrons are accelerated by the same Coulomb SC field. In the acceleration
process some part of plasma electrons produced due to gas ionization can also be involved
[4]. The indirect indication on the existence of run-away electrons is a sharp increase of Hy
line emission 9 ms later the RF power was switched off, i.e. after drop of Hy intensity
practically to zero [5].

Summarizing, the processes of RF field harmonic generation, rectification and
acceleration of electrons are the results of interaction of RF field with a non-linear element —
the spatial charge of positive ions near antennae.

1. V.A. Godyak, A.A. Kuzovnikov. Fisika Plasmy, v.1, No3, 1975, p. 496. (in Russian); Sov. J.

Plasma Phys., 1 (1975) 276.

2. SM. Levitsky. Sov.J. Tech. Phys, v.27, No5, 1957, 1001.

3. ED. Vodkov, V.M. Zakind, V.G. Konovalov e a. Preprint KIPT 89-11. Moscow-CISI

Atominform. 1989, 15 p.

4. V.A. Shklyaev & al. International (Zvenigorodskaya) conference Plazma Phys. Contr. Fusion,

February 8-12, 2010. Book of abstracts. p. 185.

5. V.S. Voitsenya, E.D. Volkov, C.I. Grigor'eva & a. U-3M peripheral plasma behavior after
switching off RF heating pulse. VIII Stdlarator Workshop, Kharkov, USSR, 27-31 May, 1991, p.
269-273.
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CREATION OF MULTIPOLE MAGNETIC TRAP*“TRIMYX-3M (MICROWAVE)”

A.M. Bishaev, G.E. Bugrov, A.l. Bugrova, A.l. Denis'uk, M.V. Kozintseva,
V.K. Kharchevnikov, D.D. Plujnik, I.A. Tarelkin, P.G. Smirnov

Moscow Institute of Radio Engineering, Electronics and Automation (Technical University),
119454, Russia, Moscow, prospect Vernadskogo, 78; bishaev@mirea.ru

Based upon results of experimental researches on plasma confinement in “Trimyx-
3M” multipole magnetic trap [1, 2] the requirements have been developed to new trap
“Trimyx-3M (microwave)” and the main of them are the next: a) decrease of the length of the
field with the strong magnetic field along the line of plasmoids injection into the trap; b)
providing of possibility of microwave power input into plasma volume. In accordance with
them the optimal configuration of magnetic field of new trap “Trimyx-3M (microwave)” has
been developed and calculated. Asin the trap “Trimyx-3M” the magnetic system of new trap
consists of three main magnetic coils-myxini. There are used four coils-repulsers in the trap
“Trimyx-3M (microwave)” instead of one coil-repulser and solenoid in the trap “Trimyx-
3M”. The vaue of barier magnetic field in the trap “Trimyx-3M (microwave)”
insignificantly differs from the one in the trap “Trimyx-3M”. Only one myxine is located in
the symmetry plane in new trap. This has allowed to satisfy all requirements stated above. For
the developed magnetic system the coils immersed into plasma (myxini) are unload from
magnetic force interaction and the extent of the strong magnetic field along the line of
plasmoid injection is three times less than in the trap “Trimyx-3M”. The last circumstance has
allowed to make the coils of the sluice (system for the local decrease of the trap magnetic
field in the moment of plasmoid penetration through the magnetic crust of the trap) more
compact and effective. All magnetic coils of “Trimyx-3M (microwave)” have been
manufactured from the wire of type PETV-2 of diameter 2,5mm. Coils have been winded in
two wires and impregnated with the epoxy resin. Before the trap assembly, the coil insulation
has been checked on the breakdown by the voltage 3kV. Microwave system at the frequency
2,45GHz with the power up to 1kW has been developed in order to heat an electron
component of plasma in the trap. This system consists of magnetron, coaxially-waveguide
line, vacuum flange, microwave hermo-lead-in, waveguide- horn line of the power input.

Carried out measurements of magnetic field distribution along the injection line under
the stationary electric power supply of trap coils have completely confirmed the calculation
results, and measurements of current in trap coils under a pulsed power supply have indicated,
that under the charging voltage 2kV on the power supply the value of barrier magnetic field is
~ 0,112T, that exceeds by 10% the field in the old trap. Measurements on the microwave
system have shown that it is possible to input 0,5kW into the chamber. Measurements of
plasma density and diamagnetic currents in the trap have been also carried out under injection
into it of plasmoids with the energy of ions directed motion (20, 40)eV and (100, 200)eV,
accordingly. It has been shown, that as in the trap “Trimyx-3M” the value of mean density
reaches (3, 5)©20™ M, and the value of diamagnetic currents reaches 100A.

The work has been carried out in the frames of realization of FPP “Research and
research-educational personnel of innovational Russia’ for 2009-2013y.y. on the state
contract #P957.
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STUDIES OF ELECTRON LOSSCONTRIBUTION TO THE ASYMMETRY
OF PLASMA FLOWSIN THE HELICAL DIVERTOR OF THE URAGAN-3M
TORSATRON

V.V. Chechkin, L.I. Grigor'eva, Ye.L. Sorokovoy, A.A. Beletskii, A.S. Slavnyj,
V.S. Voitsenya, Ye.D. Volkov, V.K. Pashnev, N.V. Zamanov, A.Ye. Kulaga,
R.O. Pavlichenko, F.I. Ozherel’ev, P.Y a. Burchenko, A.V. Lozin, S.A. Tsybenko,

Y u.K. Mironov, V.S. Romanov

Institute of Plasma Physics, NSC Kharkov Institute of Physics and Technology,
Kharkov 61108, Ukraine,
E-mail: chechkin@ipp.kharkov.ua

In the Uragan-3M (U-3M) torsatron/heliotron with an open natural helical divertor (I = 3,
m=9, R=100cm, a» 12 cm, i(a) » 0.3, Bf = 0.7 T) under conditions of RF plasma
production and heating (w<wg, n, ~ 10" cm?®, T(0) ~ 1 keV) with a two-temperature ion

energy distribution (Ti; ~ 50-80 eV, Ti, ~250-400 eV) + suprathermal tail up to several keV, a
strong up-down asymmetry of the plasma divertor flows (PDF) has been observed recently. In
particular, the asymmetry displays in the larger ambipolar PDF outflowing on the ion toroidal
drift B° NB side (“ion side”) and in an excess of ions in the corresponding non-ambipolar
flow. On this basis a conclusion has been drawn that the asymmetry is caused by the direct
(collisionless, non-diffusional) ion loss. This has been validated by a numerical modeling of
charged particle loss and direct measurements of energies of ions outflowing to the divertor
on the ion side and opposite (“electron”) side.

The objective of this work is an experimental elucidation of electron contribution to the
PDF asymmetry. To do this, arrays of plane Langmuir probes arranged poloidaly in the
divertor region in the gaps between the helical coils in two symmetric poloidal gross-sections
of the U-3M torus. As a result of 1V characteristic processing, it is shown that the hotter
electrons outflowing to the PDF on the electron side make a more significant contribution to
the flow up-down asymmetry than fast ions escaping to the PDF mainly on the ion side.
Changes in the density and temperature of electrons that escape to PDF on the electron side
have been studied in the process of the H-like confinement mode transition. These changes
occur more substantial than those on the ion side with a lower electron temperature. Possible
reasons for these changes are discussed.
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TOROIDAL ANGULAR MOMENTUM TRANSPORT MODELLING
IN TOKAMAKS

Y u.N. Dnestrovskij, A.V. Danilov, A.Y u. Dnestrovskij, S.E. Lysenko,
S.V. Cherkasov, I.A. Voitsekhovich*

RRC ‘Kurchatov Institute’, Moscow, Russia, e-mail: danilov@nfi.kiae.ru
* JET-EFDA, Culham Science Centre, Abingdon, OX14 3DB, United Kingdom

The neutral beam injection causes strong toroidal rotation of tokamak plasma. As this
rotation can affect the heat transport, it is intensively investigated both experimentally and
theoretically. In presented report we describe the extended canonical profiles transport model,
which now includes the transport of electron and ion temperatures, plasma density and the
toroidal momentum driven by the externa torque. At first we derive the simplest equilibrium
equation for rotating plasma. Then we solve the variation problem to find the minimal total
plasma energy with condition that the toroidal current is conserved. The Euler equations for
this problem define the canonical profiles of pressure p(r) and angular frequency wg(r),
linked as we ~ pc®. The set of transport equations is amended by the equation for the angular
momentum n m; R* w, which includes the radial flux

Ow=-Nnm RZcy™ w (Wew- Wlwe).

The term in brackets presents the deviation of the relative gradient of rotation frequency
from the canonical one, R is a major radius, n is the plasma density (in 10 m®), m; is the
ionic mass. The stiffness (diffusivity) of the rotation profile c,/C is assumed to be
proportional to the stiffness of the electron temperature profile ce *: cw/'© = Cw Ce ©. The
value of c¢ ~ was defined in our previous papers, and the constant C,, was derived from the
comparison of rotation modelling with experimental results for 10 JET shots, extracted from
the ITER database: Cy= 0.5/ n'>,

The model has proved to describe the angular momentum transport adequately. In
particular, for JET pulse #52014 with very high density (10.540" m®) the experimental
profile of angular frequency was a maximum at the plasma centre. From the other hand, such
a high density leads to peripheral deposition of beam particles and hollow torque profile.
Apparently, such a plasma behaviour can be the evidence of anomalous momentum pinch,
directed to the plasma center, which is intrinsic to the model. The RMS deviation of simulated
angular momentum profiles from the experimental ones usually does not exceed 15%.

For further verification of the model the simulation of a number of MAST pulses was
performed. The results seem to be promising also.

The work is supported by Grants: RFBR 08-07-00182, FASI 02.740.11.5062 and UKAEA
3000132057.
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THE TRANSITION TO THE REGIME OF IMPROVED CONFINEMENT
IN TORSATRON U-3M IN RANGE OF RARE COLLISION FREQUENCIES

V.K. Pashnev, E.L. Sorokovoy, V.L. Berezhnyj, P.Y a Burchenko, E.D. Volkov,
V.V. Krasnyj, A.V. Lozin, Yu.K. Mironov, A.A. Petrushenya, |.B. Pinos, A.l. Skibenko,
A.S. Slavnyj, M.B. Dreval, A.Ye. Kulaga, S.A. Tsybenko, A.Y u. ES kov

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

In the |=3 torsatron U-3M, plasma is created and heated by RF waves. In experiments, where
the plasma particles are in a low-collisional regime, the measurements of basic plasma
parameters and energy confinement time were performed being based on data of magnetic
diagnostics. The toroidal current in plasma reached 1700 A; this value can be fully explained
by neoclassical processes occurring in the confinement volume. It was found that majority
plasma energy is stored in the electronic component, indicating on the preferential heating of
electrons in the chosen heating conditions.

In the studied discharges, at the moment when average density approached

n,~ 1.2x10" m™®, a spontaneous transition to better confinement mode was observed that was

accompanied by the increase of plasmaenergy content in ~1.7 times. The energy confinement
time before the energy content rise was 1 = 2.6 ms, and after the transition, before shutting
down the RF power, 1e~4.5 ms, what is close to values found from existing stellarator scaling.

It was also determined the time of transition to the regime with better plasma
confinement, which is about 130 microseconds. The magnitude of the power per every plasma
particle before the transition to improved confinement mode, is W = 0.22x10™° MW/particle,
in a quite good correspondence with values obtained in some other stellarator experiments
(CHS, L2).

In the investigated discharges, the process of “self-cleansing” of the plasma from
impurities in the confinement region was observed, what provides the value of Zg;~ 1+1.5
from the middle to the end of the discharge instead of Z«; ~ 3.5 at the initial stage of the
discharge.
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DESIGN OF MULTICHORD SOFT X-RAY DETECTION ARRAYSFOR
THE URAGAN-2M STELLARATOR

M.B. Dreva

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

Two miniature pinhole camera arrays for spatially and temporally resolved measurements of
soft X-ray emission have been designed for the URAGAN-2M sellarator. The power of soft
X-ray filtered by different filters has been calculated numerically in order to optimize
applicability of two-foil temperature measurement technique. In the initial operation, a Be foil
with the thickness of 10 pm and Al filter of 3 um have been chosen to test signal strength and
to test two-foil temperature measurement technique. SXR photodiode photocurrent amplifiers
with bandwidth up to 5 MHz have been designed for signal amplification. Digitizers with 12
bit resolution and sampling rate up to 8 MY s have been tested for SXR data acquisition.

1-20
URAGAN-3M ION ENERGY DISTRIBUTION MEASUREMENTS DURING FRAME
ANTENNA HEATING VIA ION CYCLOTRON FREQUENCIES RANGE

M.B. Dreval, A.S. Slavnyj and URAGAN-3M team

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

An energy sweeping technique has been developed and applied for charge exchange
(CX) neutral particle diagnostics in the URAGAN-3M torsaron. It allows measure the ion
energy distribution from 100eV up to 4keV every 1-2 ms and its spatial distribution in a half
of plasma column area (p=0.5-1) in the inner plasma part (R=90-100cm). Measurements have
been done during low density (n=0.5-1-10"%) frame antenna radio frequency (RF) plasma
discharges in the RF frequency range close to the ion cyclotron frequency. Presence of the
ions with energies up to 4keV has been confirmed experimentally. It has been observed that
the distribution is close to the Maxwellian one in the energy range 400eV-2.5keV. The ion
temperature T;=300-600eV has been determined from this range of the distribution function.
This is an indication of direct RF energy deposition into the ions due to negligible ion-
electron energy exchange. Radia dependences of CX flux and ion temperature have been
studied using set of similar discharges. A structure of URAGAN-3M magnetic surfaces
allows estimate local ion temperature in magnetic surface tangential to CX line of sight. This
magnetic surface adds major contribution to the CX signal. The ion temperature distribution is
flat in the range p=0.5-1. This is an indication of the ion energy deposition location close to
the plasma edge. The CX neutral particles flux from outer plasma part disappear immediately
after the end of RF heating pulse, in contrast to central flux (from p=0.6-0.5). The CX flux
from plasma edge is defined by the direct ion heating because of negligible plasma diffusion.
This is additional confirmation of the outer location of direct ions heating in the
URAGAN-3M torsatron.
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FIRST TESTSOF THE BIASED MOVABLE B4C-LIMITER IN THE URAGAN-2M
TORSATRON UNDER RF AND UHF WALL CONDITIONING

G.P. Glazunov, D.I. Baron, M.N. Bondarenko, P.Y a Burchenko, V.V, Chechkin,
V.Ya Chernyshenko, L.I. Grigor'eva, V.G. Konovalov, A.L. Konotopskiy, V.G. Kotenko,
A.V. Lozin, SM. Maznichenko, V.E. Moiseenko, V.K. Pashnev, N.P. Ponomarenko,
S.l. Solodovchenko, E.L. Sorokovoy, A.V. Shapova, V.l. Tereshin, V.S. Voitsenya

Ingtitute of Plasma Physics, NSC “Kharkov Ingtitute of Physicsand Technology ”, Kharkov, Ukraine

The multifunctional limiter for the Uragan-2M (U-2M) torsatron was designed and
fabricated. It consists of the limiter head made of boron carbide plate by hot pressing in
vacuum [1], the mechanism of its displacement, and the Longmuir probe. The limiter head is
placed on an isolator and grounded through resistance. This allowed to measure signals from
the limiter plate (current, potential). After check on hermiticity, the limiter was installed in the
U-2M to test under edge plasma conditions (Fig.1). At the beginning the limiter will be used
for studying the possibility of the mechanical preventing of plasma-wall interactions, however,
in future the construction alows to provide other experiments, like electrode biasing
experiments, plasma-materials interaction, solid target boronization process, etc.

Fig.1. The movable limiter in situinthe Fig.2. Time dependence of the limiter signal
branch pipe #1 of the Uragan-2M torsatron intensity during its moving to plasma axis

The tests were carried out in the stationary discharge cleaning regime with typical for
U-2M plasma parameters: hydrogen pressure 140 Pa, electron density ~ 240 cm’®, electron
temperature ~ 10-15 eV, magnetic field ~ 0.075T, the RF generator power ~1 kW at the
frequency 8.3 MHz, the UHF generator power ~2 kW at the frequency 2.45 GHz (electron-
cyclotron resonance conditions). During the tests the limiter plate was moved from the
chamber wall to the axis along the distance up to 7 cm. With that the signals from the
Longmuir probes and the intensity of H, line were measured. The signal from the limiter was
also registered on the PC with the help of the WAD-AIK-BUS module (Fig. 2).

Preliminary Longmuir probe experiments show that plasma characteristics are practically
independent of the limiter plate position for both RF and UHF discharges. Spectroscopic
measurements also do not demonstrate any essential influence of the limiter plate being moved
in the plasma on H, line intensity. At the same time the limiter signal changes its polarity
(from positive to negative) at the distance of 4.5-5 cm from chamber wall, and its intensity
increases essentialy. The analysis was carried out to optimize the limiter head configuration
and to understand the nature of the limiter signals observed. The estimations were made to use
this limiter for partial solid target boronization of the U-2M vacuum chamber wall, too.

