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The erosions/depositions of GBST1308 doped graphite tiles with 50~100µm SiC 

coating in a long term plasma operation were analyzed after venting the HT-7 during the 

first campaign with the new water-cooled toroidal graphite limiter system. The new 

limiters showed very good power and particle handling capacity to sustain the hot 

plasma (1keV) lasting for 4 minutes. For a total of 11079 plasma shots with more than 

200 shots longer than 100s in the campaign, most of the tiles show good properties with 

several tens of over one minute high performance discharges after venting the HT-7 

tokamak. The SiC coating has high resistance to physical sputtering. Carbon is the 

dominant material of the deposited film. Normally, the deposited film is denser than the 

doped graphite itself. The un-smooth surface of the SiC coating, installation irregularity 

and the ripple of magnetic field could influence the distribution of erosions/depositions. 

The deposited material filled up the concaves of tiles and gaps of SiC coating. Due to 

mechanical separation of the graphite fragment and the accumulation of physical 

sputtering as a consequence of the extremely high thermal loading, the leading edges of 

a few tiles were strongly damaged. Very thick films up to 600µm, which has hard part at 

the bottom and soft part at the top, were formed near destructed zone. The titanium from 

doped graphite is easy to redeposit at both side of destructed zone. Dusts up to 5µm 

observed on the tiles are a mixture of B, C, Si, Al, Fe. Flakes is easy formed on 

discontinue position of the parallel transport direction or on the liners near plasma. The 

liners far from plasma deposited very little carbon film with limited zone. 
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Deuterium inventory evaluation of long discharges in HT-7 superconducting 

tokamak 

Y. Yang1 and the HT-7 team 
1Institute of Plasma Physics, Chinese Academy of Sciences, Hefei, P.R. China 

Hydrogen isotopes retention is a potential problem for ITER. It couples strongly with 

recycling and fueling, becoming more important for the performance of the plasma with the 

extending of the pulse duration. HT-7 superconducting tokamak has a capacity of maintaining 

plasma discharge for about 4 minutes. It’s observed that the D inventory plays an important role 

in obtaining long pulses. RF conditioning and boronization are effective techniques to provide a 

wall condition favoring the inventory control [1]. Therefore, it’s helpful to provide the operators 

an evaluation of the retention level in time. 

Comparing with the widely used ‘postmortem’ method, particle balance could provide an 

‘in time’ measurement of the retention [2,3]. Due to the long response time of the gauges, this 

measurement could have too big error-bar. However, the long duration of HT-7 pulses provides 

the platform for this kind of study. 

It has been evaluated with a preliminary system that the D retention of HT-7 ranges from 

50-80%[4]. The modified system provides higher accuracy by increasing the measuring points. 

It has been noted that most of the D inventory is dynamic, which is pumped out within a few 

seconds after the termination of the plasma. The pumping shows a weak effect on the retention 

level. Shortly after boronization, the plasma is mainly fueled by hydrogen outgassing from the 

wall, and the D inventory is very small. After tens of cleaning pulses, retention rate becomes 

higher gradually. It is during this period that long discharges could be achieved in HT-7. Based 

on the particle balance measurement, D inventory under different wall condition is compared, 

and the effect of the RF conditioning on the retention ratio is discussed in this paper. 

 

[1] J. Li et al, Nucl. Fusion 39 (1999) 973. 

[2] M. Ulrickson et al, J. Vac. Sci. Technol. A6(3), (1988) 2001 

[3] E. Tsitrone et al., 30th EPS Conference on Contr. Fusion and Plasma Phys., St. Petersburg, 

7-11 July 2003 ECA Vol. 27A, O-2.5A 

[4] Y. Yang, 16th PSI conference, Portland, USA, (2004) 
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Radial and toroidal electr ic field measurements  

in front of the CASTOR tokamak LH launcher  

 

F. Zacek
1
, V. Petrzilka

1
, M. Goniche

2

1Association Euratom/IPP.CR, Za Slovankou 3, 182 21 Prague 8, Czech Republic 
2Association Euratom/CEA, Cadarache, France 

 

Well localized spots (“Hot Spots”) with considerably enhanced surface temperature 

and/or brightness are observed in large tokamaks on some parts of the walls,  if lower hybrid 

power of MW’s order is used for the non-inductive electron current generation [1,2]. Theory 

explains this undesirable effect by a parasitic production of fast particles, just in the nearest 

vicinity of the mouth of LH launchers (grills) [3].  

  Direct local measurements of the plasma parameters and properties of the electric field 

in this interaction region, by using Langmuir probes, are hardly possible in big machines. 

However, they are routinely carried out in small tokamak CASTOR at plasma duration 15ms 

and with the LH power of the order of tens of kW only. Recent measurements [4] on this 

machine demonstrated the first experimental confirmation of theory predictions about the 

positive plasma biasing in this region using a single emissive probe.  

This contribution brings results of measurement of radial profiles of the floating 

potential and also of the plasma potential in dependence on the LH power, together with the 

measurements of the toroidal electric field yielded by two emissive probes. The probes are 

made from a thin direct heated tungsten wire loops in the form of half circle with diameter 

less than 1.5mm. The both loops are located on the same magnetic surface (in a toroidal 

distance 6mm) and in this way an extreme high radial resolution of the system, given only by 

wire diameter (0.2mm), is achieved. The probes are moved together in radial direction with   

step 0.5mm. The profiles are yielded on the shot-to-shot basis utilizing the good repeatability 

of the CASTOR discharges. 

 

[1] Rantamaki  KM et al., 30th EPS CCFPP, St. Petersburg 2003, ECA Vol. 27A, P-1.190 

[2] Goniche M et al., 15
th

 Top. Conf. on RF Power in Plasmas, 2003, WY, USA, paper C42  

[3] Fuchs V et al., Phys. Plasmas 3 (1996) 4023 

[4]  F. Zacek et al., 12
th

 ICPP 2004, Nice, France, P1-70 
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Biasing experiments with solid and porous electrodes 

V. Weinzettl1, V. Piffl1, J. Matejicek1, E. Dufkova1, J. Zajac1, V. Perina2

1 Institute of Plasma Physics, Prague, Czech Republic 
2 Institute of Nuclear Physics, Rez, Czech Republic 

 

The impact of edge plasma biasing on properties of the plasma periphery has been 

demonstrated on many tokamaks. The study on modifications of edge electron density and of 

radial electric field profiles, and dependence of the biasing effect on the biasing electrode 

material is presented. 

Measurements were performed on the small-size CASTOR tokamak (L-mode, 30 ms 

pulse length, 30 kW ohmic heating). As a material of the biasing electrode, graphite, solid 

tungsten and plasma-sprayed tungsten were used. The electrode was inserted into the plasma 

column and biased in a stationary phase of discharge for 5 ms. Broad scans over the biasing 

potential (from -300 V up to +300 V) and electrode position (from the plasma edge to the 

core region) were performed. 

The biasing, if applied potential is positive, modifies the edge electron density profile 

that the local maximum appears at the electrode position, and sets the maximum of floating 

potential near the electrode. Moreover, when the electrode is located in the shadow of the 

limiter, a drop of the electron density is observed in front of the electrode.  The biasing, if 

applied potential is negative and has a low magnitude, has only a small influence on the edge 

electron density profile and floating potential in correspondence with a lower biasing current. 

High magnitude of potential (both positive and negative) leads to the arcing from the 

electrode and to plasma instabilities. The arcing becomes non-negligible namely for a porous 

plasma-sprayed tungsten surface at high negative potentials. The expansion of total radiated 

power profile is measured bolometrically when the difference between floating and biasing 

potentials is higher than about 50 V. Light impurity line profiles were measured in UV range 

of 50-200 nm. 

Afterwards, outside the tokamak, the electrode surfaces were imaged by electron 

microscopy. Small craters in graphite and “bright branches” on sprayed tungsten were seen, 

probably as a consequence of on unipolar arcing. Compositional changes in sprayed surfaces 

were measured by RBS and ERDA methods. Hydrogen and Carbon deposition, and decrease 

of Oxygen content was observed.  
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The Contribution of Divertor Neutrals to the Main Chamber Neutral flux  

in KSTAR 

 

S. W. Yoon and J. M. Park 

 

The effect of the main chamber and the divertor neutral fluxes on the 

separatix density is investigated for KSTAR tokamak using a two-

dimensional plasma-neutral transport code. Their is a scaling relation 

between the separatix density and the main chamber neutral fluxes, 

however, the contribution of the divertor neutrals to the main chamber 

neutral flux via charge-exchange process is still under question. In 

this work, considering the main chamber and the divertor recycled 

neutral fluxes separately, the relative contribution of the divertor 

neutrals to the pedestal fueling is predicted for the attached and the 

detached divertor conditions. 
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Injection of hydrogen and ethylene at the plasma edge of TJ -II:  A
comparative study.

F.L. Tabarés, I. García-Cortés, D. Tafalla, E.de la Cal, J.A. Ferreira and A. Hidalgo.

Laboratorio Nacional de Fusión. Asociación Euratom/Ciemat. 28040 Madrid. Spain

Abstract

In a previous work (1), carbon fuelling experiments were performed in ECRH TJ-II

plasmas by injecting C2H4 (ethylene) at several radial positions through a gas injection port

located on a poloidal, diagnosed limiter. The experiments were then focussed on the screening

by the plasma of carbon impurities under "normal" and divertor-type magnetic configurations.

In the present work, complementary studies on the effect of the injection on the total particle

content are described. For that purpose, injection of hydrogen and ethylene under the same

geometry as that previously used has been performed. Experiments under divertor-type

magnetic configurations are again compared to the standard-configuration case. Due to the

much higher electron/molecule ratio in ethylene, a larger increase in electron density would be

expected if the products of the cracking by the plasma of this species had a large recycling

probability. Even if this is not the case, the H atoms released in such cracking, and

characterised by a strong H̃ emission associated to the ethylene puffing, could effectively

fuel the plasma. However, the observed lower fuelling efficiency of ethylene compared to

hydrogen indicates that little of the H contained into the molecule is actually available as

plasma fuel.

These results will be analysed under the light of the different recycling characteristics of the

molecular sources under study and their collisional processes in the TJ-II plasma edge. The

relative strength of the H̃ emitting channel in the break-up of ethylene at a given edge

parameters will be also addressed.

1) I. García-Cortés, F.L. Tabarés et al. J.Nucl.Matter. 2005 (in press)
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Particle balance in TJ-II plasmas under boronized wall conditions 

J. A. Ferreira, F. L. Tabarés, D. Tafalla 

 Association Euratom/CIEMAT, Madrid, Spain 

 

The retention of fuel particles on the plasma facing materials of fusion reactors is 

nowadays a major concern in fusion research. To date, no systematic accountability of 

the injected deuterium has yet been achieved at least in carbon-based PFM´s, and some 

of the trapping mechanisms are not fully understood [1]. On the other hand, and from a 

practical point of view, a good density control in TJ-II is mandatory in order to improve 

its performance. The machine is operated under boronized first wall conditions, and 

graphite is used for the limiters. In the present work, some studies on the global particle 

balance in ECRH and NBI heated plasmas are presented. A calibrated, fast capacitance 

manometer was used to record the incoming flux of particles, and the released flux was 

evaluated by a differentially pumped mass spectrometer. He glow discharges were 

eventually used for recovering the wall status. The maximum wall inventory was found 

at about 4,5.10
20

 H for a standard magnetic configuration. When this value is achieved 

the density control is ineffective, and transitions to plasma densities above the cut-off 

limit are systematically produced. From the saturation value and the plasma-wall 

geometry of TJ-II, an effective band of interaction of ~10 cm (poloidal) along the 10 m 

toroidal limiter, which corresponds to the indented part of the vessel protecting the 

central coils, can be estimated. Studied of other configurations were made in order to 

check the relationship between magnetic topology and plasma-wall interaction area. 

Additionally, a power law of type t
-n

 with nÃ0.7 was found for the outgassing between 

shots, consistent with recombination limited diffusion [2]. These findings will be 

discussed under the light of the present knowledge on fuel retention in fusion devices. 

 

 

References 

[1] T. Loarer et al, 20
th

 IAEA Fusion Energy Conference 2004 

[2] F. L. Tabarés, Vacuum 52 (1999) 11-18 
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Behavior of Beryllium Plasma Impurities

in the PISCES-B Linear Divertor Plasma Simulator

D. Nishijima, R.P. Doerner, M.J. Baldwin, R. Seraydarian and G.R. Tynan

University of California at San Diego, La Jolla, CA 92093-0417, USA

Beryllium is thought to be used as the first wall material in ITER, while the divertor

region will consist of tungsten and carbon materials. Beryllium atoms eroded from the

first wall can penetrate into the core plasma across the separatrix, leading to the core

plasma radiation. Beryllium can also become ionized in the scrape off layer and carried

into the divertor region, where beryllium impurities interact with carbon and tungsten ma-

terials. Therefore, understanding beryllium as both a material and an impurity in plasmas

is essential for the successful operation of ITER.

The PISCES-B linear divertor plasma simulator allows investigation of beryllium-related

issues, including plasma-beryllium target interactions (like at the first wall), effects of

beryllium plasma impurities on erosion properties of carbon and tungsten targets (like

at the divertor), and behavior of beryllium impurities in plasmas. So far, experiments in

PISCES-B have shown that even small amount of beryllium impurity (< 1 %) in deuterium

plasmas can significantly reduce physical and chemical erosion of carbon and physical

erosion of tungsten (e.g. [1, 2]). This reduction is due to the formation of beryllium layers

on the surface of the targets.

Recently, behavior of beryllium impurities has been spectroscopically investigated in

detail. For example, the angular distribution of eroded beryllium atoms from a surface,

which can affect the penetration length into a plasma, has been studied. Two dimensional

profiles of Be I 457.3 nm line intensity emitted from eroded beryllium atoms were mea-

sured near the beryllium target. With the Abel inversion technique the local emissivity

as a function of radius was derived from the measured line-integrated intensity profile.

Preliminary results show the cosine angular distribution of eroded Be atoms, as being of-

ten assumed in modeling. We will investigate the angular distribution as a function of the

incident ion energy to see if it stays cosine-like.

References

[1] K. Schmid, M. Baldwin, R. Doerner and A. Wilthner, Nucl. Fusion44, 815 (2004).

[2] R.P. Doerner, M.J. Baldwin and K. Schmid, Physica Scripta.T111, 75 (2004).
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Plasma Effects on the Location of the Outermost Magnetic Surface

Allen H. Boozer

Columbia University, New York, NY 10027, USA

In both tokamaks and stellarators, the plasma boundary is often determined by a

separatrix between magnetic field lines that form toroidal surfaces and field lines that

strike material objects such as the chamber walls or divertor plates.  Except for the

well-known axisymmetric divertor of a tokamak, a layer of stochastic magnetic field

lines exists outside this separatrix, and the stochastic magnetic field lines may be

sufficiently long that a significant pressure drop dp occurs across the stochastic layer.

Small magnetic perturbations (dB/B)x that resonate with the underlying magnetic

fields produce these stochastic layers.  The fields (dB/B)x are produced by currents in

coils and in the body of the plasma.  Parallel currents, which are associated with the

jXB forces required to balance the pressure gradients in the stochastic layer, produce

magnetic fields that resonate with the magnetic structure.  The magnetic perturbations

produced by the pressure drop across the stochastic layer, (dB/B)p, are relatively

simple to calculate if one assumes they are small compared (dB/B)x.  The pressure

produced perturbations (dB/B)p are then proportional to db=m0 dp/B
2.  The simple

picture of the stochastic layer is clearly violated if (dB/B)p>(dB/B)x, which  occurs for

a sufficiently high db.  When (dB/B)p>(dB/B)x the plasma can shield itself from

stochasticity producing perturbations and expand the region of closed toroidal

magnetic surfaces.  A method for calculating (dB/B)p will be discussed, and an

estimate of the critical db for strong pressure effects on the stochastic layer will be

given. This work was supported by the grant DE-FG02-95ER54333 from the U.S.

Department of Energy.
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The Role of Type II ELMs in Type I ELM Suppression
With Stochastic Magnetic Boundary*

T.H. Osborne1, T.A. Casper2, T.E. Evans1, R.A. Moyer3, and P.B. Snyder1

1General Atomics, P.O. Box 85608, San Diego, California, USA
2Lawrence Livermore National Laboratory, Livermore, California, USA

3University of California, San Diego, California, USA

Large power loads to plasma facing surfaces, which result from Type I, edge localized
modes (ELMs), represent a significant concern in reactor scale tokamaks. In recent results
from the DIII-D tokamak [1], a stoch\astic magnetic boundary, produced by an externally
applied edge resonant, magnetic perturbation, was used to suppress large, Type I ELMs while
maintaining good energy confinement and density control. It is important to understand the
mechanism for this effect to determine its suitability as an ELM control technique in future
tokamaks.

The mechanism for the Type I ELM suppression with the stochastic magnetic boundary
may be the enhancement of effectiveness of small Type II ELMs in removing heat and
particles for the pedestal region. Type II ELMs are observed to accompany much larger
Type I ELMs in most DIII-D discharges. In addition to their smaller amplitude the region
affected by Type II ELMs is more radially localized. With the application of the stochastic
magnetic boundary the amplitude of the Type II ELMs and their radial extent increases. In
discharges where a few Type I ELMs remain following the application of the stochastic field,
the evolution of the edge pressure gradient and current density between large ELMs is found
to cover a similar range to the case without the stochastic field, but to take place much more
slowly. The enhanced transport from Type II ELMs with the stochastic field applied may
then be acting to delay the onset of the peeling-ballooning instability thought to be
responsible for the Type I ELM. This paper will explore the possibility that Type II ELMs are
also peeling-ballooning modes but at higher toroidal mode number and localized to the region
very near the separatrix compared with Type I ELMs. The consequences of this hypothesis
for reactor scale tokamaks will also be explored
[1] T.E. Evans, et al., Phys. Rev. Lett. 92, 235003 (2004).
                                                  
*Work supported by US Department of Energy under DE-FC02-04ER54698, W-7405-ENG-48, DE-FG02-

04ER54758, and DE-FG03-95ER54309.
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Compatibility of the Radiating Divertor
With High Performance Plasmas in DIII-D*

T.W. Petrie1, M.R. Wade2, S.L. Allen3, N.H. Brooks1, M.E. Fenstermacher3,
M. Groth3, A.W. Hyatt1, M.J. Schaffer1, J.G. Watkins4, W.P. West1, and the DIII–D Team

1General Atomics, P.O. Box 85608, San Diego, California 92138-9784, USA
2Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA

3Lawrence Livermore National Laboratories, Livermore, California, USA
4Sandia National Laboratories, Albuquerque, New Mexico, USA

Protecting the integrity of the divertor structure from excessive thermal power loading
presents a serious issue for designers of future-generation, high-powered tokamaks. This
problem may be mitigated if a significant fraction of the power transported across the
separatrix can be dissipated before it reaches the divertor targets. One promising way to do
this is by seeding impurities into the scrape-off layer (SOL) and/or divertor plasmas, and
thereby enhancing radiation upstream of the targets. However, for this “radiating divertor”
concept to be a practical solution, any collateral degradation in plasma performance that
results from the presence of these impurities, e.g., dilution of the core plasma, must be
minimized. This tradeoff between heat load reduction and plasma performance can be a
particularly sensitive concern for future generation, DEMO-class tokamaks, where
economic success is very dependent on maintaining high energy density operation in the
core plasma, while at the same time protecting the divertor from damage.

We report on recent radiating divertor experiments with argon, where we systematically
investigate these tradeoffs between high performance “hybrid” plasma operation and heat
flux reduction. Based on the results of previous “puff and pump” radiating divertor [M.R.
Wade, et al., J. Nucl. Mater. 266-269 (1999) 44] and particle exhaust experiments [T.W.
Petrie, et al., J. Nucl. Mater. (to be published, 2005)], we investigate three factors that may
affect the compatibility of “hybrid” plasma operation with radiating divertor conditions:
(1) enhanced deuterium particle flow in the SOL by strong deuterium gas injection in order
to keep impurity contamination of the core plasma to a minimum, (2) the effectiveness of
the radiating divertor/hybrid plasma system with changes in the magnetic balance between
divertors, and (3) whether or not it is necessary to pump both legs of the geometrically-
“closed” divertor. These plasmas are ELMing H-mode at modest to low Greenwald fraction
(i.e., ne/nGW ≈ 0.4–0.6), βN > 2.8, and H89P > 2. These results are compared with studies of
the radiating divertor in more “open” divertor configurations at higher ne/nGW.
*Work supported by the U.S. Department of Energy under DE-FC02-04ER54698, DE-AC05-00OR22725,
W-7405-ENG-48, and DE-AC04-95AL85000.

P-4.013,   Thursday June 30, 2005



Analysis of Density and B-Field Dependence of ELM Propagation
in the DIII-D SOL/Divertor With Pedestal Stability and

Boundary Plasma Models*
M.E. Fenstermacher1, G.D. Porter1, P.B. Snyder2, J.A. Boedo3, N.H. Brooks2, T.A. Casper1,

D.S. Gray3, C.J. Lasnier1, T.H. Osborne2, H. Takahashi4, J.G. Watkins5, and L. Zeng6
1Lawrence Livermore National Laboratory, Livermore, California, USA2General Atomics, San Diego, California, USA3University of California, San Diego, California, USA4Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA5Sandia National Laboratory, Albuquerque, California, USA6University of California, Los Angeles, California, USA

Understanding the propagation physics of transient particle and energy pulses during edge
localized modes (ELMs) is a critical issue for the viability of future high power tokamaks.
Projections for ITER indicate that the divertor target lifetime could be limited to ~104
unmitigated Type-I ELMs (~ several hundred full performance pulses). Finding operating
regimes with good H-mode confinement and tolerable sized ELMs involves both ELM insta-
bility physics in the pedestal and the behavior of the ELM transients in the boundary plasma.

This paper will focus on comparison of measured variations in ELM pulse propagation
with results of pedestal ELM instability and SOL/divertor ELM pulse propagation analysis.
Previous studies of ELM pulse propagation in the DIII-D boundary showed that it depends
strongly on both the plasma density ne and on the direction of the B-field dependent particle
drifts (ExB and ion Bx∇B). Linear mode analysis of pedestal ELM instabilities with ELITE
using model equilibria shows that the mode character changes from peeling dominated to
more ballooning dominated as ne increases. Recent ELM pulse propagation characteristics in
matched, lower single null, H-mode discharges with the ion Bx∇B drift toward and away
from the divertor, will be analyzed using mul-
tiple diagnostics with improved temporal
resolution in the two divertors, for a range of
densities 0.17 < ne,ped/nGW< 0.8. UEDGE
simulations of the propagation in the
boundary, using poloidal perturbation profiles
indicated by the stability analysis, will
examine whether the more simultaneous
observation of the ELM perturbations in the
two divertors at low ne (Fig. 1) is due to a
change in the initial poloidal profile of the
upstream perturbation or to the difference in
the conditions (detached vs attached) of the
two divertors as a function of ne.
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Fig. 1.  Normalized inner to outer divertor ELM Da
delay vs. normalized density.

*Work supported by the US Department of Energy under W-7405-ENG-48, DE-FC02-04ER54698, DE-FG02-
01ER54758, DE-AC02-76CH03073, DE-FG03-01ER54615, and DE-AC02-94AL85000.
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Comprehensive Measurements and Modeling of SOL, and Core Plasma
Fueling and Carbon Sources in DIII-D*

M. Groth,1 G.D. Porter,1 J.A. Boedo,2 S. Brezinsek,3 N.H. Brooks,4 M.E. Fenstermacher,1
R.J. Groebner,4 E.M. Hollmann,2 C.J. Lasnier,1 A.G. McLean,5 W.M. Meyer,1 R.A. Moyer,2

M.E. Rensink,1 D.L. Rudakov,2 G. Wang,6 J.G. Watkins,7 L. Zeng6
1Lawrence Livermore National Laboratory, Livermore, California, USA2University of California, San Diego, California, USA3Institut für Plasmaphysik, Forschungszentrum Jülich, Germany4General Atomics, San Diego, California, USA5University of Toronto (UTIAS), Toronto, Canada6University of California, Los Angeles, California, USA

7Sandia National Laboratory, Albuquerque, California, USA

A comprehensive set of boundary-region diagnostic data was obtained during L-mode
and ELMy H-mode plasmas, and simulated using the UEDGE/DEGAS2 codes, to determine
the poloidal distribution of the core plasma sources. These measurements included density
and temperature at the outer midplane, particle and heat flux to the target plates, and line-
integrated and two-dimensional emission profiles of deuterium and carbon in the divertor and
main SOL region. Analyses of the emission profiles in the divertor were expanded to include
a range of spectral lines: neutral deuterium (Dα and Dγ), neutral carbon (CI 909 nm), and low
charge-state carbon (CII 514 nm, CIII 465 nm). In the main chamber, the Dα  and CIII
(465 nm) emissions were measured at the inner and outer midplane, and at the top of the
plasma. The emission of all measured spectral lines peaked in the divertor region, and
decreased poloidally toward the midplane by orders of magnitude.