1. G.P.Glazunov, E.D.Volkov, V.G. Kotenko, e a. J. Nucl. Mater. 241-243 (1997) 1052-1054.
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ICFR MODE CONVERSION EFFICIENCY
IN A TWO-ION COMPONENT PLASMA INTEXTOR

D.L. Grekov, S.\V. Kasilov and K.K.Tretjak

Institute of Plasma Physics, National Science Center “Kharkov Institute
of Physics and Technology ”’, Kharkov, Ukraine

Mode conversion of the fast magnetosonic wave into a short-wavelength wave is studied
in the presence of ion cyclotron absorption and direct electron damping in a tokamak plasma.
In plasmas with two (a majority and a light minority) ion species, fast magnetosonic waves
launched from the low-field side ICRF antennas can convert to a low mode traveling towards
the high-field side, away from the ion-cyclotron resonance point. However, in scenarii with
insignificant finite Larmor radius effects, slow mode runs towards the low field side, i.e.
towards the cyclotron resonance point, if the component of confining filed along the big
radius of torus is taken into account (Fig. 1). The efficiency of conversion has been studied
with the help of one-dimensional code which computes “full-wave’ solution of Maxwell
equations with cold conductivity. The dependencies of conversion efficiency on plasma
density, minority concentration, frequency, confining magnetic field value and position of
minority cyclotron resonance have been established.
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ON SINGLE-M ODE EQUILIBRIUM AND SELF-ORGANIZATION
OF REVERSAL FIELD PINCH

A.A.Gurin
Institute for Nuclear Research of NASU, Kiev, Ukraine, E-mail: gurin@kinr.kiev.ua

At present, it is established that toroidal discharges to be qualified as a reversal field
pinches (RFP) with improved confinement are defined by the “quasi-single mode” (QSM)
nearly laminar oscillations picture, being the low-amplitude pattern at that [1]. This gives a
basis to think that the single dominant mode in the MGD spectrum is inherent in the RFP
nature and may be used to found the dynamic quasi-linear equilibrium model of RFP
discharges. In this paper, the magnetic configuration of cylindrical z-pinch is considered on
the basis of general magneto-static equation rotB=aB+pBxe where the value a(r) is
determined by the B-projection of the Ohm’s law for high conducting plasma and £(r) — by
the radial plasma equilibrium as a consequence of the single mode perturbations averaging.
The helical mode m=1, n=10 is taken into consideration which belongs to the Alfven
spectrum of unstable kinks of force-free paramagnetic configuration without perturbations but
with parameters aa>1, fa<<1 (aisplasmaradius) to be closeto ones observed experimentally
for high current pinches. The frequency and increment of the kink as well as radial amplitude
distributions are determined by solution of the Hain-Lust linear diffusive pinch boundary
problem in formulating [2]. It is shown the squared amplitude contribution of velocity and
magnetic field oscillations into a (magnetic dynamo “ a-effect”) u f (abnormal diamagnetic
“p-effect”) sabilize the kink. At that, the additional azimuth current is generated, and the B,
reversal realize in the outer plasma region. The dominant mode is chosen by the condition of
marginal stability under maximal amplitude. It is characteristic that not high amplitudes need
for this: the velocity perturbations are measured in the “milli-Alfven” scale whereas magnetic
perturbations are found of percents in comparison with B, at the pinch axis. The presented
guasi-linear model of RFP equilibrium conforms to basic features of the observed QSM self-
organization also if to take account of radial transport aspects.

1. P.Martin, et a. Nucl. Fuson. 2003, v. 43, 1855.
2. JP.Goedbloed, H.J.L.Hagebeuk. Phys. Fluids. 1972, v. 15,1090.
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A MODIFIED Im=1 STELLARATOR MAGNETIC SYSTEM

V.G. Kotenko

Institute of Plasma Physics, NSC “Kharkiv Institute of Physics and Technology ”,
1 Akademichna st., 61108 Kharkiv, Ukraine

The work deals with magnetic surface properties in a new modification of the I1=1 polarity
stellarator with a single (m=1) helical coil pitch along the whole length of the torus. Thus, the
stellarator contains only one magnetic field period, Im=1. The essence of the modification consists in
that one of the two helical coils of Im=1 stellarator is fully split into two equal parts. The parts have
equivalent currents (-1) and are displaced symmetrically relative to the unsplit helica coil (current 2I)
by a certain angle [4qg|<p in the poloidal direction (seefig.1).

Numerical calculations have shown that as distinct from an ordinary 1=1 polarity stellarator [1,
2], the region of magnetic surface existence in the modified Im=1 stellarator can be localized in the
neighborhood of the circular axis of the torus. The helical coil system of the modified Im=1 stellarator
under consideration (4g=30°) allows one to realize helical divertor configurations similar to thosein a
tokamak [3].

2l

Poloidal cross-sections of closed magnetic surface configurations and helical coil tracksin a)
ordinary Im=1 stellarator and b) modified Im=1 stellarator, a/R,=0.3

Thin solid circles represent the toroidal projection of magnetic axis tracks. The toroidal field
coils are not shown.
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INVESTIGATION OF POSSIBILITY OF CREATION
OF LEVITATING QUADRUPOLE

A.M. Bishaev, A.A. Bush, I.V. Gladyshev, K.Y . Kamentsev, M.V. Kozintseva

Moscow Institute of Radio Engineering, Electronics and Automation (Technical University),
Moscow, Russia

In the investigated up to now traps-Galateas [1-4] coils immersed into plasma (so
named “myxini”) are structurally fixed by holders. Myxini have to levitate in thermonuclear
reactor. There are now created big plants with levitating superconducting dipoles LDX [5]
and RT-1[6] in USA and Japan accordingly.

There are presented results of the development of the model of the levitating
guadrupole in the report. It is shown that such system must be consist of two levitating coils-
myxini; unlevitating coils which compensate myxini magnetic attraction — “repulsers’ and
unlevitating coils which compensate myxini gravity — “antigravity” coils. Currents in
repulsers may be comparable with the currents in myxini by the order of magnitude, and one
chooses such location of repulsers under which the trap barrier field becomes higher. Currents
in antigravity coils are by the order of magnitude smaller than in myxini. It means the fields
produced by antigravity coils will not practically disturb the main magnetic configuration.
However calculated in the field of the direct currents equilibrium magnetic configurations are
unstable. Therefore in order to ensure stable equilibrium position it is necessary to use
superconducting materials under manufacturing of myxini, repulsers and antigravity coils.

In order to confirm experimentally the possibility of levitation of two rings with
current, the rings from high-temperature superconductor of the type Y B,CusO of the faze Y
123 with diameters from 20mm up to 50mm have been manufactured. The manufacturing
technique has allowed to obtain the rings by agglomeration and also quasi-monocrystal rings.
The density of the critical current is equal to 540% A/lcm? in the last. It has been shown two
such rings levitate in the field of the system of four permanent magnets with the alternating
poles and the equilibrium position of every ring has been stable one. Thus the possibility of
creation of the model of levitating quadrupole is experimentally demonstrated.

On the base of carried out experiments and calculations there have been developed
several variants of the model of levitating quadrupole with myxini located in parallel
horizontal planes at the given distance from each other, which are differed in the number and
location of auxiliary coils. The work has been carried out in the frames of realization of FPP
“Research and research-educational personnel of innovational Russia’ for 2009-2013y.y. on
the state contract #P957.
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“JUPITER F’
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The basic idea of electromagnetic traps is surface character of plasma confinement.
The holding plasma magnetic field, which is formed by conductors or coils with alternating
polarity of current inclusion, is characterized by a deep magnetic hole.

Such design of magnetic system alows applying ferromagnetic materials to
strengthening a magnetic induction in electromagnetic traps. Also the application of
ferromagnetic materials can considerably simplify the electrostatic “locking” system in
circular magnetic slits and to increase energy of electron injection. For validate of these
assumptions the installation “ Jupiter F’ is engender.

The first experimental researches of plasma accumulation and confinement in a
multiglit electromagnetic trap “ Jupiter F’ [1] are presented in this paper. In these experiments,
we measured the injection current of electrons through the axial apertures, currents loss of
electrons from traps to limit the accumulation of the plasma region of the diaphragm and the
currents of loss of ions in the annular magnetic dlits.

The plasma in the electromagnetic trap is created by the ionization of the neutral gas
electrons, which are injected through axial aperture. For realization of Brillouin injection
electronic guns are placed in the field of a weak magnetic field in axial concentrators. In this
case the electronic beam is injected in the central region of the trap where the magnetic field
is absent.

Power of the magnetic system in these experiments was carried out by constant current
source, which allows changing the current in the magnetic coils from 0 to 200 A. Constant
current source power supply included three seconds. Electron injection was carried out a the
end of the third second. The duration of the pulse injection was 12 ms.

To measure the plasma density used microwave interferometer.
The first experiments to study the accumulation and retention of plasma in multidit
electromagnetic trap "Jupiter F' permit the following conclusions:

- Application of the ferromagnetic screen led to an increase in the magnetic field more
than doubled. This means that the costs of establishing the confining magnetic field
are reduced by more than four times.

Obtain a plasma density of 0.8 * 10" cm™ in the central region of the trap at a current
in a magnetic system 200 A. In such a configuration, installation,” Jupiter 2M3“ [2],
but without the ferromagnetic core has been obtained, the plasma density 2 * 10™ cm™
at current in the magnetic system 2000 A.

The possibility of the Brillouin electron injection through the annular magnetic gap
due to secondary electron emission from the central electrodes of an electromagnetic
trap with ferromagnetic cores.
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THE INFLUENCE OF FOCUSING STREAM S OF CHARGED PARTICLESON THE
PLASMA PARAMETERS OF AN ELECTROMAGNETIC TRAP"JUPITER 2M"
WITH ELECTRONIC INJECTION
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One of the unique properties of electromagnetic traps is the existence of radial electric
fields, which are forming and accelerating ion flows in the center of the system. Focusing of
charged particles in the center of the system leads to a marked increase in plasma density and,
consequently, to increase the fusion power for the same loss of charged particles and energy.
Depending on the geometry of the magnetic field can be spherical or cylindrical focusing
streams of charged particles.

At the spherical focusing, the plasma density increases to the center proportionally 1/r?
up to some radius ro, which determines the accuracy of focusing. The thermonuclear reactions
power is proportional to the product of plasma volume on the square of the density and grows
as 1/ro with the improvement of focusing terms. Even at a moderate focusing ro = 0.1R
released by thermonuclear reactions power increases 37 times, which greatly reduces the
plasma density near the magnetic surfaces and reduce the magnetic field in magnetic slits.

lons, formed as a result of ionization of neutral atoms at the boundary of the potential
well, experiencing acceleration in the radial electric field. Their speed of longitudinal motion
many times the transverse component. Collisional processes do not take the particle from the
area where the clash took place, changing only the radius, which will move the particle after
the collision. The intensity of the thermonuclear reactions increases with increasing plasma
density, it is maximal in focus. Out of focus products of thermonuclear reactions will make
the maximum positive charge, creating the maximum negative potential and the potential well
for retaining ions. According to theoretical estimates, the maximum plasma density in the
focus, limited by collisional processes, ne~ 5 * 10" cm?. This is twice the density neutral gas
at atmospheric pressure, but with a thermonuclear temperature.

When the cylindrical focusing the plasma density increases towards the center of the
field is proportional to the radius and thermonuclear power has a logarithmic dependence on
the radius of the focusing ro. In this case, fusion power increasesto 1 + 2In (R/rp) times.

The influence of focusing streams of charged particles on the plasma parameters were
performed on the "Jupiter 2M" [1]. The plasma density in the central region of the trap was
measured with a corpuscular diagnostics, plasmadensity in the section under the coils - 8-mm
interferometer. The plasma density in the central region of the trap exceeds the average cross-
sectional density at the central coils in nf/nsr = 2.97 times, which is a consequence of focusing
streams of charged particles in the radial electric field of space charge. Radius, to which you
are focusing streams of charged particles, ro= 4 cm.

Existence of such a focusing will increase the fusion power of 1 + 2In (R/rp) = 3.02
times in thermonuclear reactor.
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MODELLING OF DEGRADATION OF THE EFFICIENCY OF NBI HEATING IN

NSTX DISCHARGES WITH HIGH FREQUENCY ALFVENIC ACTIVITY

V.V. Lutsenko, Ya.l. Kolesnichenko, Yu.V. Yakovenko

Institute for Nuclear Research, Prospect Nauky 47, Kyiv, 03680, Ukraine

Recently a surprising result was reported: increasing the power of the Neutral Beam
Injection (NBI) by a factor of three in experiments on the spherical torus NSTX did not
increase the plasma temperature in the central region and even resulted in its drop when high
frequency Global Alfvén Eigenmodes (in the range of 0.5 - 1.1MHz) were destabilized [1].

In this report we present a simple model which demonstrates that the mentioned
NSTX observations can have a natural explanation due to a new phenomenon — the energy
channelling produced by NBI driven Alfvén instabilities, see Fig. 1 [2]. The energy
channelling was predicted in Ref. [2] (see also [3]). According to our model, in the
considered experiments with the highest NBI power (6 MW) the energy channelling
significantly decreased the efficiency of the plasma heating, leading to the deposition of the
energy of injected ions at the plasma periphery.

Fig. 1. The calculated plasma
temperature (solid lines) for
various magnitudes of the injected
power () in NSTX well agrees
with the measured temperature
shown in [1]. It was assumed that
the efficiency of the energy
channelling is maximum at the
maximum injected energy (2 =

6 MW) and «(r) does not depend
on 2, where x(r) =n.(x. + %), Ye
and y; are the heat conductivity
coefficients, n. is the electron
density. The coefficient i, was
taken equal to that in discharges
with 2 =2 MW, and y; was the
neoclassical coefficient.

Acknowledgements. The work is carried out within the STCU Project #4588.

[1] D. Stutman ef al., Phys. Rev. Lett. 102, 115002 (2009).

[2] Ya.l. Kolesnichenko, Yu.V. Yakovenko and V.V. Lutsenko, Phys. Rev. Lett. 104, 075001
(2010).

[3] Ya.l. Kolesnichenko, V.V. Lutsenko, R.B. White, A. Weller, Yu.V. Yakovenko, ”Effects
of the energetic-ion-induced instabilities on the bulk plasma heating, transport, and rotation in
toroidal systems”, Nuclear Fusion, to be published in a special issue of NF on Energetic
Particles (August 2010).

46



1-29

PLASMA RESTRICTION BY MEANS OF POLOIDAL-TOROIDAL MAGNETIC
SURFACES

MaksyutaM.V., Golovach G.P., Martysh Ye.V.
Taras Shevchenko Kyiv National University, Radiophysical Department

Asiit is stated, for example, in [1] a pinch with a longitudinal magnetic field is more
stable due to the depression of both short wave (tongue-types) and long wave (cylinder-
symmetric) excitations by means of quasi-elastic forces. Such longitudina fields appear, for
example, in stellarators and various spira traps [2]. The authors show a preference for the
latter constructions and specifically for multiply knotted volumes (in the given figure a
similar volume is shown as 7-foil) [3]. This knotted construction must lead to so-called
poloidal-toroidal magnetic surfaces. For example, a magnetic field (solid directed line
represented in leaf 1) is generated by plasma current flowing from aleaf 4 to aleaf 5 (dotted
directed line) and simultaneously takes part in the maintenance of this current.

Magnetic field evaluation in the paper is made in the coordinate system related to n-
foil which vector eguation is written down as follows

t ={[R+rco((n+1/2)j )]cosj ,[R+rcos((n+1/2) )]sinj ,£rsin((n+1/2) )},

where -2p£j £2p, Rr are tore parameters on the surface of which one can place this

space curve (here the signs “ £ correspond to a left- and right-hand n-foils). Choosing this
curve to be axes of an orthogonal curved line of Mercier coordinate system (see, for example,
[4]), one may consistently find Lame parameters, write down necessary differential operators
and calculate self-coordinately atopologic structure of poloidal-toroidal magnetic surface.
Besides, as it is seen from the figure, in such magnetic trap constructions distant
regions inside become neighboring in an outside region. Maybe, just such constructions are
going to be the most optimal for plasma magnetic restriction (namely a self-restriction) of
plasmaand at last, the solution of the main task of a controlled thermonuclear synthesis.
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A NEW FACILITY FOR FORMING AN FRC - FIELD REVERSED
CONFIGURATION

A.Mozgovoy, V.Nikulin and E.Peregudova

P.N. Lebedev Physical Institute, Moscow, Russia,
mozgovoy@sci.lebedev.ru, vnik@sci.lebedev.ru, pergud@sci.lebede.ru

The compression of plasma and its subsequent heating is the key process in internal
thermonuclear fusion. Most effective compression is achieved in a Field Reversed
Configuration scheme (FRC)

Field Reversed
Plasma Configuration Separatrix

- Closed Poloidal O i
il Ei i pen Magnetic
Axial Fiid Coll Field Line Field Line

The scheme proposed earlier for obtaining an FRC [1] requires regulated switching-on of
several condenser batteries with microsecond delays and the possibility of obtaining a crow-
bar regime (dragging out the drop in current in an inductive load) as well as cutting-off
current from the load after its first half-period.

For these purposes, an installation was constructed having double vacuum spark-gaps to
realize the aforementioned functions. The spark-gaps are of a coaxial form with sectionalized
insulators. The spark-gaps have little jitter, a broad range of voltage regulation and are not
limited for passing current as aresult of a plasma method of firing.

The construction allows for disassembling a spark-gap to clean the electrodes without
disconnecting the cables transmitting current.

This installation can also be effectively used as a power source in other experiments, in
particular for a plasma focus. The results presented are for experiments in forming an FRC
with atotal energy supply of up to 50 kJ.

1. A. Mozgovoy. A Method of Forming FRC - Field Reversed Configuration, Book of

Abstracts of the Alushta-2008 International Conference and School on Plasma Physics
and Controlled Fusion.
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BALANCE OF HYDROGEN IN THE VACUUM CHAMBER
OF TORSATRON U-3M DURING THE RF-DISCHARGE

V.K. Pashnev, E.L. Sorokovoy, N.P. Ponomarenko, V.Y u. Gribanov, A.A. Petrushenya,
A.N. Shapoval, V.G. Konovalov

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

The measurements of the hydrogen pressure in the vacuum chamber with a volume of 70
m® during the RF-discharge in U-3M torsatron were conducted. A 30% reduction of pressure
in the vacuum chamber at the end of the RF-pulse was observed. The amount of particles,
which can be ionized in the confinement volume and in the peripheral plasma during the RF-
pulse, was estimated. This number is about one order of magnitude less than that
corresponding to the observed pressure decrease. The estimations of amount of low density
plasma on the far periphery of the confinement volume and/or in the vicinity of the RF
antenna that isrequired for explanation of the observed discrepancies were carried out.

The measurements of the distribution of the hydrogen emission line H,, were fulfilled. The
lifetime of particlesin the confinement volume in the regime of rare collisions was calcul ated.
The portion of fast (Frank-Condon) hydrogen atoms in the whole volume of the vacuum
chamber was estimated.
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DYNAMICSBEHAVIOR OF MAIN PLASMA PARAMETERS DURING
A SPONTANEOUSTRANSITION TO IMPROVED CONFINEMENT REGIME
IN TORSATRON U-3M

V.K. Pashnev, E.L. Sorokovoy, A.A. Petrushenya, Y u.K. Mironov, V.G. Konovalov,
A.N. Shapoval, A.S. Slavnyj, M.B. Dreval’, A.P. Pugovkin

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology ”, Kharkov, Ukraine

On the basis of magnetic and X-ray measurements, and taking into account the ion
temperature determined from the spectrum of charge exchange atoms (Z«f) the temporal
behavior of electron temperature and the mean charge of ions were obtained. It is shown that
the most part of the energy stored in the electron component of plasma, denoting the
preferential heating of electrons. It is shown that after the transition to better confinement the
average electron temperature doubles, which indicates an improvement of energy confinement
in the electron channel. Also, one can observe the rise of ion temperature in 1.4-times, which
is apparently due to the heat exchange between electrons and ions.

In investigated discharge regime the decrease with time of Zg: of the confined plasma was
observed indicating realization of some “self-cleaning” process. The value of Zg: decreased
from Zg; 23 at the early discharge state by Z«~1+1.5 from the middle to the end of the
discharge. The rather high initia Ze; is, probably, observed due influx of metal atoms from
RF-powered antenna at the initial stage of the discharge.
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THE POWER BALANCE OF AN ANEUTRONIC FIELD-REVERSED
CONFIGURATION PLASMA
[.V. Romadanov and S.V. Ryzhkov

Bauman Moscow Sate Technical University, Moscow, Russia

In this paper we consider a compact toroid [1] as a fusion reactor [2], namely field-
reversed configuration where the plasma magnetized by a purely poloidal field. This magnetic
configuration has attractive features, notably a linear geometry and high-b (betaisthe ratio of
plasma pressure to external magnetic field pressure). Fusion system based on a compact
configuration where the plasma confined inside closed magnetic field lines and separated
from a conducting wall by the area of the open magnetic flux allows to achieve high specific
impulse and thrust.

The power losses due to charged particle transport, neutrons, and radiation are taken into
account. The global plasma power balance is given by:

Pfus + Pinj = Pbrem + Ptran + Psyn '

where Py, is the fusion power, P, is the injection power, R, is the charged particle
transport power, PB,., is the bremsstrahlung power, and Py, is the synchrotron radiation
power.

Main plasma parameters and fusion energy gain factor are obtained. The comparison of
D-T reactor with D->He source is made. Prospects of D->He fueled fusion jet are presented.
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NUMERICAL SIMULATION OF TRANSPORT PROCESSESIN STELLARATOR
URAGAN 2M IN THE CONDITIONS OF AMBIPOLAR DIFFUSION FLUXES

V.A. Rudakov
Institute for Plasma Physics NNC KIPT, 61108, Kharkov, Ukraine

Based on supposition about the neoclassical transport of plasma a one-dimensional numerical
code, intended for the design of space-temporal behavior of plasma in a reactor-sellarator,
was adapted for modeling of the experimental regimes of plasma in a stellarator Uragan-2M.
The feature of the code is an account of equality ion and electron diffusive fluxes of plasma
due to the ambipolar electric field. In the accepted model the fluxes of electrons correspond
the modes of - 1/n, and ions -n*? of neoclassical theory of transport for the stellarator systems.
The system of equations, including two equations for thermal conductivity and equation of
diffusion for plasma density, was solved. The solution of task is begun with finding of the
radial electric field from the condition of equality of diffusive fluxes of Se = Si on every step
of spatial net. There are three roots of the equation in general case. The problem of finding of
the realized root decides by set up of initial conditions. The steady distributing of parameters
of plasma is got, including distributing of temperatures, density and radia electric field. The
found decisions allow to compare calculating and experimental parameters of plasma, that
does more reliable prognostication of parameters of the experimental devices of next
generation and thermonuclear reactor.
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SELF-CONSISTENT MODEL OF RF PLASMA PRODUCTION IN STELLARATOR
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The purpose of this work is modelling RF plasma production in stellarators in the ion-
cyclotron range of frequencies (ICRF). A recently developed self-consistent model simulates
plasma production with arbitrary |CRF antennas and includes the system of the particle and
energy balance equations for the electrons, ions and neutrals and the boundary problem for
the Maxwell’ s equations. The balance of the electron energy includes the RF heating source,
the energy losses for the electron impact excitation and ionization of atoms and the losses
caused by the heat transport. The balance of the charged particles includes accounts for the
ionization and diffusion losses. In the model, it is assumed that the neutral gas is uniformly
distributed in the vacuum chamber volume, including the plasma column. Besides plasma
build-up inside the confinement volume, the RF field produces plasma outside it. The losses
of the charged particles in this zone have a direct character: the particles of plasma escape to
the wall along lines of force of the magnetic field. This effect is accounted in the model. To
make the system of the balance equations closed it is necessary to determine the single
external quantity in it, RF power density. This quantity can be found from the solution of the
boundary problem for the Maxwell’s equations. The Maxwell’s equations are solved at each
time moment for the current plasma density and temperature distributions. The Maxwell’s
eguations solution allows determining a local value of the electron RF heating power, which
influences on the ionization rate and, in this way, on the evolution of plasma density. The
electrons are heated by the RF field owing to collisonal and Landau wave damping. The
problem is solved in cylindrical geometry. The plasma is assumed to be azimuthally
symmetrical and uniformly distributed along plasma column. The Crank-Nicholson method is
used for solving asystem of the balance equations. The Maxwell’ s equations are solved in 1D
using the Fourier series in the azimuthal and the longitudinal coordinates. The results of
calculations of RF plasma production in the Uragan-2M stellarator with the frame-type
antenna are presented.

Thiswork is supported in part by STCU project Ne 4216.
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HYPERTHERMAL ELECTRONS FLOW PARAMETERS FLUCTUATIONSIN
THE EDGE PLASMA DURING ICR HEATING ON THE U-3M TORSATRON

|.K. Tarasov, M.I. Tarasov, V.K. Pashnev, D.A. Sitnikov, V.V. Olshansky,
K.N. Stepanov, E.D. Volkov

NSC “Kharkov Institute of Physics and Technology ”’, Kharkov, Ukraine,
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A number of interesting effects was observed in the framework of the experimental
investigation of the hyperthermal electrons flow which was formed in the U-3M torsatron
during the magnetic field pulse. The oscillatory activity was registered in the flow of charged
particles observed at the area of last closed magnetic surface during the plasma creation and
| CR-heating represented a special interest. It was noticed that the flow was modulated with a
number of harmonics of near-ion-cyclotron frequencies. At the vicinity of each spectral line a
number of satellites was observed. Thus the suggestion about a parametric excitation of the
ion Bernstein waves was made [1,2]. It is useful to note that considered oscillatory activity
was registered not only during the RF — heating pulse but also at the edge of the magnetic
field pulse (during the time interval in which the magnetic field intensity is falling) when
plasma s not created and heated by introducing RF-power into the confinement area.

This report contains the results of experimental investigation of the oscillations observed
during the ICR — heating pulse and on the magnetic field pulse edge. The spectrums observed
in the both cases were compared to find out the oscillations physics.
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THE DYNAMICSOF HYPERTHERMAL ELECTRONS
IN THE U-3M TORSATRON

V .K. Pashnev, |.K. Tarasov, M.I. Tarasov, D.A. Sitnikov, A.S. Slavnyj, A.E. Kulaga,
R.O. Pavlichenko, V.L. Berezhnyj, A.V. Prokopenko, A.N. Shapoval, V.G. Konovalov,
E.D. Volkov, A.V. Lozin, S.A. Tsybenko
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The phenomena of hyperthermal electrons flow formation was investigated in the framework
of study of the factors that cause X-ray radiation output observed on the magnetic field pulse
edges. The flow formation takes place during the time intervals in which the magnetic field
intensity varies significantly. Together with the X-ray radiation a number of diagnostics such
as microwave radiometry and reflectometry, H,, magnetic and Langmuir probes have shown a
noticeable variation of the signal level during these intervals. Such reaction was interpreted as
an evidence of plasma creation. The level and the character of observed signals depended
critically on the residual gas pressure. In particular, the residual gas pressure reducing results
in the signal amplitude growing in each of the diagnostic channels. Besides, the microwave
radiometry signal has shown a noticeable level during the whole magnetic field pulse.
The interest to the hyperthermal or run-away electrons is caused by necessity of taking into
account its contribution into the energy balance especially when the plasma density is low
[1,2]. The investigation of the flow structure and dynamics allows to obtain the information
about the magnetic field topology.
In this work the results of experimental study of the hyperthermal electrons flow structure for
different experimental conditions are presented. In particular, the influence of ICR — heating
parameters is studied. The level of signal variations in the diagnostic channels was aso
monitored.
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EFFECT OF THE RADIAL ELECTRICAL FIELD INLOWER HYBRID HEATING
EXPERIMENT ON FT-2 TOKAMAK
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The Lower Hybrid Heating (LHH) scheme [1] has been routinely used at FT-2 tokamak
to provide ion and electron heating and a transition to improved confinement regimes with
Internal Transport Barrier (ITB) a RF power level 90 - 100 kW [2]. Recently the possibility
of LHH at enhanced power level (PLun~ 2Pon =180 kW) resulting in a transition to
improved energy confinement regime during RF pulse and in the post heating stage has been
demonstrated [3]. The LH heating efficiency of the ion component at the high RF power level
remains the same high as at the lower powers.

Experiment demonstrates, that on-axis LHH at enhanced HF power results in higher
Ti(p=0cm) rise (100 — 300)eV with ITB formation at p = (4+5) cm). The central electron
temperature increases also (300 — 500) and remains at the high level for about 5 ms after the
RF pulse switch off. Improved energy confinement transition is observed.

Rise of the E; (measured spectroscopically using the ClIl (464.7nm) line emissivity)
and its shear ws in the region 4+5cm could result in the ITB formation observed a Ti(p)
profiles during LHH. Measurements demonstrate that E, data differ from the standard
neoclassical E. 2" values. They are larger a the middle radii and smaller in the LCFS
vicinity.

The spectroscopically measured radial profiles of Vg XxB(p) velocity at periphery are
close to the profiles of the poloidal velocity of fluctuations derived from the Doppler
Reflectometry (DR) measurements.

The drastic fluctuation suppression, measured by DR practically at all frequencies
(fluctuation frequency band f<1IMHz and k~(1+6)cm’™), is detected sightly before the velocity
inversion in the region 7cm. The observed suppression of the density fluctuations is in a good
agreement with the Langmuir probe measurements.

The scan of the plasma region by the UHR Doppler BS diagnostics fromr =5cmto 7.5
cm has shown that two small-scale drift modes (TEM and ETG) are suppressed during LH-
heating on the plasma periphery. The first small-scale drift mode (lower frequency, LF)
associated with the small-scale component of TEM usually decreases (or grows), in
accordance with the peripheral decrease (or rise) of the electron thermal conductivity.

References
1. S.I. Lashkul, V.N.Budnikov et al. Pl. Phys. Reports, 2001, V. 27, No.12, pp.1001-1010.
2. S. 1. Lashkul, S. V. Shatdlin, et a. Pl. Phys. Reports, 2006, V. 32, No. 5, pp. 353-362.
3. D. V. Kouprienko, A. B. A. B. Altukhov, A. D. Gurchenko et al. Pl. Phys. Reports, 2010,
Vol. 36, No. 5, pp. 371-380.
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Two torsatron (stellarator) machines are in operation in IPP-Kharkiv. Uragan-3M is a small
size torsatron with 1=3, m= 9, Ry = 1m major radius, a» 0.12m average plasma radius and
toroidal magnetic field Bo £1 T. The whole magnetic system is enclosed into a large 5m
diameter vacuum chamber. Uragan-2M is a medium-size torsatron with reduced helical
ripples. This machine has the major plasma radius R = 1.7 m, the average minor plasma
radius a £ 0.24 m and the toroidal magnetic field By £ 1 T. The Alfvén resonance heating in a
high k; regime is used on both machines. This method of heating is advantageous for small

size devices since the heating can be accomplished at lower plasma densities than the
minority and second harmonic heating. Both machines equipped with two antennas. Oneis a
frame-type antenna for low density plasma production. Another antenna in Uragan-3M is an
unshielded THT (three-half-turn) antenna [1] that consists of 3 straps oriented in poloidal
direction. In regular discharges the frame antenna creates plasma with the density
<ne>»0.5...2° 10 cm® and temperature <Te>»1keV [2]. The THT antenna is usually not
used to produce plasma and, therefore, its pulse follows the pulse of the frame antenna. A
series of experiments is performed aimed to study the features of the discharge with the THT
antenna. Electron temperatures in the range <To>»0.2...0.4 keV are achieved at the plasma
densities an order of magnitude higher than produced by the frame antenna
<ne>»0.5...1.5" 10" cm>. Plasma pressure is increased up to 5 times. A new 4-strap shielded
antenna is manufactured and installed in Uragan-2M. First experimental data for radio-
frequency heating with this antenna are presented.

References
[1] V.E. Moiseenko in IAEA Technical Committee Meeting (Proc. 8th Int.Workshop on
Stellarators,Kharkov 1991), IAEA, Vienna, 207 (1991).
[2] O.M. Shvets, |.A. Dikij, S.S. Kalinichenko et al, Nucl. Fusion 26, 23 (1986).
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ICRF HEATING OF HYDROGEN PLASMAS
WITH TWO MODE CONVERSION LAYERS
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| CRF mode conversion heating is widely used in present-day tokamaks [1]. This heating
regime is used for transport studies, for non-inductive current drive, for impurity pump-out, to
drive plasma rotation, etc. Fuchs et al showed that an enhancement of the conversion
efficiency is possible due to the additional reflection of the fast wave from the high-field side
cutoff [2]. Optimal conversion enhancement is achieved when the reflected waves have nearly
equal amplitudes and opposite phases. The first experimental evidence of this effect was
shown in JET for (*He)-D plasmas [3]. It was recently also tested in JET (*He)-H plasmal[4].
The latter is an inverted scenario, for which a much lower *He concentration is needed to
reach the mode conversion heating regime. As H mgjority scenarios will extensively be used
in the initial non-activated phase of the ITER operation [5], studying the heating potential in
such plasmas is important.

Due to the presence of the intrinsic D-like species in JET (eg., C*, “He), a
supplementary conversion layer is produced in the plasma. This results in a complicated
picture of the mode conversion physics. The theory of mode conversion in plasmas with two
ion-ion hybrid resonances[6] is used to analyze the role of D-like species in the (*He)-H
heating scenario. Particularly, it is shown that in such plasmas the Fuchs effect of
constructive/destructive interference occurs, which leads to the possible mode conversion
enhancement. The location and transparency properties of each of the conversion layers
strongly depend on the concentrations of both minority species. Thus, by carefully choosing
the minority concentrations the mode conversion efficiency can be maximized. The mutual
effect of the minority species on the opposte conversion layer is discussed. The
experimentally observed reduction in the *He critical concentration needed for the transition
from minority heating to mode conversion in the presence of carbon ions is explained within
the developed theory. The dependence of the heating efficiency on various parameters
(plasma composition, density profile, antenna spectrum, etc.) will be presented.

[1] A.V. Longinov, K.N. Stepanov, in High-Frequency Plasma Heating ed A.G. Litvak (New
York: American Institute of Physics, 1992) 93-238.

[2] V. Fuchset al., Phys. Plasmas 2 (1995) 1637-1647.

[3] D. Van Eester et al., Plasma Phys. Control. Fusion 50 (2008) 035003.

[4] D. Van Eester et al., Proc. 37-th EPS conference on Plasma Physics (2010), paper P5.163.
[5] M.-L. Mayoral et al., Nucl. Fusion 46 (2006) S550-S563.

[6] Ye.O. Kazakov et dl., “Enhanced ICRF mode conversion efficiency in plasmas with two
mode conversion layers’ (submitted to Plasma Phys. Control. Fusion).

* See the Appendix of F. Romanelli et al., Proceedings of the 22nd IAEA Fusion Energy Conference 2008,
Geneva, Switzerland
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Distribution of matter in the discharge channel formed upon a nanosecond electrical
explosion of Al wire in vacuum was studied experimentally and theoretically. Simultaneous
use of optical and UV diagnostics and numerical results made it possible to distinguish
gualitatively different regions of the discharge channel, such as the current-carrying plasma
layers and the region occupied by a weakly conducting cold matter. Several series of
experiments with 25 pm diameter 12 mm long wires were performed; the charging voltage
and the current amplitude were Uy = 20 KV and |max ~ 10 KA, respectively (see for example
S.I. Tkachenko, et. al., Plasma Physics Reports, 2009, Vol. 35, No. 9, p. 734). Shadow and
schlieren images of the discharge channel were obtained using optical probing at the second
harmonic of a YAG:Nd* laser (A = 0.532 um,  ~ 10 ns).

The simulations of electrical wire explosion were performed by means of
Lagrangian—Eulerian code RAZRY AD based on Braginskii two—temperature model; in this
code the homogeneous conservative implicit finite-difference MHD schemes was realized.
The radiation energy trangport was simulated in multigroup spectral approximation with the
use of diffusion model. Heat— and electro— conductivity anisotropy in magnetic field is taken
into account. The code allows utilization of data tables for thermal and optical matter
properties. The tables of thermophysical and optical properties for metals constructed
according to model published in A.F. Nikiforov, V.G. Novikov, V.B. Uvarov, Quantum-
Statistical Models of Hot Dense Matter and Methods for Computation Opacity and Equation
of State (Fismatlit, Moscow, 2000) were used in our computations. We have investigated the
influence of initial data (in particularly “cold start” simulation) and the radiation energy
transfer upon the evolution of matter parameters and current density distribution in the
discharge channel. Several variants with differing amounts of spectral groups were
evaluated. The numerical results are compared with experimental data.