Using a purely diffusive model for the radial plasma transport in the pedestal and SOL
region, including the drifts due to ExB and Bx∇B, the simulations are consistent with the
measured profiles of particle flux and line emissions. The measured midplane Dα emission
profiles were well-reproduced by neutral leakage from the divertor region into the main
chamber. The simulations show that neutrals penetrate more easily into the SOL on the high-
field side of the core plasma than on the low-field side, due to the in-out asymmetric divertor
temperature distribution. This greater penetration results in significantly stronger fuelling
from the inner main SOL. Carbon produced by chemical sputtering at the inner divertor target
and adjacent wall area dominates the carbon content of the inner main SOL. Because of the
long neutral mean free path of deuterium neutrals in the inner divertor, the high recycling
zone associated with the inner leg can extend as much as 20 cm poloidally from the inner
divertor target, defining an extended region of the divertor wall.

*Work supported by the US Department of Energy under W-7405-ENG-48, DE-FG02-04ER54758, DE-FC02-
04ER54698, DE-FG03-01ER54615, and DE-AC04-94AL85000.
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Particle and power exhaust in high-performance NSTX plasmas∗

V. A. Soukhanovskii1, R. Maingi2, H. W. Kugel3, R. Bell3, T. Biewer3, J. Boedo4, C. Bush2,

D. Gates3, R. Kaita3, B. P. LeBlanc3, J. Menard3, S. F. Paul3, R. Raman5, A. L. Roquemore3

1Lawrence Livermore National Laboratory, Livermore, CA, USA
2Oak Ridge National Laboratory, Oak Ridge, TN, USA

3Princeton Plasma Physics Laboratory, Princeton, NJ, USA
4University of California at San Diego, La Jolla, CA, USA

5University of Washington, Seattle, WA, USA

Recent NSTX progress toward long-pulse high-performance operation highlighted heat and par-

ticle exhaust trends and features both similar to conventional devices and apparently unique to

the spherical torus due to its magnetic geometry. A variety of lower single null L-mode, ELMy

and ELM-free H-mode plasmas with elongation ranging from 1.8 to 2.5, triangularity from 0.4

to 0.9, NBI power from 0.8 to 6 MW,ne(0) ≃ (2.5−8)×1019 m−3, andBt from 0.3 to 0.45 T

has been used to analyze the scrape-off layer (SOL) and divertor properties. In these plasmas

up to 70 % of the input power dissipated in the divertor as heat on the targets and 10 - 15 % as

radiation from ionized carbon and neutral deuterium. Evidence of volume recombination from

Dα , Dγ divertor profiles and Stark-broadened high-n Balmer series transitions, observations of a

molecular CD spectral band emission, and the measured inner target heat flux under 1 MW/m2

suggest that the inner target is detached atPNBI ≥ 0.8 MW, n̄e ≥ (2−3)×1019 m−3. The outer

target, with the typical measured peak heat flux ranging from 2 to 6 MW/m2, remains attached

at n̄e up to 0.9×nG, the Greenwald density, and the D2 gas feed rate up to 8×1021 particles/s

Mid-plane separatrix temperature is in the range 10 - 50 eV, suggesting that the outer diver-

tor operates in the sheath-limited and high-recycling regimes with a low parallelTe gradient.

Dedicated experiments aimed at radiative divertor development usingD2 and neon injections

are planned. Recycling and neutral pressure trends withPin andne point to the need of active

or passive divertor pumping for density control. The continuous and non-disruptive density in-

crease atdN/dt < 2×1021 s−1 is observed in NBI-heated plasmas, with an estimated divertor

source contribution up to 4×1023 ionizations/s, the main chamber source up to 2×1022 ion-

izations/s under the assumption of poloidal uniformity, and the outer SOL neutral compression

ratio in the range 5 to 10. A recently commissioned supersonic gas injector may provide an

interim solution with more efficient gas fueling and reduced gas-wall interaction.
∗Work supported by the U.S. Department of Energy under contracts No. W-7405-Eng-48, DE-

AC02-76CH03073, DE-AC05-00OR22725.
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Characteristics and Operational Space of the Type V ELM regime in

NSTX
R. Maingia, R.E. Bellb, E.D. Fredricksonb, B.P. LeBlancb, S.A. Sabbaghc, K. Tritzd, C. E.

Busha, D.A. Gatesb, J.E. Menardb, R. Maquedae, D. Muellerb, N. Nishinof, R. Ramang,

A.L. Roquemoreb, D. Stutmand, S. Zwebenb

a Oak Ridge National Laboratory
b Princeton Plasma Physics Lab

c Columbia University
d Johns Hopkins University

e Nova Photonics
f Hiroshima University

g University of Washington

Large edge localized modes (ELMs) are projected1 to result in unacceptable target

heating for devices such as ITER, which has lead to a substantial international research effort

in high performance regimes with small or no ELMs. A high performance, small ELM

regime is often observed2, 3 in NSTX, and the ELMs have been termed as Type V. This

regime is distinct from other regimes with Type I, II, or III ELMs, which are also seen3, 4 in

NSTX. The Type V ELM regime is obtained with !N < 5, ∀e,ped
* > 1, and !ped < 5%; at higher

! and lower ∀e,ped
*, large Type I ELMs can be mixed in with the smaller Type V ELMs. The

energy loss per Type V ELM is less than 1%, i.e. not discernible from statistical noise in the

equilibrium reconstructions5. An n=1 pre-cursor is observed in the magnetics, as well as a

filament-like structure or sequence of structures in the edge soft X-ray (SXR) emission6, with

the SXR perturbation birth location typically in vicinity of the lower divertor/X-point.

The small ELMs were convincingly identified3 first by fast camera imaging. A

fisheye view at the outer midplane shows a very localized perturbation of a narrow flux tube.

A view from the midplane into the lower divertor shows the difference in time scale and

magnitude between these small ELMs and turbulent, electrostatic filaments7 present in both

L-mode and H-mode. A tangential view of the lower X-point/divertor region shows a small

vertical modulation in the intensity of a MARFE-like structure on the inner wall, and the

delay between the outboard and inboard side recycling perturbations is consistent with ELM

flux leakage from the vicinity of the X-point. The magnetic balance is important in

determining the ELM type: double-null shapes obtain conventional Types I-III ELMs,

whereas shapes biased toward lower single-null obtain Type V ELMs. Overall the Type V

ELM regime bears some similarities with the C-MOD Enhanced D# H-mode8 and the JFT-

2M High Recycling Steady H-mode9.

* Research sponsored by U.S. Dept. of Energy under contracts DE-AC05-00OR22725, DE-

AC02-76CH03073, and grants DE-FG03-99ER54519, DE-FG02-99ER54523, DE-FG02-

99ER54524, and DE-FG02-04ER54767.
1 A. Loarte, et. al., 2003 Plasma Physics Controlled Fusion 45 1549.
2 R. Maingi, et. al., 2004 Nuclear Fusion at press.
3 N. Nishino, et. al., 2002 J. Plasma Fusion Res. 78 1278.
4 R. Maingi, et. al., 2005 Nuclear Fusion submitted.
5 S. A. Sabbagh, et. al., 2001 Nuclear Fusion 41 1601.
6 D. Stutman, et. al., 2003 Review of Scientific Instruments 74 1982.
7 R. J. Maqueda, et. al., 2001 Review of Scientific Instruments 72 931.
8 Y. Takase, et. al., 1997 Physics of Plasmas 4 1647.
9 K. Kamiya, et. al., 2003 Nuclear Fusion 43 1214.
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Observation of Abrupt- and Fast-Rising SOL Current
During Trigger Phase of ELMs in DIII-D Tokamak*

H. Takahashi1, E.D. Fredrickson1, M.J. Schaffer2, M.E. Austin3, N.H. Brooks2,
T.E. Evans2, G.L. Jackson2, L.L. Lao2, and J.G. Watkins4

1Princeton Plasma Physics Laboratory, Princeton, New Jersey, USA
2General Atomics, P.O. Box 85608, San Diego, California 92186-5608, USA3University of Texas at Austin, Austin, Texas, USA4Sandia National Laboratories, Albuquerque, New Mexico, USA

Recent high-speed measurements in NBI-heated “ELMing” H-mode discharges
showed that the scrape-off-layer current (SOLC) density1 begins to rise sharply (in
5-20 µs), well before (~100 µs) the electron temperature indicated the onset of a thermal
collapse at the top of the pedestal. The SOLC could thus potentially play a role in the
triggering of the ELM process through the non-axisymmetric and resonant magnetic
field that it generates. The SOLC and pedestal electron temperature were measured
using the tile current array (TCA) diagnostic and electron cyclotron emission (ECE)
diagnostic, respectively, both at 100 kHz bandwidth. In the quiescent period between
ELMs the density of SOLC, driven from the hot to cold divertor by the thermo-electric
potential, is comparable to the ion saturation current (ISAT) density in the cold divertor.
A model is being considered in which a momentary and localized sheath breakdown
caused by high ion-sheath potential would allow rapid growth of the SOLC in the face
of the ISAT limit. The sheath breakdown leads to formation of long, thin, helical,
current-carrying filaments or flux tubes in the SOL. The flux tubes, having an
increasing SOLC within, may become Kruskal-Shafranov unstable (screw-pinch
instability), and cause the electron density and temperature within to rise, and hence the
ISAT limit, through reconnection and engulfing of higher density and temperature
regions. This bootstrapping process could allow a rapid increase of the local SOLC to
well beyond its quiescent value, and contribute to the triggering of ELMs. Inferences
from this model will be tested against measurements of conditions in the SOL and
divertors prior to ELM events.

[1] H. Takahashi, et al., Nucl. Fusion 44, 1075 (2004).

                                                
*Work supported by the U.S. Department of Energy under DE-AC02-76CH03073, DE-FC02-
04ER54698, DE-FG03-97ER54415 and DE-AC04-94AL85000.
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3D modelling of dust particle transport in tokamak plasmas
with newly developed code DUSTT

A. Yu. Pigarov1, S. I. Krasheninnikov1, and T. K. Soboleva2

1 University of California at San Diego, La Jolla, CA, USA
2 UNAM, Mexico D.F., Mexico and Kurchatov Institute, Moscow, Russia

The presence of dust in fusion plasmas and possible roles of dust in the performance of
various magnetic fusion devices were discussed in the literature on a qualitative level since
long time ago. Nevertheless, neither formation nor transport of dust, nor an impact of dust
particles on core and edge plasma parameters, contamination, and core plasma confinement
are clear yet.

Recently, the dust particle dynamics in tokamak edge plasmas, with special emphasis
on the dust particle transport in the plasma sheath and plasma recycling regions, have been
studied both analytically and numerically [1]. These studies have shown that being dragged
by plasma flows in the vicinity of material surface, dust particles can be accelerated to the
speed of ~ 103 −104 cm/s . The opposite direction of plasma recycling flows as well as the
friction forces at inner and outer divertor legs propel the dust particle in the opposite toroidal
directions depending on dust location. Interactions of dust particles with corrugated surface
or plasma turbulence can cause the dust particle to leave the recycling region and to fly
through the SOL plasma towards the tokamak core.

In this presentation we report on the dust plasma transport modeling with newly
developed 3D code DUSTT. The DUSTT code takes into account both dust dynamics due to
plasma- and neutral- dust interactions as well as the effects of dust heating and evaporation. It
allows tracing the test dust particle in the real plasma background calculated with the edge-
plasma physics code UEDGE. We present the results of our study of dust transport from
divertor regions to the core and an assessment of the core plasma contamination due to dust.

This research was supported in part by the U. S. Department of Energy under Grant
No. DE-FG02-04ER54739 at the University of California, San Diego.
[1] S. I. Krasheninnikov, Y. Tomita, R. D. Smirnov, and R. K. Janev, Phys. Plasmas, 11

(2004) 3141; S. I. Krasheninnikov and T. K. Soboleva, “Dynamics and transport of dust
particle in tokamak edge plasmas”, to appear in Plasma Phys. Contr. Fusion, (2005)
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Anomalous radial convection and flows in tokamak scrape off layer plasma

S. I. Krasheninnikov, A. Yu. Pigarov, and G. Q. Yu

 University of California at San Diego, La Jolla, CA, USA

There is vast experimental evidence of an important role of anomalous convection of a meso-
scale structures in the tokamak edge plasma transport: the structures extended along the
magnetic field lines, which often called “blobs”, are advected coherently into the far scrape-
off layer (SOL) on a distance ~10 cm and even more; recent data suggest that the dynamics
of Edge Localized Modes (ELMs) in the SOL plasma is very much similar to that of blobs,
and result in large plasma particle and energy fluxes into far SOL. Rather simple models of
blob propagation [1], based on the effective plasma gravity caused by magnetic curvature
describe many essentials of nonlinear evolution and radial advection of such meso-scale
structures as blobs and ELMs. Integrated modeling of a tokamak edge plasma transport with
2D code UEDGE shows that the outward convective plasma velocity, which mimics the blob
propagation, is needed to reproduce experimental data in the SOL [2]. Recently [3] it was
shown that the drives caused by ∇⊥Te and the parallel shear of E ×B  velocity can also result
in convective radial motion of the coherent structures.

Here we present our results of 2D turbulence modeling of nonlinear evolution of step-
like electron temperature profile in the SOL caused by ∇⊥Te instability. We study the
formation and advection of the coherent structures and investigate their role in the
temperature transport. We also present the result of our 2D modeling (with transport code
UEDGE) of the macroscopic edge plasma poloidal and parallel velocities. We demonstrate
parallel plasma flows with Mach number ~1 in the inner SOL region and show that the B-
field variation can be an important ingredient in the formation of such flows.

This research was supported in part by the U. S. Department of Energy under Grant
No. DE-FG02-04ER54739 at the University of California, San Diego.

[1] S. I. Krasheninnikov, Phys. Letters A, 283 (2001) 368
[2] A. Yu. Pigarov, S. I. Krasheninnikov, T. D. Rognlien, et al., Phys. Plasmas 9 (2002) 1287
[2] S. I. Krasheninnikov, A. I. Smolyakov, G. Yu, and T. K. Soboleva, “Transport of meso-

scale structures in tokamak edge plasmas” to appear in Czechoslovak J. of Physics (2005)
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Measurement of the Molecular Deuterium Distribution
in the Edge of DIII-D*

E.M. Hollmann1, S. Brezinsek2, N.H. Brooks3, M. Groth4, S. Lisgo5, A.G. McLean6,
A. Pigarov1, and D.L. Rudakov1

1University of California, San Diego, California, USA2Institut für Plasmaphysik, Forschungszentrum Jülich, EURATOM Association, TEC, Jülich,
Germany3General Atomics, San Diego, California, USA

4Lawrence Livermore National Laboratory, Livermore, California, USA5UKAEA/EURATOM Fusion Association, Culham Science Centre, Abingdon, UK6University of Toronto (UTIAS), Toronto, Canada

The abundance of molecular deuterium was measured in the edge region of DIII-D L-
mode lower single null discharges using D2 molecular line (Fulcher-α band) brightnesses
coupled with measured edge plasma parameters (ne, Te) and collisional-radiative modeling.
The molecular band was recorded using a visible spectrometer with lines of sight covering
the main chamber and both legs of the open DIII-D divertor [1]. Molecular deuterium is
found to be present throughout the edge region but dominantly in the divertor legs. The effect
of wall tile reflections on these measurements is corrected for using a ray-tracing program.

A maximum D2 rotational population temperature in the excited state of about 3000 K
was determined for the discharges with highest local electron density in the divertor. This
very large internal energy gives a large predicted chemical reactivity and significant edge
abundance of molecular deuterium ions such as D2+ and D3+. The enhanced volume
recombination rate due to the presence of these molecular ions (molecular assisted
recombination MAR [3]) will be presented and compared with normal electron-ion
recombination (EIR) from modeling and also from direct measurements of high-n Balmer
lines in the divertor. Also, efforts to model the measured D2 spatial distribution using coupled
fluid/diffusive (UEDGE) [4] and coupled fluid/Monte-Carlo (B2-EIRENE) [5] approaches
will be compared.

[1] N. Brooks, D. Fehling, D. Hillis, et al., Rev. Sci. Instrum. 68, 978 (1997).
[2] S. Brezinsek, et al., Plasma Phys. Control. Fusion (2005) (in press).
[3] A. Pigarov, Phys. Scripta T96, 16-31 (2002).
[4] T. Rognlien, et al., Contr. Plasma Phys. 34, 362 (1994).
[5] D. Coster et al., J. Nucl. Mater. 241-243, 690 (1997).

*Work supported in part by the US Department of Energy under DE-FG02-04ER54758, DE-FC02-04ER54698,
and W-7405-ENG-48.
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ELM Simulating Plasma Gun Development and Experiments 

D.N. Ruzic
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1,2
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1
 Department of Nuclear, Plasma and Radiological Engineering, University of Illinois at 

Urbana-Champaign, Urbana, Illinois, U.S.A. 

2
 Starfire Industries LLC, Champaign, Illinois, U.S.A. 

 

Edge Localized Modes (ELMs) are the greatest challenge to plasma facing components 

(PFCs), such as divertor materials, because they deliver both a cyclical high heat flux and a 

high plasma particle flux.  Thus, a means of simulating the effects of ELMs on candidate 

PFCs is needed for future fusion reactor experiments, such as ITER.  The ELM-simulating 

plasma gun being developed jointly by Starfire Industries and the University of Illinois uses a 

conical theta pinch with under-damped sequentially-fired pulse forming networks (PFNs) to 

create a stream of plasma bursts that are comparable in density and temperature to ELM 

plasma.  The under-damped “ringing” PFNs provide multiple pinches rapidly, allowing the 

use of only a few PFNs.  The use of multiple PFNs fired sequentially further extends plasma 

blob stream to ELM time scales (~1 ms) and allows some temporal shaping.   

 

Initial experiments are aimed at simulating NSTX-level ELM events, which have a plasma 

temperature ~200eV and a density ~10
19

/m
3
.  After reaching this proof-of-principle goal, an 

ELM simulator capable of simulating ITER-level ELMs (~500eV temperature with a density 

~10
19

-10
20

/m
3
) is planned.   

 

Experiments to date have been carried out with a 16-kV 36kJ capacitor bank (6 

54-microFarad capacitors).  Initial tests used only two capacitors, each operating 

independently at <8 kV, and later tests were carried out with 3 capacitors in parallel, 

operating at <10 kV.  One of the critical results of these tests is multiple plasma blob ejection 

and translation into the target sample region with each current swing in the ringing PFNs.  

Because multiple bursts of plasma can be ejected from each PFN, the total plasma pulse 

length can be greatly extended, hence the required total pulse length of >0.5ms can be 

achieved.  Following these initial tests, the capacitor bank transmission line was improved to 

allow higher densities and temperatures.  Development progress and experimental results 

from the ELM simulating plasma gun will be presented.   
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Turbulence intermittency and burst properties in the boundary of  

TEXTOR tokamak 

Y. H. Xu,  S. Jachmich,  R. R. Weynants  
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Abstract 

 

The nature of the “intermittent” convective transport has been investigated in the edge 

and the scrape-off layer (SOL) of TEXTOR by using Langmuir probe signals. The 

probability distribution function (PDF) of the density fluctuations and the 

turbulence-induced flux are all positively skewed, while a Gaussian shape is recorded 

for the negative values. The deviation of the signals from Gaussian statistics clearly 

increases from the plasma edge to the SOL. Conditional averaging reveals that in the 

SOL region the wave form of intermittent structures is asymmetric and the burst events 

move radially outwards with Es·BT/B
2
 velocities of  ~ 650 m/s. It is found that the large 

burst fluctuations ( ‡ 2.5·rms) account for nearly 40% of the total transport. Statistics of 

waiting-time between successive bursts indicate that the PDF of time interval follows a 

Poisson-distribution for small duration events (selected by size ~ 2.5·rms) and changes 

into a power-law form for larger ones. Moreover, the intermittency density fluctuation 

data clearly show self-similar characters and long-range time correlations through the 

presence of (1) sandpile-like frequency spectra and existence of f
 -1

 region; (2) long tail 

in the autocorrelation function and (3) Hurst exponents H>0.5 from R/S analysis.  
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Explicit threshold of the toroidal ion temperature gradient  

mode instability 

I. Sandberg* 

 School of Electrical and Computer Engineering, National Technical University of Athens, 
 GR-157 73 Athens, Greece 

 
 

ASSOCIATION EURATOM-HELLENIC REPUBLIC 

 

The explicit stability threshold of the toroidal ion temperature gradient mode instability is analytically derived 

using the standard reactive fluid model. It is shown that in the peak density region, the threshold gets 

significant smaller due to finite ion Larmor radius effects, and the marginal unstable modes acquire finite 

wavelengths. These results predict that a significant activity of toroidal ITG turbulence can be present at 

regions of peaked plasma density, such as the plasma edge, modifying the confinement in the hot ion mode 

regime of tokamak operation. 

 

                                                 
* e-mail: sandberg@central.ntua.gr 
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Generation and saturation of large scale flows  

in electrostatic turbulence 
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3 Department of Astronomy and Space Physics, Uppsala University,Box 515, SE-751 20 Uppsala, Sweden 

 
 

ASSOCIATION EURATOM-HELLENIC REPUBLIC 

 

The excitation and suppression of large-scale anisotropic flows during the temporal evolution of electrostatic 

instabilities driven by spatial inhomogeneities is numerically investigated. We limit our discussion for the 

flute and the toroidal ion temperature gradient mode instabilities. The non—linear formation of streamer and 

zonal flows is attributed to the inverse energy cascade towards large scales, as a result of the non--linear 

coupling with linearly unstable modes. The growth, the saturation and the interplay between these large-scale 

structures are numerically investigated, and their dependence on diamagnetic and finite ion Larmor effects is 

depicted. The diffusion (spatial and energy) properties of test particles in the saturated fields are discussed. 

                                                 
e-mail: sandberg@central.ntua.gr 
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Density profiles and particle confinement in the modified RFX Reversed 
Field Pinch 

A.Canton, F.Auriemma, L.Carraro, P.Innocente, R.Lorenzini, M.E.Puiatti, G.Serianni 

Consorzio RFX, Associazione EURATOM_ENEA sulla Fusione,  

Corso Stati Uniti 4, 35127 Padova, Italy 
 
 
The paper presents the behaviour of the plasma density and particle transport in the first 

experimental campaigns of the modified RFX (RFX-mod) experiment. With respect to the 

previous machine, RFX-mod has a thinner and more closely fitting shell that allows a better 

equilibrium control and redesigned graphite tiles fully covering the inside of the vacuum 

vessel that reduce highly localized plasma wall interaction on the tiles edges. For these 

reasons, RFX-mod should allow a better density control than the former RFX, in particular in 

high plasma current discharges. Moreover, active density control capability is also improved 

by a new set of fast and high flux piezoelectric valves. Density profiles measured with an 8-

chords MIR interferometer have been obtained in different operating conditions and in a large 

range of main plasma parameters (current from 200 to 600 kA, line averaged density from 

8⋅1018 to 5⋅1019 m-3). Particle transport analyses have been performed with the 1-D transport 

code TED and the deduced diffusion and convection terms are compared with the impurity 

transport parameters. The results of the analyses have been also compared with edge 

diagnostics measurements. The general behaviour of the plasma density and of particle 

transport is similar to that observed in the past under the same I and I/N conditions, indicating 

that the thinner shell moderately affects plasma performance while allowing a much greater 

operational flexibility. The extension of the operating range to low density regimes, only 

shortly analysed on RFX, gives a better understanding of particle transport processes and of 

the role of density itself on the shape of the profiles. Furthermore, it allows a direct 

comparison of transport parameters with those obtained on other RFP experiments typically 

operating at low density.  
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High frequency magnetic field fluctuations measured on the RFX-mod 
experiment with internal coils 

 
E. Martines, V. Antoni, T. Bolzonella, R. Cavazzana, N. Pomaro,  

G. Serianni, M. Spolaore, N. Vianello, M. Zuin 

 
Consorzio RFX, Associazione Euratom-ENEA sulla Fusione, Padova, Italy 

 
We report magnetic field fluctuation measurements performed on the modified RFX 

(RFX-mod) reversed field pinch device using a new set of pick-up coils installed inside the 

vacuum chamber. The coils, which are part of the ISIS (Integrated System of Internal 

Sensors) diagnostic, are able to measure magnetic field fluctuations with a bandwidth up to 

400 kHz. The probes are arranged in toroidal and poloidal arrays, so as to allow a resolution 

of periodicities up to n = 24 and m = 4. 

The measured signals display a strong activity up to 100 kHz, and a fast decay of the 

spectrum from 100 kHz onwards. The power spectrum as a function of frequency, toroidal 

wavenumber and poloidal wavenumber has been evaluated. The spectrum shows in many 

cases a toroidal propagation of the fluctuations with velocity of the order of 10-20 km/s. This 

propagation is observed despite the fact that MHD modes with the same periodicity are 

locked to the wall throughout the discharge. Two main features are found in the spectrum, one 

at a frequency of a few tens of kHz, with poloidal periodicities similar to those of the locked 

modes, and another one at a frequency of around 100 kHz, with smaller wavelengths. A clear 

dependence of the propagation velocity on the plasma density is observed, with higher 

velocity occurring at lower density. As a consequence of this, the power spectrum is 

compressed towards lower frequencies when the plasma density is increased. An investigation 

of the coupling between the low and high frequency portions of the spectrum is also 

presented. 
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Scaling of energy confinement time with magnetic fluctuations in 

RFX: comparison of experimental data with turbulent transport 

models. 