Work supported by the RFBR 08-08-00688, 09-01-12109-ofi_m, programs 02.740.11.0447
and 2.1.1/5470.
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MODELLING OF MODE CONVERSION HEATING AND CURRENT DRIVE
INTON CYCLOTRON FREQUENCY RANGE
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Technische Universitat Graz, Graz, Austria

Mode conversion in a plasma with two sorts of ions can be used for generation of a steady

state current. Typically, in the case of light minority, FMSW converts into a slow wave (SW)
which propagates from the high field side towards the minority ion cyclotron resonance zone.
While approaching this zone, component of SW wave vector in the direction of major radius
strongly increases and becomes dominant in the parallel wave vector. As the result,
absorption of SW drives the currents of oposite signs at the upper and lower parts of torus.
Since these currents almost cancel each other, in order to to drive the current, the up-down
asymetric excitation of fast magnetosonic wave (FMSW) has been proposed.
In this report such a current drive scenario is modelled numerically. Didribution of
electromagnetic field in the plasma is computed with the help of the resonant layer method [1]
taking into account non local wave-plasma coupling and heat current of minority ions.
Electron and minority ion current dengities are calculated in linear aproximation using current
drive efficiencies calculated using kinetic equation solver SYNCH [2].

References

[1] D.L. Grekov, M.F. Heyn, |.B. Ivanov, S.V. Kasilov, W. Kernbichler, V.V. Olshansky,
36th EPS Conference on Plasma Phys. ECA Vol.33E, P-1.135 (2009)
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MODE CONVERSION IN HYDROGEN PLASMASWITH IMPURITIES
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Effective lon Cyclotron Resonance Frequency (ICRF) heating of hydrogen plasmas
requires a presence of the minority ions. The value of the minority ion fraction defines the
channel of the launched power absorption. For small minority concentration the Fast Wave
(FW) power is absorbed by the minority ions through the cyclotron mechanism. With
minority concentration increasing the efficiency of the minority heating decreases but FW
power is converted partially to the short wavelength modes which are absorbed effectively by
electrons. These two regimes of ICRF heating are known as minority and mode conversion
heating [1].

Recent experiments on ICRF heating of hydrogen plasmas in tokamak JET [2] have
reported an important role of the carbon impurity (the carbon fraction can exceed 2%).
Carbon impurity in (He3)H plasmas decreases the critical value of the minority concentration
when the transition from the minority heating to the mode conversion regime is observed.
Also it excludes the minority heating regime in (D)H plasmas. Though these conclusions are
enough general they don't take into consideration the importance of the antenna phasing and
radial positions of the ion- ion hybrid layers for effective mode conversion.

The theory of the mode conversion in the hydrogen plasmas with the carbon impurity
[3] is applied to describe the experiments in tokamak JET. The numerical simulations confirm
the analytical results. The efficiency of the mode conversion is defined by the conditions of
the interference between two reflected FW. One FW is reflected from the minority
evanescence layer but another one is reflected dominantly either from the impurity
evanescence layer or from the R- cutoff layer at high field side of the magnetic field.
Dominant type of second reflection is defined by the impurity concentration, the FW parallel
wave number and the radial positions of the resonances. The developed theory predicts a
difference in the mode conversion efficiency for both cases. Therefore the mode conversion
experiments in tokamak JET [2] are analyzed in details for dipole and £90° phasing. The
explanation of the obtained data is proposed. Sensitivity of the mode conversion efficiency to
the radial positions of the resonances and cutoffs is estimated for the considered experimental
conditions. The critical minority concentration is clearly seen experimentally and it does not
depend on the reflected FW interference. But for larger minority concentrations, the
interference conditions define the mode conversion efficiency and, as a result, a relation
between the ion and electron channels of power absorption (especially for high temperature
plasmas). In such a way the impurity ions not only reduce the concentration threshold
between the minority heating and mode conversion regimes but also affect essentially on the
location and the efficiency of the mode conversion.

1. A.V. Longinov, K.N. Stepanov 1992 in High-Frequency Plasma Heating ed A. G. Litvak
(New York: American Institute of Physics) 93-238.

2. M.-L. Mayoral et al 2006 Nucl.Fusion 46 S550-S563.

3. Ye.O. Kazakov et al “Enhanced ICRF mode conversion efficiency in plasmas with two
mode conversion layers’ submitted to Plasma Physics and Controlled Fusion.
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The direct experimental study of plasmaradial electric field E; is the key issue to clarify
E'B shear dabilization mechanisms. The plasma turbulence rotation measurements,
compared with E;” B; drift rotation may explain whether turbulence moves together with the
plasma or independently. The absolute value of the core plasma potential j was measured in
the T-10 tokamak by Heavy lon Beam Probing (HIBP) with TI* beam energy Ep, £ 300 keV
and the beam current up to 200 mA. This allows us to observe the core potential (and E;) at
high densities and in awide radial area. At the limiter, the plasma potential and density were
measured by Langmuir probes. The core plasma turbulence was studied by correlation
reflectometry (CR). The regimes with Ohmic (OH), on- and off-axis ECR heating (B = 1.55—

2.47T,1,=140-250 kA, n. = (1.3-4.1)" 10 m?, Pec < 1.5 MW) were studied. It was shown
that the plasma potential has negative sign in the whole observation area. The potential well
becomes deeper and the mean E; becomes more negative with the rise of density and energy
confinement time. During ECRH phase, the absolute potential well becomes significantly
shallower, E; decreases and confinement degrades. The potential has a weak dependence on
lp. In all observed regimes, E.(r) ~ const in the whole radial range of HIBP measurements.

The plasma column rotates not as a rigid body due to the Bi(R) dependence. The typical
values for E’ B drift angular velocities are We g ~ 1.5x10* radian/s for the OH, and We g ~
1.25x10* radian/s for ECRH stages. That is the broadband drift-wave turbulence tends to
rotate together with the ExB driven bulk plasma.

The plasma fluctuations in the frequency range of Geodesic Acoustic Modes (GAMSs) may
be possible mechanism of the turbulence self-regulation. The theory proposes the unified
dispersion relation for GAMs and Beta induced Alfven Eigenmodes (BAE). These modes are
studied by HIBP, CR and Langmuir probes. In the low B; regime, the mode frequency is close
to a constant over the investigated radial interval (0.2<r <0.9), showing inconsistency with
theoretical predictions in the absolute value and radial dependence. These modes are seen on
the plasma potential as a main peak, also in some cases a higher frequency satellite appears.
The modes are more pronounced during ECRH, when the typical frequencies are seen in the
band from 22-27 kHz over the whole plasma cross-section. At the outer edge, r = 0.95, the
frequency value is consistent with theoretical prediction, which may be indicative these mode
are the edge driven eigenmodes. The frequency weakly depends on the magnetic field and
plasma density. With the density rise, the satellite and main peaks consequently disappear.
The amplitude of the induced potential perturbations with ECRH is quite pronounced, about a
few tens of Volts, increasing towards the plasma centre. The modes demonstrate the features
of the spatially global eigenmodes.

Thiswork is supported by Grants: FASI 02.740.11.5062, RFBR 10-02-01385, 08-02-01326.
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In axisymmetrical magnetic traps inhomogenity of magnetic field intensity is that of the
magnetic field direction are closely related to each other. These two types of inhomogeneities
essentially change the structure of electromagnetic wave beams with frequencies of the order
of electron cyclotron frequency. For example it was shown [1] that inhomogeneity of
magnetic field direction was responsible for strong refraction of electromagnetic waves in
overcritical plasma confined in axisymmetrical magnetic trap which for longitudinal launch of
rf power resulted in essential decrease of the heating efficiency in a system.

We present a number of examples which demonstrate a large variety of wave beam behavior
depending on plasma and magnetic field inhomogeneity such as exponential widening of
wave beam for overcritical plasmas, channeling of right polarized wave in undercritical
plasmas, changing of critical point type for ray trgjectories near electron cyclotron surface
(“saddle” or “junction” [2]), new critical point appearance etc. Some results of analytical and
numerical investigations of inhomogeneity influence are presented.

References
[1] E. D. Gospodchikov, O. B. Smolyakova, and E. V. Suvorov, Plasma Physics Reports,
2007, Vol. 33, No. 5, pp. 427-434.
[2] A.V. Zvonkov, A.V. Timofeev, Plasma Physics Reports, 1988, Vol. 14, No. 10, pp. 1270-
1273.
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SURFACE MODESEXCITATION UNDER FAST WAVE EXCITATION
IN MAGNETOACTIVE PLASMASIN THE W >W; FREQUENCY REGION

A.V. Longinov
Institute of Plasma Physics, NSC KIPT, Kharkov, Ukraine

An excitation of fast mode (FW) of fast magnetosonic waves in magnetoactive plasmas
inthe W > W, frequency range can as well lead to surface modes excitation, connected with

gyrotropic properties of plasma and its inhomogeneity [1]. In plasma hating scenarios, using
minority heating method, this effect can amplify the peripheral RF energy absorption due to
the ion minority cyclotron resonance and, consequently, lead to flattening of the energy
absorption profile and finally to efficiency decreasing of that RF plasma heating method.

To investigate the excitation, propagation and absorption of electromagnetic waves in
plasmas, taking into account the two-dimensional inhomogeneity of both plasma and metallic
surface, surrounding a plasma column, it was developed a numerical model on the ground of
fictitious regions method [2]. The model given allows one to investigate the wave physics in
approximation of the two-dimensional plasma inhomogeneity for different plasma column
configurations, typical for magnetic traps of both tokamak and stellarator type, in the presence
of the metallic elements, located in the vicinity of plasma column.

Investigations on the base this numerical model of FW excitation, propagation and
absorption scenarios, using minority heating with different plasma parameters, have
demonstrated a possibility of the intensive surface modes generation in the presence of
metallic surfaces, with different configuration and placed near a plasma column. The negative
consequences of this effect may be proved more essential, than in the case of the surface
modes excitation due only to plasma inhomogeneity.

1. To possibility of usage of FMSW plasma heating scenarios in the ICR frequency
range in the torsatron reactor / A.V. Longinov // QUAST, 2007, Nel, Series. Plasma
Physics (11), p.43.

2. The study of excitation and propagation of FW in magnetoactive plasma with the
account of multidimensional inhomogeneity / A.V. Longinov // Book of abstracts, 10"
International conference and school on plasma physics an Controlled Fusion, Alushta,
2004, p.36.
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Tungsten is foreseen presently as candidate armour material for the divertor targetsin ITER.
During tokamak transient processes, such as Edge Localized Modes (ELMs) and mitigated
disruptions, the targets will be exposed to the plasma heat loads up to g = 10 MJn? on the
time scale of the order of t = 1 ms that can cause a severe erosion of the exposed material.
Plasma-induced erosion of the armour material is one of the maor concern for safe,
successful and reliable tokamak-reactor operation. Erosion restricts lifetime of the divertor
components and produces the material dust, which being tritiated, radioactive and chemically
reactive presents a serious problem for a safety. In addition the material erosion leads to
production of impurities, which can penetrate into the hot fusion plasma causing its radiative
cooling. The exact amount and properties of the eroded materials are critically important to
lifetime and safety analysis of tokamak-reactor.

The plasma heat loads, which are expected in ITER, are not achieved in the existing
tokamak machines. Erosion of candidate armour materials is studied in the laboratory
experiments by use of other devices such as plasma guns and electron beams, which are
capable to smulate, a least in part, the loading condition of interest. In the present work, the
tungsten targets have been tested by intense plasma streams at the pulsed plasma gun MK-
200UG and quasi-stationary plasma gun QSPA-T. The targets were exposed to the plasma
heat fluxes relevant to ITER ELMs and mitigated disruptions.

At MK-200UG facility, the targets were irradiated by hot magnetized hydrogen plasma
streams with impact ion energy E; = 2 - 3 keV, pulse durationt = 0.05 ms and energy density
varying in the range g = 0.1 — 1 MJ/m?. The plasma stream diameter isd = 6 — 8 cm and the
magnetic field is B = 0.5 — 2 T. Primary attention has been focused on investigation of
impurity formation due to tungsten evaporation and on investigation of impurity transport
along the magnetic field lines. Optical and VUV spectroscopy was applied as diagnostics.

At QSPA-T facility, the tungsten targets were tested without magnetic field by hydrogen
plasma steams with pulse duration t = 0.5 ms and heat load q = 0.2 — 2 MJ¥m?. The plasma
stream diameter isd =5 cm, impact ion energy E; = 0.1 - 0.2 keV. The experiment was aimed
mainly at the study of tungsten erosion caused by melt motion and its displacement along the
target surface as well as by melt splashing and ejection of droplets. Onset conditions of these
erosion mechanisms and their contributions to the resultant erosion are analyzed. The
measured melt displacement is compared with the results of numerical modeling based on the
hydrodynamic melt motion induced by the plasma stream pressure.
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Components for first wall applications in future nuclear fusion devices need to fulfill special
requirements, e.g. good thermal conductivity, a reasonable strength value as well as a good
compatibility with a deuterium — tritium plasma. Furthermore neutron irradiation has not to
lead to an unacceptable activation and a significantly degradation of material properties.
Especially transient and/or cyclic thermal loads in magnetic confinement experiments like
ITER or DEMO have a severe impact on the material damage of the plasma facing
components. They usually occur with quasi static pulses of about 400 s or longer. In addition,
short pulses appear during operation resulting from Edge Localized Modes (ELMs). These
thermal shock loads have pulse durations of approximately 500 us and energy densities of
about 1 MJYm? and above, which lead to significant material changes, e.g. crack formation
and melting on the surface of the plasma facing components.

Tungsten coatings are discussed to be used as armour materials for the first wall of fusion
devices instead of bulk tungsten components. In order to quantify the material degradation
under transient loads, 25 pm thick tungsten coatings on a fiber-reinforced graphite substrate
were exposed to repeated short fusion relevant thermal pulses. An example of material
degradation during electron beam loading is shown in Figure. Thus the application limits of
the coatings are characterised and compared with bulk tungsten materials. In parallel Finite
Element smulations were performed in ANSY S.

Fig. Brittle destruction of tungsten coatings on CFC substrate during thermal shock inthe
electron beam facility JUDITH 1 at FZJ (absorbed power density: 237 MW/m? for 1 ms)
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Divertor armor response to the repetitive plasma impacts during the transient events in
ITER and DEMO remains one of the most important issues that determine the tokamak
performance. Erosion of plasma-facing components (PFCs) restricts the divertor lifetime,
leads to contamination of the hot plasma by heavy impurities and can produce a substantial
amount of the material dust.

In this paper, experimental simulations of ITER ELMs impacts with relevant load
parameters (energy density and the pulse duration as well as particle loads) were performed
with quasi-steady-state plasma accelerator QSPA Kh-50 that is largest and most powerful
device of this kind. The main parameters of QSPA Kh-50 hydrogen plasma streams were as
follows: ion impact energy about 0.4 keV, maximum plasma pressure 3.2 bar, and the plasma
stream diameter 18 cm. The plasma pulse shape is approximately triangular, pulse duration
0.25 ms and the heat loads varied in the range 0.2—2.5 MJm?.

Performed studies of plasma-surface interaction include measurements of plasma energy
deposited to the material surface as a function of the impacting energy and angles of plasma
streams incidence for W, C and adjoined W-C surfaces under repetitive ELM relevant plasma
exposures . Droplet splashing at the tungsten surface as a source of enhanced evaporation is
discussed also.

The paper also describes the cracks analysis and the results of residua stress
measurements for deformed W targets with elongated grains, which is ITER reference
material manufactured by Plansee AG. The elongated grain orientation was perpendicular to
the surface. The targets were preheated to different bulk temperatures Ty in a range of 200-
600°C, aiming at estimating effects of Ductile-to-Brittle Transition Temperature (DBTT) on
material cracking. The influence of material modification by initial plasma exposures on
cracking thresholds was estimated.

The energy threshold for cracking development is found to be ~0,3 MJ¥m? for QSPA Kh-
50 pulse of 0.25 ms duration and triangular pulse shape. The DBTT is experimentally
estimated. The DB-transition occurs in the temperature range of 200 °C < Tpg7t < 300 °C. For
initial temperature To > 300 C no major cracks are formed on the exposed surface. Major
cracks network forms only in cases of initial target temperatures below DBTT. Mesh of cells
of major crack network (0.8-1.3 mm) near the center of the spot of applied load is larger (up
to 2 times) than in the peripheral region. Typical cell sizes of intergranular micro-cracks
network are 10 to 80 um. Most of cells are within 10 — 40 um, which correspondsto the grain
size of this W grade. The micro-cracks propagate along the grain boundaries completely
surrounding the grains.

Performed measurements demonstrate that the residual stress does not practically depend
on initial target temperature and significantly grows with increasing thermal loads.

* This work was supported in part by STCU within the project 4155
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MATERIALS SCIENCE PROBLEMSIN MANUFACTURE OF WELDED
COMPONENTS OF DEMO THERMONUCLEAR REACTOR
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The new generation of heat-resistant high-chromium steels, strengthened by nanoparticles
of oxides, is planned to be used in structural elements of welded components of the DEMO
thermonuclear reactor.

Steels of EUROFER ODS type should provide a low susceptibility to degradation in the
process of service. In thermonuclear reactors the use of combinations of the following
materialsis also envisaged:

- stainless steel of 316LN type with 310LN;

- dissimilar joints of 316LN with tungsten;

- bimetal of copper with tungsten;

- bimetal of EUROFER ODS with tungsten.

The large dimensions of load-carrying and protective elements of the body, complicated
design solutions of large-size components demand for the new technologies of welding. The
high sensitivity to embrittlement of joints, possibility of formation of intermetallic interlayers
in the process of manufacture and long-term service requires the comprehensive
investigations of effect of loading conditions on their serviceability.

The updated approaches to the solution of problems both in the field of welding and also
in the development of special technologies of joining the structural materials of the
thermonuclear reactor of the DEMO type are considered.

67



35
REDEPOSITION OF THE CARBON IN THE SOL OF THE T-10 TOKAMAK
AND ITSINFLUENSON REFLECTIVITY OF THE IN-VESSEL MIRRORS

SA. Grashin', I.1. Arkhipov?, V.P. Budaev', A.V. Karpov?, K.Y u. Vukolov*

'RRC "Kurchatov Institute", 123182 Moscow, Kurchatov sq.1, Russian Federation;
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Sciences, Moscow 119991, Leninsky pr.31, Russian Federation

Erosion and redeposition of plasma-facing materials in modern tokamaks result in the
formation of the carbon films and dust depositions. The accumulation of the tritium in such
deposits is a problem for a fusion reactor. Another aspect of the problem is the degradation of
the in-vessel optical elements of plasma diagnostics in the reactor. In particular, for ITER the
degradation of first mirrors is most critical issue. Experiments at ITER-relevant conditions are
necessary for measurements of erosion and deposition rates, investigation of composition and
morphology of deposits, and identification of redeposition mechanisms. This information is
very important for the development of methods for the protection and cleaning of optical
elements.

The redeposition of the carbon, sputtered from the graphite limiters was investigated on
the T-10 tokamak, by exposure of the mirrors and samples in the different points of the SOL.
Redeposition was investigated in working as well as in cleaning discharges of T-10.
Composition of the films was measured with using of Auger-spectroscopy and EPMA.
Surface structure and morphology were investigated by optical and electron microscopes and
by profilometer. Thickness and optical parameters (refractive index and extinction
coefficient) of the films were estimated by ellipsometry. Reflectivity of the mirrors before and
after deposition was measured by spectrophotometer.

For the working discharges of T-10 the deposition rate was 0.1 nm/sec (1 shot=1s) at the
position far (about 1 m.) from the graphite limiters. But it was increased more than order of
magnitude in a close vicinity to the limiter. It meansthat the toroidal transport of the sputtered
carbon not very pronounced in the SOL. Deposition rate also sharply reduces when the radial
distance from both plasma border and limiters increases. The deposited films are amorphous
and consist from carbon and hydrogen without any metallic species (Fe, Cr, Ni). The
reflectivity of the mirrors decreased strongly with the films deposition, especialy in the
wavelength range (190-400 nm).

For the cleaning discharge deposition rate was more than order lower than for the working
one. But due to the long duration of the cleaning procedure on T-10 (hundreds ours per
experimental campaign) it contributes strongly to the total redeposition of the sputtered
carbon and to contamination of the in-vessel mirrors.

The experiments in the SOL of tokamak T-10 are convenient instrument for the ITER-
relevant investigations of the erosion and redeposition of plasma-facing components as well
as degradation of the in-vessel elements of optical diagnostics in areal tokamak conditions.
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ITER FUSION POWER MEASUREMENT USING DIVERTOR NEUTRON FLUX
MONITOR

Yu. Kashchuk®, A. Batyunin®, A. Borisov?, E. Aleksandrov?, P. Smirnov?, A. Krasilnikov?,
B. Lyublin®, K. Senik®, V. Tanchuk®, L. Bertalot’
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ITER, currently under construction in Cadarashe Centre in the South of France, aims to
demonstrate fusion plasma ignition and produce a net gain of energy. The machine has been
designed to produce 500MW of fusion power for 50 MW of auxiliary heating and reach
Q>10. ITER plasma volume will be approximately 840 cubic metres. Since a considerable
part of fusion power is realized in the neutron radiation and because neutrons leave fusion
plasma without any absorption, neutron flux detection is a practicable method of fusion power
measurement. That is a complicated technical problem due to strong diagnostic requirements
— wide dynamic range (10, fast tempora response (> 1 ms) and high accuracy (>10%).
ITER neutron diagnostic system consists of several subsystems such as vertical and horizontal
multichannel neutron collimators, activation system and neutron flux monitors. The last
subsystem includes several fission chambers which will be installed inside tokamak vacuum
vessel around the plasma. The conceptual design of neutron flux monitor system has been
discussed in several publications [1,2,3]. In the present paper we consider in detail an
improved conceptual design of neutron flux monitor proposed for installation in lower part of
tokamak vacuum vessel in Divertor Cassette [2]. MCNP simulation with model included
vacuum vessel, blanket shielding module, divertor cassette and other machine construction
was carried out. Neutron energy spectrum as well nuclear heating of divertor neutron flux
monitor has been calculated. Based on results of MCNP simulation we propose an
optimization of fission chambers sensitivity to provide the possibility of operation in count
rate mode over full dynamic range. Hydraulic, thermal and mechanical analysis of neutron
flux monitor housing was carried out using ANSY S code. It was show that current design of
the divertor neutron flux under normal ITER operation will be overheated thus further
construction improvement is necessary. The most attractive advantage of divertor neutron flux
monitor is a close position to the plasma and as result it could be in-situ calibrated with good
statistics and required precision. The calibration procedure has been proposed and analyzed.

References

1. M. Yamauchi, T. Nishitani, et. a. Development of in-Vessel Neutron Monitor Using
Micro-Fission Chambers for ITER// Review of Scientific Instruments Vol. 74, No. 3, March
2003, pp. 1730-1734.
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No. 2, pp. 179-186.

3. Yang Jinwei, Yang Qingwei, et. a. Fusion Neutron Flux Monitor for ITER// Plasma
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LASER DAMAGE INVESTIGATIONS OF QUARTZ KU-1 AND SAPPHIRE
OPTICAL ELEMENTSFOR DIVERTOR THOM SON
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This paper is devoted to the study of laser damage thresholds of optical elements, which
is supposed to be used in laser input channel of divertor Thomson scattering diagnostic of
ITER as protective elements of first mirror. In these investigations laser damage thresholds of
quartz and two kinds of sapphire “ultraviolet” and “infrared” were measured. A number of
sapphire samples was irradiated by neutrons up to 10*° n/em? and annealed. Chemical analysis
of the two types of sapphire showed that only the content of chromium in “infrared” sapphire
was on the order more than in " ultraviolet” one.

For the experiments Nd:YAG laser working with 10 Hz repetition rate was used. Laser
pulse parameters are: duration - 16 ns, the energy — 250...300 mJ. The experiments have not
identified a dependency of laser damage thresholds on a number of laser pulses affecting on
optical elements. A break could occur after sample irradiation by a number of several
hundreds pulses, but this has been observed near damage threshold and is probably connected
with laser energy fluctuations. A damage is absent after influence of 2.2x10° laser pulses if
laser energy density decreases by 40% from threshold level on asample.

Laser damage thresholds of different unirradiated sapphire elements are practically
identical. “Ultraviolet” sapphire showed better laser resistance after neutron irradiation and
subsequent annealing: threshold fell only on 10%. The “infrared” sapphire thresholds have
decreased by 30%.
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EFFECT OF NITROGEN, OXYGEN, NEON AND ARGON ON PINCH CURRENT
AND SOFT X-RAY EMISSION IN SAHAND PLASMA FOCUS
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The effect of Nitrogen, oxygen, neon and argon as a working gas in Sahand as a Filippov
type plasma focus facility (90kJ, 25kV) on pinch current has been researched. In the first
section of paper, at 0.25 Torr pressure and 14kV working voltage, the effect of gas type on
comparative study of soft X-ray is investigated. With experimental data we find that in argon
and neon the Sahand emitted more X-ray rather than nitrogen and oxygen. Furthermore the
result shows that in Sahand with nitrogen and oxygen as a working gas, the pinch occur in
14kV at 0.25 Torr pressure but in neon and argon at 0.25 Torr a different voltages the pinch
occur. Decrease in time difference between maximum current and pinch current with increase
in atomic number is another result in our research. The results of this work can help us in
choosing gas type to use for X-ray source as an application of plasma focus devices.
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In-vessel optics in ITER will undergo to fast degradation owing to intensive
contamination by products of plasma-induced erosion of first-wall elements, divertor tiles and
some other factors. For example, first mirror of divertor Thomson Scattering (TS) diagnostics
will be placed in conditions of amorphous hydrocarbon (a-C:H) film deposition and plasma
irradiation (gamma, x-rays and UV). In this case, effective in situ cleaning techniques should
be developed to retain high optical reflective characteristics of the optics.

In this work a three-electrode (cathode, anode and additional electrode) H, flowing glow
discharge has been applied for cleaning of mirror surfaces from a-C:H films. Stainless steel
and Mo mirrors have been used. The mirrors were placed on the additional electrode located
in the vicinity of a positive column boundary. Carbon films obtained in tokamak T-10 during
working pulses and deposited by magnetron discharge coupled with x-ray irradiation were
removed using the same glow discharge.

Chemical composition and morphology of the a-C:H films deposited on mirror surface
have been analyzed by electron probe microanalysis and scanning electron microscope.
Thicknesses and optical parameters (refractive index and extinction coefficient) of the layers
have been estimated by ellipsometry. The reflectivity of the mirrors before and after removal
of the aC:H film has been measured by a spectrophotometer in a wavelength range of 190-
1100 nm.

It has been shown that utilization of H, glow discharge allows to remove the a-C:H films
with rate up to several nm/min that is quite convenient for divertor TS diagnostics. Moreover,
additive of a small amount of methane (up to 6%) in H, flow do not lead to deposition of
hydrocarbon films or surface erosion of the mirrors. Thus glow discharge in H, flow may be
used as in situ cleaning techniques not only between but also during the course of working
pulses of fusion reactor.
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An excitation and propagation of neutron fields oscillations methods got development in aims
of noise diagnostics of the systems, multiplying neutrons [1]. Oscillations in a multiplying
medium with a coolant are described the connected system of equations, including of thermal-
neutron diffusion equation, taking into account neutron multiplication and their capture by
nuclei, and hydrodynamic equations of compressible liquid [2]. Evolution of the neutron field
in the blanket of hybrid thermonuclear reactor with neutron multiplication is determined by
external source of neutrons, their inertia, diffusion, a nuclear capture and multiplying because
of nuclear fission, by the convective transport of neutrons and heat. Acoustic oscillations,
because of their large wavelength as compared to lengths of waves of neutron-temperature
oscillations with the same frequency, are uncoupled from them. In the multiplying neutrons
systems and blanket atask is taken to the solution of dispersion equation for oscillation, both
neutron field and of coolant oscillations related to them. One of modes is a neutron wave in
approximation of weak connection with the second wave (by a convective temperature mode),
which propagates with a weak decrease in the same direction as the coolant motion. The
analysis of neutron-temperature and neutron oscillations is executed. These oscillations are
excited by the periodic in time externa sources of heat and fluxes of neutrons in the
condensed media of blanket and in the core of reactor. The numerical analysis of dispersion
equation is executed in the conditions of both in weak and strong connection between the
branches of oscillations. Numerical calculations confirm conclusions of analytical researches
in approaching of weak connection. As a result of analysis of graphics of dependences of
complex wave numbers from the frequency the important conclusions are got about
propagation features and spatial decrease (growth) of the strongly coupled neutron-
temperature oscillations, in particular, in the conditions of dependence of capture time of
thermal neutron by the fission nuclei from the "effective’ temperature of thermal neutrons.
Oscillations of the neutron field in the blanket and neutron-temperature oscillations in the
multiplying neutrons media propagate as neutron or coupled neutron-temperature waves with
the decrease (growth) of their amplitudes. The analysis of their amplitude-frequency
characteristics allows both to measure the kinetic coefficients of behavior of neutron fields
and to get information about the thermo-mechanical state of blanket and of the neutron
multiplying systems[3].

1. Pavelko V.N. Neutron-temperature noise models of active zone of VVER // Atomnaya
energiya. —1992. —V. 72, issue. 5. — P. 500-510. (in Russian).

2. Vodyanitskii A.A., Slyusarenko Y u.V. Modulation of the neutron field in the multiplying
condensed matter and coolant // AlP Conf. Proc. —2009. —V. 1198. — P. 196-203.

3. Semchenko Yu.M., Milto V.A., Pinegin A.A., Shumskii B.E. Noise analysisof neutron
flux of the fluctuation parameters of coolant in the active zone of VVER // Atomnaya
energiya. — 2007. — V. 103, issue. 5. — P. 283-286 (in Russian).
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IMPURITY ION DRIFT AND TOROIDAL ROTATION IN TOKAMAKS

D.H. McNeill
3955 Bigelow Blvd., Pittsburgh, Pennsylvania 15213, USA

Toroidal rotation of tokamak plasmas is widely regarded as important for plasma
diagnostics and control* and has been discussed in many theoretical and experimental studies.
The underlying hypothesis of impurity ion drift coupled to that of the bulk ions, so the
plasma rotates as a unit (single fluid, MHD model), israrely examined.?*

This is an analysis of the toroidal drifts of bulk (hydrogenic) and impurity ions, and
electrons in ohmically heated tokamaks. Observed ion drift is consistently explained by a 1-D
model with plasma parameters conserved on flux surfaces. These calculations show that the
drifts are usually decoupled, so the notion of "toroidal rotation" does not hold.

The assumptions of the model are: (i) drift motion is along the toroidal magnetic field, (ii)
plasma quansineutrality, (iii) current density obeys Ohm's law, (iv) zero net plasma toroidal
momentum (no external sources or radial transport), (v) 1-D momentum equation for each
species (electrons "e," and hydrogenic "A" and impurity "X" ions). Two classes of problems
are examined: relative drift velocities of the plasma species (easily understood in terms of
symmetry between A and X ions) and their absolute drift velocities.

The first result is that the impurity and bulk ion drift velocities are generally unequal in
ohmically heated tokamak plasmas. The figure shows the calculated drift velocities, relative
to the electron drift, for deuterium (ua/ue), fully ionized oxygen impurity (ux/ue), and trace (O
density) Ar™*" ions (ua/ue, close to ux/ue), and trace groups of nonthermal deuterium ions (Q1
and Q2), as functions of the effective charge Z«s of the plasma. The temperatures of the D,
0™ and Ar*'" ions are 0.6T, and of Q1 and Q2, 0.1Te and 0.65Te. (The results depend only
on the ratios to Te). The upper curves correspond to drift opposite the plasma current; the
lower, to drift along it.

In most cases the impurity drift is
the result of the forces owing to the
toroidal electric field and to drag on
the plasma electrons, superimposed
on the bulk (hydrogenic) ion drift
velocity. The direction of the
impurity drift changes (from opposite
the toroidal current) when (i) the
toroidal electric field approaches
(roughly) the Dreicer field, i.e., the
electrons begin to run away and
Ohm's law fails® or (i) the
conductivity mechanism changes, as

during RF current drive (e.g., elevated hydrogenic ion drift in ICH).> Neutral beam injection
easily dominates these force terms, and once a collision term for the fast beam ions is

included, the major observed features can be calculated readily with this type of model.

1. For example, the ITER Physics Basis, cf. T.C. Hender, et a., Nucl. Fusion 47, S128-S202 (2007).

2. But note: A. A. Ware and J. A. Wesson, Proc. Phys. Soc. 77, 801 (1961); A. V. Gurevich, ZhETF 40, 1825
(1961) [Sov. Phys. JETP 13 (6), 1282 (1961).]

3. D. Montgomery, Physics Today 59 (2), 10 (Feb. 2006).

4. For example, in the Al'fa diffuse toroidal pinch experiment; see paper by the author at this conference.

5. D. H. McNeill, 33rd European Phys. Soc. Conf. on Plasma Physics, Rome, 19-23 June 2006, Paper P4.182.

6. D. H. McNeill, Bulletin APS 38, 2040 (1993); 39, 1680 (1994); 40, 1770 (1995); 41, 1518 (1996).
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In our report, we present the results of the non-linear investigations of the temporal
evolution and saturation of drift turbulence in shear flows, which has the non-modal approach
as its foundation. The performed analysis reveals that the course of events in temporal
evolution of the instabilities in plasma shear flows depends on the magnitude of the velocity
shear. The evolution proceeds differently in the case of strong velocity shear (order of the
drift frequency) and in the case of moderate velocity shear (order of the growth rate, but much
less than the drift wave frequency).

In our report we present

— non-modal non-linear renormalized hydrodynamic theory of drift turbulence of plasma
shear flows,

— linear non-modal approach to kinetic theory of plasma shear flows;

—renormalized nonlinear non-modal kinetic theory of the turbulence of plasma shear flows.
The consistent investigation of the temporal evolution of the turbulence in plasma shear flows
requires all these theories, which are developed here for the first time. We develop the non-
modal renormalized hydrodynamic theory of drift modes in plasma shear flows on the base of
the Hasegawa-Wakatani model. This theory accounted for the effect of the turbulent motion
of the plasma in the ensemble of shearing modes with random phases on the saturation of the
drift resistive ingtability. Using the developed two-time scale procedure (quasi—markovian
approximation) of the calculation of the dispersion tensor for turbulent displacements of the
plasma, we obtained the nonlinear integral balance equation, which determines the level of the
non-modal drift turbulence, which established due to the random turbulent motion of plasma.
Level of drift turbulence is determined. It appears to be comparable to the mixing length
estimate level. In contrast to the case of plasma without shear flows, for which the steady state
establishes at this level, it is transient for plasma shear flows and it holds only for limited
time. The time evolution of the potential is characterized by the non-modal effect of the

enhanced dispersion, due to which the electrostatic potential decreases with time as (V0 't)'2 :

It is important to note, that the Markovian approximation for the analysis of the turbulent
scattering of plasma parcels at this stage is not valid.

Because of the secular growth of the component k, (t) of the wave number along the

velocity shear, the results obtained above on the ground of fluid equations have a limited
validity in the investigations of long time evolution of the turbulence in plasma shear flows.
For this reason we develop here a new linear non-modal approach to kinetic theory on the
ground of the Vlasov-Poisson system, which properly treats the long-time evolution of the

perturbations with arbitrary values of the k, (t)ri . We obtain that in the linear non-modal

kinetic theory of plasma shear flows, the velocity shear appearsin the integral equation for the
electrogtatic potential as the non-modal time-dependent effect of the finite Larmor radius. We
derive the non-modal evolutionary solution of that integral equation for the electrostatic
potential for hydrodynamic and kinetic drift-type instabilities of plasmas in shear flow.