 

F. Sattin, L. Garzotti, R. Paccagnella,  D. Terranova  

Consorzio RFX, Associazione Euratom-ENEA,  

Corso Stati Uniti 4, 35127 Padova, ITALY 

 

The scaling of energy confinement time τE with the level of magnetic fluctuations b is 

studied in the RFX Reversed Field Pinch [1], and found to follow a power law: 

8.0−≈ bEτ , although with a huge scatter of data. Rechester-Rosembluth’s (RR) quasi-

linear estimate for turbulent transport from magnetic diffusivity [2] predicts the 

scaling with fluctuations and temperature: 2/12 −−≈ TbEτ . Correlations are found 

empirically to exist between T and b: 7.0−≈ bT , hence reducing the scaling to a 

function of b alone. Even accounting for these correlations, the RR model was shown 

in an earlier work to fail to match experiment [3].  

In this work we show that, within RR’s paradigm, a good scaling of τE with b is 

recovered provided that: I) the magnetic diffusivity be computed using a fully 

nonlinear model, developed in earlier works [4,5]. This gives a slightly modified 

scaling dependence with magnetic fluctuations. II) Typical RFX working conditions 

are in a mixed regime between the collisionless and collisional one, where the ratio � 

between the collisional mean free path to the decorrelation length for magnetic field 

lines is close to unity. RR approach is mostly used in the regime � >> 1, and can 

straightforwardly be modified for the regime � < 1. An interpolating formula between 

these two regimes provides the further needed corrections to the scaling. 

 

[1] G. Rostagni, Fus. Eng. Des. 25 (1995) 301 

[2] A.B. Rechester, M.N. Rosembluth, Phys. Rev. Lett. 40 (1978) 38 

[3] D. Terranova et al, Plasma Phys. Control. Fusion 42 (2000) 843 

[4] F. D’Angelo and R. Paccagnella, Phys. Plasmas 3 (1996) 2353 

[5] F. D’Angelo and R. Paccagnella, Plasma Phys. Contr. Fusion 41 (1999) 941 
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Electrostatic turbulence in the edge region 

of the modified RFX experiment 

 

G. Serianni, R. Cavazzana, E. Martines, N. Pomaro, M. Spolaore, 

N. Vianello, M. Zuin, M. Agostini, M. Bagatin, V. Antoni 

Consorzio RFX, Associazione Euratom-ENEA sulla Fusione, 

corso Stati Uniti 4, Padova, Italy 

 

The RFX reversed field pinch has undergone major modifications of the load assembly and 

is now equipped with a large number of active external coils for MHD mode control. An 

integrated system of magnetic, electrostatic and calorimetric sensors has been realised to 

investigate the properties of the edge region of the plasma even at high plasma current. The 

electrostatic sensors are arranged in one toroidal array and one poloidal array, providing 

spatially and temporally resolved measurements of the floating potential and of the electric 

field. 

In the modified machine experimental campaigns have been carried out at various levels of 

plasma current. The first results concerning electrostatic turbulence in the plasma edge will 

be reported: power spectra of the signals are computed along with their decay rates, toroidal 

propagations are investigated, coherence and phase between the signals have been 

calculated as well as the toroidal correlation length and the wave number-frequency spectra. 

Modal analysis has been applied to the data, to study the presence of coherent modes. 

The probability distribution functions of fluctuations are found to display non-Gaussian 

tails at the lowest scales (intermittency) in a wide range of parameters. The correlation with 

global relaxation phenomena is presented. 

Such results are compared with the findings of other diagnostic systems, like the internal 

arrays of magnetic field coils. 
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Dependence of electron density profiles on m=0 modes  in the RFX experiment 

R. Lorenzini, F. Auriemma, A. Canton, S. Martini, P. Zanca,  

S.Cappello, A.Cravotta, G.Spizzo 

Consorzio RFX, Associazione Euratom-ENEA sulla Fusione, 

Corso Stati Uniti 4, I-35127, Padova, Italy 

 
In RFP machines the magnetic fluctuations and the associated field stochastization are 

responsible for the transport in the region of plasma internal to the reversal radius. 

The main role in generating transport is attributed to the magnetic perturbations that 

are resonant in the internal region of the plasma (m=1 modes) and in the region of the 

reversal (m=0 modes). Reconstructions of the magnetic modes eigenfunctions and 

numerical simulations with guide-center codes suggest that these two classes of 

magnetic modes play different roles in determining the confinement properties of the 

plasma, but detailed experimental studies on this topic have not yet been done.In this 

paper we present an investigation of the influence of m=0 and m=1 modes on density 

profiles in the RFX experiment. A statistical analysis has been done on a database of 

≈600 pulses where detailed density profile measurement where available. The shape 

of the density profile has been correlated with the amplitude of m=1 and low n (< 7) 

m= 0 modes derived from normalized radial magnetic field, Br , measured at the 

plasma edge. The selection of the low toroidal mode number m=0 harmonics is 

motivated by the need of avoiding any effect of the much larger m=1 modes. In fact 

the high n, m=0 spectrum receives a significant contribution from the toroidal 

coupling with the m=1 modes. Moreover, since it has been already shown that the 

density profiles are strongly dependent on I/N parameter, the analysis has been 

performed on homogeneous sets of shots at I=600 kA and similar average density.  

The study shows a clear dependence of the shape of the density profile on the 

amplitude of the m=0 modes. In particular the shape of the density profile changes 

from flat to hollow when the m=0 modes increase. Simulations with a 1D particle 

transport code show that indeed the observed differences in the density profiles are 

associated to modification of the diffusion coefficients in the resonant region of the 

m=0 modes. Numerical investigations with the guide-center code ORBIT  confirm the 

latter result, and explain it in terms of degradation of previously conserved flux 

surfaces at the reversal.  
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Transpor t analysis of FTU plasmas with multiple pellet injection  

using neutron-der ived Ti profiles and high-resolution ne profiles 

 

D. Marocco, B. Esposito, M. Marinucci, M. Romanelli,  

P. Buratti, E. Giovannozzi, C. Mazzotta, O. Tudisco + FTU and ECRH Teams 

Asssociazione Euratom-ENEA sulla Fusione, CR Frascati, C.P.65, 00044 Frascati, 

Roma, Italy 

The neutron camera installed on the Frascati Tokamak Upgrade (FTU) gives a measure of 

the 2.5 MeV DD neutron emission integrated along six radial chords. A specific new package 

using a generalized Abel inversion algorithm which takes into account the actual magnetic 

configuration of the plasma and the neutron yield monitors’ data has been developed to 

provide local neutron emissivity profiles from the neutron camera. Moreover, a newly 

installed scanning interferometer provides high time and space resolution (43 os, 1 cm) 

electron density measurements. The combined use of these neutron emissivity and electron 

density profiles (ne) allows the determination of the ion temperature (Ti) profiles. The main 

features of the inversion algorithm and of the neutron emissivity profiles as well as the 

reliability of the Ti profiles will be discussed. 

Measured Ti , Te and ne profiles have been used as input for transport analysis with the 

JETTO code to study the ion and electron thermal diffusivities in multiple pellet fuelled 

discharges of the 2004 FTU experimental campaign. Pellet fuelled discharges achieve an 

energy confinement time twice as high as gas fuelled discharges at the same line-averaged 

density [1]. The main objective of these experiments (performed at 0.8 MA and 1.1 MA at 

7.2 T) was to study the behaviour of the energy confinement time with density in the 

enhanced confinement phase and, in particular, the improvement of core confinement in 

high-density conditions (post-pellet line averaged density > 3.5 x 10
20 

m
-3

). The resolution of 

the new measurements allows to analyse in more detail the formation of the enhanced 

confinement phase and to check results from previous experiments in which ion transport 

was simply modelled as a multiple of neoclassical transport with the multiplier adjusted to 

match the total neutron rate. 

 

[1] B. Esposito et al., Plasma Phys. Control. Fusion 46 (2004) 1793 
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Microstability analysis of e-ITBs in high density FTU plasmas

G. Regnoli1, M. Romanelli1, C. Bourdelle3, M. De Benedetti1, M. Marinucci1, V. Pericoli1,

G. Granucci2, C. Sozzi2, O. Tudisco1, E. Giovannozzi1, ECRH, LH and FTU Team

1Associazione EURATOM-ENEA sulla fusione, C.R. Frascati, C.P. 65, 00044, Frascati, Italy
2Associazione EURATOM-ENEA sulla fusion, IFP-CNR, Milano, Italy

3Association EURATOM-CEA sur la Fusion DRFC/SCCP, CEA/Cadarache, France

Electron Internal transport barriers (e-ITBs) with centraltemperatureTe > 11 keV and high

densityne(0) ≈ 1 ·1020 m−3, sustained longer than 35 confinement times, can be obtainedin

FTU by the use of lower hybrid (LH, up to 1.9 MW) and electron cyclotron (EC, up to 0.8

MW) heating systems [1]. In this work we investigate the change in turbulence occurring at

the transition from standard ohmic plasmas to plasmas with adeveloped transport barrier. A

set of discharges characterized by the formation of e-ITB, have been analyzed using the elec-

trostatic gyrokinetic microstability code Kinezero [2]. The code calculates the linear stability

of electrostatic drift modes in a toroidal plasma. These modes are characterized by wave num-

berskθ ρi ranging between 0.1 and 103. In particular two subranges can be identified: modes

linked to the ion drift dynamics (0.1 < kθ ρi < 2) and modes linked to the electron dynamics

(2 < kθ ρi < 103). The contribution of trapped electrons at intermediate wave numbers is also

included. The previous version of the code has been upgradedin order to account for finite col-

lisionality which is expected to play an important role in high density FTU plasmas. A "Krook"

operator [3, 4] has been added to the Fokker-Planck equationand the new dispersion relation

obtained for drift modes has been solved. The new version of the code has been tested and the

results have been compared with the ones of GS2 code [4] whilechanging both the collision

frequency and the density gradient as done in [5]. The results obtained are in agreement with

GS2 and show that at high FTU collisionality the density gradient has a stabilizing effect for

low kθ ρi instabilities whereas at low collisionality the effect is opposite. First results from the

new version of Kinezero for FTU high density plasmas are presented in this work.

References

[1] V. Pericoli Ridolfini et al., Nuclear Fusion43 (2003), 469.

[2] C. Bourdelle, X. Garbet et al., Nuclear Fusion42, (2002), 892.

[3] G. Rewoldt, W. M. Tang and E. A. Frieman, Phys of Fluids20 , No 3, (1977), 402.

[4] M. Kotschenreuther, G. Rewoldt, W.M. Tang, Comp. Phys. Comm. 88 (1995), 128.

[5] M. Romanelli, C. Bourdelle, W. Dorland, Phys. of Plasmas11, No 8, (2004), 3845.
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Presented by M. De Benedetti on behalf of the FTU team

Associazione Euratom-ENEA, Via E. Fermi 45, 00044 Frascati, Italy

In this paper we present the results of a systematic campaign of turbulence measurements
taken on FTU in a wide variety of experimental conditions. We address in particular the
relation between turbulence behaviour and the onset of an improved confinement regime.
In FTU it is possible to obtain a variety of improved confinement regimes with either the
reduction of the electron channel heat transport or also the ion one. In the first category
we have  LH induced  electron  internal  transport  barriers  (e-ITB)  and  IBW induced
transport barriers whereas in the second category fall both pellet induced modes (PEP
modes) and RI modes induced by Ne puff. 
The turbulence behaviour is measured by means of a two-channel poloidal correlation
heterodyne  reflectometer  that  can  launch  both  an  ordinary  and   an  extraordinary
polarized wave. The system is able to identify poloidal structures down to about k�ρi=1
enabling us to observe modes in the ITG and TEM branches. The densities that may be
probed range between 3×1019 to 8×1019 m-3 for the O-mode and up to 3×1020 m-3 for the
X-mode. 
Although the improved confinement is usually restricted to a particular region of the
plasma (the foot of the barrier for instance), we have been able to observe a sharp
modification in the turbulence behaviour also outside this region which is probably due
to a global rearrangement of the profiles which drive the turbulent instabilities.  We
show that during e-ITB both power spectra and coherency are markedly reduced at the
barrier foot (see figure). In PEP modes the phase of high particle confinement is also
characterized  by a  strong  reduction  of  the  spectral  amplitude in  the  center  of  the
discharge whereas during RI modes we observe a stronger turbulence that rotates faster
during  the  improved  confinement  phase.  We  shall  report  on  how  turbulence
characteristics  scale  with  gradients  at  the  reflection  radius  and  with  other  relevant
plasma properties.

Figure 1. Comparison of turbulence spectra for two identical FTU discharges: 26669: with e-ITB,
26672: without e-ITB 
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Numerical simulation of impurity screening in the SOL of JET plasma by
the localised Deuterium gas puffing

P. Belo1, V. Parail2, G Corrigan2, J Hogan3, D. Heading2, J. Spence2, C. Giroud2 and JET
EFDA contributors b

1EURATOM/IST Fusion Association, Centro de Fusão Nuclear, Av. Rovisco Pais 1049-001 Lisbon Portugal
2
EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon OX14 3DB, UK;

3 Oak Ridge National Laboratory, Oak Ridge. TN, USA

As shown in [1], impurities can be prevented from penetrating into the plasma core in
JET ELMy H-mode discharges if the deuterium gas puff exceeds a certain level. In [1] this
was explained by noting that the neo-classical convective velocity within the edge transport
barrier changes from inward- to outward-directed when the deuterium density at the last
closed flux surface exceeds a critical level, which is reached by increasing the deuterium gas
puffing. However, it is also true that for the impurities to reach the last flux surface they first
have to penetrate the scrape-off layer (SOL). The goal of this paper is to evaluate other
processes, within the SOL, which can also contribute to impurity screening along with the
neo-classical convective velocity within the ETB.

There are several mechanisms in play which can influence the impurity behaviour in
the SOL. Impurities can be prevented from penetrating into the core by the existence of
collisional friction between impurities and the SOL flow of main ions. The impurities can be
compressed at the target plates by the deuterium flow where they can be pumped away more
efficiently. In contrast, the parallel component of the thermal force usually drives the
impurities in the opposite direction. The impurity compression was observed in DIII-D [2]
and was dependent not only on the main gas puffing level but also on the position of gas
inlet (with puffing from the outboard mid-plane being the most effective). This result was
not found in ASDEX Upgrade [3], where it was observed, though, that the level of
compression increases with the divertor neutral gas density.  Previous analysis of JET
discharges drew a similar conclusion as for DIII-D, but only for L mode. For medium
density H mode the difference in gas puff did not result in significant variation in impurity
compression [4].

An initial study of impurity compression for neon in ELMy H mode JET plasmas,
using EDGE2D/NIMBUS, shows that for low to medium densities the compression
increases with the density as shown in ref [4] and does not depend on the deuterium puff
position. However for higher densities plasmas the impurity flux to the core is significantly
lower when deuterium puffing from the top was used, the total impurity influx (ions plus
neutrals) is approximately the same as in the case of divertor puffing.  It seems that the
divertor plasma is detaching for the highest densities so the neutral impurities start
penetrating into the core directly through the SOL. This impurity penetration will be further
studied to assess the role of plasma detachment on neutral Ne leakage into JET plasma. In
addition, the interaction between Ne and intrinsic impurity (C) which affects the onset of
detachment and Ne compression due to the frictional force, will also be discussed.

[1] P. Belo, et al, Plasma Phys. Control. Fusion, 46 (2004) 1299;
[2] Wade M.R., et al, Nuclear Fusion, 38 (1998) 1839;
[3] Bosch H-S., et al, Plasma Phys. Control. Fusion, 39 (1997) 1771
[4] Groth M., et al, Nuclear Fusion, 42 (2002) 1839;
                                                          
b  appendix of J.Pamela, JET-EFDA Team in Fusion Energy 2004 (Proc. 20th Int. Conf.,Vilamoura, 2004),
IAEA Vienna 2001 CD-Rom file PD/1
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The significance of the dimensionless collisionality and the

Greenwald fraction in the scaling of confinement
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(1) UKAEA Fusion, Culham Science Centre, Abingdon, Oxfordshire, OX14 3DB.

(2) General Atomics, P.O. Box 85608, San Diego, California 92186-5608

(3) MIT Plasma Science and Fusion Center, Cambridge, MA, USA.

Although it is clear that the main dimensionless parameters which control the plasma confinement are

the dimensionless Larmor radius ρ* and the plasma β, it is unclear whether the third parameter

should be the collisionality normalised by the bounce frequency ν*, or the density normalised to the

Greenwald density limit Fgr (≡ nπa
2
/I).  To resolve this question, identity experiments have been

completed on dissimilar sized tokamaks in which first ν* and then Fgr is kept fixed.  The

dimensionless confinement times ωc τε on each tokamak are then compared.  Initial experiments 
(1)

 on

JET and DIII-D indicated that ν* was the key parameter, however one could not exclude Fgr within

the errors of the measurements.  The reason is that the difference in confinement at fixed ν* and Fgr

scales as a
0.3

, where a is the minor radius, and since the size ratio of JET to DIII-D was only a factor

of 1.6, the errors in τε could account for the 15% difference in confinement observed at fixed ν∗  and

Fgr.  Thus to obtain a more conclusive result these experiments have been repeated using data from

JET and CMOD where the size ratio is a factor of  4.

The experimental technique was as follows:- an ELMy H-mode ν* scan was carried out in JET in the

CMOD geometry with ρ*, β and q fixed at the same value as a CMOD pulse.  The ν∗  scan

encompassed pulses in which ν* was the same as in the CMOD pulse, and at lower collisionality,

pulses in which Fgr was the same as in the CMOD pulse.  It was found that when the ν* on both

machines was similar the dimensionless confinement times ωc τε were very close, whilst in the case

when the Greenwald fractions Fgr were close the dimensionless confinement time in JET was a factor

of 2 larger than that of the CMOD pulse, confirming that the key dimensionless confinement

parameter is indeed ν*.

The scaling of the confinement in this particular ν* scan was ωc τε ∝  ν*
-0.5±0.06

.  This is similar to the

dependence seen previously in high collisionality DIII-D scans where ωc τε ~ ν*
-0.56± 0.06

.  The

collisionality of these particular JET scans is similar to that of the high collisionality DIII-D scans,

and is approximately a factor of 10 higher than normal JET operation. The strong dependence on

collisionality is in contradiction to the IPB98(y,2) scaling which is independent of collisionality, but

is in agreement with the recent more sophisticated statistical analysis 
(2)

 of the ITER database.

The main implications for ITER, which will be discussed in the paper, are that the confinement

properties of the standard ITER operating scenario will be more similar to low collisionality JET

plasmas than those in the vicinity of the Greenwald limit.

1) Petty, C.C. et al., “Similarity in H-mode Energy Confinement:  ν* rather than n/n limit should be

kept fixed” (2004) Plasma Phys. Control Fusion 46 A207.

2) Cordey, J.G. etal., IAEA-CN-116/IT/P3-32.  Fusion Energy Conference, Vilamoura, Portugal,

2004.

This work was partly funded by EURATOM and the UK EPSRC.

*See the Appendix of J.Pamela et al., Fusion Energy 2004 (Proc. 20th Int. Conf. Vilamoura, 2004)

IAEA, Vienna (2004). 
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Turbulence exper iments in reversed and standard-B field configurations in 

the JET tokamak 
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Considerable amount of work has been developed in the past to diagnose turbulence in 

forward field experiments in the plasma Scrape-Off-Layer (SOL) of the JET tokamak. Recent 

observations from the reversed field campaign allow the previous analysis to be extended to 

this configuration. This work shows a comparative study of the structure of turbulent 

transport and fluctuation level in magnetic configurations when toroidal fields and plasma 

current are reversed. Experiments were carried out in the plasma boundary region using a fast 

reciprocating Langmuir probe system. In both magnetic configurations a reversal in the phase 

velocity of fluctuations (shear layer) has been observed in the proximity of the last closed 

flux surface.  The shear layer location provides a convenient reference point for the 

comparison in the structure of turbulence in normal and reversed field configurations. Basic 

turbulence properties (e.g. level of fluctuations, ExB turbulent transport) are comparable in 

normal and reversed field configurations. Typical values in the proximity of the shear layer 

location are the following:  normalized level of fluctuations in the ion saturation current of 

10–20 %, root mean squared level in floating potential in the range of 50%, mean frequencies 

of 50 kHz and poloidal wave numbers in the range of 1 cm
-1

.  In both configurations, the 

local ExB turbulent transport has been measured neglecting the influence of electron 

temperature fluctuations. The maximum in the fluctuation flux appears to be linked to the 

location of the velocity shear layer; in the scrape-off-layer side of the velocity shear IExB 

decreases when moving radially outwards.  

The parallel SOL flow on JET has been shown to change from M||~0.5 in forward field 

to M||~-0.1 in reversed field. This change is significantly larger than predicted by the fluid 

transport code EDGE2D with classical drifts [1]. Experiments in forward field have pointed 

out the possible influence of turbulence in explaining a component of the anomalous flows 

observed in the SOL [2].  A comparison of the parallel turbulent forces (Reynolds stress) in 

both field directions will be presented and their influence on flow generation discussed. 

References: [1] K. Erents et al., PPCF (2004); [2] C. Hidalgo et al., PRL (2003) 
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Analysis of Electron Internal Transport Barriers in JET low and reversed
shear discharges
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1 FOM-Institute for Plasma Physics Rijnhuizen, Association EURATOM-FOM,
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One of the foreseen scenarios for the future nuclear fusion experiment ITER relies on a careful
tailoring of the safety factor (q) profile and the usage of Internal Transport Barriers (ITBs). As
reactor conditions are characterized by dominant electronheating, and consequentlyTe ≥ Ti, a
large part of the heat flux is carried by the electron heat channel. Hence the study of electron
thermal transport and electron ITBs (eITBs) in regimes withdominant electron heating is of
great importance for ITER.

In recent JET experimental campaigns, various scenarios with dominant electron heating
were performed. In most of these discharges, low power LowerHybrid Current Drive (LHCD)
was applied during the pre-heating phase; in some cases thiswas extended into the main heating
phase. Due to the low-power off-axis LHCD the magnetic shears was reduced, but still positive.
In many of these discharges indications of a weak eITB were present, but a strong eITB was
not observed. Combined with older JET discharges which had high-power LHCD and (usually)
reverseds [1], now a database of predominantly electron heated discharges is available which
covers the full range from strongly reversed shear via low shear to standard positive shear.

In two ways the presence of eITBs in the experiments is analyzed. First, local reduction of
electron thermal diffusion is searched for by means of localpower balance analysis, performed
with the CRONOS code [2]. Second, the so-calledρ∗ ITB analysis [3] is used; here an eITB
manifests itself as a local enhancement ofρ∗, which is a measure for the inverse gradient length.

It is established how the sustainment and quality of the ITB depend on the heating sce-
nario and on magnetic shear. It appears that in these discharges with dominant electron heating
and without strong external momentum input, i.e. without strongE ×B shear, reverseds is a
prerequisite to achieve a well-established eITB. However,the dependence of electron thermal
transport ons does not seem to be governed by a sharp threshold: a gradual decrease ofs leads
to a gradual decrease of electron thermal transport. This role of negatives in ITB formation
corroborates results of turbulent transport modelling [4].

Linear microturbulence analysis with the KineZero code [5]is performed for these dis-
charges to assess the effect of negatives on the suppression of microturbulence at various
scale lengths. In particular, the relation between eITB position and the location where the mi-
croturbulence is suppressed is investigated.
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An ELM occurring at the outer midplane of a tokamak results in first an electron heat pulse
and later an ion heat pulse arriving first at the outer target and then at the inner target. In ex-
periments at the JET tokamak, the propagation times of the ion heat pulse to the outer and in-
ner targets have been measured to be about 100 µs and 300 µs, respectively [1].

In this work, the propagation of a heat pulse induced by an ELM localized at the outer mid-
plane is studied with the integrated core-edge transport code COCONUT in combinaton with
particle-in-cell (PIC) simulations for determination of the parallel transport properties during
the transient. COCOUNT is a self-consistent coupling of the 1.5D core transport code JETTO
[2] and the 2D edge transport code EDGE2D / NIMBUS [3]. A heat pulse is induced by in-
creasing the perpendicular transport coefficients in the edge transport barrier on the 1D core
grid radially uniformly and in the 2D scrape-off layer (SOL) radially and poloidally non-
uniformly for the duration of the ELM. Poloidally, the perpendicular transport enhancement is
distributed as a narrow Gaussian function peaking at the outer midplane. Parallel transport is
calculated kinetically.