We develop for the first time the renormalized non-linear non-modal kinetic theory, which
accounts for anew combined effect of the turbulent scattering of ions across shear flow dueto
their interactions with sheared modes and their convection by shear flow.
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In experimental investigations of edge plasma turbulence much attention is paid to the
statistical data analysis which is of importance for creating adequate theoretical models. From
the experiment we obtain the time series, and subsequent statistical analysis provides
information about the main probabilistic quantities such as distribution, scale (non)invariance
and measures of interdependence. On the other hand, new ideas developed in the statistical
theory of anomalous dynamics in complex systems may appear to be fruitful for the
description of plasma turbulence [1]. Indeed, many of the current challenges in the physics of
plasmas arise from fundamentally multiscale, nonlinear, and non-Gaussian nature of plasma
fluctuation processes which can be explained within the concept of “strange kinetics” [2].
From the theoretical point of view, strange kinetics is intimately connected to a description
based on the Lévy stable probability laws and strongly correlated random processes. It has
been realized that these theoretical tools are mathematically related to the expanding area of
fractional differential equations, i.e., to derivatives and integrals of non-integer order [3].
Recently, fractional kinetic equations of the diffusion, diffusion-advection, and Fokker-
Planck type were recognized as a useful approach to the description of transport dynamics in
complex systems which are governed by anomalous diffusion and/or slow relaxation patterns.
Here we propose and discuss semi-phenomenological models of the edge plasma turbulence
based on kinetic equations with fractional derivatives. We demonstrate that the diffusion
eguations with distributed order derivatives can serve as a useful tool for the description of
turbulent phenomena lacking a unique scale invariance [4]. The use of correlated continuous
time random walk approach is required to account for the observed long-time correlations in
plasma data [5]. Moreover, we present the results based on the advanced tools of statistical
data analysis [6] and demonstrate that the density and potential fluctuations measured by
Langmuir probes in the edge plasma of the URAGAN-3M torsatron [7] behave like the Lévy
flight processes whose characteristics depend on the probe position. We quantify the Lévy
processes before and after the LH transition. As a measure of interdependence we propose the
codifference for characterizing the behavior of the observed Lévy flight process[8].

[1] R. Balescu, Aspects of Anomalous Transport in Plasmas, Taylor & Francis, 2005.
[2] M.F. Shlesinger et al., Nature 363, 31 (1993).

[3] A.V. Chechkin et a., Advances in Chemical Physics 133B, 439 (2006).

[4] A.V. Chechkin et al., Phys. Rev. E 78, 021111 (2008).

[5] A.V. Chechkin et al., Phys. Rev. E 80, 031112 (2009).

[6] A. Wylomanska, Journ. Time Series Analysis 29, 1, (2008)

[7] 1.M. Pankratov, A.A. Beletskii et al., Contrib. Plasma Phys. 50, 1 (2010).

[8] J. Nowicka-Zagrajek, A. Wylomanska, Stochastic Models 24, 58, (2008).
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EFFECT OF DUST CHARGE FLUCTUATION AND FINITE DUST
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The combined effect of dust charge fluctuation and finite dust temperature is
investigated on radiative condensation instability of self-gravitating magnetized dusty plasma.
The basic equations of the problem are formulized and linearized. The homogeneous
magnetized plasma medium is considered which consists of extremely massive and charged
hot dust grains. We assume that the electrons are inertia less with finite thermal conductivity
but the ions are inertia less having infinite thermal conductivity. A general dispersion relation
is obtained using the normal mode analysis technique. This dispersion relation is further
reduced for both radiative and gravitating configurations. The modified Jeans criterion of
ingtability is determined including effects of dust charge fluctuation, dust temperature and
magnetic field. The condition of radiative instability is also discussed considering the effects
of various parameters. The expressions for critical Jeans wavenumber and Jeans wavelength
are also obtained in the present analysis. The growth rate of Jeans instability and radiative
ingtability is plotted taking numerical parameters of magnetic field, dust charge fluctuation,
dust temperature and radiative heat-loss functions. It is observed that the growth rate of Jeans
ingtability and radiative instability significantly modified due to the presence of these
parameters. We find that the radiative cooling function, dust charge fluctuation, magnetic
field and dust temperature increase the acoustic stabilization of the Jeans ingtability. The
present results are applicable to understand the formation of molecular dusty clouds through
the radiative cooling and gravitational collapse process.
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Coherent nonlinear wave structures like the Bernstein-Greene-Kruskal equilibria were
studied and successfully applied to understand high frequency processes in plasmas. Recently,
attempts are made (see, e.g. [1]) to generalize these results to the spatialy three dimensional
case. As usual, symmetry properties are important which help us to find exact solutions and
conservation laws. Finding of the symmetry groups for the 3D plasma theory models is
essentially ssmplified by the use of the recent Maple 12 package standard programs.

Different 3D modifications of the model were considered. More complicated models with
the constant homogeneous externa and the perturbations of the internal magnetic field taken
into account were considered, too. Symmetry transformations were found both for the
electron and electron — positron plasmas in cold plasma approximation, water — bag kinetic
and isothermal hydrodynamic models.

As a rule, the cold plasma symmetries are the most extensive ones for a given model
eguations. So we can expect that such transformations exhaust the full symmetry group of the
considered kinetic integro-differential Vlasov-Maxwell equations for the 3D high frequency
plasma oscillations.

The symmetries found previously in the one dimensional case [2] are the conditional
symmetries of the 3D model.

In the presence of an external constant homogeneous magnetic field only the rotation
around the magnetic field direction remains among the rotational symmetries. Moreover, the
similarity properties are reduced in this case.

S0, 1D symmetries previously obtained in [2] are now generalized to the 3D case. One can
expect that extended [3] symmetries are possible even in the 3D case.
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M ODE-IMPEDANCE TECHNIQUE FOR MODELING
OF ELECTROMAGNETIC WAVE PROPAGATION IN PLASMAS

A.G. Shalashov and E.D. Gospodchikov
Institute of Applied Physics, Russian Academy of Sciences,
46 Ulyanova street, 603950 Nizhny Novgorod, Russia;
E-mail: ags@appl.sci-nnov.ru, eggos@mail.ru

In the present communication we propose a relatively simple general technique for
modeling the propagation of electromagnetic waves in the anisotropic and gyrotropic media
with spatial dispersion such as hot magnetized plasmas. That provides a new way for
analytical and numerical studies of “full wave” problems in plasma physics that require exact
solutions of Maxwell equations. Several examples of such a treatment are considered to
demonstrate the flexibility and computational robustness of the proposed technique.

The mode-impedance is technique is based on the idea of the invariant embedding
originaly developed by Ambartsumyan and Chandrasekhar for isotropic media [1, 2]. Our
technique is suited to solution of wave propagation problems in complex media possessing a
reach mode structure due to the dielectric anisotropy, gyrotropy and spatial dispersion [3].
The mode-impedance reformulation of the invariant embedding approach results in new
eguations that are more transparent, highlight fundamental relationships between reflection
and transmission properties of the medium, and are rather flexible for further analytical and
numerical studies. Using the proposed technique one can develop a numerical model free of
the mathematical “stiffness’ typical of straightforward integration of wave equations in a
vicinity of linear mode-conversion regions and plasma resonances. The “stiffness’ appears
due to the presence of large evanescence or damping regions and due to the essential spread in
wavelengths of propagating waves. In this aspect, the mode-impedance technique may
compete with the finite-element methods widely used for treatment of the stiff wave problems
(e.g. Maxwell equations).

The proposed formalism has been proved to be very effective in the modeling of wave
propagation both in the one- and multi- dimensionally inhomogeneous magnetized plasmas,
as was demonstrated in this paper for the ordinary, extraordinary and electrostatic (Bernstein)
waves in the electron cyclotron range.
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CROSSTALK BETWEEN TWO PLASM ONIC WAVEGUIDES

Yu.A. Akimov, V.P. Olefir, N.A. Azarenkov

V.N. Karazin Kharkiv National Universty, Institute of High Technologies,
31 Kurchatov ave., 61108 Kharkiv, Ukraine
E-mail: azarenkov@univer.kharkov.ua

The existence of electromagnetic surface waves propagating at the interface of a
plasma-like medium has been known for several decades. They are widely used in various
modern applications spanning from gas discharges and plasma technologies to semiconductor
and plasma electronics. Recently, electromagnetic surface waves coupled to collective
oscillations of conduction electrons in metals have got “the second birth” due to their ability
to overcome the diffraction limit for ordinary electromagnetic waves in dielectrics[1]. Owing
to their evanescent fields, these surface waves (also called as surface plasmon polaritons) can
concentrate energy into subwavelength regions as small as a few nanometers. This and other
extraordinary features of surface plasmon polaritons have given rise to the new and rapidly
emerging field — plasmonics.

The rapid development of plasmonics during the last years has revealed the great
potential of surface plasmon polaritons maintained by metallic nanostructures [2]. They were
successfully employed in a diverse range of applications, such as super-lensing,
subwavelength lithography, extraordinary optical transmission, highly-sensitive biosensing
etc. Additionally, the recent advances in development of plasmonic waveguides have shown
that surface plasmon polaritons can bridge photonics and nanoelectronics [2] to fully exploit
the advantages of both the technologies.

In this report, we present a study on surface plasmon polaritons propagating in a nano-
strip waveguide, being a fundamental component of any plasmonic device and guiding the
light below the diffraction limit. We aim to investigate dispersion characteristics of the
surface plasmon polaritons, mode confinement, as well as to study crosstalk between two
closely set plasmonic waveguides in order to determine optimal distance between the
neighbor waveguides for fast data transmission.
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OSCILLATION SPECTRUM OF ELECTRON PLASMA
CONTAINING SMALL FRACTION OF IONS OF BACKGROUND GAS
(AZIMUTH WAVE NUMBER m = 2)

Yu.N. Yeliseyev

Institute of Plasma Physics, National Science Center
“Kharkov Institute of Physics and Technology” Kharkov, Ukraine

The spectrum of oscillations of the cylindrical plasma waveguide completely filled with
the homogeneous neutral "cold" plasma is known for along time. It consists of the family of
electron Trivelpiece-Gould (TG) modes. Their frequencies coincide with the upper and low
hybrid frequencies in neglect of the ion influence. In charged plasma the frequencies of TG
modes are equal to the hybrid frequencies Doppler shifted by the electron rotation [1]. This
shift gives to spectrum of TG modes unexpected features which in neutral plasma are not
present: due to the Doppler shift the frequencies of TG modes in the charged plasma fall into
the low—frequency region [2, 3]. In the presence of ions it will lead to interaction of electron
and ion modes and their instability. It is shown [3], that a8 m = 1 only the low hybrid
("oblique " Langmuir) mode falls into the low—frequency region, and at m > 1 — the upper
hybrid mode too. In [3] the spectrum of modes of the charged plasma, containing a small
density fraction of ions born by ionization of atoms (molecules) of background gas by
electron impact, is computed. The ions are described by an equilibrium distribution function
[2], adequately taking into account the peculiarity of ion birth. It is anisotropic and possesses
the features of the degenerate Fermi-Dirac distribution and of the «rigid rotator» one. The
nonlocal dispersion equation is obtained analytically. It is valid over the entire range of
allowable electric and magnetic field strengths. The oscillation spectrum with the azimuth
wave number m= 1 isevaluated fromit.

In present report the calculation results of oscillation spectrum with the azimuth number
m = 2 are presented. The overall picture of modes behavior in the low hybrid frequency area
remains identical with acase m = 1. The spectrum consists of the family of TG modes and of
the families of "modified" of ion cyclotron (MIC) modes. TG modes are unstable in a vicinity
of crossing the non-negative harmonics of MIC frequency. MIC modes are unstable over a
wide range of electric and magnetic field strengths. TG modes have the fastest growth rates.
The oscillations of small amplitude are observed on the frequency dependences of MIC
modes just as it occurs on dispersion dependences of metal plasma. They are caused by the
similarity of ion distribution function to Fermi-Dirac degenerate distribution. There is also a
peculiarity of a behavior of frequency dependences of MIC modes in a neighborhood of a
pole of a component of electron dielectric permeability tensor e, .

Interaction of upper hybrid modes with the ion modes which takes place in the area of
stronger electric fields possesses the following features. Various radial TG modes are located
very closely to each other. They cross the ion frequency region almost vertically. The growth
rates of upper hybrid modes are faster than the growth rates of low hybrid modes.

The modes having azimuth wave number m = 1, 2 exhaust the all variety of types of
behavior of TG and MIC modes of the non-neutral plasma. I.e. the modes with m > 2
behave (topologically) in the same manner as the modes with azimuth wave number m=2.

1. R. C.Davidson, Theory of Nonneutral Plasmas ,Benjamin, New Y ork, 1974.
2. V. G. Dem'yanov, Yu. N. Eliseev, Yu. A. Kirochkin, et al., Fiz. Plazmy 14, 840 (1988).
3. Yu. N. Yeliseyev, Plasma Phys. Rep. 36, 607 (2010).
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ELECTROMAGNETIC WAVESIN LEFT-HAND MATERIAL SLAB
THAT BOUNDED BY MEDIA WITH DIFFERENT PERMITTIVITY

N.A. Azarenkov, V.K. Galaydych, V.P. Olefir, A.E. Sporov

V.N. Karasin Kharkiv National Universty, Institute of High Technologies,
Department of Physics and Technology, Kurchatov av. 31, 61108 Kharkiv, Ukraine
E-mail: Viktor.Galaydych@gmail.com

In recent years the new artificial materials have been created with both negative
effective permittivity and effective permeability over some frequency ranges [1]. The
materials of such type are often called left-handed materials, because Poynting vector in such
media is opposite to the wave vector.

The existence of left-handed materials opens up the new research fields in modern
science and technology. Devices, based on the waves that propagate in the left handed
materials are the matters of intensive theoretical and experimental studies|[2].

The aim of this work is to investigate the specific features of the electromagnetic
waves that propagate along the interfaces of a left-handed planar slab that bounded by the
ordinary right-handed media with different permittivity. We present the results of the study of
the dispersion relations, wave field structure of the electromagnetic waves investigated. To
describe the electrodynamics properties of the left-handed material slab it was used the
experimentally obtained expressions for effective permittivity and effective permeability,
which are usually used in the majority of theoretical studies|[3].

At the both sides of this left-handed planar slab there are placed the semi-bounded
regions of ordinary dielectric with different constant permittivity and permeability. It was
obtained that these differences strongly effects on the electrodynamics characteristics of the
waves considered. It was investigated the dispersion properties and the wave field spatial
structure for rather thick and rather thin left-handed material slabs. It was determined the
dispersion characteristics as of the pure surface waves, as also the volume ones. It was
obtained that in the case when external magnetic field is absent the waveguide structure
considered possesses the eigenwaves of TM- or p-polarization and TE- or s-polarization. The
difference of permittivity of right-hand materials essentially influence on the dispersion and
gpatial wave field structure of TM-waves. The influence of these parameters on the TE-waves
is much weakly.

The results obtained can be useful for the future image processing applications.
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[1] S.A. Maier, Plasmonics. Fundamentals and Applications (Springer — Verlag, Berlin
2007)
[2] Plasmonic Nanoguides and Circuits, Ed. S.I. Bozhevolnyi (Pan Stanford Publ., Singapore
2009)
[3] S.A. Ramakrishna, Rep. Prog. Phys. 68 p.449 (2005)

81


mailto:Viktor.Galaydych@gmail.com

4-10
PARAMETRIC EFFECT OF AN ALTERNATING ELECTRIC FIELD ON SURFACE
ELECTRON CYCLOTRON X- AND O-MODES

A. Girka, V. Girka

V.N. Karasin Kharkiv National University, Svobody sg. 4, Kharkiv, 61077 Ukraine,
E-mail: v.girka@gmail.com

Theory of parametric excitation of the surface electron cyclotron X- and O-modes in
plasma filled waveguide is developed. Theoretical research is carried out using kinetic
description for the plasma particles affected both by constant magnetic fieldl and alternating

electric field. The external magnetic field is assumed to be parallellto Z axis, plasma

occupies semi-plane x 3 0, alternating electric field is perpendicular to Z axis, its frequency
is close to the electron cyclotron frequency. Electromagnetic field of these cyclotron modesis
described by set of Maxwell equations. It is solved using the Fourier expansion method.
Doing that just two components of the X- and O-modes wave vectors, which are
perpendicular to the external magnetic field, have been taken into the consideration.
Nonlinear boundary conditions have been formulated to derive the sets of equations for
harmonics of the tangential electric field, which describe the parametrical excitation of the
waves. It has been done using the residues theory. Analytical expressions for growth rates of
the X- and O-modes’ parametrical instability have been obtained taking into account three
harmonics, namely main harmonic and two nearest satellites. Values of their growth rates are
examined analytically and numerically.
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NONLOCAL APPROACH AND PLASMA DENSITY PROFILES
IN POSITIVE COLUMN

A.V. Gapon, N.A. Azarenkov
V.N. Karasin Kharkiv National University, 31 Kurchatov ave., Kharkiv, 61108,Ukraine;

The glow discharge positive column is under consideration. In the report we consider
joint forming of the ambipolar potential profile and the electron energy distribution function
(EEDF). The lagt is calculated in accordance with the nonlocal approach [1], and is based on
the ambipolar potential profile, which in its turn depends on electron production, determined
by the EEDF. The plasma density profiles, obtained this way, are compared with the plasma
profiles obtained from the classical free-fall and diffusion transport models, based on
assumption of maxwellian EEDF with constant temperature over the plasma column.

It is intuitively clear, that plasma density profiles obtained in assumption of constant
electron temperature should differ from ones obtained in the nonlocal approach. The reason
consists in the fact that the nonlocal approach results in ionization frequency not uniform
along the discharge radius. In it turn, this gives plasma profiles “sharpened” in the discharge
axis in comparison with, for example, Langmuir problem solution [2].

Our calculation reveals the above consideration. Calculations performed for the
electron density of order 1e8-1el11 cm-3, and the ground gas (argon) pressure 1le-4—1 Tor.