It is determined what assumptions about perpendicular and parallel transport in the SOL have
to be made in order to reproduce the experimentally observed propagation times of the elec-
tron and ion heat pulses to the outer and inner targets as well the magnitude and distribution
of the heat fluxes. Initial results indicate that reasonable propagation times can be obtained in
simulations with relatively simple assumptions of the transport model. It is shown that the
relative amounts of ion heat going to the wall and the targets depend sensitively on the radial
enhancement profiles of perpendicular transport, the parallel flux limiting factors and the den-
sity. It is also demonstrated that ion-electron equipartition increases strongly with collisional-
ity. It is concluded that because of the strong sensitivity of the heat fluxes on the heat trans-
mission coefficients, the fluid approach assuming temporally and spatially constant transmis-
sion factors is insufficient during the transient and has to be complemented by a kinetic ap-
proach. For this reason, the parallel heat flux limiting factors and sheath heat transmission co-
efficients are determined in PIC simulations for relevant transient scenarios. Preliminary re-
sults indicate that these parameters vary strongly as a function of time during the transient.
The kinetic results are parameterized and included in the fluid simulations, whereby more ac-
curate results and predictions are obtained.
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Toroidal momentum and its shear play important roles in current tokamak experiments.
Besides influencing locked modes, shear appears to play a major role in suppressing
turbulence. It is important to understand the radial transport of plasma momentum
since future burning plasmas are expected to have relatively smaller external torques
than are typical with NBI-heated plasmas. A series of experiments were performed
in DIII-D to compare ELMy H-mode plasmas with co- and counter-NBI [1]. Pairs
of plasmas with well matched profiles, except for differing ρ∗ were shown to exhibit
Bohm scaling with counter-NBI and gyro-Bohm with co-NBI. The profiles of vtor, and
consequently Er, were significantly different.

The GYRO microturbulence code [2] is being used to simulate microturbulence in
a variety of plasma regimes. Nonlinear simulations are able to predict anomalous heat,
particle, and momentum transport. The TRANSP analysis code is used to compute
the heat, particle, and momentum flows from measured plasma profiles. This paper
compares the first nonlinear gyrokinetic simulations of angular momentum transport
with simulated heat and particle transport and with experimental results.

We used GYRO with kinetic electrons and multiple ion species to simulate ITG and
TEM modes in several of the DIII-D plasmas from the co- and counter-NBI scan, and
several co-NBI, ELMy plasmas from JET having lower ρ∗ One is a long-duration DT
plasma achieving QDT = 0.19 [3] and the other is a D-plasma with trace Ar injection [4].
Since the plasmas are close to marginal stability, the transport depends sensitively on
plasma parameters such as ∇(Ti) and Er. Ten percent reductions in ∇(Ti) can typically
drop energy flows by at least 2-fold. Thus it is of special interest to compare the relative
magnitudes of the simulated transport coefficients.

Results for the ratio χmom / χeff for the JET plasmas around r/a = 0.3-0.7 at the
steady-state times analysed are around 0.2 to 1.0. Preliminary gyro results for the JET
ELMy DT plasma at r/a=0.75 show the ratio of χmom / χi being around 0.6. We also
compare transport with and without Er shear.

∗This work has been conducted in part under the European Fusion Development Agreement and sup-
ported in part by the US DoE Contract No. DE-AC02-76CH03073.
[1] C.C.Petty, M.R.Wade, J.E.Kinsey, J.E.Kinsey, D.R.Baker, and T.C.Luce, Phys.Plasmas 9 (2002)
128
[2] J.Candy and R.E.Waltz, Phys. Rev. Letters 91 (2003) 045001-1
[3] R.V.Budny, D.R.Ernst, T.S.Hahm, D.McCune, et al., Phys. of Plasmas 7 (2000) 5038
[4] J.Ongena, P.Monier-Garbet, W.Suttrop, Ph.Andrew, et al., Nuclear Fusion 44 (2004) 124
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Edge fluctuations in the absence of large ELMs on JET
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Development of ELMy H-mode regime for standard operation on ITER requires combination
of high performance with acceptably small ELMs, in order to avoid damaging intermittent
loads on boundary surfaces, while maintaining plasma density and impurity control. One
avenue being explored towards this goal is to access well-confined states in which ELMs
intrinsically become small in amplitude. The “Type II”  and “mixed” regimes on ASDEX-U
and JET, high βp “grassy” regime on JT-60U and JET, “EDA” H-mode on Alcator C-Mod
and JFT-2M, and “QH”-mode on DIII-D and ASDEX-U have all made progress in this
direction. One important feature they have in common, however, is an increase in continuous
edge turbulence compared to usual intervals between Type I ELMs, which mediates steadier
exhaust through the pedestal region and so averts (or delays) large bursts.

The aim in this study is to begin a systematic examination of edge fluctuations in ELM-free
periods on JET in order to clarify their evolution towards and relation to the mechanisms of
benign effluxes mentioned above. Measurements with distributed magnetic coils and density
reflectometry are considered. Three main influences on edge features are investigated: the
additional heating scheme; magnetic shear as governed by shaping and edge safety factor; and
pedestal collisionality ν ped

e∗ . At moderate ν ped
e∗ , intervals between ELMs on JET tend to be

dominated by intermediate frequency ( ≈ 20 - 80 kHz ) “washboard” modes [1,2], which have
toroidal periodicities n ≈ 5 - 10 and rotate in the electron diamagnetic drift direction. They
occur for either NBI or ICRF heating and affect the recovery of pedestal electron temperature.
They seem to become less evident at low ν ped

e∗ , however, and both their bandwidth and

number of harmonics reduce at opposite high ν ped
e∗  for which Type II or mixed ELMs, or EDA

states, are typically observed. At the same time, edge particle confinement is lowered,
allowing the pedestal density to become constant throughout ELM-free periods even though
central density and radiated power do not. Power spectra of these fluctuations and their
location within the pedestal are contrasted with those of mixed and Type II plasmas on JET to
illumine the transition to increased pedestal transport. Favourability of high ν ped

e∗  for such

regimes further suggests a possible influence of neo-classical transport and / or reduced
bootstrap current density. The contribution of the former is evaluated with the JETTO local
transport code, while the HELENA / MISHKA codes are used to examine changes in edge
stability against ideal MHD modes. The foregoing fluctuations are also compared with
signatures of QH-modes, which again exhibit multiple harmonics in a similar frequency range
but so far only at low pedestal collisionality.
[1] P Smeulders et al,  Plasma Phys. Control. Fusion 41 (1999) 1303
[2] C P Perez et al,      Plasma Phys. Control. Fusion 46 (2004) 61

UKAEA authors were funded jointly by the United Kingdom Engineering & Physical
Sciences Research Council and by EURATOM.
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The recent progress in two slightly different aspects related to predictive transport 

modelling of ITBs in JET plasmas is reported. The first aspect is related to the progress 

achieved in using a physics-based transport model to predict the time evolution of ITBs. Past 

modelling results with the Weiland transport model have indicated that it is not able to repro-

duce the time dynamics of ITBs in a satisfactory way for JET ITB plasmas [1]. A new version 

of the Weiland model, released recently, includes among other a varying correlation length as 

well as a stronger dependence on magnetic shear and elongation [2]. The simulations with the 

new version predict the location and strength of ITBs in better agreement with experiments 

than the old one. This demonstrates further the important role played by the magnetic shear 

and the q-profile in governing the ITB physics. The sensitivity of the simulation results with 

respect to different plasma parameters, such as Zeff, geometry, gas puffing etc. is investigated. 

 The second progress has been made when using the experimental poloidal rotation vθ 

in the transport simulations of ITBs. Normally, neo-classical vθ is assumed in all simulations. 

In the JETTO transport code, vθ is calculated by the NCLASS code [3]. However, there is 

strong experimental evidence that vθ is not neo-classical within the ITB in JET plasmas [4]. 

As a consequence, the radial electric field and further the ωExB shearing rate, calculated and 

used in transport simulations of ITBs, are inconsistent with experiments. This could be one 

reason why the physics-based transport models tend to fail to reproduce ITBs satisfactorily in 

JET and other tokamaks. In this work, the effect, when using the experimental vθ instead of 

the neo-classical one, on the ITB triggering and location is investigated with JETTO. In addi-

tion, the differences in the magnitude of the radial electric field and the ωExB shearing rate 

between the simulations with the neo-classical and experimental vθ are thoroughly studied.  

[1]  T. Tala et al., IAEA Fusion Energy Conference, Portugal,  November 1-6 2004, TH/P2-9.   

[2]  J. Weiland and I. Holod, Phys. Plasmas 12 012505 (2005). 

[3] W. Houlberg et al., Phys. Plasmas 4 3231 (1997). 

[4] K. Crombé et al., “Poloidal rotation dynamics in the JET ITB region”, to be submitted to  

      Phys. Rev. Lett. (2005).  
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The ExB stochastic drift in magnetized plasma turbulence determines trajectory trapping: a 

typical trajectory has a complicated shape with localized segments where the trajectory 

turns on almost closed paths (trapping events), separated by long jumps. It was shown that 

the presence of trapping determines memory effects (represented by a long tail of the 

correlation of the Lagrangian velocity) and a rich class of anomalous diffusion regimes in 

the presence of a decorrelation mechanism  [1]. The trapping has also collective effects: it 

determines coherence in the stochastic motion in the sense that bundles of trajectories form 

localized and temporary structures similar with fluid vortices [2]. We analyse in this paper 

the statistical characteristics of these trajectory structures and determine the dependence of 

their size and formation time on the parameters of the turbulence. They determine a non-

Gaussian distribution of the displacements with a sharp maximum in zero. A very strong 

anomalous clump effect characterizes neighbouring trapped trajectories, which have clump 

lifetimes much longer than the time of flight. The evolution of the distance between two 

trajectories is slower than Richardson law and depends on the Eulerian correlation of the 

stochastic potential. 

We analyse the effect produced by the trajectory structures on a passively advected field (a 

density) and address the complicated problem of the self-consistent plasma turbulence 

from a new perspective based on the statistical properties of the characteristics of the 

equations for electron and ion responses. 

 

1. M. Vlad, F. Spineanu, Physica Scripta T107 (2004) 204. 

2. M. Vlad, F. Spineanu, Phys. Rev. E 70 (2004) 056304. 

P-4.045,   Thursday June 30, 2005



Suppression of the particle fluctuation-induced fluxes and spectral 

analyses of the plasma oscillations with ITB and ETB formation at FT-2 

experiment 

 

S.I. Lashkul, S.V.Shatalin
*
, A.B. Altukhov, A.D. Gurchenko, E.Z. Gusakov,  

V.V. Dyachenko, L.A.Esipov,  M.Yu. Kantor,  D.V. Kouprienko, A.Yu. Stepanov,  

A.P. Sharpeonok, A.V. Pavlov,  A.Yu. Popov,   E.O.Vekshina
*
. 

 
A.F.Ioffe Physico-Technical Institute, Politekhnicheskaya 26, 194021,  St.Petersburg, Russia, 

Serguey.Lashkul@pop.ioffe.rssi.ru, 
*St.Petersburg State Polytekhnical University, St.Petersburg, Russia,  

 

Abstract 

Registration of the poloidal and radial components of the electric field and density 

fluctuations at the same time during one discharge permits to measure the transport reduction 

mechanism of the radial and poloidal particle fluxes near LCFS and SOL [1]. The new micro 

turbulence experimental data at FT-2 tokamak and their analysis show, that the radial electric 

field Er generated at the LH heating (LHH) in the FT-2 is high enough to form the transport 

barriers. Change of the transport process at the plasma periphery during additional Lower 

Hybrid Heating (LHH), when external (ETB) transport barrier followed by Internal (ITB) 

transport barrier is discussed. 

The effect of L-H transition after LHH pulse end was observed first on FT-2 tokomak 

[2]. Recently new mechanism responsible for ETB form is proposed. The main attention has 

been done on the self-consistence interaction of the edge and hot plasma core during ITB 

and ETB formation. Systematization of all data permits deduce, that at L-H transition and 

ETB formation at r=7.5 - 8cm the negative radial electric field is generated near LCFS by 

transition processes (observed no monotonic radial profile of Te near LCFS with positive 

dTe/dr and Er ~ - dTe/dr). Such induced negative Er after RF pulse gives fast rise to a quasi-

steady-state ゎ0(t) drift fluxes with reversed direction structure, like "zonal flows", which 

may inhibit transport across the flow. 

The plasma periphery fluctuation parameters Ne
~
 and Eし

~
 measured by multipin 

Longmuir probes near LCFS are analysed. As it turned out, a sharp decrease of the power 

spectra Ps in the frequency band ∆F from 0.1 to 0.2 and from 0.2 to 0.5 kHz start when ITB 

is formed. The paper deals with microturbulance structure study. The experimental and 

simulation data are presented. 

[1] S.I. Lashkul et al. 31th EPS Conf. on Contr. Fus. and Pl. Phys. 2004, Vol. 28B, P-4.154. 

[2] Budnikov V.N. et al. JETP Lett.59 (1994) 685 
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Χαλχυλατιονσ οφ τωο−φλυιδ εθυιλιβρια ανδ τρανσπορτ φορ τυρβυλεντ πλασµα 

ωιτη σηεαρεδ φλοωσ 

 

Α.Ψυ. Χηιρκοϖ 

 

Βαυµαν Μοσχοω Στατε Τεχηνιχαλ Υνιϖερσιτψ 

Μοσχοω, 105005, Ρυσσια. Ε−µαιλ: χηιρκοϖ≅ποωερ.βµστυ.ρυ 

 

Τηε µοδελ ινχλυδινγ εθυλιβρια ανδ τρανσπορτ εθυατιονσ ισ συγγεστεδ φορ τηε πλασµα 

ωιτη λοω−φρεθυενχψ δριφτ τυρβυλενχε. Το φινδ τηε σελφ−χονσιστεντ σολυτιονσ ωε χονσιδερ τωο−

φλυιδ εθυλιβρια ασσυµινγ πλασµα στατε χλοσε το τηερµοδψµαµιχσ εθυλιβριυµ. Συχη 

αππροαχη αλλοωσ το υσε τηερµοδψναµιχσ ρελατιονσ το χαλχυλατε πλασµα παραµετερσ [1]. 

 Το τακε ιντο αχχουντ ραδιαλ τυρβυλεντ τρανσπορτ ωε υσε τρανσποτρ εθυατιονσ (φορ 

παρτιχλεσ ανδ ηεατ ενεργψ) ωιτη παρτιχαλ ανδ τηερµαλ διφφυσιϖιτιεσ χαλχυλατεδ αχχορδινγ τηε 

µοδελ οφ ιντεραχτιονσ οφ παρτιχλεσ ανδ ωαϖεσ [2�4]. 

 Εξαµπλεσ οφ χαλχυλατιονσ αρε πρεσεντεδ φορ τηε πλασµα χονφιγυρατιονσ ωιτη φλοω 

σηεαρ ανδ µαγνετιχ σηεαρ. Ποσσιβιλιτιεσ οφ µοδελλινγ οφ εθυλιβρια ωιτη τρανσπορτ βαρριερσ αρε 

δισχυσσεδ.  

 

[1] Λ.Χ. Στεινηαυερ, Πηψσ. Πλασµασ 6, 2734 (1999). 

[2] ς.Ι. Κηϖεσψυκ, Α.Ψυ. Χηιρκοϖ, Τεχηνιχαλ Πηψσιχσ 49, 396 (2004). 

[3] Α.Ψυ. Χηιρκοϖ, ς.Ι. Κηϖεσψυκ, 30
τη
 ΕΠΣ Χονφ., ΕΧΑ 27Β, Παπερ Π−4.23 (2003). 

[4] Α.Ψυ. Χηιρκοϖ, Τεχηνιχαλ Πηψσιχσ 49, 1586 (2004). 
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ECR heating and impur ity radiative cooling in Tokamak Plasmas 
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The problem of combined radiative heating by electron cyclotron waves and radiative 

cooling on impurities is under consideration. The theoretical modeling is based on the EC 

heating code, transport code ASTRA and the impurity radiation code. The combination of 

these codes takes into account energy balance of the input power and the power losses due to 

the impurity radiation and transport.  
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Figure. Experimental radiative losses vs 

minor radius in Ohmic (OH) and ECRH (EC) 

regimes in T-10 tokamak. 

The EC heating causes the increase of the neutral flux into the plasma resulting in a change 

of the impurity ionization balance which in its turn changes the value of the radiative losses. 

It results in a more sharp temperature 

gradients across the magnetic surfaces. 

As a result the impurity transport is 

modified strongly. The specific 

calculations were performed for the T-10 

tokamak conditions (R/a = 1.5m/0.3m, 

Ipl=225kA, Btor=2.5T, Te(0) = 1-2keV, 

ECRH~1MW) with carbon and argon 

impurities. The cases of on-axis and off-

axis EC heating are considered. The 

results of calculations were applied for 

the interpretation of experimental data on 

T-10 of the Ar line spectra distribution on 

the minor radius. Estimates of transport 

coefficients under the conditions of ECR heating can be extracted from the comparison of 

the theoretical and experimental data. The effect of EC heating on the distribution of 

radiative losses over the minor radius in T-10 tokamak is presented in the figure. One can 

see a large modification of the radiative losses profile due to the ECR heating. The work is 

supported by NWO-RFBR Grant Nr.047.016.016 and Grant RFBR Nr. 04-02-17567.  
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Modulating phenomena in T-10 tokamak plasma under EC heating 
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The analysis of the forced macroscopic plasma oscillations under the modulated ECH 

is presented. The power supply system of the T-10 gyrotron complex secures EC-power 

modulation with deep ~ 10 - 15%. This ensures the specific oscillations of thermal and upper 

thermal electron components. The measuring complex of EC emission on first (O-mode) and 

second (X-mode) resonance gives possibility to register besides temperature profiles also the 

characteristics of upper thermal electron flux up to ~ 300 keV was used as main diagnostics. 

In regimes with sow-tooth oscillations, tree kind of amplitude-frequency modulation of 

electron energy are evolved. First, the forced oscillations (to 40% of deep) are observed 

practically into total plasma volume. The current frequency (~ 1.5 - 2 kGz) is widened by the 

cross-modulation with plasma current density oscillations. As rule, the even harmonics of 

modulated frequency are developed in plasma. Plasma temperature oscillation spectrum in 

the vicinities of q = 1, 2, 3 zones is the set of even monochromatic harmonics with satellites 

on power supply excitation frequencies (± 300, 600 GHz).  Third kind of modulation is 

developed as the spikes of emission from the plasma center with amplitude ten times more 

than the temperature background. Certain correlation between ECE from the central aria and 

the boundary region shows to essentially nonlocal character of transport processes. Spectrum 

dynamics of Langmuir oscillations (0.5 – 20 GHz) shows that just this kind of oscillations is 

the ground of non local transport and takes part essentially in plasma self organization 

process. The analysis of upper thermal electron spectrum dynamics shows to pulsation of the 

toroidal electric field in central plasma zone with amplitude up to 1 V/cm. The experimental 

data contradict to so cold “island” model. The background of process are the non linear 

pinch-waves (“zero-mode”). They essentially depend on value of electric field and lead 

together with action of potential plasma oscillations to the space modulation of plasma 

current. The radial drift movement of plasma creates the toroidal oscillating plasma 

movement as result of periodical change of radial electric field sign. The nonlinear pinch of 

plasma are demonstrated in experiment.  
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Multifractal nature of the edge plasma turbulence suggests subordinated process in

some stochastic time. To investigate a subordinated process of plasma turbulence as Markov

one, the waiting-time statistics has to be analyzed. The waiting-time is defined as the time

interval between two consecutive maxima in burst intensity.  It can be argued that, if the

triggering of the bursts are not correlated the process should be somehow related to a

Poisson process, and the probability distribution function (pdf) of the waiting times, should

be an exponential law:  P(t)= t0
-1

 exp(-t/t0).

We have examined  Langmuir probe signals  from the T-10 tokamak and NAGDIS-II

linear machine.  The pdf’s of the waiting-time series are typically not decayed exponentially.

Typical power low exponent of the pdf’s is of –3 ~ -2. Multifractal analysis has shown the

waiting-time statistics is multifractal one (i.e. the scaling behaviour of absolute moments  is

described by a convex function) with the same multifractality spectrum as for amplitude

fluctuation one.  Multifractal spectrum exhibits a parabolic behaviour. The lack of an

exponential law for pdf and multifractal statistics of waiting-time allows to consider the

problem of subordinated process and related issue of the signatures of self-organized

criticality (SOC) paradigm.  From our analysis, the lack of exponential decay of pdf for

waiting-time in edge plasma turbulent dynamics observed in the T-10 tokamak and

NAGDIS-II linear machine   has raised criticism about the applicability of the SOC concept.

 Another conception of the edge plasma turbulence modelling we have to consider is

an idea of the stochastic time in the process. The idea of modelling stochastic process as a

Brownian motion in a “fractal time” can be found in many approaches. In such concept,

subordinated processes are Markov processes in a time variable that is  itself an (increasing)

random process. Experimental analysis of data from the T-10 and NAGDIS-II has shown

that the edge plasma turbulence can be modelled as stochastic process with multifractal time.
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Turbulence-driven poloidal flows identified as Zonal flows are theoretically 

predicted to be responsible for plasma turbulence saturation. Zonal flows are extensively 

investigated since they act to moderate plasma turbulence and transport in peripheral region 

of a tokamak. Geodesic acoustic modes (GAM) as a class of higher-frequency Zonal flows 

are the radial electric field structure localized in narrow radial zone with m = 0 and n = 0 in 

toroidal plasma. These oscillations are most accessible to experimental study. Doppler 

reflectometry has recently been employed to detect the GAM as oscillations of poloidal 

velocity in the ASDEX Upgrade tokamak. The similar experimental technique has been 

used to reveal the GAM oscillations in the TUMAN-3M tokamak during the L-H transition 

triggered by various methods. The Doppler reflectometry is based on evaluation of rotation 

velocity from the Doppler frequency shift of back-scattered radiation that is expected under 

microwave oblique incidence onto cutoff surface. The diagnostics has the spatial and 

temporary resolution sufficient to detect variations of poloidal velocity on the GAM 

frequencies. The incident beam frequencies were chosen in such a way that microwave 

cutoff was inside last closed flux surface (LCFS). A spectral analysis allows to recover 

coherent oscillations of the frequency shift in a range 20 – 40 kHz. These frequencies are 

close to the GAM frequencies calculated for electron temperature 40 – 100 eV in the 

plasma edge. The GAM oscillations were observed not in each tokamak discharge. The 

coherent oscillations are detected only during the transition to the H-mode provided the 

cutoff is near to LCFS. The correlation between scattered radiation power and the Doppler 

shift fluctuations was revealed at the time of the GAM oscillation onset. The correlation 

indicates some nonlinear mechanism of impact of the GAM oscillations on the plasma 

turbulence. 
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The core plasma potential was studied by Heavy Ion Beam Probing (HIBP) in the T-10 

tokamak (R = 1.5 m, a = 0.3 m). To probe the plasma core, Tl+ ions were accelerated up to 

250 kV. This allowed us to observe the radial range 20-25 cm for the toroidal field B0= 2.33 

T. The observed radial interval moves towards the plasma center with B0 decrease. For B0 = 

2.12 T, the observed radial range was approximately 13 - 20 cm.  

The core plasma turbulence was studied by the correlation reflectometry. 

In the Ohmic plasmas (B0 = 2.33 - 2.5 T, Ip = 180 –260 kA, ne = 1.5-1.8 x10 19 m-3) 

the plasma potential in the observed region was negative. The slope of the potential profile 

gives us the estimation of the mean radial electric field in a range of Er = -100 – -150 V/cm.  

In the ECR heated plasmas with on- and off-axis power deposition (PEC = 0.4 – 1.2 

MW) the depth of the potential well becomes significantly smaller. The potential follows by 

the electron temperature, getting the additional value up to + 400 V, still remaining negative. 

The estimation of the mean radial electric field gives a range of Er = -10 – -30 V/cm. 

Also we observed the link between the plasma potential and ECRH power: the 

stronger power leads to the higher absolute potential. This tendency was also found in TJ-II 

stellarator during experiments with the ECRH power modulation [1].  

The drift rotation velocity V[E×B] derived from HIBP potential profile and the 

turbulence rotation velocity obtained by the correlation reflectometry were compared.  

 

The work is supported by Federal Atomic Energy Agency of RF, and Grants RFBR 02-02- 

17727, NSh-1608.2003.2, INTAS 2001-2056 and NWO-RFBR 047.016.015. 

 

[1] L.I. Krupnik et al. 31-st EPS Conf. on Plasma Phys., London, 2004, P4.181. 
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Heavy impurity ion transport is considered in the helical plasma under the drift waves 

perturbed potential, which is written in the form , where ])(exp[),(
~~

tiMNi yLhLt //H?H

0rr /?t  is the radial distance from the rational magnetic surface with the rotational 

transform mn /?k  [1]. There are considered the heavy ion transport in the vicinity of two 

adjacent rational magnetic surfaces with the rotational transforms  and 

. The role of the estafette of drift resonances [2] in such case is studied.  The 

trajectories of the passing particles can form the rational drift surfaces. If there are some 

adjacent rational drift surfaces with the drift rotational transform , , 

, then the magnetic perturbations with the wave numbers ( ), ( ), (

mnr mn /)( 2

, ?k

mnr mn
||?|| /)( 2

,k

mn /* ?k mn ||? /*k

mn ||||? /*k nm, nm ||, ), nm ||||  

can lead to some families of drift islands. Overlapping of the adjacent resonance structure is 

the reason for the stochasticity of the particle trajectories. If a particle trajectory passes 

through the set of perturbations this test particle can escape from the center of the 

confinement volume to the periphery. However the process in the back direction is also 

possible. The investigation of integral transport properties is carried out.  The helically 

trapped particles with the orbits of the helical banana-type can be transferred into the 

“toroidally trapped” particles under the effect of this electromagnetic field. This process also 

is reversible. That is why it is important to understand the conclusive result. The numerical 

simulation is carried out with the use of  Newton-Poisson equation system. As the test particle 

the tungsten ion is taken. 