We investigate profiles of plasma density, ambipolar potential, ionization degree, as
well as absolute values of plasma density, sheath layer potential drop, electric current
strength.  Longitudinal electric field strength and plasma column radius are considered as
independent parameters.
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SOLITONSIN TWO-FLUID MHD

M.B. Gavrikov, V.V. Savelyev, A.A.Tayurskiy
Keldysh Institute of Applied Mathematics RAS, Moscow, Russia, ssww@rambler.ru

The results of analytical and numerical investigation of solitary waves on the basis of two-
flud MHD with non-zero electron inertia for cold plasma are presented in the report.
Nonlinear waves with linear polarization of a magnetic and electric fields are considered.
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Non-zero mass of electron and respectively nonlocal Ohm’'s law are the reason for wave
dispersion. This effect is especialy important for short waves then(ck/wpe)2 >>1. A main

difference of the present work is the using of the "exact" equations (1), instead of the
modeling equations. The phase velocity of solitary wave a has to satisfy with condition
VA<|aj<2VA(VA:H0/M) and its amplitude is proportional to phase velocity -
Hg =2(al/V, - DH,. Itis numerically shown, that solitary waves are solitons really, i.e. their
interaction is similar to interaction of colliding particles. On figure it is shown as an example

the process of «collision» of two solitons with equal amplitudes and opposite signs of phase
velocity.
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SELFCONSISTENT NUMERICAL SIMULATION OF POWER ABSOPTION
IN HELICON PLASMAS

V.V. Olshansky

National Science Center “Kharkov Institute of Physics and Technology ”,
1, Akademichna Sreet, 61108, Kharkiv, Ukraine

The self consistent computer simulation results of RF power absorption in helicon
plasmas are presented for stationary state. The steady-state fluid equations and Maxwell’ s
equations are solved self-consistently in nonuniform external magnetic field. The power
absorption efficiency for the uniform and nonuniform external magnetic fields is compared.

The comparative analysis has shown that in the uniform magnetic field directed along
plasma boundary main power absorption occurs in the near antenna region. In this case
narrow strips of power absorption appear. They diverge with the small angles with respect to
the direction of the magnetic field lines. Appearance of the resonant strips of power
absorption is the evidence of the Trivelpiece-Gould mode excitation. These strips correspond
to resonant cones of the group velocity of the Trivelpiece-Gould waves [1]. The part of the
power absorption is distributed along the resonant cones of the group velocity of the
Trivelpiece-Gould waves and decrease away from antenna due to strong dissipation. It is
shown that in the case of nonuniform magnetic field power absorption in the helicon source
plasma can be more effective than for the uniform magnetic filed. Moreover the average
power absorption is found to be high over whole plasmaradius, although in the axial direction
it varies considerably. The spatial absorption pattern in this case differs essentially from the
case of uniform magnetic field, when the main power absorption occurs at the near antenna
region and the part of the power is distributed along the resonant cones of the group velocity
of the Trivelpiece-Gould waves and rapidly decreases moving away from antenna.

1. V.F. Virko, K.P. Shamrai, G. S. Kirichenko and Yu.V. Virko, Phys. Plasmas 11, 3888,
(2004).
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SURFACE WAVESFOR PLASMONIC INTERCONNECTS

Yu.A. Akimov, V.P. Olefir, N.A. Azarenkov

V.N. Karazin Kharkiv National Universty, Institute of High Technologies,
31 Kurchatov ave., 61108 Kharkiv, Ukraine,
E-mail: vpolefir @gmail.com

The performance and speed of on-chip interconnects based on electronic signals
greatly suffer from the continuous miniaturization and scaling according to Moore's law.
Now, they are approaching their fundamental limits determined by increased circuit delay and
power dissipation that accompany the miniaturization. This makes further improvement for
electronic interconnects very hard. One of the most promising solutions to resolve the
“interconnect bottleneck” issue is believed to be in substitution of the information carriers. In
particular, attention has been paid to optical technologies, which can achieve higher data
transmission, bandwidth, as well as reduced power dissipation [1]. However, performance of
traditional optical interconnects is limited by the diffraction law. This makes such optical
devices bulky compared to nanoscale electronic components and creates additional problems
for their integration with other on-chip devices.

Recent research in the rapidly emerging field of plasmonics has shown that the size-
mismatch issue inherent in traditional optical interconnects can be resolved by using
plasmonic components, which manipulate light at subwavelegth scale (below the diffraction
limit) and can bridge the gap between nanoscale electronics and microscale photonics [1]. In
particular, plasmonic waveguides that maintain propagating surface waves are the most
feasible way to improve the existing electronic on-chip interconnects [2]. They offer a unique
opportunity to replace slow electrons (as the information carriers) by fast plasmonic surface
waves and to get substantially higher bandwidth and lower latency compared to electronic
components.

In this report, we aim to study plasmonic surface waves propagating in a rectangular
strip waveguide made of gold. We investigate and analyze the effect of the waveguide
geometrical parameters on the propagation characteristics, such as dispersion relation,
propagation distance, and mode confinement, of electromagnetic surface waves.
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DISPERSION RELATIONSFOR FIELD-ALIGNED CYCLOTRON WAVES
IN AN AXISYMMETRIC TOKAMAK PLASMA WITH ANISOTROPIC
TEMPERATURE

N.l. Grishanov*?, N.A. Azarenkov'

V/.N. Karazin Kharkov National University, Department of Physics and Technology,
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2Ukrainian State Academy of Railway Transport, Department of Physics, Ukraine

As s well known, the temperature anisotropy generated by cyclotron resonance heating
of magnetized plasmas can be a reason of cyclotron wave instabilities in considered
plasma devises. Recently [1], an anisotropic ion temperature was measured during high
power High Harmonic Fast Wave heating in helium plasmas on the National Spherical
Torus Experiment, with the transverse ion temperature roughly twice the parallel ion
temperature. Moreover, the measured spectral distribution suggests that two
populations of cold and hot ions are present in the plasma. In the paper [2], using the full
wave TORIC code to analyze the eigenmode structure, there was shown that wave plasma
interactions play an important role in tokamak dynamics in a wide range of frequencies. In
particular, the fast ions from neutral beam injection can excite compressional and/or global
Alfven eigenmodes with frequencies near the fundamental ion cyclotron frequency, and
“dow waves’ appear to propagate along the equilibrium magnetic field. However, the two-
dimensional (2D) kinetic wave theory in axisymmetric toroidal plasmas should be based on
the solution of Maxwell's equations using the correct ‘kinetic’ dielectric tensor. In this
paper we evauate the disperson characterigics of the field-aligned electromagnetic
cyclotron waves in a large aspect ratio tokamak with circular magnetic surfaces, having the
high-energy particles with anisotropic temperature. The specific feature of tokamaks is the
fact that the parallel velocity of charged particles moving along the stationary magnetic
field lines is not congant (in contrast to a sraight magnetic field case). Since magnetic
field is axisymmetric and has one minimum in an equatorial plane, all plasma particles
should be separated on two groups of the so-called trapped and untrapped particles. The
main contributions of these particles to the transverse dielectric tensor elements are derived by
solving the linearized Vlasov equations for their perturbed distribution functions as a
boundary-value problem accounting for the cyclotron and bounce resonances in the zero-
order over the magnetization parameters. The bi-Maxwellian distribution function is used to
model the energetic particles (ions or electrons). The dispersion relations are derived for
waves in the frequency range of the fundamental ion-cyclotron and electron-cyclotron
resonances. Our dispersion relations are suitable to analyze the excitation/dissipation of
both the left-hand and right-hand polarized waves. As in the uniform magnetic field case, the
growth/damping rate of the ion-cyclotron waves in the 2D tokamaks is defined by the
contribution of the energetic trapped and untrapped ions to the imaginary part of the
transverse susceptibility elements.

[1] T.M. Biewer, R.E. Bdl, S.J. Diem et a., Phys. Plasmas, 2005, 12 (5), 056108-7.

[2] C.K. Phillips, S. Bernabei, E. Fredrickson et al., 48-th Ann. Meeting of the APS
Division of Plasma Phys., November 2006, Philadelphia, USA, report - QP1.00024.
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A THEORETICAL STUDY OF SURFACE LOCALIZED MODESIN FREE SPACE
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Recently, a formalism is developed to describe localized waves in plasma [1]. Such localized
waves could exist in free space. In the report, azimuthally symmetrical surface localized
modes in free space are analyzed. A transformation of the Helmholtz equation to the geometry
aligned to the ray trajectory is made, and a combination of WKB theory with the exponential-
polynomial expansion is used to find approximate solutions. It is found that the surface of
wave-field localization is a hyperboloid. Also for this problem, a shape of the reflecting
surface for single-mode resonator is calculated. It is a section of eccentric paraboloid.

1. V.E. Moiseenko. Problems of Atomic Science and Technology. Series. Plasma Physics
(10).2005, Ne 1, p. 54-56.
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NONLINEAR ELECTROSTATIC WAVESIN UNMAGNETIZED PAIR-ION
PLASMAS

S. Mahmood” and H. Ur Rehman

Theoretical Plasma Physics Division, PINSTECH P.O. Nilore Islamabad, Pakistan,
*e-mail: shahzadm100@gmail.com

Nonlinear electrostatic structures are studied in unmagnetized pair-ion plasmas. The low
amplitude solitons and double layer structures are obtained using reductive perturbation
method in non-dissipative and ideal plasmas. It is found that both electrostatic potential hump
(compressive) and dip (rarefactive) solitons and double layers structures are obtained
depending on the temperature ratio between and positive and negative ion species. The
Kortewge-de Vries-Burger (KdVB) equation is also derived by taking into dissipation through
kinematic viscosity of both positive and negative ions plasmas. Both rarefactive and
compressive solitons and monotonic shocks solutions are obtained using Tan hyperbolic
method. The structure dependence on temperature ratios between pair ion species is also
shown numerically. The oscillatory shock solutions in pair-ion plasmas are also discussed.
The present study may have some relevance for understanding the formation of electrostatic
structures in laboratory produced pair-ion plasmas.
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WEAKLY RELATIVISTIC PLASMA DISPERSION FUNCTIONS COMPUTATION
ON THE BASE SUPERASYMPTOTIC AND HYPERASUMPTOTIC SERIES
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* Prokhorov I nstitute of General Physics, Moscow, Russia

Evauation of the weakly relativistic plasma dispersion functions (PDFs) is a ground of
EC wave analysis in the laboratory thermonuclear plasmas. As a rule, in numerical
applications these functions are calculated massively, therefore the efficiency of involved
computational algorithm is of primary importance.

One can apply the method of fast calculation of nonrelativisic PDF
w(z) = exp(- z%)erfc(- iz) on the base superasymtotic and hyperasymptotic series [1] for
fast computation of the weakly relativistic PDFs, as follows. The two lowest-order PDFs can
be expressed in terms of W(z) [2] and computed using the above method, and then those of

higher orders are sequentially evaluated by employing the 2nd-order recursion relation
between them. However, this technique lacks stability when the argument of w(z) becomes
large[3].

The superasymptotic part of another, direct (without use of the recurrent calculations)
algorithm for the weakly relativistic PDFs computation in the large-| z | region was developed
in [4]. The main purpose of the present work is to develop the reminder hyperasymptotic part
of the algorithm [1] for evaluation of those functions in the region of small and moderate |z |

values and thus providing the fast computation in whole complex region.

1. Gautschi W. Efficient computation of the complex error function. SIAM J. Numer. Anal.
7, 187 (1970).

2. Krivenski V. and Orefice A. Weakly relativistic dielectric tensor and dispersion functions
of a Maxwellian plasma. J. Plasma Physics (1983), vol. 30, part 1, p.125.

3. BrambillaM. Kinetic theory of plasma waves in homogeneous plasmas. (University Press,
Oxford, 1998).

4. Pavlov S.S., Castegjon F., Cappa A., Tereshchenko M. Fast computation of the exact
plasma dispersion functions, Problems of Atomic Science and Technology, Series “Plasma
Physics’, Nel (59), p.69.
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INHOMOGENEOUSRELATIVISTIC PLASMA DIELECTRIC TENSOR

S.S. Pavliov
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Deriving of fully relativistic plasma dielectric tensor, taking into account the
inhomogeneity and spatial dispersion of plasma, is a basic for development of numerical wave
models describing excitation, propagation and absorption of electromagnetic waves in
thermonuclear toroidal plasma devices in the electron cyclotron frequency range. An
importance of taking exactly into account relativistic effects in this frequency range follows
from the fact that those effects can arise even in laboratory plasmas with moderate
temperatures and become dominant in quasi-perpendicular, in respect to magnetic field,
propagation regime.

The main purpose of present work is giving the way to derive components of 1D-
inhomogeneous plasma dielectric tensor, taking into account the spatial dispersion, in terms of
the exact plasma dispersion functions [1,2], which are a generalization of the weakly
relativistic plasma dispersion functions to the case of arbitrary temperatures and wave
parameters. Tensor components there analytically obtained on the base of the inhomogeneous
kinetic equation of Vlasov in the fully relativistic form of Trubnikov [3] and perturbation in
finite electron Larmor radius technique.

Results of present work may be used for a development of the fully relativistic numerical
wave models in electron cyclotron frequency range and ion cyclotron frequency range as well
inrelativistic regimes.

1. CastejonF. and Pavlov S. S. Relativistic plasma dielectric tensor based on the exact
plasma dispersion functions concept. Phys. Plasmas 13, 072105 (2006); Erratum. Phys.
Plasmas 14, 019902 (2007).

2. CastgjonF. and Pavlov S. S. The exact plasma disperson functions in complex region.
Nuclear Fusion 48, 054003 (2008).

3. Trubnikov B. A. Electromagnetic waves in a relativistic plasma in a magnetic field. In:
Plasma physics and the problem of controlled thermonuclear reactions Vol. 3 (Ed.
Leontovich M. A.), 122 (Pergamon Press, New Y ork, 1959).
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SYMMETRIC AND DIPOLAR ELECTROMAGNETIC WAVESIN COAXIAL
STRUCTURE FILLED BY NON-UNIFORM DISSIPATIVE PLASMA WITH
AZIMUTH MAGNETIC FIELD
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V.N. Karazin Kharkiv National Universty, Institute of High Technologies,
Department of Physics and Technology Kurchatov av. 31, 61108 Kharkiv, Ukraine;
E-mail: sporov@yahoo.com

At present time it has been carried out the intensive study of electrodynamics properties of
coaxial plasma-metal waveguide structures that are widely used in the devices of plasma
electronics[1] and also as discharge chambers for gas discharge sustaining[2,3]. The
properties of waves that propagate in such waveguide are determined by the azimuth wave
field structure [4]. The aim of this report is the investigation of dispersion properties, spatial
attenuation coefficient and radial wave field structure of high-frequency symmetric and
dipolar electromagnetic waves that propagate in coaxial waveguide structure with non-
uniform azimuth external magnetic field, partially filled by non-uniform dissipative plasma.

The wave considered propagates along the coaxial waveguide system that consists of metal

rod of radius R, which is placed at the axis of plasma column. This rod is enclosed by the
cylindrical plasma layer of radiusRy,. The vacuum gap (R, <r < R3) separates the plasma
layer from waveguide metal wall with radiusRs. The direct current J, flows along the inner
metal rod and creates radia non-uniform azimuth magnetic fieldHg(r). Plasma was
considered in the hydrodynamic approach as cold dissipative medium with constant effective

collisional frequency n . It was supposed that plasma density is radial non-uniform and vary
slightly along the plasma column. Plasma density radial profile n(r) was chosen in the bell-

shaped form given by n(r) = n(rmax)exp(- mr - tax )2/ rdz). The non—uniformity parameter
of m describes the gradient of plasma density profile and varies from =0 (radial uniform
profile) to m =1. The parameter r.,, isradial coordinate, where plasma density culminates
its maximum, and parameter ry characterizes the width of bell-shaped profile.

Phase characteristics and spatial attenuation coefficient of symmetric and dipolar waves of
considered coaxial structure essentially depend upon the value and the direction of direct
current J,. It has been aso studied the influence of vacuum gap thickness and effective

collisional frequency on phase characteristics, spatial attenuation coefficient and radial wave
field structure of the waves considered.
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4-21
CONSERVATION OF MAGNETIC MOMENT OF CHARGED PARTICLES
IN STATIC ELECTROMAGNETIC FIELDS

V. E. Moiseenko %, M. A. Surkova', O. Agren’
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“Kharkov Institute of Physics and Technology", 61108 Kharkiv, Ukraine;
?Uppsala University, Angstrom Laboratory, Division of Electricity and Lightning Research,
Box 534, SE-751 21 Uppsala, Snveden;
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In the report, the adiabatic motion of charged particles in static electromagnetic fields is

2

analyzed. The standard formula of the magnetic moment of a charged particle is m= ”2“|’3“ :

where v, is the velocity component perpendicular to the magnetic fieldB . The magnetic

moment is one of the approximate invariants of motion if the motion is adiabatic. Following
Jean’s theorem, magnetic moment could be used for construction of solutions to the Vlasov
equation. However, usage of the above given formula for the magnetic moment may lead to
inaccuracies in calculating the moments of the distribution function. The aim of the work isto
derive a corrected expression for the magnetic moment that allows one to use this invariant in
kinetic calculations and to obtain the equation describing its temporal evolution. The
approach used to solve this problem is based on theoretical analysis of Newton's equations
with account of the small adiabaticity parameter, i.e. the ratio of the particle Larmor radiusto
the characteristic scale of the non-uniformity. The equation for the corrected magnetic
moment is obtained in coordinate-independent form. The derived local corrections to the
magnetic moment invariant are oscillating and are associated with the particle drift. They
have no influence on conservation of the magnetic moment in average, but they give a
contribution to the diamagnetic current when a guiding center drift is present. The right-hand
side of the equation determines the slow variation of the magnetic moment in time, and are
associated with the guiding center drift. The corrections to the magnetic moment invariant are
consistent with the standard expressions for the first order drift and parallel motion of the
guiding center.
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THE STABILITY OF MAGNETIZED NON-NEUTRAL PLASMA FLOW WITH THE
RADIAL SHEAR OF DRIFT VELOCITY

M.l. Tarasov, |.K. Tarasov, D.A. Sitnikov

NSC Kharkov Institute of Physics and Technology, Kharkov 61108, Ukraine,
E-mail: itarasov@ipp.kharkov.ua

The results of experimental study of the magnetized non-neutral plasma flow stability are
presented here. Considered flow has cylindrical symmetry and radially sheared own electric
field. In the framework of the experiments carried out the flow is injected into the drift tube
and spreads along its axis. The flow particles are limited radially by longitudinal magnetic
field. Together with the radial shear of electric field this factor results in formation of the
particles drift velocity radial shear.

The stability of such systems was previously investigated theoretically in [1,2] in the
framework of 2D model.