This work is partly supported by the Science and Technology Center in Ukraine in the 

framework of the Project N 2313.  
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Comparative Numerical Analysis of the Tungsten Transport in Drift 

Optimized Stellarator Ergodic and Nonergodic Plasma Configurations 

 

Oleg A. SHYSHKIN
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2
Max-Planck-Institut fur Plasmaphysik, EURATOM Assosiation, Teilinstitut Greifswald, 

D-1791 Greifswald, GERMANY 

 

Simulation of the tungsten ions transport is carried out for two magnetic field 

configurations, ergodic and nonergodic, in the HELIAS stellarator with five periods of the 

magnetic field. Both configurations correspond with the finite plasma pressure 

parameter %3?d . At the heart of new numerical code, which is developed, the integration 

of the guiding center equations with the use of magnetic coordinates is put. The ergodic 

magnetic field configuration is presented with the use of additional magnetic filed 

perturbations  141711 ?nm  and 182222 ?nm  to create the island chains, which overlap 

and give raise to the stochastic layer at the radial position  of plasma radius. Coulomb 

scattering of the tungsten ions on the background plasma particles (electrons, deuterons and 

tritons) is simulated by means of discretized collisional operator [1], which is presented in 

terms of pitch angle scattering and energy slowing down and scattering. The changes of 

tungsten ion charge state is taking into account by coronal model as for the pseudo particle 

model [2]. The background plasma temperature profile for the ergodic configuration 

considered to possess the flattening in the stochastic layer region. The diffusion coefficients 

for tungsten ions in two plasma configurations are evaluated in accordance with commonly 

known expression
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In W7-AS stable quasi-stationary plasmas with volume averaged beta in excess of 3% 

have been achieved [1,2]. Pressure driven instabilities are considered to be the only MHD 

modes potentially causing energy saturation or plasma collapses. Current driven instabilities 

such as kink- and (neoclassical) tearing-modes as well as internal and major disruptions are 

eliminated by net current-free operation. Energetic particle driven Alfvén eigenmodes do not 

play a significant role due to the low fraction of fast ions in the favourable high density 

regime. Operational limits are typically set by the available heating power, excessive density 

or changes of the plasma equilibrium (critical Shafranov shift, development of a stochastic 

boundary layer) resulting in a decreased effective plasma radius [2]. The observation of 

improved stability towards high plasma beta is attributed to the deepening of the magnetic 

well and the increase of magnetic shear. An important factor is the existence of low order 

rational surfaces in the steep pressure gradient region. Under certain conditions fast MHD 

events (< 100 os) are observed causing partial collapses of the plasma energy. It is shown by 

scans of configuration and plasma parameters, that this instability scales as expected for 

resistive ballooning modes. The ideal ballooning stability analysis [3,4] indicates that high-d 

plasmas reach the second stable regime along a stable path close to the marginal stability 

boundary. In configurations with a wider unstable gap bifurcations of the plasma beta occur 

corresponding to transitions from the first to the second stability regimes. Resistive balloning 

modes can be avoided by using optimized configurations, and they are not expected to be 

relevant in W7-X or in stellarator reactor relevant regimes [5]. 

 

[1]  A. Weller et al., Plasma Phys. Control. Fusion 45 (2003) A285-A308. 

[2]  M.C. Zarnstorff et al., 20
th

 IAEA Fusion Energy Conference 2004, paper EX/3-4. 
[3]  S.R. Hudson and C.C. Hegna, Phys. Plasmas 10 (2003) 4716. 
[4]  R. Sanchez et al., J. Comput. Phys. 161 (2000) 589.  

[5]  L.E. Sugiyama et al., 20
th

 IAEA Fusion Energy Conference 2004, paper TH/P2-30. 
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MHD-Stability studies for a high-β PIES W7-X equilibrium

C. Nührenberg

Max-Planck-Institut für Plasmaphysik, EURATOM Association, Wendelsteinstraße 1,

D-17491 Greifswald, Germany

For a high-β equilibrium representing the W7-X standard high-mirror case — which has
been obtained using the PIES code in its free-boundary version1 — various aspects of
MHD stability are investigated. The evaluations of the local ballooning and Mercier
criteria complement the global stability studies done with the Code for the Analysis of
the Stability of 3d equilibria (cas3d). Various types of global ideal MHD eigenfunctions
have been determined and have all proven stable: (i) free-boundary low-poloidal-node-
number modes, (ii) fixed-boundary medium-poloidal-node-number modes, and (iii) fixed-
boundary high-poloidal-node-number modes.
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Stable ideal MHD eigenfunctions in the W7-X standard high-mirror case at 〈β〉 = 0.041:
low-node-number free-boundary (dominantly M=7, N=6, left frame), medium-node-num-

ber fixed-boundary (dominantly M=26, N=22, middle), high-node-number fixed-boundary

(dominantly M=65, N=60, right). The twenty largest out of 140 (281, 281) harmonics

are shown for the normal displacement, ~ξ · ∇s.

1M. Drevlak et al., to be published in Nucl. Fusion.
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On TEXTOR, a method has been developed to measure highly relativistic runaway electrons (g = 25 

MeV to 30 MeV) by synchrotron radiation. The synchrotron radiation of these electrons is emitted at 

wavelengths n > 4 om and is detected by an infrared camera. The synchrotron radiation competes with 

the thermal radiation of the wall components of TEXTOR which sets the detection limit for the 

runaways. A well reproducible scenario for runaway electron production has been set up for 

discharges with a line averaged electron density of typically 5*1018 m-3. The runaway electrons are 

created and accelerated to the required energy during the first second of the discharge and 

subsequently can be utilized as “probes” of internal structures. 

 

The Dynamic Ergodic Divertor (DED) imposes a specific magnetic structure in the plasma which has 

been calculated beforehand in the “vacuum approximation”, i.e. without considering the plasma 

response. It is, however, controversial whether this is a good approximation or whether the external 

field is shielded at the resonances. In addition, tearing modes can be excited by the perturbation field. 

The magnetic structure depends strongly on the chosen base mode of the DED; for these investigations 

the m/n = 3/1 base mode has been applied. In this mode, the magnetic field penetrates deeply into the 

plasma. 

 

The measurements show an immediate loss of runaway electrons as soon as the DED-field is applied. 

The immediate loss increases with the amplitude of the DED field. In addition it is found that quickly 

growing modes are excited in the plasma which leads to sudden runaway bursts. The synchrotron 

measurements are complemented by the detection of hard X-rays and neutrons created by the runaway 

electrons hitting the vessel walls. In addition, the spectrum of the excited plasma waves is analyzed 

which undergoes a characteristic modification at the onset of the DED. 

 
*  partner in the Trilateral Euregio Cluster 

 

P-4.058,   Thursday June 30, 2005



Excitation of Alfvén like Modes by large 2/1 Tearing Modes on TEXTOR

O. Zimmermann, H.R. Koslowski, A. Krämer-Flecken, Y. Liang, K. Löwenbrück,

R. Wolf and the TEC team

Institut für Plasmaphysik, Forschungszentrum Jülich GmbH, EURATOM Association,

Trilateral Euregio Cluster, 52425 Jülich, Germany

A new class of MHD modes has been observed at the TEXTOR tokamak (R = 1.75 m,

a = 0.46 m). The excitation of intensive 2/1 tearing modes is accompanied with the excita-

tion of high frequency modes. The new modes always appear in pairs, with slightly different

frequencies. A similar mode observation is reported from FTU [1].

TEXTOR is equipped with the Dynamic Ergodic Divertor (DED) [2]. The DED in 3/1

configuration can be used to excite a 2/1 tearing mode in a controlled and reproducible way

[3]. A rotating and saturated 2/1 tearing mode (f ≈ 2− 5 kHz) is accompanied by pairs of

high frequency modes (f ≈ 20−25 kHz). In the context of this work, the DED is used as tool

to deliberately excite this tearing mode. 2/1 tearing modes occurring without DED show the

same behaviour. These high frequency modes are observed for various discharge conditions.

In ECRH and NBI heated plasmas these modes are excited, as well as in ohmic plasma. The

new modes always appear in pairs, with slightly different frequencies. The two branches of the

high frequency modes differ by twice the 2/1 tearing mode frequency. The dependence of the

frequencies on the evolution of the 2/1 tearing mode frequency indicates, that the modes are

rotating within the 2/1 island rest frame. The mean frequency of the high frequency modes

depends on the various plasma parameters. Scalings on the magnetic field and density are

performed. A linear dependence of the mode frequency onB0/
√

ne was found, indicating an

Alfvén like type of mode. The mode number analysis yields a rotation in the electron drift

direction (negative number) for one high frequency branch and in the ion drift direction for the

other one. We obtain for the poloidal mode number determination|m| = 2 and for the toroidal

mode number|n|= 1. Using a rotating perturbation field of the DED (1 kHz and 3.75 kHz) the

rotation direction and frequency of the 2/1 tearing mode can be adjusted. The signs of the high

frequency modes changes when the 2/1 tearing mode changes its rotation direction, either. As

these Alfvén like modes appear also in ohmic discharges, fast particles cannot be the (only)

drive for these modes. New mechanisms have to identified, which drive these modes unstable.

[1] P. Buratti et al., Fusion Science and Technology45350 (2004)

[2] Special Issue, Fusion Eng. Design37335 (1997)

[3] H. R. Koslowski et al., EPS 2004, P1-124
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Influence of anisotropic pressure on the locking of 2/1 tearing modes in

TEXTOR

Y. Liang1, H. R. Koslowski1, A. Krämer-Flecken1, O. Zimmermann1, G. Bertschinger1,

M. de Bock2, M. von Hellermann2, R. Wolf1 and TEC- Team
1 Institut für Plasmaphysik, Forschungszentrum Jülich GmbH, Association EURATOM-FZJ ,

Trilateral Euregio Cluster,D-52425 Jülich, Germany
2 FOM-Institute for Plasma Physics Rijnhuizen, Association EURATOM-FOM, Trilateral

Euregio Cluster, PO Box 1207, 3430 BE Nieuwegein, The Netherlands, www.rijnh.nl

A large m/n=2/1 island (width∼ 8 cm;∼ 17% of plasma minor radius) near half plasma

radius is seeded by application of a static (dc) or rotating (ac) perturbation field with the Dy-

namic Ergodic Divertor (DED) in 3/1 configuration on TEXTOR. The 2/1 mode is locked to

the external perturbation field, i.e. it has zero frequency in dc case [1]. The sawteeth are found

to become stabilized after the 2/1 mode has been excited.

After switch off of the DED, the 2/1 island remains locked to the external perturbation field

in co-NBI (PNBI≥ 300 kW) heated plasmas, and the width of the locked island is reduced to

∼ 3 cm. The unlocking of the 2/1 island occurs only after the beam heating is switched off.

However, unlocking of the 2/1 island immediately after switch off of DED has been observed

for smaller co-NBI power level (< 300 kW) or with dominant counter-NBI heating. Once the

perturbation field induces the 2/1 islands in NBI heated discharges, the energy confinement

time is degraded from∼ 30 ms to∼ 18 ms, which is much smaller than the beam slowing

down time∼ 50ms. On the other hand, the shape of the magnetic flux surfaces within the

q = 2 surface is significantly modified due to the large size of the 2/1 island. It is horizontally

elongated at the toroidal position where one X-point is orientated towards the low field side

(LFS), and vertically elongated where the O-point is located at the LFS. The measured Shafra-

nov shift of the magnetic axis in the horizontally elongated section is much larger than that in

the vertically elongated section when co-NBI is injected into a low-density plasma, because

of a significant fraction of parallel beam pressure and the magnitude of toroidal effect [2]. Be-

cause of an increased loss of fast beam particles in counter-NBI heated plasmas, the pressure

anisotropy is smaller than that in co-injected case. The persistent locking of the 2/1 island after

switch off of the external perturbation field can be attributed to coupling with anm/n = 1/1

internal kink mode induced by a large anisotropic pressure in the NBI heated plasmas.

These experimental results show a strong influence of anisotropic pressure on the stability of

tearing modes, which should be accounted for when the (neo-classical) tearing mode scaling

for future machines (e.g. ITER) is derived on present experiments.

[1] H.R. Koslowski et al., ECA 28G (2004) P1.124.

[2] H.Yamada et al., Nuclear Fusion, Vol. 32, (1992) 25.
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Rotation dependence of tearing mode excitation by external

perturbation fields on TEXTOR

H. R. Koslowski1, Y. Liang1, K. Löwenbrück1, O. Zimmermann1, A. Krämer-Flecken1,

M. de Bock2, M. von Hellermann2, E. Westerhof2, R. Wolf1, and TEC team

1 Forschungszentrum Jülich GmbH, Institut für Plasmaphysik, Association

EURATOM-FZJ, 52428 Jülich, Germany∗

2 FOM-Institute for Plasma Physics Rijnhuizen, Association EURATOM-FOM,

PO Box 1207, 3430 BE Nieuwegein, The Netherlands∗, www.rijnh.nl

The TEXTOR tokamak is equipped with the Dynamic Ergodic Divertor (DED) [1].

The DED consists of 16 helical coils mounted on the high field side of the torus. The

helical pitch of the coils corresponds to the q = 3 surface of the plasma. The DED can

be operated with the poloidal and toroidal mode numbers m/n = 3/1, m/n = 6/2, and

m/n = 12/4. The external perturbation field can be static (dc) or rotating (ac) with

frequencies up to 10 kHz.

The DED, when operated in the m/n = 3/1 configuration, allows the intentional

excitation of an m/n = 2/1 tearing mode due to the strong m/n = 2/1 side band of

the magnetic perturbation [2]. The mode is locked to the DED field and the onset

threshold (i.e. current in DED coils) is highly reproducible. Parametric studies show

that the mode threshold scales approximately linear with the line integrated electron

density, in good agreement with the results reported from other tokamaks. The mode

threshold shows a significant increase with plasma beta when ICR heating is applied.

TEXTOR is equipped with two tangential neutral beam injectors, oriented in

direction of the plasma current and in opposite direction. The power (injected momen-

tum) is precisely controlled by apertures in the beam line. Co-injection is found to be

destabilizing, whereas counter-injection increases the mode threshold. This result is in

disagreement with the rotation dependence found on JET [3].

The dynamic operation of the DED together with the versatile neutral beam

heating system allows to discriminate between effects of rotation and beta. The influ-

ence of particle orbits and current drive when using different co/counter beam fractions

and the effect of relative plasma fluid rotation at the mode rational surface are com-

pared.

[1] K. H. Finken (Ed.), Special Issue: Dynamic Ergodic Divertor, Fusion Eng. Design 37

(1997) 335
[2] H. R. Koslowski et al., ECA 28G (2004) P1.124
[3] R. Buttery at al., Post APS-DPP 2003 Error Field Workshop, Albuquerque, New Mexico

∗partners in the Trilateral Euregio Cluster
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Main Branches of the Er ror  Field Amplification Resonance 

and their  Proper ties 

V.Igochine, S.Günter, K.Lackner, E.Strumberger, Ch.Tichmann 

Max-Planck Institute für Plasmaphysik, EURATOM-Association, D-85748 Garching, Germany 

 

In advanced tokamak scenarios plasma performance is strongly limited by the 

external kink mode. This mode can be stabilized by plasma rotation, but at the same 

time the error fields (arising for instance from asymmetric perturbations produced by 

the magnetic coils) can strongly amplify the mode and stop the plasma rotation. Thus, 

investigation of the error field amplification is one of the key issues to stabilize the 

mode. This external kink mode can be described well in the linear MHD 

approximation. We have used the linear MHD code CASTOR-FLOW
1
 to investigate 

resonances of this instability with external error fields and model existed experiments. 

It allows us to investigate these resonances in real plasma equilibriums with a resistive 

wall surrounding the plasma. 

Calculations with the CASTOR-FLOW code show that the error field 

amplification has two main branches of resonance. The first branch appears even in the 

presence of an ideal wall. This is the so-called "ideal branch" of the error field 

resonance. Behavior of this branch is in good agreement with the simple analytical 

model developed by R.Fitzpatrick
2
. We have investigated the influence of different 

factors on this branch and found that sound wave coupling has the strongest effect on 

this resonance. The other factors (Landau damping, perpendicular viscosity etc.) also 

change the resonance but to a lesser degree. A resistive wall behaves like an ideal wall 

for this branch due to the high frequency of the mode (about 1% of the Alfven 

frequency). 

The second branch requires a finite resistivity of the wall and has a much lower 

resonant frequency (comparable with the inverse resistive wall time). Landau damping 

and the plasma rotation profile are important for this “resistive wall” branch. The other 

important effect is the centrifugal force. This force becomes important for high values 

of the plasma rotation which is typical for advanced tokamak scenarios in present day 

machines. The CASTOR-FLOW code includes the centrifugal force by decoupling 

pressure perturbations to density and temperature perturbations. A set of calculations 

have been made with and without the centrifugal force.  In some cases, this force leads 

to an additional peak of the error field amplification near the “no-wall” limit (plasma 

becomes more unstable). In general, however, all calculations predict an increase of the 

resonant frequency toward the "ideal wall" limit. The error field amplification 

amplitude also increases toward the “ideal wall” limit but reaches its maximum before 

the “ideal wall”. 

                                                 
1 E.Strumberger et. Submitted to NF 
2 R.Fitzpatrick, Phys.Plas., 9, (2002) 3459 
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In the edge plasma of the CT-6B tokamak the poloidal rotation velocity based on Mirnov 

oscillations has been investigated. Polar mode diagram technique has been used to measuring 

the poloidal rotation velocity for mode m=2 and mode m=3 located at r=8.0cm and r=9.1cm 

respectively. The results show that inside of torus with toroidal field effects, the shape of plots 

are unsymmetrical, so that, the number of mode inner-side is more than outer side of machine. 

The results have been compared with measurements of poloidal rotation velocity via Mach 

probe and Doppler shift of Hc line spectroscopy. The results of experiment show that 

magnetic islands have a velocity close to bulk of plasma column rotation. Also, during 

positive limiter bias application the poloidal magnetic field oscillations first decreased and 

then after a delay time it increased with a faster speed. 

[1] C.H. Feng, et al., Chin. Phys.  (2003) 1135. 

[2] Y.B. Kim, P.H. Diamond and R.J. Groebner, Phys. Fluids B 3 (1991) 2050.  

[3] G.D. Wang, et al, Chin. Phys. Lett.  (1998) 510. 

[4] L.F. Dong et al., Phys. Rev. E  (1998) 5929. 

[5] P. Khorshid, et al., Chin. Phys. Lett.  (2001) 393.  

[6] Y.H. Xu, et al., Phys. Rev. Lett.  (2000) 3867. 
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Effect of rotating magnetic helical field on the impurity radiation and the 

magnetic island in Iran Tokamak 1(IR-T1) 

A. Hojabri
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 , M.Ghoranneviss
2
 , F. Hajakbari
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 , K. Salem

2
 and P. Khorshid

2,3
  

Physics group, Islamic Azad University of Karaj 31485-313, Iran.. 

Plasma Physics Research Center, Azad University, Tehran 14835-197,Iran. 

Physics group, Islamic Azad University of mashhad, Iran. 

In this paper an attempt is made to explain the behavior of applied resonant magnetic 

helical field on the impurity radiation and width of magnetic island in Iran Tokamak 1(IR-

T1). We report new results which indicate direct interaction between the rotating helical 

field and inherent m=2 resonant tearing modes. Experiment demonstrated that applied 

oscillating resonant magnetic fields are capable of modulating the MHD mode rotation and 

control the growth with helical mode number m=2 to apply an externally controlling field 

rotating with the same frequency of the mode. A model taking into consideration the 

torque exchange between the applied perturbations and the rotating plasma at the resonant 

magnetic surface will be used explain the rotation control by applied resonant magnetic 

filed. The penetration process of a rotating magnetic perturbation into a rotating tokamak 

plasma will be investigated. We observed that the radial component of the perturbation 

was amplified in the plasma when magnetic islands are formed, while the poloidal 

component was attenuated but, deep inside the plasma, amplified. Experimental results 

suggest that the addition of a relatively small amount of  resonant  magnetic helical field 

(l=2 & l=3) to the basic torus configuration could be effective for improving the quality of 

the discharge by reducing of light impurities radiation and suppressing major disruption. 
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Abstract 

In this study we have investigated the bulk of plasma behavior during plasma column 

rotation as non-rigid body tokamak plasma. The mode number measurement of 

magnetohydrodynamics activity has been carried out using Mirnov coils oscillations. We 

found that mode number and rotation frequency of plasma column are different in angle 

position, so that the phase data detected from Mirnov coils array located in poloidal angle 

on the inner side of chamber is more than outer side which it can be because of toroidal 

magnetic field effects. It shows that plasma column behaves as a Non-Rigid body plasma. 

Also it is observed that when mode number achieves to m=2/n=1, (q=2), plasma treat like 

rigid body and almost it leads to a major disruption. 
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Intelligent shell feedback control of

resistive wall modes in EXTRAP T2R

D. Yadikin, P.R. Brunsell, J.R. Drake

Alfvén Laboratory, Royal Institute of Technology, EURATOM-VR Association, Stockholm, Sweden

Suppression of resistive wall modes (RWM) is necessary for the reversed field pinch (RFP) fusion

device to operate for times longer than the vertical magnetic field penetration timeτw of the wall. In

RFPs, the main resistive wall modes are due to non-resonant ideal MHD modes. An active feedback

system is used to suppress the modes. In recent experiments in the reversed field pinch device EX-

TRAP T2R[1], an active feedback control system of 64 active coils (16 in toroidal times 4 in poloidal

direction) covering 50% of the toroidal surface was used to suppress m=1 RWMs with different n (m is

the poloidal and n is the toroidal mode numbers). One of the active feedback schemes that was used is

the intelligent shell feedback scheme that holds the magnetic field zero at sensor positions coinciding

with positions of active coils. Suppression of multiple RWMs was shown in EXTRAP T2R[2].

Newly installed active coils are used to form an alternative control system of 64 active coils (32

in toroidal times 2 in poloidal direction). General feature of the mentioned active coil systems is the

mode coupling effect. This appears because of the finite number of the discrete active coils. The active

system controlling the mode with the mode numbersm0, n0 produces number of the sidebands with

the mode numbersmc = m0 + j · M,nc = n0 + i · N, i, j = 1, .. whereM,N are the number of the

active coils in poloidal and toroidal directions[3].

Experimental results are presented of the RWM suppression using the intelligent shell feedback

scheme. Comparison of the active feedback systems with the different configurations of 64 active

coils (16×4 and 32×2) is done. Significant improvement in suppression of RWMs is achived for the

intelligent shell feedback scheme using the configuration (32×2) of the active coil control system.

[1] P.R. Brunsell et.al., Plasma Phys. Contr. Fusion 43(2001)1457

[2] P.R. Brunsell et.al., Phys. Rev. Lett. 93, 225001(2004)

[3] R. Paccagnella et.al., Nucl. Fusion 42(2002)1102
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Rotation evolution of tearing modes during feedback stabilization of

resistive wall modes in a reversed field pinch

M Cecconello, P R Brunsell, D Yadikin, J R Drake

Alfvén Laboratory, Royal Inst. of Tech., EURATOM-VR Association,  Stockholm, Sweden

Active feedback stabilization of multiple resistive wall modes has been experimentally

demonstrated in the EXTRAP T2R reversed-field pinch [1]. In addition to the simultaneous

suppression of several non-resonant resistive wall modes, active feedback also affects the

tearing modes resonant in the plasma centre resulting in a significant prolongation of the

plasma discharge duration.

Measurements of the helical angular phase velocities of the (m = 1, n = -31 – -11) internally

resonant tearing modes have been performed in plasma discharges with and without active

feedback stabilization using two arrays  of 2 · 64 pick-up sensor coils (toroidal and radial

field component). The results indicate that the m = 1 modes natural rotation is sustained for

longer periods in plasma discharges with active feedback. The m = 1 modes are phase-locked

and a slinky structure is formed and maintained throughout the discharge. Reconstruction of

the equilibrium magnetic field allows to follow the time evolution of the radial profile of the

helical angular phase velocities. In the early phase of the discharge the most centrally

resonant modes (n … -12) rotate in the plasma current toroidal direction with velocities of the

order of 500 krad/s, while those closest to the reversal surface (n … -30) rotate in opposite

direction with velocities of the order of –50 krad/s. The mode angular velocities have a linear

dependence on mode number, indicating that a phase locked rotating structure (slinky mode)

exists. This linear dependence is preserved in time as the most centrally resonant modes (n …

-12) slows down (… 50 krad/s). The overall behaviour shows that the slinky mode rotation is

maintained at the same velocity during the central mode slow down. An equation of  motion

for the helical angular phase velocities, in terms of viscous and electromagnetic torque [2,3],

is used for the study of the slinky evolution. The mode slowing down is delayed when

feedback is applied to non-resonant resistive wall modes. This result suggests the presence of

a coupling between the non-resonant resistive wall modes and the internally resonant modes.

[1] P R Brunsell, et al, Phys. Rev. Lett. 93, 225001 (2004)

[2] C C Hegna, Phys. Plasmas 3, 4646 (1996)

[3] R Fitzpatrick, et al., Phys. Plasmas 7, 3610 (2000)
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Effect of toroidal flow and flow shear  on the quasi-interchange 

instability in tokamaks with weak magnetic shear  
 

C. Wahlberg 

 

Department of Astronomy and Space Physics, EURATOM/VR Fusion Association,  

P.O. Box 515, Uppsala University, SE-751 20 Uppsala, Sweden 

 

Tokamak experiments in the “hybrid” scenario, as well as some experiments in spherical 

tokamaks, have q-values very close to unity in a wide area in the plasma core [1, 2]. 

Static, toroidal equilibria of this kind are susceptible to a pressure-driven, internal kink 

instability with an eigenfunction of “quasi-interchange” character [3]. In many experi-

ments the toroidal plasma rotation driven by the neutral beams is, however, quite sub-

stantial [1, 2]. It is therefore of interest to examine the consequences of such plasma 

flows for the quasi-interchange instability. The present work investigates the effect of 

toroidal flow and, especially, toroidal flow shear on the quasi-interchange mode within 

compressible, ideal MHD. Whereas weakly subsonic, rigid rotation recently has been 

shown to be stabilizing, due to the density nonuniformity on the magnetic surfaces 

created by the centrifugal force (Brunt-Väisälä effect) [4], it turns out that weak, 

negative flow shear (slowly decreasing rotation frequency with the minor radius) has a 

destabilizing effect. The reason for this is that the flow shear leads to an enhanced 

“effective” poloidal beta value dp (and an enhanced Shafranov shift) that is destabilizing 

since it is this effective dp (static plus dynamic) that drives the instability. Provided that 

the flow shear is not too large, the Brunt-Väisälä mechanism can nevertheless stabilize 

the quasi-interchange instability also if the rotation is sheared, although a higher central 

rotation frequency than in the case of rigid rotation is required. If the flow shear is too 

large, however, Brunt-Väisälä stabilization is in general not possible at reasonable 

rotation frequencies, but in the limit of very strong flow shear (characteristic length of 

the flow shear ~ radius of the q Ã 1 region) it turns out that a considerable reduction of 

the growth rate can be achieved already for quite moderate central rotation frequencies. 

 

[1] Litaudon X et al 2004 Plasma Phys. Control. Fusion 46 A19 

[2] Menard J E et al 2003 Nucl. Fusion 43 330, and Proc. 30th  EPS Conf. on Contr. 

  Fusion and Plasma Phys. (St Petersburg, 2003) vol 27A, P-3.101 

[3] Wesson J A 1986 Plasma Phys. Control. Fusion 28 243; Hastie R J and Hender T 

  C 1988 Nucl. Fusion 28 585; Waelbroeck F L and Hazeltine R D 1988 Phys.   

 Fluids 31 1217 

[4] Wahlberg C 2005, Plasma Phys. Control. Fusion (accepted for publication) 
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Theory of the straight field line mirror 

O. Ågren, N. Savenko 

Uppsala University, Ångström Laboratory, Division for electricity and lightning 

research, Box 534, SE-751 21 Uppsala  

 

A closed form expression for a marginal minimum B mirror magnetic field is  
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ratio mR , the magnetic flux tube ellipticity is 2
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 A strong density depletion near the mirrors is suggested as a mean to create a 

sufficient potential barrier to increase the electron temperature, provided the density 

ratio of the density in the regions near the mirrors to the central cell density satisfies 
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# , where 1lossj 2 . Adjusted ICRH could be a mean to 

increase the pitch angle of the ions near the mirrors, and thereby improve ion 

confinement, suppress microinstabilities by sloshing ions and achieve the required 

density depletion for electron plugging. To obtain an energy gain factor Q > 10, it is 

required that 0.1RFg > , where RFg  is the ratio of endplugging power needed to double 

the energy confinement time to the power required to build up the plasma [2].  

A nearly Maxwellian sloshing ion distribution function is constructed [3]. The 

invariance of the gyro centre flux coordinates gives two new constants of motion xI and 

yI  for this B field. Vlasov distribution functions of the form ( , , , )x yF I I g o are found to 

give locally omnigenous equilibria to the first order in d , and a closed form expression 

for the finite d  magnetic field is determined [4]. This min B magnetic field provides 

MHD stability even for a finite d , optimal ellipticity and each gyro centre drift surface 

lie on a single flux surface; thus neoclassical increase of the radial transport is absent. 

[1] O. Ågren and N. Savenko, Physics of Plasmas, 11, 5041, (2004). 

[2] O. Ågren and N. Savenko, Physics of Plasmas, 12, ID 022506, (2005). 

[3] O. Ågren and N. Savenko, Physics of Plasmas  12, ID 022504, (2005).  

[4] O. Ågren, V. Moiseenko, N. Savenko, submitted to Physical Review Letters (2005). 
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MHD equilibrium reconstruction for TEXTOR: from static to stationary

equilibria

J.W.S. Blokland1, R. Keppens1, J.P. Goedbloed1, R.J.E. Jaspers1, M.F.M. de Bock1,

and the TEXTOR team

1 FOM-Institute for Plasma Physics Rijnhuizen, Association EURATOM-FOM, Trilateral

Euregio Cluster, Nieuwegein, The Netherlands

We have reconstructed an MHD equilibrium of TEXTOR shot 95022. The reconstruction is

done using the numerical code FINESSE[1]. The code can compute static equilibria, equilibria

with purely toroidal flow, and equilibria with toroidal and poloidal flow.

In this particular TEXTOR shot, the plasma strongly rotates in the toroidal direction while

there are strong indications that poloidal flow is negligible. This makes it possible to quantify

the influence of the purely toroidal flow on the equilibrium.

From the experimental data, one reconstruction is done assuming a pure Grad-Shafranov

static equilibrium and another which takes the toroidal rotation into account. The numerical

results show that in the toroidally rotating case the Shafranov shift is roughly the same as the one

in the static case. Furthermore, one can analytically derive that the rotation shifts the density and

pressure in the radially outward direction. This implies that in the rotating case, the radius where

the pressure has its maximum is larger than the one in the static case. Also, the numerical results

show this shift in radially outward direction due to the rotation. However, the radial shift is

small because the toroidal velocity is sub-sonic. This is also the reason why the Shafranov shift

of the static and toroidally rotating case are roughly the same. Overall, there is good agreement

between the experimental data and the reconstructed static equilibrium. Taking into account the

toroidal rotation leads to a small correction on the reconstructed static equilibrium.

References

[1] A.J.C. Beliën, M.A. Botchev, J.P. Goedbloed, B. van der Holst, and R. Keppens, Journal

of Computational Physics182, 91 (2002)
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In its 3/1 mode of operation, the Dynamic Ergodic Divertor [1] installed at the TEXTOR 

tokamak creates a strong m=2, n=1 side band magnetic perturbation. Above a certain 

threshold, this m=2, n=1 perturbation field triggers an m=2, n=1 tearing mode that is locked 

to the perturbation field [2]. These well controlled, perturbation field induced tearing modes 

form an ideal target for fundamental studies of tearing mode control by local heating and 

current drive as affected by ECRH and ECCD with implications for control of neoclassical 

tearing modes.  

The suppression of the perturbation field induced m=2, n=1 tearing mode is studied as a 

function of the toroidal injection angle of the electron cyclotron waves creating both pure 

heating as well as a range of co- to counter-current drive. With the toroidal angle also the 

width of the power deposition profile is varied from ∆ρ ~ 0.02 (FWHM normalized to the 

minor radius a) for pure ECRH up to ∆ρ ~ 0.07 at the largest angles used for current drive 

(15
o
). For these largest angles, calculations indicate relatively low driven current densities. 

In both cases the deposition profile is narrower than the full saturated island width w/a ~ 

0.13 before mode suppression. In these two cases the mode suppression can be attributed 

mainly to direct heating inside the island. The difference in power deposition profiles is 

reflected in a narrower range over which mode suppression is achieved with pure ECRH as 

compared to the 15
o
 “current drive” case. 

Also modulated ECRH/ECCD is applied in phase with the island rotation. Both variations 

of the phase and duty cycle of the ECRH/ECCD are studied in detail. These experiments 

confirm that power deposition around the O-point is far more effective for stabilization than 

power deposited around the X-point.  

 

[1] K.H. Finken (Ed.), Special Issue: Dynamic Ergodic Divertor, Fusion Eng. Design 37 

(1997) 335. 

[2]  H.R. Koslowski, et al., 31
st
 EPS Conf. London (2004), ECA, Vol 28G, P1-124.  
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Extending the operational range of Improved H-modes at ASDEX Upgrade 
 
A.C.C. Sips1, O.Gruber1, J. Hobirk1, L.D. Horton1, C.F Maggi1, M. Maraschek1, V. Mertens1, 
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2Korea Basic Science Institute, 52 Yeoeun-Dong, Yusung-Gu, Dejeon, 305-333, Korea 

 
 

At ASDEX Upgrade, stationary improved H-mode discharges are obtained with 

central q above, but near 1. This allows operation at high beta, with βN up to 3.5 and good 

confinement, with H98y2(y,2) up to 1.4. Typically, this regime operates at q95 ~ 4 and low 

density (~40% of the Greenwald density). Similar experiments are also performed at DIII-D, 

JET and JT-60U under the common name “ITER Hybrid Scenario”. 

The flexible heating, fuelling and poloidal field systems at ASDEX Upgrade allow 

the typical operating conditions for improved H-modes to be broadened. The tools available 

include 20 MW neutral beam power with central and off axis beam deposition, up to 6 MW 

of ion cyclotron resonance heating and the use of 4 electron cyclotron resonance heating 

Gyrotrons at 140 MHz with up to 2MW of total input power. These heating schemes can be 

combined with various gas and pellet fuelling systems.  

Results will be presented on the extension of the improved H-mode to lower q95 to 

maximise the performance, and to higher q95 to maximise the pulse length at higher bootstrap 

current fractions. Imperative for operation at q95 ~ 3 is the tailoring of the sawtooth activity to 

avoid large (3,2) NTMs. To this aim ECCD and ICRH are used at ASDEX Upgrade. An 

important feature for going to higher q95~5 is the capability of strong heating to raise beta 

poloidal. Study of the stability of these plasmas is important, as this is one of the main 

differences when comparing to standard H-modes. 

In the past ASDEX Upgrade has shown that improved H-modes are possible at high 

plasma density, achieving high-normalised beta with type II ELM activity at the edge [1]. 

These experiments are now continued to allow documentation of the confinement and beta 

limit changes with the widest range of <ne>/nGW or ν∗ possible. These studies are part of 

international collaboration, coordinated by the ITPA, to provide a more robust extrapolation 

of this scenario to ITER. In this research, ASDEX Upgrade also focuses on the compatibility 

of improved H-mode operation with a reactor relevant, Tungsten first wall. 

 

[1] Sips A C C et al 2003 Fusion Science and Technology 44 605 
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Optimisation of Sawtooth Control using ECCD in ASDEX Upgrade

A. Manini, F. Leuterer, E. Poli, F. Ryter, W. Suttrop, D. Wagner, H. Zohm
and the ASDEX Upgrade Team

Max-Planck-Institut f̈ur Plasmaphysik, EURATOM Association, 85748 Garching, Germany

The sawtooth activity in a fusion plasma plays an important role for the determination of

both performance and plasma profiles. Since its effects can be both favourable (removal of

impurities from plasma core) and detrimental (triggering of neoclassical tearing modes, loss of

fast particles, profiles flattening), it is important to be able to externally control the sawtooth

activity in order to maximise the favourable and minimise the unfavourable effects. Electron

cyclotron heating (ECH) is a powerful tool for this purpose because it allows to deposit very

localised and intense power densities and to drive current (ECCD), which makes it possible to

locally modify the sawtooth stability in the vicinity ofq = 1.

The effects of ECH and ECCD have already been analysed in several devices, including

ASDEX Upgrade [1], where the stabilising and de-stabilising effects of ECH (perpendicular

injection, toroidal launching angleφtor = 0◦), co- and counter-ECCD (injection with toroidal

component,φtor ± 15◦) have been studied in H-mode plasmas heated by 5MW neutral beam

injection (NBI). In particular, these studies show full sawtooth stabilisation in co-ECCD at

|φtor| = 15◦ using 800kW of power. When|φtor| is increased above zero, the total EC driven

current increases and the current density profilejCD broadens, therefore the maximum in

current densityjmax

CD
increases from zero to a highest value around|φtor| = 5◦ and then de-

creases again for larger|φtor|. In particular,jmax

CD
at |φtor| = 5◦ is a factor of 2 higher than at

|φtor| = 15◦. Since the local magnetic shear nearq = 1 is a key element for the sawtooth sta-

bility, one expects that the local ECCD current density plays the key role, rather than the total

driven current. In the presented work we investigate the conditions for sawtooth stabilisation

and de-stabilisation with co-ECCD by changing the toroidal injection angle from|φtor| = 15◦

to lower values. The experiments have been carried out, as in [1], in H-modes heated by 5MW

NBI, with IP = 0.8MA, ne = 6 · 1019m−3, −2.3T < BT < −2.1T andq95 ∼ 5. Preliminary

results indicate that sawtooth stabilisation and de-stabilisation can be achieved at small values

of |φtor| using up to half of the power needed at|φtor| = 15◦. This can play an important role

in ITER, because it would reduce the constraints on both the launching geometry and the ECH

power needed for the sawtooth control.

[1] A. M ück et al., submitted toPlasma Phys. and Control. Fusion
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Plasma shut-down with fast impurity pu�on ASDEX Upgrade.G. Pautasso, C.J. Fuhs, G. Haas, C.F. Maggi, M. Marashek,J. Neuhauser, E. Wolfrum and the ASDEX Upgrade TeamMax-Plank-Institut f�ur Plasmaphysik, EURATOM Assoiation, 85748 Garhing,GermanyAbstratThe fast injetion of impurities (Neon) is routinely used to mitigate disruptions in AS-DEX Upgrade. The injetion is triggered with the loked mode signal and leads tothe onset of mitigated thermal and urrent quenhes within 5 ms. The impurity gasis injeted into the plasma with an eletromagneti valve built by Dr. Sergej Egorov,Tehnial University in St. Petersburg, and modi�ed in the IPP Laboratories. Thevalve has been working with Neon gas up to 5 bar and it has been injeting up to 180mbarl (4.5 1021 partiles) of noble gas within 2-4 ms. The valve is situated in Setor 13of the tokamak, in the mid-plane, on the low B �eld side and 1.5 m far away from theplasma edge. The gas expands �rstly into a guiding tube, then in the side-port of themahine (0.5 m2 of area) and �nally in the vessel.Measurements of plasma parameters show that the impurities are �rstly deposited atthe plasma edge and ontribute to a signi�ant inrease of the bulk plasma density onlyafter the thermal quenh.The mehanial fores on the vessel are redued by a fator of 2-3 with respet to theirrepresentative values in unmitigated disruptions. The redution of mehanial loadsin disruptions indued by the impurity gas pu� in healthy plasmas is stronger than inloked plasmas. In the ase of healthy plasmas, the time interval between trigger andthermal quenh is 1-2 ms longer and a larger impurity density may aumulate at theplasma boundary. As a onsequene the mitigation experiments with healthy plasmasmay lead to overestimating the bene�ial e�et of impurity injeton.The e�et of impurity injetion on the thermal loads onto plasma faing omponentsrequires a dediated analysis, whih is underway.Runaway eletrons are rare events and appear only in shots with a low target density.The impurity ontent in shots following a fast plasma shut-down amounts to a smallfration of the natural Zeff , does not aumulate and does not inuene the performaneof the following disharges.The valve is being developed further to work with a reservoire pressure of 10-50 bars.The modi�ed valve will allow us to investigate further the redution of fores and heatloads as funtion of the injeted number of partiles and gas pressure.
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Current Profile Modification by off-axis NBI on ASDEX Upgrade

S. Günter, J. Hobirk, G. Pereverzev, A. Stäbler, G. Tardini and the ASDEX Upgrade Team
MPI für Plasmaphysik, EURATOM-Association, D-85748 Garching, Germany

To achieve a steady state scenario with reversed magnetic shear, means for current profile control
are required. For ITER, off-axis current drive by negative ion based NBI (N-NBI) is envisaged. In
order to facilitate current profile control by off-axis NBI,ASDEX Upgrade has reoriented one of its
beam boxes towards a more tangential injection. Although inearly experiments significant differ-
ences between the loop voltages in discharge phases with on-axis heating and off-axis current drive
have been found, no evidence of changes in the current profilewas observed, in marked contrast to
predictions of the ASTRA transport code [1]. Recently more detailed experiments were performed,
investigating the current drive efficiency for different discharge conditions. It was found that the
amount of driven current strongly depends on the total heating power. Above a certain NBI power
the current drive efficiency derived from the loop voltage was well below the value predicted by the
ASTRA code. Although even at these reduced efficiencies, theremaining NBI current drive (e.g.,� 100 kA for ne = 4 � 1019) should still give rise to significant current profile modifications, no
changes in the current profile were observed (MSE, location of MHD modes). Significant current
profile modifications were however observed for low heating powers. For these discharge conditions,
both the total amount of beam driven current (obtained from loop-voltage measurements) as well as
the changes in the current profile between on- and off-axis NBI phases are in excellent agreement
with ASTRA and TRANSP simulations. Dedicated experiments have been performed to investigate
a possible influence of MHD modes: Discharges at differentq95 (between 4.0 and 6.2), excluding in
particular aq = 1 surface (q95 > 6), and the frequent absence of measurable MHD activity exclude
a dynamo-type re-arrangement of the magnetic field. Fast particle resonant modes were not observed
in any of these experiments (magnetics, SXR, reflectometry measurements are planned). If fast par-
ticle driven modes were responsible for a redistribution ofthe NBI ions one would expect a strong
influence of their velocity as well as their spatial and pitchangle distribution. At comparable heating
power, however, the results were virtually identical for a reduced beam voltage (69 kV) ensuring the
deuterium ion velocity to be below the Alfvén resonance atvA=3. This is also true for a variation
of the spatial and pitch angle distribution of the beam ions using different beam sources. The results
described above indicate a diffusive redistribution of fast ions, driven by turbulent fluctuations corre-
lated with the thermal transport. Such a redistribution would fill in the fast particle distribution in the
centre, but would also bring energetic ions into the outer, cooler regions, where they would undergo a
faster slowing-down, resulting in an overall reduced current drive efficiency. To model this effect we
included a diffusive redistribution of the fast ions into the TRANSP simulations. For the discharges
with high heating power we achieved good agreement with the experimental results for a diffusion
coefficient in the order of 0.5m2=s.

Dedicated experiments to determine the power threshold forsuccessful current profile modifica-
tion are on the way. Starting from a total heating power just below this thershold it is planned to
determine the respective influence of electron and ion heating on the driven current and its distribu-
tion.[1℄ J. Hobirk et al., “Off-axis neutral beam current drive experiments on ASDEX Upgrade”,

30th EPS conference on Controlled Fusion and plasma physics, St. Petersburg, Russia, 2003
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Predictive simulation of tokamak discharge behaviour
based on simple scalings

W. Suttrop, L. Höllt, and the ASDEX Upgrade Team

Max-Planck-Institut für Plasmaphysik, EURATOM Association, D-85740 Garching, Germany

High-confinement mode (H-mode) tokamak discharge behaviour is governed by a rich

set of physics processes, including turbulent transport, MHD stability, and atomic physics

(impurity radiation). These areas are all active fields of research. Realistic models are typ-

ically implemented by large-scale numerical codes. On the other hand, tokamak operation

requires tools for validation of planned experiments. There is a need for sufficiently simple

models that predict basic aspects of a tokamak discharge such as the ohmic transformer flux

consumption and which can be used routinely in the control room in between discharges.

We investigate a simple model which is based on scalar dependencies of global plasma

parameters: Plasma density, minimum H-mode plasma density, confinement time, radiated

power and H-mode power threshold. From these basic quantities the stored energy and

ohmic transformer current are derived. All scalings are separate for L-mode and H-mode.

The plasma density is predicted as a function of main chamber and/or divertor gas fuelling

rate as well as main chamber or divertor neutral gas pressure to allow simulating various

density control schemes. The effect of plasma shape is taken into account through a linear

regression of the upper triangularity which is obtained directly from the vertical field coil

currents. At present the model does not calculate the plasma equilibrium.

The implementation uses open source tools for maximum portability, availability and

ease of use: The time dependent simulation is implemented as a mixed discrete/continuous

state SCICOS (www.scicos.org) model. The model can be edited graphically in SCICOS.

Pre- and postprocessing is done with SCILAB (www.scilab.org). Experimental data is

obtained through MDSplus (www.mdsplus.org) which is also used to store the simulation

result. Machine dependent pre- and postprocessing routines are kept as separate modules

to allow easy porting between experiments. This allows to include checks of a planned

discharge against operating instructions for a particular tokamak. This code platform is

particularly suited for extensions of the model.

The model is in regular use at the ASDEX Upgrade tokamak. The full model, its im-

plementation and application examples for various plasma scenarious (including advanced

H-mode regimes such as the hybrid scenario and QH-mode) are described. Generally, the

flux consumption is predicted with about 10-20 % accurracy, which is useful to assist the

configuration development process. At present, the model does not include the effect of

Edge Localised Modes (ELMs); possible extensions to include this and other physics effects

are discussed.
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Experimental investigation of the dependence of the dispersion and mode

structure of drift waves on plasma collisionality

J. Zalach, O. Grulke, T. Klinger

Max-Planck Institute for Plasma Physics, EURATOM Association, Greifswald, Germany

Plasma transport perpendicular to the ambient magnetic field is largely controlled by low

frequency fluctuations as caused by plasma instabilities. In this context, drift waves play an

important role and are suggested to govern turbulence in theedge plasma of fusion devices.

The drift wave dynamics perpendicular to the magnetic field is tightly coupled to the electron

dynamics along the magnetic field. It was shown analyticallyas well as in experimental in-

vestigations that the plasma resistivity strongly affectsthe frequency of coherent drift modes

and the spatial mode structure [1, 2]. In the linear magnetized helicon device VINETA (typi-

cal parameters:ne � 1019m�3, Te � 3eV, Bmax � 100mT,Pr f � 5kW) drift waves are studied

in a low temperature, high density plasma, which is stronglycollisional. Recently an electron

cyclotron resonance (ECR) heating has been installed as auxiliary plasma heating on VINETA

(Pmw � 10kW f0 = 2:45GHz,Te � 10eV). This allows one to change the electron temperature

in the range 3eV - 12eV, thereby controlling the plasma collisionality. With the additional ECR

heating, the typical collision frequencies can be varied over three orders of magnitude. In this

paper, the development of drift wave frequency and the transition of the poloidal mode struc-

ture from radial eigenmodes in the case of low collisionality to radial-azimuthal eigenmodes for

highly collisional plasmas is studied in dependency on collision profiles.

References

[1] R.F. Ellis et al, Phys. Plasmas,22, 113 (1980)

[2] Christiane Schröder et al, Phys. Plasmas11,9 (2004)
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Effect of the plasma geometry evolution on runaway electron generation in 

tokamak disruptions.  

V.V. Plyusnin 

Association Euratom/IST, Centro de Fusão Nuclear, Instituto Superior Técnico, 

Av. Rovisco Pais, 1049 – 001 Lisboa PORTUGAL 

 

Abstract. 

Runaway electrons generated during disruptions constitute a serious problem for 

large-scale tokamaks resulting in high heat loads, melting and sputtering of the materials of 

plasma facing components and vacuum chamber. A comprehensive understanding of the 

trends of disruption-generated runaway electrons is needed to avoid their detrimental 

consequences.  

Despite continuous character of the electron acceleration in high electric fields during 

disruptions there are large uncertainties in measurements of runaway electron parameters 

and their modelling due to fast changes of plasma and magnetic configuration properties. 

This paper presents the contribution into development of the model of runaway electron 

generation at disruptions, in which mutual dependencies between evolution of the plasma 

configuration and parameters of runaway electrons have been investigated. Runaway 

electron generation has been modelled from the very beginning of current quench phase 

taking into account the changes in the cross-section and radial position of post-disruption 

current-carrying channel. The dynamics of runaway electrons, which experience the 

acceleration in the electric field, collisions with the plasma particles and the sum of 

synchrotron radiation losses due to guiding centre motion and electron gyro-motion, has 

been simulated. Primary (Dreicer) acceleration and secondary avalanching mechanism have 

been included into equation for modelling of runaway electron density. The evolution of 

electric field in the plasma has been modelled taking into account that runaway current 

substitutes the plasma resistive current and the plasma current decays exponentially during 

disruption with characteristic e-folding time.  
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Ion and mode rotation in the EXTRAP T2R device during discharges with

and without the application of feedback control

S. Menmuir1, M. Cecconello2, M. Kuldkepp1, E. Rachlew1, P.R. Brunsell2, J.R. Drake2

1 Dept. of Physics, Royal Inst. of Tech., EURATOM-VR Association, Stockholm, Sweden
2 Alfvén Laboratory, Royal Inst. of Tech., EURATOM-VR Association, Stockholm, Sweden

Measurements  have  been  made  of  the  toroidal  rotation  velocities  of  oxygen

impurities in the EXTRAP T2R [1] plasma using the Doppler shifts of spectral lines of the

different  ionisation  stages  OII  to  OVI.   The  angular  phase  velocities  of  the  internally

resonant tearing modes m=1, n=-12 to n=-31 were also measured by magnetic coils. The

time  evolution  of  the  observed  toroidal  ion  and  mode  velocities  and  the  effect  of  the

application  of  feedback control  [2]  was  studied.  Strong  parallels  were  seen between the

evolutions in time over the discharge of the toroidal rotation velocities of the most central

ion OVI and the most centrally resonant mode n=-12.  Both ions and modes had a toroidal

velocity  of  similar  magnitude  that  initially  increased  during  the  first  phase  and  then

decreased until  the end of the discharge.   The use of feedback control  slowed down the

second phase decrease in both the ion and mode velocities. 