The experiments have shown the ingtability development which appeared in generation of
the electrostatic waves with pronounced azimuthal component. The waves exhibited a
pronounced nonlinearity which caused a strong amplitude modulation and frequency
spectrum widening. The measurement of the amplitude modulation depth, averaged frequency
and frequency band width were carried out under different experimental conditions. During
these measurements the variation of such parameters as the intensity of longitudinal magnetic
field and the acceleration voltage was performed. Also the systems reaction on the electric
field perturbation created by introduction of the conductive rod into the plasma flow was
studied.
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4-23
PERMITTIVITY OF PLASMA UNDERGOING RANDOM WAVE FIELD

V. Zasenko®, A. Zagorodny *, J. Weiland 2

! Bogolyubov Institute for Theoretical Physics, 03680 Kiev, Ukraing;
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and Euroatom-VR Association, 41296 Goteborg, Sveden

Electrodynamic properties of plasma can be described in terms of its permittivity. In the
derivation of linear permittivity it isimplied that particle motion is regular, and wave field is
small enough, thus bounce time of resonant particle in a wave is much larger than time of
wave decay. Such assumptions are not valid for turbulent plasma where a lot of
waves is excited. Resonance interaction of particles with a set of waves is qualitatively
different from interaction with a single wave. Even for low field intensity the motion of
resonant particles is stochastic, it can no longer be considered as a superposition of regular
motion in the field of individual waves. Under the influence of multiple waves particles
diffuse in velocity and coordinate space.

Modification of permittivity for turbulent plasma proposed by Dupree [1] was
performed as a correction to a propagator of free particle with account for diffusion of particle
orbits. In this and similar following approaches were assumed that orbits diffuse on time scale
of the order of field correlation time in the same way as on time scale of wave damping.

Direct simulation has shown however that for fields of moderate intensity (Kubo
number is of the order of the unit) the behavior of particles on early stage is different from
asymptotic regime [2]. For such fields an effect of trapping of resonant particles by waves is
essential [3]. To calculate a permittivity of plasma in the presence of random fields of
moderate intensity it is necessary to find a propagator (transition probability of particle
between two points of phase space) which matches the behavior of particles on different time
scales, and takes into account particle trapping.

Such propagator was found as a solution of the Fokker-Planck equation with diffusion
coefficient determined by the wave spectrum and dependent on time and velocity.
This solution was tested against a direct simulation. Permittivity of plasma in electric
field of random waves of moderate intensity is given in terms of particle transition
probability with account for particle diffusion in both coordinate and velocity space.

[1] T.H. Dupree. Phys. Fluids 9 1773 (1966).

[2] V. Zasenko, A. Zagorodny, J. Weiland. Phys. Plasmas 12, 062311 (2005).
[3] V. Zasenko, A. Zagorodny, J. Weiland. Ukr. J. Phys. 53, 517 (2008).
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DUST ION ACOUSTIC SHOCK WAVESIN DUSTY PLASMAS
ARTICLEI. WITH RESONANT ELECTRONS

H. Alinejad’, M.A. Mohammadi®
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“Faculty of physics, University of Tabriz, Tabriz, Iran;
E-mail: alingad@nit.ac.ir

A Theoretical investigation of the one-dimensional dynamics of nonlinear electrostatic dust
ion-acoustic waves in an un-magnetized dusty plasma consisting of warm ions, charge
fluctuating stationary dust grains and trapped as well as free electrons has been made by the
reductive perturbation technique. The basic features of dust ion-acoustic shock waves are
studied by deriving a new modified Burgers-like equation. It is shown that the special
patterns of nonlinear electrostatic waves are significantly modified by the presence of
trapped electron component and dust charge fluctuations. In particular, the dust charge
fluctuation is a source of dissipation, and is also responsible for the formation of the dust ion-
acoustic shock waves. Furthermore, a stronger nonlinearity in comparison to the isothermal
electron is found which is due to the effect of non-isothermal electrons which follows the
vortex-like electron distribution. The results of the present work should help us in
understanding the localized electrostatic disturbances in space and laboratory dusty plasmas.
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SHEAR-FLOW-DRIVEN ION CYCLOTRON INSTABILITY
OF MULTICOMPONENT MAGNETIC FIELD-ALIGNED PLASMA FLOW

D.V. Chibisov!, V.S. Mikhailenko?, K.N. Stepanov?

1V.V. Dokuchaev Kharkov National Agrarian University, Kharkov, Ukraine;
2V.N. Karazin Kharkov National University, Kharkov, Ukraine

The investigations of the auroral region of the Earth ionosphere have discovered the
inhomogeneous structures of electrogtatic potentials which correlated with regions of the
formation and acceleration of the magnetic field-aligned upward ion beams. One of the main
signatures of these beams is the gradient of the flow velocity across the magnetic field (flow
velocity shear) V|§ which can reaches specifically for O+ ions values 6wy [1]. The

upflowing ion beams are mainly composed of H + and O+ ions whose composition varies
significantly from beam to beam. These auroral ion beams are often correlated with
electrogatic ion cyclotron (EIC) oscillations having the cyclotron frequencies of hydrogen
and oxygen ions. It was shown that the flow velocity shear along with other mechanisms may
be responsible for the excitation of EIC instability in the auroral ionosphere[2, 3].

The shear-flow-driven EIC instability was researched in plasma with single ion species.
However, the application of these results in ionosphere investigations requires taking into
account the presence of several ion components, the relative concentrations of which are
changed significantly with the altitude in ionospheric plasma. We carry out the study of the
shear-flow-driven EIC ingtability in sheared magnetic field-aligned plasma flow with two,
H + and O+, ion species assuming that the oxygen ions are main species, while hydrogen
ions are background one, so that the frequency of oscillation approximately equals the O +
cyclotron frequency.

We have been obtained and solved anaytically the dispersion equation for ion-
hydrodynamic mode when the waves propagate nearly perpendicularly to the magnetic field
but under the assumption that electrons are adiabatic. It is shown that the instability threshold
respect to the velocity shear value and wave numbers across to the magnetic field do not
depends on the relative concentration of oxygen ions and remains for low O+ relative
concentration the same as for pure oxygen plasma. We have analyzed the instability growth
rate depends on the wavelength along the magnetic field for different values of oxygen ions
relative concentrations ag. This analysis showed that the maximal value of the growth rate,

which is achieved at a certain wavelength, is reduces with decreasing a . However, the long

wavelengths threshold on the parallel to magnetic field shifts towards longer wavelengths,
and longer wavelengths become unstable. The dispersion equation has been solved also
numerically and showed good agreement with the analytical results.
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SPECTRUM OF PLASMA DENSITY FLUCTUATIONS
IN THE QUIET SOLAR PHOTOSPHERE

Y urij Kyzyurov
Main Astronomical Observatory NASU, Kiev, Ukraine

The solar surface is divided into active and quiet regions through differences in the
morphology of magnetic fields at the photosphere. Magnetic fields in quiet regions (QR) tend
to be spatially disorganized, with both polarities occurring in roughly equal proportions, and
have relatively short lifetimes. The strength of magnetic fields B in QR does not usually
exceed 100-200 G. Data of observations show that motions of gas in the photosphere have
turbulent nature. It was established that spectra associated with the chaotic velocity field of
photospheric flows obey power laws, which are consistent with spectrum of Kolmogorov
turbulence. Due to improvement in spatial resolution of observations of the photosphere, good
grounds appear for sudy of small-scale processes there.

The aim of the present report is to consider formation of small-scale plasma density
fluctuations by turbulent motions of gasin quiet regions of the solar photosphere.

The photosphere is weakly ionized plasma and can be described by a three-fluid model.
We assume that ion-electron plasma is submerged in the turbulent flow of incompressible gas
and the gas motions are not affected by electrically charged particles. Taking into account a
vertical gradient in mean plasma density and a uniform magnetic field, an expression for the
gpatial spectrum §Kk) of the fluctuations with length-scales corresponding to the inertial range
of turbulence is derived. Using the expression, two wave-number ranges are revealed in the
spectrum. The fluctuations with smaller wave-numbers (k<kg) result from destruction of
mean plasma density gradient by turbulent mixing of the gas, for them SKk)uk?>. The
fluctuations with larger wave-numbers (k>kg) are formed by interaction of plasma embedded
in the turbulent flow with the magnetic field and S(k)puk™*. The wave-number ks=1/(Wit;iLy)
defines these wave-number ranges (W is the ion gyrofrequency, t; the mean time between
collisions of ions with neutrals, Ly the length-scale of background plasma density gradient).

The obtained expression allowed us to egimate changes in §k) for QR with the field
strength B from 5 to 200 G at the altitude of 200 km. It is shown that if the whole spectrum is
approximated by a power-law K then the index p has to decrease from 2.09 (B=5 G) to 1.34
(B=200 G), whereas the rms amplitude of the fluctuations (length-scales <100 km) around the
mean plasma density has to dlightly increase from 5.33 to 5.34 % with B. The change in the
spectrum are explained by change in kg with the strength of magnetic field. Relatively weak
influence of magnetic field on the fluctuation amplitude results from a more important role of
the mean plasma-density gradient for generation of the fluctuations.
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TOPIC 6-PLASMA DYNAMICSAND PLASMA-WALL INTERACTION

6-1

SOME KEY ISSUES AND RESEARCH NEEDS FOR PLASM A/SURFACE
INTERACTION ANALYSISIN TOKAMAKS

Jeffrey N. Brooks
Purdue University, West Lafayette, IN 47907, USA

Recent plasma/surface interaction modeling and code/data comparisons of tokamaks shows
severa key plasma physics issues, materialsissues, and research needs. These include:

Sheath at divertor: Erosion/redeposition analysis of the planned National Spherical Torus
Experiment (NSTX) liquid lithium divertor (LLD) shows the importance of the sheath
structure on emitted lithium transport. Sheath width at the LLD surface may be small (~50 pum
Debye sheath only), compared to e.g., ITER (~1 mm magnetic sheath + Debye sheath), due to
the weaker magnetic field and higher incidence angle (~0.5 T @ 5-10° NSTX; vs. 5T @ 1-
2° ITER). Thus, e.g., ionization of evaporated Li atoms occurs mostly outside of the sheath.
Transport of sputtered molybdenum (possible replacement coating for carbon at the NSTX
inner divertor) is also affected (e.g., redeposited ion energy/angles) by the sheath type.

Kinetic effects: Transport of sputtered and evaporated lithium atoms/ions in the NSTX/LLD
low D-recycle (high D/Li trapping), low-collisionality (high Te, low N¢) scrape-off layer (sol)
plasma is dominated by kinetic effects, including large Li ion gyroradius and Li atonvion
collison mean free paths.

Net sputtering erosion: Alcator C-MOD Mo divertor analysis shows a maor code/data
discrepancy, with data showing order-of-magnitude higher net erosion, over a 1300 second
campaign, than predicted. This could be due to an unknown anomalous transport process,
incorrect plasma characterization, and/or diagnostic Mo tiles thin film issue.

Tungsten performance: Erosion/redeposition analysis of the ITER tungsten divertor shows
acceptable pure-tungsten sputtering/transport, and probably acceptable effects of helium and
beryllium impingement on the tungsten surface nanostructure evolution and sputter response,
but more work is needed.

Diagnostics. There is a major need for improved in-situ near-surface plasma parameter, and
real-time gross and net erosion diagnostics.

Supercomputing: There is a mgor need for full-process plasma/surface interaction
supercomputing, with e.g., rea-time coupling of plasma core, plasma edge/sol, mixed-
material surface response, and impurity transport codes.

! Work supported by the United States Department of Energy, Office of Fusion Energy.
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PONDEROMOTIVE FORCE AND STEADY CURRENT INDUCED IN A PLASMA
BY A ROTATING RF FIELD GENERATED WITH PHASED ANTENNAS

K.P. Shamrai® and S. Shinohara?
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The rotating magnetic field (RMF) is an efficient mean to initiate and sustain a field
reversed configuration (FRC) which is of interest for nuclear fusion [1,2] and space
propulsion [3]. The RMFs were also employed to generate helicon (whistler) waves, to
produce a helicon discharge [4] and to model space-relevant phenomenal5].

The generation of a steady current in the RMF scheme is normally analyzed with two
simplifying assumptions. (1) axial uniformity of the rf fields and (2) inertialess electrons.
Then the RMF penetration depth into plasma is evaluated in terms of a classical (collisional)
skin depth. Meanwhile, axial field nonuniformity (i.e., finiteness of the effective axial
wavenumber k;), which is always imposed by a finite antenna length and/or by a finite plasma
length, results in increase of the penetration depth of electromagnetic oscillations as compared
with the skin depth. On the other hand, taking of electron inertia into account engages quasi-
electrogatic oscillations which can efficiently take the power off the electromagnetic
oscillations and, thus, contribute substantially to the current generation. Moreover, with the
electron inertia included, one more source of the steady current generation, in addition to the
Ampere force, arises from the convective term in the fluid electron motion equation.

We report on modeling of the rotating rf field excitation in a plasma by various phased
antennas (double-saddle and helical ones). Computations were made on basis of the linear full
electromagnetic model and the modified computer code described in Ref. 6. Using these data,
we evaluated a time-averaged specific ponderomotive force, which acts on electrons and
arises from a combination of the Ampere force and the convective term, as well as an integral
ponderomotive force.

Computations have shown that inclusion of finite k, and of electrostatic wave excitation
has a crucial effect on the ponderomotive force and the steady current. Under condition

k, »d t(w/w,)Y? (d : collisionless skin depth), the helicon-type waves excited are very

weakly damped due to collisions but experience an efficient mode conversion into
electrogatic oscillations. The latter effect occurs mainly near the radial plasma edge where,
for this reason, both the steady current and the ponderomotive force are strongly enhanced.
Possible applications of the results obtained to electric propulsion are discussed.

1. I.R. Jones. Phys. Plasmas 6, 1950 (1999).

2. R.D. Milroy. Phys. Plasmas 6, 2771 (1999).

3. J.T. Slough and K.E. Miller. Phys. Plasmas 7, 1945 (2000).

4. D.G. Miljak and F.F. Chen. Plasma Sources Sci. Technol. 7, 61 (1998).

5. A.V. Karavaev, N.A. Gumerov, K. Papadopoulos et al. Phys. Plasmas 17, 012102 (2010).
6. V.F. Virko, G.S. Kirichenko and K.P. Shamrai. Plasma Sources Sci. Technol. 11, 10
(2002).
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LONGITUDINAL DIAMAGNETIC EFFECTSIN BEAM-PLASMA SYSTEM
EMDEDDED IN AN EXTERNAL MAGNETIC FIELD

A.V. Agafonov
P.N. Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia

High-current electron beams are generated in an external magnetic field in vacuum behave as
a diamagnetic and force the magnetic field out of its volumes in radial direction. Under the
condition of conservation of magnetic flux the magnetic field inside of the beam decreases
and increases outside. In a beam-plasma systems embedded in a magnetic field (plasma filled
diodes or a beam in a plasma channel) another state of the beam can be realized with
increased to the axis of the system total magnetic field. Radial focusing of the beam is
ensured by electrogatic field of an ion pivot and self azimuthal magnetic field of the beam.
Plasma electrons are forced out from this region by beam electrons. For the case of
homogeneous external magnetic field it results in many times increasing of magnetic field as
compared with external one inside small near axis region. If the external magnetic field
changes in longitudinal direction then the value of magnetic field from the region of beam
injection is transferred along near axis region of the system. It looks like as a “magnetic
needle” and resembles “frozen field” effect but the physics is different. The sign of magnetic
field gradient does not influence on this effect. Different beam-plasma systems were
considered by means of computer simulation. Computer simulation was performed using
electromagnetic PIC code KARAT.

Thiswork is supported by the RFBR under grant 09-02-00715.
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KEY PROPERTIES OF MIXED W-C-D SURFACE RELATED
TO TUNGSTEN EROSION

|. Bizyukov
V.N. Karazin Kharkiv National University, 31 Kurchatov Ave., Kharkiv 61108, Ukraine

The current ITER design envisages beryllium at the first wall, tungsten coatings in the
baffle region of the divertor and graphite-based components for the target plates exposed to
the high- heat flux. The proximity of the tungsten and carbon surfaces will unavoidably lead
to formation of the mixed surface, which will be exposed to mixed particle flux. Erosion of
tungsten surface due to sputtering should occur under rather complicated conditions. The
incident ion flux will include fuel ions and neutras, as well as energetic carbon ions,
providing the formation of the mixed surface. The erosion of the mixed W-C surface may be
further complicated by the elevated temperature of the surface.

The simulations and experiments show that the formation of the mixed W-C surface
decreases the sputtering yield. The number of tungsten atoms is lower in the mixed surface,
because they are partly replaced by implanted carbon atoms. Correspondingly, number of
tungsten atoms, available for sputtering, is also lower. The system reaches steady-state, when
number of implanted carbon ions equals the number of reflected and sputtered ones.
However, this balance may be shifted by surface temperature, which may induce extra
removal of carbon due to chemical erosion or radiation-enhanced sublimation.

The effect of surface temperature has been studied experimentally and it has been found
that the contribution of chemical erosion peaks at room temperature and decreases with
increasing surface temperature. The radiation-enhanced sublimation is negligible at 900 K and
at higher surface temperature the mixed W-C surface appearsto be less proneto sublimation
than pure carbon. Therefore, the surface temperature has a dual influence on the mixed
surface. It has no influence, when the mixed surface is exposed to the particle flux. At the
same time, it prevents the formation of carbon over-layer on top of tungsten. One can
conclude that the role of temperature effects is the uncovering the tungsten surface and
exposing it to the particle flux.
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INVESTIGATION OF COLLISION AREA OF TWO GAS-DISCHARGE
COMPRESSION PLASMA FLOWSDIRECTED TOWARDSEACH OTHER

V.M. Astashynski, S.I. Ananin, E.A. Kostyukevich, A.M. Kuzmitski, A.A. Mishchuk

B. I. Sepanov Institute of Physics, National Academy of Sciences of Belarus,
68 Nezalezhnastsi Ave., Minsk, 220072, Belarus

New opportunities for generating highly concentrated energy fluxes are opened up through
the use of a plasmadynamic interaction of accelerated plasma flows directed towards each
other, which results in plasma formations with the extremely high-energy content. Such
formations are of great i