All the oxygen ionisation stages demonstrated a similar behaviour over the time of

the discharge - an initial increase followed by a more gradual decrease in velocity - with the

lower stages, less centrally located ions, having a smaller magnitude of toroidal velocity.

It  is  suggested that  the larger central n=-12 mode was,  as seen,  rotating with the

plasma (and the ions) and that the other smaller more edge located modes were phase locked

to this mode so that the toroidal velocity of these modes as measured from the component

perpendicular to the helical field lines was locked to the variation in the central mode. This

was seen as a shift of the mode rotation profile [3]. There is a difference between the ion

velocities and mode velocities, inferred from measurement of the mode angular frequency, at

the edge.  It is suggested that the component of the velocity parallel to the magnetic field

lines (which the mode measurements do not include) may account for this difference.

[1] P.R. Brunsell, et al., Plasma Phys Control. Fusion 43 (2001) 1457

[2]  P.R. Brunsell, et al., Phys. Rev. Lett. 93, 225001 (2004)

[3] M. Cecconello, et al., (contribution submitted to this conference)
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The physics and technological importance of the study of fast ions in a burning 

plasma is well known. The Collective Thomson Scattering (CTS) diagnostic has a 

unique capability for diagnosing the phase space distribution of the confined ions; that 

is, it can provide spatially resolved measurements of the ion velocity distribution. This 

paper will present the progress of the commissioning activities of the millimetre wave 

based CTS diagnostics on TEXTOR and ASDEX-Upgrade. Both systems use mm-

waves generated by gyrotrons as probing radiation (at 110 GHz and 105 Ghz, 

respectively) and measure back-scattered radiation with heterodyne receivers with 42 

and 50 channels respectively. The steerable antennas on both systems allow different 

scattering geometries capable of measuring the fast ion distribution parallel and 

perpendicular to the magnetic field at different radial locations. The paper will also 

describe the capabilities and operational limits of the diagnostic; specifically, the 

spatial and temporal resolution, the plasma operating parameters (ECE), and 

refraction.  First results of the scattered spectrum in both the parallel and 

perpendicular directions have already been obtained from the newly upgraded CTS 

system on TEXTOR and will be presented. Preliminary results clearly show the effect 

of fast ions in the parallel direction generated by neutral beam heating. A more 

detailed analysis of this new data and comparison to simulations will be included in 

the following paper presented at this conference [S. K. Nielsen et al]. Knowledge 

gained in achieving the physics and technical objectives of both systems will be the 

stepping-stone to a CTS system on ITER. 
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The understanding of fast ion dynamics is of great importance in achieving magnetic 

confined burning fusion plasmas. Especially, the confined part of the fast alpha particles is 

of interest since these need to heat the bulk plasma in future fusion experiments such as 

ITER but may risk driving unwanted instabilities that might react back on the fast ions and 

in the worst case expel them from the plasma. 

The TEXTOR tokamak is equipped with numerous diagnostics. Amongst others it holds the 

capability of measuring the localised 1D distribution function of the confined fast ions 

using the technique of collective Thomson scattering (CTS). This diagnostic had a 

breakthrough during 2000/2001 at TEXTOR using mm waves to scatter off the electron 

fluctuations. The diagnostic has recently been upgraded at Risø and reinstalled at 

TEXTOR. 

In this contribution, the first results of the 2005 CTS commissioning experiments are 

presented including comparison with previous experimental results. Especially, the slowing 

down of fast ions due to the switching off of the NBI will be discussed. The measured time 

evolution will be compared with numerical simulations. 
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Modelling of plasma conditions for the mirror exposure study in Tore 

Supra 

B.Schunke1, C. Gil1, J. Hogan2, M. Lipa1, D. Reiter3, V.S.Voitsenya4
 

1Association Euratom-CEA, CEA/DSM/DRFC, CEA-Cadarache,  
13108 St-Paul-Lez-Durance, France. 

2Fusion Energy Division, ORNL, P.O. Box 2009, Oak Ridge, TN37831-8072, USA 
3Euratom Association, Institute für Plasma Physik, FZ Jülich, 52425 Jülich, Germany 
4Institute of Plasma Physics, NSC KIPT, Akademichna St. 1, 61108 Kharkov, Ukraine  

Due to hostile environmental conditions and access constraints many diagnostic systems 

envisaging to monitor essential plasma parameters on ITER will have to rely on mirrors to 

relay the observed light to the detectors. Demands on optical and imaging properties of these 

components are high, albeit it is expected that the optical properties of plasma facing mirrors 

(FM = "first mirrors") will change with time due to deposition and erosion processes, namely 

bombardment with charge-exchange atoms and deposition of contaminants. It is still 

unknown how exactly the synergism of these counteracting processes effects the lifetime of 

mirrors in a fusion reactor, but a simple model [1] predicts that the continuous cleaning of 

the surface due to charge exchange (CXS) atoms prevails. To check this conclusion solid 

metal mirror samples of ITER candidate materials (molybdenum, copper, stainless steel) 

were installed on the high field side of the Tore Supra vacuum vessel in 2003, where they 

were exposed to a total of 1400 plasma pulses (mainly D2) with a cumulated pulse length of 

~26000s (7h10) during the experimental campaign, which also included conditioning 

treatments such as D2 and He glow discharges as well as boronisation and a major water 

leak. The optical properties of the mirror samples in the visible and the IR were documented 

before and after exposure, as well as the surface quality [2]. To compare the plasma 

conditions found in the vicinity of the mirror samples with those expected in the ITER 

diagnostic ducts, simulations have been carried out to estimate the particle fluxes and 

densities using simulations with the EIRENE and the BBQ codes. Estimating the expected 

erosion and deposition rates due to the plasma operation using the calculated fluxes, we 

found a large discrepancy to the experimentally found values, which we attributed to glow 

discharge-cleaning contributing significantly to the erosion process. Even though the 

exposure of samples in the Tore Supra tokamak clearly demonstrates the synergy of erosion 

and deposition processes, quantitative interpretation of the data is extremely difficult due to 

the complicated interplay of events (plasma, conditioning, water leak).  

[1] V. S. Voitsenya, RSI, Vol. 70, #1 (1999), 787 

[2] M. Lipa, et. al., ISFNT, Tokyo, May 2005  
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Fast Electron Bremsstrahlung in Arbitrary Tokamak Configuration
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The non-thermal plasma bremsstrahlung has proven to be a powerful tool for investigating

fast electron dynamics in non-inductive current drive regime [1]. Accurate details of the

dynamics in momentum space have been identified by this method in the energy range 20-200

keV, leading to a better understanding of the  absorption process, either for the Lower Hybrid

or the Electron Cyclotron radio-frequency waves. Consequently, poloidal tomographic

systems are now widespread on numerous tokamaks with arbitrary poloidal shapes, with large

number of chords and refined energy spectrometry capabilities, while some machines have

also tangential observations, allowing the analysis of angular anisotropy of radiation emission

because of relativistic corrections.

Though qualitative analysis of the fast electron dynamics may be performed successfuly

directly from Abel inverted profiles in different photon energy intervals, it is also useful to

assess quantitatively if the bremsstrahlung signal level is consistent with the current level

driven non-inductively by the waves from first principle calculations using kinetic solvers

coupled with wave propagation and magnetic equilibrium codes. In that case, the relevant

approach is to compare directly line-integrated signal from experimental observations to

numerical calculations, taking into account accurately the interplay between momentum and

radial spaces. This is the consequence of the relativistic angular anisotropy of the radiation

emission and the fact that circulating and trapped electrons coexist in the plasma, effects

which are neglected by definition in the Abel inversion procedure.

The non-thermal bremsstrahlung calculations for arbitrary shape of the magnetic equilibrium

is presented, taking into account exactly the relativistic angular anistropy of the

bremsstrahlung cross-section at high photon energies, the dependence of the safety factor with

the magnetic flux surface and the poloidal variation of the electron distribution function as

deduced from bounce-averaged 3-D relativistic Fokker-Planck calculations because of particle

motion. First order drift kinetic corrections are also considered.

Simulations are performed for Tore Supra Lower Hybrid current drive discharges. It is shown

that the high/low magnetic field side anisotropy of the non-thermal bremsstrahlung that is

observed experimentaly when power deposition is off-axis, is well reproduced by

calculations, and arises predominantly from the trapped electron population, while the helical

effect of magnetic field line is almost negligible in this case. This result confirms the

important role played by collisions in the build-up of the electron distribution function, as

compared to possible anomalous radial transport contribution. Detailed quantitative

calculations are also shown for various full current drive regimes.

An interesting application of these calculations is finally presented for Reverse Field Pinch

magnetic configuration, where helical effects should be preponderant as compared to

tokamaks.

[1] «Towards Steady-State Sustainment of Electron Transport Barrier in TORE SUPRA», by

Y. Peysson et al., in Advances in Plasma Physics Research, (2003) Vol. 4, Nova Science

Publishers (New York, USA) p. 1.
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Reflectometry is now routinely used to study the density fluctuations in fusion plasmas. The 

level of density fluctuations is usually inferred from the fluctuations of the reflectometry 

signal phase. However the amplitude variation and the frequency shift of the signal can also 

provide information on the plasma displacement and on the time evolution of density 

gradient length. A crude model based on electromagnetic flux conservation gives the 

amplitude variation of the wave as a function of the time derivative of the time of flight: 

E(t) =
E
o

1+

∀ #
∀t

 where Eo is the incident wave amplitude, ! is the time of flight and E(t) 

is the amplitude of the reflected wave. At the same time the electromagnetic field frequency 

can be shifted by Doppler effect. As a first result, in the case of a global displacement of the 

plasma at constant velocity, the amplitude of the reflected wave is unchanged for moderate 

displacement velocity of the plasma. From a full-wave code, one can see the cut-off layer 

moving towards the inner plasma region while the plasma is moving in the direction of the 

reflectometer and vice-versa. These facts, suggesting a frequency shift, have been verified 

for continuous injected waves as for pulses. Another case where the cut-off layer position is 

fixed and the density gradient length varies continuously in time, which can be associated to 

a plasma expansion or to a density profile relaxation, has been studied. In this case the time 

of flight variation implies a change of the reflected wave amplitude in accordance with our 

model. The frequency is also up shifted if the density profile length increases continuously in 

time. Studying the propagation of pulses we can also notice that the pulse spectrum becomes 

narrower as the variation velocity of the density gradient length increases. In conclusion, the 

amplitude of the probing wave is modified only by the change of the density gradient length 

in the vicinity of the cut-off layer or by all of the processes, which modify the time of flight 

in the plasma only. The displacement of the cut-off layer induces only changes of the 

frequency of the probing wave. 2D effects as poloidal distortion of the cut-off layer will be 

also presented.  
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Fast swept heterodyne reflectometer [1] can provide routinely information on the density 

fluctuations of fusion plasmas. If the frequency sweep is fast enough the density fluctuation 

can be considered as "frozen", a criterion will be given to have an idea of the frequency 

sweep rate needed to freeze the density fluctuations. If the density fluctuations can be 

considered as frozen, the phase variations during the frequency sweep can be seen as a 

filtered image of the density fluctuations for a small amplitude of the density fluctuations 

(less than 3% in our cases). For higher density fluctuation level, the non-linear contributions 

mix up the phase response and it becomes difficult to recover the density fluctuation existing 

in the plasma. When the density fluctuation amplitude becomes high enough to build a hill-

hole system, the phase jump distribution should be connected to spatial statistical properties 

of the turbulence. These different cases have been computed with full-wave codes and will 

be presented. In the case of the O-mode, the phase responses of coherent density perturbation 

have been determined under the Born approximation [2], by including these wavenumber 

and density gradient length dependencies in the wavenumber spectrum of the input density 

fluctuation, a filtered image is produced similar to those obtained from a full-wave code with 

the same density fluctuation input. A correction, taken into account of the dependencies 

mentioned before, is applied to the phase response, then a radial picture of the density 

fluctuation can be rebuilt for each frequency sweep at a given time while the density 

fluctuation amplitude stays small and then a pdf of density fluctuation can be made in space 

or in time at a fixed radius. This method is similar to the data processing used to access to 

the radial wavenumber spectrum deduced from fast frequency sweep reflectometer data[3]. 

A discussion on the nonlinear distortions of rebuilt density fluctuations will be also made.  

[1] Clairet F, Bottereau C, Chareau JM, Paume M and Sabot R (2001) Plasma Phys. Cont. Fusion 43 429. 

[2] C. Fanack, I. Boucher, S. Heuraux, G. Leclert, F. Clairet, XL Zou (1996) Plasma Phys. and Cont. Fusion 38, 1915. 

[3] S. Heuraux, S. Hacquin, F. da Silva, F. Clairet, R. Sabot G. Leclert (2003) Rev. Sci. Instrum. 74, 1501-1506. 
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Helium Plasma discharges are commonly used for wall conditioning in tokamaks to reduce the 

deuterium inventory in the walls and to assess recycling and particle transport models by comparing the 

appropriate physical quantities in a helium plasma to those measured in deuterium plasmas. Furthermore, 

by adding helium (puffing, injection) to deuterium/hydrogen plasmas for impurity screening purposes, 

one creates a cold dense peripheral plasma (recombining plasma) able to spread the particle and heat 

fluxes escaping from the hot plasma core. Under such conditions of high plasma densities and low 

temperatures, high-n triplet lines (with some few singlet lines) emitted by neutral helium can be observed 

like in the JET divertor [1] and the linear divertor plasma simulator NAGDIS-II [2]. Like high-n Balmer 

deuterium lines in deuterium plasmas, high-n triplet lines emitted by neutral helium can be used for 

plasma diagnostics. Therefore, fitting experimental spectra with calculated line profiles allows the plasma 

electron density and temperature to be deduced respectively from the Stark profiles of resolved neutral 

helium triplet lines and from the continuum slope. For that purpose we performed calculations of high-n 

line (triplet-triplet transitions) profiles of neutral helium for conditions relevant to tokamak divertor 

plasmas. The calculations presented here concern the atomic structure of high-n helium states (direct and 

exchange matrix elements) and their utilization in the Stark broadening calculations carried out with the 

PPP line shape code [3]. In the Stark broadening calculations, ions and electrons are treated with the static 

and impact approximations.  

 

 

 

                                                 
[1]  F. Rosmej et al. 30th EPS Conference on Contr. Fusion and Plasma Phys., St. Petersburg, 7-11 July 

2003 ECA Vol. 27A, P-1.176 
[2] D. Nishijima et al., J. Nucl. Mater. 290-293 (2001) 688 

[3] B. Talin et al., JQSRT 58 (1997) 953 
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We have developed a new way to stably maintain a detached plasma based on the feedback on 

the level of H- or D- which is produced in the course of the mutual neutralization of MAR in 

the periphery of the plasma on the linear divertor plasma simulator, TPDSheet–IV [1,2].  It is 

found from the experiment that the detached plasma is steadily maintained in the 

neighborhood of the target plate under feedback control of the secondary gas-flow rate so as 

to maximize the value of the negative ion density at constant neutral pressure.  The new 

system has achieved the goal of reducing the target heat flux while simultaneously 

minimizing the amount of gas puffed in a detached plasma without radiative and three-body 

recombination processes. 

 

[1] A.Tonegawa, M.Ono, Y.Morihira, H.Ogawa, T.Shibuya, K.Kawamura and K.Takayama,  

J. Nucl.Mater. 313-316 (2003) 1046. 

[2] M.Ono, A.Tonegawa, K.Kumita, H.Shibuya, and K.Kawamura, J. Nucl.Mater.337-339   

(2005) 261. 
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The measurement of alpha particle loss is thought to be one of the important issues

on ITER diagnostics.  For machine protection, it is important to monitor the

bombardment location and the heat load.  Moreover, the measurement of temporal

behaviour of lost alpha signals, and that of pitch-angle and energy distribution will be

substantially useful in order to understand the underlying physics.

An IR camera can be used to monitor loss imaging as a slow but robust method.

However, there is no discrimination of alpha signals from other ions. Ceramic

scintillators, which are fixed on the first wall, might be useful to enhance alpha particle

signals from the background. Filtered camera imaging will provide information of

bombardment location. A tilted surface will also help to discriminate alpha signals. The

key of this method is whether scintillators do not change the efficiency at high

temperature, because they will be exposed to temperature above 200°C even if a cooling

system is equipped.

We have been developing ceramic scintillators, which is capable to function at high

temperature.  Several types of ceramics containing scintillation materials were tested

under plasma and beam bombardment, and we found at least one type which does not

change the efficiency in the temperature range of 50 – 270 °C.

Conceptual design of a lost alpha imaging system using it, and that of a lost alpha

probe which has pitch-angle and energy resolution will be presented.
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The importance of a relativistic downshift frequency effect on electron cyclotron emission

(ECE) in high temperature plasma is well recognized since the relativistic effects modify the

relation between the frequency and the spatial position. Previous calculation shows that the

relativistic downshift becomes very large at electron temperature (Te) typically above 5 keV,

and that the emissivity at the local position has a profile with finite extent in frequency. We

will present two results of numerical calculations about the relativistic effect on ECE. One is

the relativistic effect on Te measurement in Large Helical Device (LHD) plasma, and the

other is a feasibility of electron density (ne) measurement from ECE in tokamaks.

Since in LHD magnetic configuration the value of toroidal magnetic field has maximum

along the sight line, the emissivity at the maximum magnetic field is expected to decrease

due to the relativistic effect. We have been studied the relativistic effect in the cases that the

position at maximum magnetic field locates at the magnetic axis and off-magnetic axis (!axis-

!Bmax~0.2). We found a quasi drop of Te due to the relativistic effect at the non-relativistic EC

frequency of the maximum magnetic field in the cases. The parametric dependences of the

relativistic effect on Te measurement have been studied. The Te is higher and/or optical

thickness is thinner, the gap from the non-relativistic EC frequency is wider.  Calculation

shows that the Te at the central region (∀! < 0.2) apparently decreases less than half even at 5

keV, ne = 1x1019 m-3. Calculations also suggest that in order to avoid the relativistic effect,

the location of the observing port (Rant) should be at the opposite side of the highest magnetic

field point (RBmax) with respect to the plasma center (Raxis), i.e., Rant < Raxis< RBmax or RBmax < Raxis

< Rant.

In the tokamak, the relativistic effect results in the quasi-radial shift deformation of the Te

profile if non-relativistic EC frequency is used. Since the shift depends on ne, as well as Te

and magnetic field, there is a possibility of the ne measurement by observing from both low-

and high-field sides, and it has been confirmed by computational analysis. The parametric

dependences of the relativistic effect on ne measurement will be shown in this presentation.
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A FM (frequency modulated) laser radar system installed in the divertor port is being

studied for the possible monitoring of the erosion of the divertor plates in ITER. This remote

metrology technique has been applied for the inspection system of the first wall in TFTR and

NSTX [1]. For the measurement of erosion in ITER, the accuracy of the measurement must

be improved to 5 x 10-7, which enables the accuracy requirement of 12 µm from the distance

of 15 – 20 m to the divertor targets to be met.

In the designed optics, laser beams are expanded to the diameter of 50 mm and then

focused by a lens (f = 15.6 m). The weakly focused beams are reflected by an external

scanning mirror, which is capable of steering around the two orthogonal axes with a

resolution corresponding to 0.3 mm on the divertor target. The reflected beams are relayed by

flat mirrors into the divertor cassette and are spread over the divertor targets by a spherical

mirror ( R = 0.16 m). A beam diameter of 2.5 mm will be obtained on the divertor target for

the visible wavelength of λ = 650 nm, if a Gaussian beam distribution is assumed.

In order to estimate the feasibility of the real time measurement during the plasma

discharges, the effects of the divertor plasma on the laser beam have been simulated. It was

found that the beam deflection due to the divertor plasma was ~ 10-5 of the beam spot size

and the change in the effective path length was negligibly small (~ 10-3 of the required

accuracy). The intensity of the Bremsstraulung radiation from the divertor plasma transmitted

to the detector was found to be negligibly small (~ 10-10 of the laser power).

The distance (L) to the target is determined by the optical heterodyne technique: L = vc ∆t

/2 and ∆t = ∆f/(df/dt). Here ∆f is the intermediate frequency and vc is the speed of light in the

medium. In order to satisfy an accuracy of 5 x 10-7 in the distance measurement, the

parameters vc, df/dt and ∆f must be determined with the standard deviation of accuracy σ ≤ 3

x 10-7. A possible signal processing scheme is being studied which would enable such a

measurement of ∆f. It was found that σ ≤ 10-7 could be obtained with a time resolution of ~

10/(SNR)0.5 second for each point by frequency counting. However, if the signal level is low,

due, for example, to deposition on the mirrors, then spectrum analysis and digital processing

could be used but the time resolution would be long ( > 1 second).

[1] M. M. Menon et al., Fusion Engineering and Design, vol. 58-59, pp. 495-498 (2001).
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Radiated power measurement is an important area in fusion research. A variety of

divertor radiation profiles have been explored in JT-60U by using many sight lines of the

resistive bolometers [1]. Meanwhile infrared (IR) imaging bolometers have been developed

successfully in the Large Helical Device [2]. Imaging bolometers provide wide-angle views

equivalent to hundreds of conventional resistive bolometers. A plan was developed to study

feasibility of the imaging bolometer under burning tokamak plasma conditions [3]. An IR

imaging bolometer with semi-tangential views of the diverted tokamak has been designed

and installed in JT-60U in 2003-2004. A 2.5 microns gold absorber foil of 9 cm x 7 cm was

shown to be durable during two years of operation with 1800 tokamak discharges including

disruptions. Although the system is not completed yet, some unique analog video data from

the IR camera characterizing diverted tokamak discharges have been obtained during test

operation. A radiating toroidal ring has been mapped and recorded onto the foil as a clear

high temperature zone at the disruption, consistent with huge core radiation measured by

the resistive bolometers. Divertor radiation near the W-shaped divertor tiles of JT-60U

could be identified also in the foil image as a thick line having toroidal curvature. Using

digitized images of the analog video signal, temporal and spatial evolutions of the foil

temperature distribution are being compared with those of the radiated power measured by

the resistive bolometers. (This work was partly supported by Grants-in-Aid for Scientific Research of

the JSPS, Nos.16560729 / 16082207.) [1] S. Konoshima, et al., Plasma Phys. Control. Fusion

43 959 (2001). [2] B.J. Peterson, et al., Rev. Sci. Instrum. 72, 923 (2001). [3] B. J. Peterson,

et al., in Proc. 30th EPS CCFPP (St. Petersburg, 2003), ECA 27A, P-4.67.
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The tokamak disruption, which is accompanied by an intense heat load on the divertor 

during thermal quench and a large electromagnetic force on in-vessel components during 

current quench, is one of the most crucial issues for the next generation tokamak, like ITER 

[1]. It is known that an unstable current profile leads to growth of tearing modes. A resulting 

destruction of nested magnetic surface brings a dramatic loss of confinement, and the total 

current quenches. However, the physical processes involved in the disruption are not well 

understood yet [2]. The direct measurement inside the plasma during disruption may give a 

lot of information. However, it would be quite difficult in large tokamak devices. Small 

tokamaks have an advantage of inserting magnetic probes inside the plasma. It is realized 

indeed that the internal magnetic field during disruption has been measured by multi-channel 

magnetic probes (10 channel) inserted into the small tokamak HYBTOK-II. 

 Disruption has been driven artificially by increasing plasma current so that decreasing the 

safety factor qa. In this experiment, disruption was happened at qa ~ 3 and the plasma current 

quench was found to have two phases of slow and fast decays. A very rapid drop (~10os << 
current diffusion time) of the poloidal magnetic field at an inner layer has been observed at 

just start of current quench, resulting a flattening of the current density profile. The internal 

magnetic field starts to increase slowly after the high frequency oscillation (200kHz) of 

poloidal magnetic field following a sudden drop again. After that the phase of fast decay 

starts. Concerning the internal magnetic fluctuations before disruption, a 20kHz component 

has been observed at the edge region, while the high frequency fluctuation of 50 ~ 100 kHz is 

superposed to the low frequency magnetic fluctuation. 

 From the poloidal mode analysis by the poloidaly located external magnetic probe array, the 

growth of m = 3 mode, with the frequency of 20kHz, was observed before disruption, 

together with the growth of m = 2 mode. Therefore, it is supposed that the cause of disruption 

is overlapping of m = 2 and 3 magnetic islands. 

 

[1] ITER Physics Basis, Nuclear Fusion 39 (1999) 12. 

[2] J.A. Wesson, Tokamaks 3rd edn, Oxford University Press (2004) chapter 7. 
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A formation of the edge particle transport barrier has been observed in the neutral 

beam heated plasma in compact helical system (CHS) when the heating power exceeds a 

certain threshold [1].  In this study, plasma density fluctuations with the formation of the 

edge transport barrier (ETB) were measured using beam emission spectroscopy (BES) [2].  

The BES diagnostic detects emissions from the neutral beam atoms which are excited 

through collisions with bulk plasmas.  Since the observable region is the intersection of 

the beam line and the sightline, local values and their correlations can be obtained. 

According to the magnetic probe measurement, when the heating power is near or 

a little higher than the threshold of the transition to the ETB phase, two fluctuation modes 

are observed during the ETB phase.  One is a coherent-like low frequency oscillation with 

several kilohertz (LF modes) while the other is bursting oscillation with several tens of 

kilohertz which is similar to fishbone-modes (FB-like modes).  These modes appeared 

alternately in about every 1 msec.  On the other hand, if the heating power is much higher 

than the threshold, the LF modes and their harmonics are observed simultaneously.  In 

this case, the FB-like modes do not appear. 

These modes can also be observed using the BES diagnostic.  The fluctuation 

amplitude in the BES signals for the LF modes was the highest in the sightline near the 

last closed flux surface.  It was enhanced rapidly when the density gradient in the edge 

region exceeded a certain threshold.  The FB-like fluctuations in the BES signals revealed 

to be appeared around the normalized minor radius of 0.5. 

[1] S. Okamura et al., J. Plas. Fus. Res. 79, 977 (2003). 

[2] T. Oishi et al., Rev. Sci. Instrum. 75, 4118 (2004). 
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The efficient magnetic confinement of high-energy ions is one of the important issues 

on confinement and heating schemes of toroidal plasma for controlled themonuclear 

fusion. Since a neutral beam injection (NBI) heating is one of the main methods of 

plasma heating , it is important to investigate characteristics of high-enegy ions 

confined in magnetic fields. 

In helical systems, ion orbits are classified into five orbits judging from trajectory 

patterns of drift motions (1.passing orbit, 2.helically trapped orbit, 3.transition orbit, 

4.locally trapped orbit, and 5.lost orbit). It has been found that passing ions are well 

confined in heliotron, and tangential NBIs are employed in Large Helical Device (LHD). 

The perpendicular spectrum of high-enegy particles originally injected tangentially is 

measured using a neutral particle analyzer (NPA) based on natural diamond detector 

(NDD), and the dependence of spectrum on the position of magnetic axis (Rax) has been 

observed. This may result from that particle orbit losses depend upon Rax. 

In order to understand this, we analyze the dependence of the spectrum on Rax at 3.6, 

3.75, 3.53 m, by calculating the spatial distribution of a various factors, slowing down 

time, deflection time, density of neutral particles, critical velocity, deposition of neutral 

beam particles, and attenuation factor. We also discuss the effect of loss terms due to 

the  orbit loss and charge exchange loss on velocity distribution function of high-enegy 

ions produced by NBI, by obtaining an asymptotic solution of Fokker-Planck equation 

taking into accout of collision terms of coulomb interaction, and fast-ion source term. 

 

 

*Present address; JAXA, Tokyo 182-8522 
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Fig 2. TOF spectrometer concept 

A TOF neutron spectrometer for measurement of the fuel ratio on ITER 
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Measurement of the ratio between deuteron and triton densities in a core plasma is required 

for the burning control in ITER. As one of the methods, we investigate a possibility to get it 

from the ratio of two kinds of neutrons, i.e. that of DD reaction (2.45 MeV) and DT reaction 

(14.1 MeV). We have assumed the measurement position locating behind center chord 

collimator of the Radial Neutron Camera. We estimate the scattered DT flux at the 

measurement position using MCNP. A typical result of MCNP calculation is shown in Fig 1. 

This result shows that separation of the DD flux from the scattered DT flux is possible in the 2.4 

to 2.5 MeV ranges, and that energy resolution of spectrometer should be smaller than 0.1 MeV. 

In the present study, a time-of-flight spectrometer is examined for this measurement. The 

spectrometer is optimised for the measurement of fuel ratio by selecting an adequate distance 

between the first and the second detector (scintillator). The concept of TOF spectrometer is 

shown in Fig 2. The first detector, which has the direct sight of neutron flux, is named d0 and 

the second detector is named d1. We need (d0-d1) TOF events over 10000 so that the statistical 

error is within 1 %.  The TOF counting rate, C, can be expressed as C = Φd0 ε0 η ε1,  (where Φd0 

is the neutron flux on d0 detector, ε0 or ε1 is the detection efficiency of each detector, η is 

probability to count both on d0 and d1.). We must satisfy the following criterions in design. (1) 

The counting rate of the d0 detector must be within the 

upper limit of that of a scintillator.  (2) The d1 detector must 

count enough TOF events. (3) The system must have the 

energy resolution of 0.1 MeV. 

Fig.1. Energy spectrum in 2.0-2.8 MeV regions 
behind the center collimator 
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Direct measurement of plasma hydrogen isotope neutral particle emission has been used to 
study particle transport in TCV. A Compact NPA, CNPA [1], with mass and energy 
separation has, been used to obtain information on accumulation, propagation and relaxation 
of hydrogen particles in a deuterium background plasma using programmed H-gas puffs. The 
CNPA views the TCV plasma along horizontal view-line thought vertical centre of vacuum 
chamber; it measures hydrogen atomic flux escaping plasmas in 11 energy channels (0.64-
50 keV) and, for deuterium, in 17 channels (0.56-33.6 keV). 

A series of thermal hydrogen gas injections into a deuterium background plasma, with a 
simultaneous switch-off of the main deuterium gas injection, leads to partial replacement of 
deuterium ions by hydrogen. Some preliminary optimisation of hydrogen dosing was 
performed to keep the plasma density constant during plasma discharge. Following H-gas 
puff, count-rates in the CNPA hydrogen channels increase by a factor of 3-4 and counting 
rates in deuterium channels decrease by ~1/2. We estimate an increase of H/D density ratio 
from ~10% (typical for pure D-gas filling in TCV) to ~40% during H-gas injection. An 
algorithm [2,3] has been applied to get information on the temporal behaviour of the radial 
profile of hydrogen-to-deuterium density ratio. It exploits the spatial distribution emissivity 
functions of CX-atoms with different energies reaching the NPA being separated in space. 
Particles with low energies are mainly collected from plasma edge whilst intermediate 
energies (2-5 keV) are collected from the plasma core. The recovery algorithm uses the 
measured electron temperature and density profiles (from Thomson scattering), ion 
temperature profiles from Charge eXchange Recombination Spectroscopy (CXRS), 
information on Zeff profiles and numerical modelling of neutral density profile along NPA 
view-line with Kinetic Transport Algorithm for Atomic and Molecular Hydrogen in an 
Ionising Plasma (KN1D code) [4]. 

Before H2-gas injection, a homogeneous radial distribution for 0.45<ρ<0.75 with ~11% 
H/D density ratio was inferred. After a 15-20ms H2-puff, the nH/nD ratio evolves from a 
hollow radial profile to a flat profile. With successive H-puffs, the hydrogen profile becomes 
peaked; hydrogen “accumulation” in internal regions takes place. An estimation of effective 
diffusion coefficient without a pinch term in the diffusion equation yeilds a negative value 
<0.1m2/sec for dn/dt≅1014 cm-3sec-1, 1/r dn/dr≅1011 cm-5, d2n/dr2 ≅2x1011cm-5. This implies 
that, to explain experimental results from TCV, a plasma pinch must be considered. 
1. F.V.Chernyshev et al., 30th EPS Conf. CFPP, St. Petersburg, ECA 27A (2003), P-4.71 
2. Karpushov A.N., et al., 31st EPS Conf. PP, London, ECA Vol.28G, (2004) P-2.152. 
3. A I Kislyakov, M P Petrov and E V Suvorkin, Plasma Phys. Control. Fusion 43 (2001) 1775–

1783 
4. B.LaBombard, “KN1D”, PSFC Research Report: PSFC/RR-01-03, MIT, Cambridge (2001)  
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Toroidal Rotation Observation in Ohmic TCV Discharges

A. Bortolon, B.P. Duval, A. Karpushov, A. Scarabosio, A. Pochelon

Centre de Recherche en Physique des Plasmas, EPFL

Association EURATOM - Confédération Suisse, 1015 Lausanne, Switzerland

This paper presents measurements of toroidal plasma rotation in the TCV tokamak for ohmi-

cally heated plasmas and almost no applied torque (no heating beams).

The TCV Charge eXchange diagnostic uses a 50 keV diagnostic neutral beam (extracted ion

current ~ 2.5A) at an injection angle of 11.25º, which results in a negligible contribution to the

plasma rotation. In order to extract the plasma rotation with this low current beam, the spec-

troscopic observation was configured with 8 radial chords, each equipped with 2 fibre tele-

scopes to increase the collected light. The necessary spectral resolution (∆λ/λ<3x10-5 for

∆vφ=1 km/s) was attained by performing a spectral lamp calibration for each discharge and im-

proving the spectra analysis with a dynamic instrumental function deconvolution procedure.

For ohmic TCV discharges with  up to

8x1019 m-3 an experimental uncertainty of

2 km/s was regularly achieved near the plasma

centre (where beam attenuation becomes impor-

tant) and 5 km/s at the plasma edge (limited by

the low signal level). For limiter configuration

L-mode steady state discharges, the carbon ve-

locity is measured in the counter current direc-

tion, with central values <50 km/s (Fig.1).

Profiles are typically hollow or flat in the pres-

ence of sawtooth activity, while peaking when

q(0)>1. The plasma rotation at ρ>0.9 was meas-

ured by displacing the plasma axis vertically (so that the diagnostic chords observe the plasma

edge), with rotation velocities close to zero. In the repeated experiments the dependence of

steady state rotation profile on Ip, ne and plasma shape has been explored by means of separate

parameter scans. Momentum redistribution is observed in case of minor disruptions and density

ramps, involving a complete change of the profile. Analysis of transients allowed the evaluation

of momentum transport coefficients and comparison with neoclassical theory (presented in de-

tail in a companion paper).

Figure 1 Toroidal rotation profiles at t=1.0 s for two 
discharges with opposite plasma current (only statis-
tical uncertainty is shown).
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Metallic mirrors are foreseen for ITER for optical diagnostics observing the plasma 

radiation in the wavelength range from ultraviolet to infrared [1]. Diagnostic mirrors in the 

main chamber of ITER will likely suffer from erosion which can degrade their reflectivity 

and thus decrease their optical performance. Molybdenum and tungsten are among the main 

candidate materials to be used for the diagnostic mirrors in ITER and dedicated tests on the 

present-day machines should be made to access their performance in the tokamak plasma 

environment. Experimental studies performed in  lab devices showed that diagnostic 

mirrors made from single crystals (SC) can better withstand to erosion conditions and 

preserve their optical constants unlike the polycrystalline ones [2]. This statement has to be 

verified in a tokamak environment. 

A dedicated experiment was carried out in the TEXTOR tokamak. Polycrystalline 

molybdenum mirror, single crystal molybdenum mirror and single crystal tungsten mirror 

were installed on a specially designed sample holder and exposed for 210 seconds in an 

erosion-dominated zone in the SOL of TEXTOR under very similar plasma conditions. 

After the exposure erosion areas along with zones of deposition were observed on the 

mirrors. The deposition zones were created by carbon impurities deposited on plasma 

shadowed regions created  by the holder. Measurements of total and diffuse reflectivity of 

the mirrors have been made in the wavelength range 250-2500 nm before and after 

exposure. Refractive indexes and extinction coefficients of mirrors were measured by 

means of spectral ellipsometry. In the present paper the direct comparison is made of the 

optical performance of single crystal and polycrystalline mirrors under erosion conditions.  

[1] V. Voitsenya et al., Review of Scientific Instruments, Vol. 72, No. 1 (Jan. 2001) 475; 

[2] A.J.H. Donné et al, Proc. of 19
th

 IAEA Fus. Ener.Conf., CT/P-10, Lyon, France Oct. 14-

19, 2002.  
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Transport studies in MAST with enhanced Doppler

spectrometry
N. J. Conway, M. Wisse1, P. G. Carolan and M. J. Walsh

EURATOM/UKAEA Fusion Association, Culham Science Centre,
Abingdon, Oxon, OX14 3DB, UK

1 University College Cork, Cork, Ireland

ABSTRACT

Investigations of transport in tokamaks make increasing demands on the kinetic
measurements in terms of temporal and spatial resolutions, accuracy and extent. To
improve estimates of transport coefficients in the Mega Amp Spherical Tokamak
(MAST) enhancements were made to the existing Charge Exchange Recombination
Spectroscopy (CXRS) system, approaching the standards set by the 300 point Thomson
scattering diagnostic.  One motivation for this was the extreme electron temperature
ITB observed with counter NBI, which
was not reflected in the ions, although
the spatial resolution of the CXRS
might have hidden a weak ion ITB.  In
any case, determining the transport
coefficients was critically dependent on
ion-electron power exchange requiring
more accurate Ti profile measurements.
The spatial resolution of the new CXRS
system is comparable to the deuterium
Larmor radius, sufficient for the very
short scale lengths observed in the
counter-NBI ITBs. The new CXRS
spectrometer incorporates a holographic transmission grating and close-coupled camera
optics providing high resolution both spectrally and spatially across a large field,
allowing extensive views without compromising performance. It is coupled to a total of
224 spatial chords, including 64 toroidal chords on each of the two neutral heating
beams, as well as 32 toroidal chords viewing line emission away from the beams
(primarily from the edge).  Poloidal chords are also provided – 32 beam chords and 32
off-beam.  Preliminary results from the new system are shown in the figure: radial
profiles of ion temperature, toroidal and poloidal velocities.  The time resolution of
~5ms, throughout the discharge, allows for detailed evolution of the plasma to be
modelled (e.g. TRANSP) giving greater confidence in estimating thermal and
momentum transport coefficients.  The roles of flow shear and temperature gradients in
the formation and evolution of transport barriers can also be examined in detail.  Results
will be presented and discussed for a variety of operating regimes.

This work was funded jointly by the United Kingdom Engineering and Physical Sciences Research
Council and by EURATOM.
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Compact Torus Plasma Injector in High Repetition Rate 

S.Shimamura, F. Oota, M. Kamata, T. Asai 
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1-8 Kanda Surugadai Chiyoda-ku, Tokyo, 101-8308,  Japan 

 

 

An injection experiment of compact torus plasma with high repetition rate ( repetition 

frequency 50,70,100 kHz ) has been studied. It was know that the compact torus plasma 

( CT plasma also includes spherical tokamak ) injection with proper repetition rate was 

very effective way for fueling and sustainment of torus plasma parameter. 

Steady state tokamak plasma requires any supply and sustainment of many plasma 

parameters. The supply of fuel particles was studied experimentally by the method of 

neutral gas puffing, ice pellet injection and compact torus plasma injection. 

It is expecting that the CT plasma injection supply not only the fuel particles but 

also helicity for sustainment of plasma current and many plasma parameters. Especially 

for spherical tokamak, the injection of CT plasma is a useful way for starting up initial 

plasma without induction solenoid coil and for sustainment of plasma current. 

There are a direct current ( d.c. ) injection method and a pulse injection method for 

CT plasma injection and helicity injection. For effective fueling and sustainment, single 

pulsed injection of small CT plasma is not sufficient in many cases. Therefore high 

repetition rate CT injection is required. 

For this purpose, the experiment on CT plasma injection in high repetition rate has 

been carried out. As the repetition frequency rising from f=50 kHz to 70kHz, 100kHz, 

the accumulation effects measured by successive poloidal flux ratio increased 

remarkably from 0.7 to 1.2, 1.1 respectively even though the successive peak values of 

gun current decreased in this experiment. The CT plasma injection in high repetition 

rate is useful way for many purposes. 

While the repetition rate of CT plasma injection increases, the time for acceleration 

becomes decreases, and the attained drift length becomes short. A pulse magnetic field 

coil is required for the second stage acceleration of CT plasma to remove this problem. 
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Initial results of helicity and flow injection on TPE-RX reversed-field pinch 
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1 College of Science and Technology, Nihon University, Tokyo, Japan 

2 Graduate School of Engineering, University of Hyogo, Himeji, Japan 
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Magnetic helicity injection experiments via magnetized plasma flow have been started on 

TPE-RX reversed-field pinch (RFP).  This work aims to inject magnetized plasma flow into 

RFP plasmas in order to demonstrate a fueling, a dynamo current drive and start-up.  

Magnetized plasma flow is generated by a magnetized-coaxial plasma gun which is mounted 

radially on the mid-plane of TPE-RX.  The injector has 367mF of formation capacitor bank 

with the maximum charging voltage of 800V.  A 60kA of maximum gun current generates 

flow velocity 17km/s and 5ms duration time.  The polarity of magnetic helicity can be flipped 

by reversing the direction of a bias field.  Varying the gun voltage and/or the bias flux enables 

us to control the amount of the helicity in the plasma.  In the current machine condition, 

maximum injected helicity is approximately estimated to be 2.5mWb2.  The initial injection 

experiment had been performed successfully.  The result shows twofold increase in the 

line-averaged density; 4 ∀1018 to 8 ∀1018 m-3 with ~2.5ms rise time, which is approximately 

two times quicker than the case with gas-puffing.  Also we observed increase of the toroidal 

flux and its strong dependency on the polarity of injected magnetic helicity.  At a same 

poloidal section with the injector, averaged toroidal field increases approximately 10 % by the 

injection with positive polarity and almost no change in negative case.  This may suggest that 

helicity injection at the edge results in driving the poloidal current."
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Measurement of Absorption and Scattering of High Power EC Waves 
in Heliotron J 
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3 Centre de Recherches en Physique des Plasmas, Switzerland 

 

Plasma production and heating is routinely performed in the helical-axis heliotron device, 

Heliotron J [1] using a 70GHz 400kW ECH system [2]. The Gaussian beam with controlled 

polarization is injected from the top of the torus at the straight section where the B contour 

has a saddle type shape. Using these high power EC waves, investigated are the single pass 

absorption of the 2nd X-mode and the microwave scattering induced by density fluctuations. 

Diode detectors are installed on the top and bottom ports at the same poloidal cross section as 

the ECH launcher. No amplifying system is necessary because of its high power. 

The single pass absorption of the 2nd X-mode propagating at the oblique magnetic field is 

estimated by measuring the transmitted waves. The EC waves with 90 % X-mode and 10 % 

O-mode are launched, transmitting through a plasma of ne~0.5×1019 m-3 and Te~500eV. After 

leaving the plasma, the wave polarization is changed owing to the X-mode absorption and the 

phase change between the O- and X-modes. The polarization is measured by rotating the 

detector located at the port facing the EC launcher. The experimental results are fitted by 

adjusting the ratio and phase of the O- and X-modes. The fitting results show that the single 

pass absorption of the X-mode is estimated 92 %. This absorption efficiency is in good 

agreement with the ray tracing calculation result of 83-91 % at the electron density, 

ne=0.4-0.6×1019 m-3 [3]. Thus the single pass absorption of the 2nd X-mode is possible to 

estimate by setting the O-mode as a standard without absolute power measurement. 

The forward and backward microwave scattering induced by density fluctuations is 

measured using the same detector system. The wave number of the EC beam is 14.7 cm-1, 

corresponding to the collective scattering in any angle. The MHD modes of around 5 and 10 

kHz have been observed in the forward waves, depending on the magnetic configurations. 

The scattered signal has high correlation with a microwave interferometer signal and 

magnetic probes. The statistical approach using skewness and flatness in probability density 

function will also be presented. 
 

[1] F. Sano, et al., 20th IAEA Fusion Energy Conference, 2004, EX/9-2 
[2] H. Shidara, et al., Fusion Sci. Technol. 45 (2004) 41 
[3] H. Shidara, et al., J. Plasma Fusion Res. 81 (2005) 48 

P-4.104,   Thursday June 30, 2005



Study of poloidal flow driven by ion Bernstein waves in helical 

confinement device 

Y. Torii
1
, H. Okada

1
, T. Watari

2
, J. Arakawa

3
, H. Kitagawa

3
, M. Yokoyama

2
, Y. Suzuki

2
,  

F. Sano
1
, S. Yamamoto

1
, T. Mizuuchi

1
, K. Nagasaki

1
, S. Kobayashi

1
, K. Kondo

3
,  

G. Motojima
3
, R. Kumazawa

2
, K. Saito

2
 

1
 Institute of Advanced Energy, Kyoto University, Uji, Japan 

2
 National Institute for Fusion Science, Toki, Japan 

3
 Graduate School of Energy Science, Kyoto University, Kyoto, Japan 

 

It is known that poloidal flow shear can suppress plasma turbulence to achieve confinement 

improvement in magnetically confined plasmas. In a theoretical research, it has been reported 

that the poloidal flow is not driven through electron Landau damping but through ion 

cyclotron damping of ion Bernstein waves or fast waves[1]. In helical device, the energy 

damping mechanism of ion Bernstein waves is different from that in tokamak device owing 

to the difference of the variation of the parallel refractive index, n//[2]. In this research, the 

energy damping mechanism of ion Bernstein waves is studied in the Heliotron J device by 

use of a ray tracing method. The driven poloidal flow is also investigated by estimating the 

neoclassical viscosity. 

The rays of ion Bernstein waves are directly launched between the second and third 

harmonic ion cyclotron resonance layers in deuterium plasmas. They travel toward the 

central region with oscillating along the magnetic line of force. When n// is initially small, the 

ion cyclotron damping occurs at the second cyclotron resonance layer. Following the ray 

tracing calculation, the momentum input is estimated by a simple method. In ion heating 

mode, the momentum input in a certain direction has been observed. The driven poloidal 

flow is estimated using this result. Here the viscosity in the plateau regime[3] is employed. 

The estimation at the input power of 200kW shows that the driven poloidal flow velocity is 

about 8km/s and the radial electric field is around ten kV/m. 

 

[1] E. F. Jaeger, et al., Phys. Plasmas, 7 (2000) 641 

[2] Y. Torii, et al., Phys. Plasmas, 10 (2003) 3692 

[3] K. C. Shaing, et al., Phys. Fluids, 29 (1986) 521 
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Spontaneous Formation of Spherical Tokamak Equilibria under Steady

Vertical Magnetic Field on the LATE device

T. Yoshinaga, M. Uchida, K. Hayashi, Y. Abe, H. Tanaka, T. Maekawa

Graduate School of Energy Science, Kyoto University, Kyoto, Japan

Removing the ohmic heating solenoid from the central structure in spherical tokamak (ST)

devices is a crucial step to enjoy benefits of ST characteristics of low aspect ratio. Main ob-

jective of the LATE (Low Aspect ratio Torus Experiment) device is to demonstrate formation

of ST plasmas by electron cyclotron heating (ECH) alone without center solenoid. By inject-

ing 2.45 GHz, 20 kW microwave under a steady vertical magnetic field of Bv=34 Gauss, plasma

current (Ip) is spontaneously generated and increases slowly at the first stage of discharge. The

current distribution analysed by using a model current profile spreads vertically along the verti-

cal magnetic field near the second harmonic ECR layer (Fig.1-a). When Ip reached 0.7 kA, the

plasma current changes to a rapid increase and reaches ∼2 kA. During this "current jump", the

plasma current column expands to the high field side and small closed flux surface is formed

near the centre stack (b). After the current jump, the current distribution expands to the outboard

side (c) with some additional increase of Ip. At the final steady stage of the discharge, Ip reached

3.3 kA and the current channel spreads to the outer wall of the vessel and is detached from the

centre stack (d). The mechanism of current jump phenomena is interpreted as a transition from

the equilibrium under open external vertical field to the usual toroidal plasma equilibrium with

closed flux surfaces. Once the toroidal plasma equilibrium is established, the current is ramped

up by increasing vertical field slowly together with the microwave power. Recent experiments

achieved Ip=7.2 kA by the slow increase of Bv up to 78 Gauss with 2.45 GHz, 30 kW injection

after a spontaneous current generation of Ip=2 kA at steady Bv=15 Gauss.

References

[1] M. Uchida et al., J. Plasma Fusion Res. 80, 83 (2004)
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Figure 1: Time evolution of plasma current distribution and poloidal flux.
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 In the Large Helical Device (LHD), duration time of plasma sustained by ion cyclotron 

range of frequencies (ICRF) heating had been limited by the uncontrollable gradual 

density rise. However, the experimental campaign in 2005, a discharge for more than 30 

minutes was achieved with ICRF heating partially supported by ECH and NBI heating. 

Mode of ICRF heating was minority ion heating. Ion temperature on axis was around 2 

keV and line averaged electron density was 0.7 - 0.8 · 1019 m-3. In this experimental 

campaign, few discharges were collapsed by the uncontrollable density rise. Most 

discharges were suddenly terminated. It was thought due to the sparks that injected 

impurities into the plasmas, for the sparks synchronized with the plasma collapse were 

observed several times. However plasma duration was extended day by day. This suggests 

a kind of aging effect. The success may be also owing to the adjusting of input power and 

magnetic axis position. 

 The problem of hot spots on ICRF antenna occurred during long pulse operation. The hot 

spots were observed in two antennas in the same positions at the top of left side carbon 

protector for the discharges with the different magnetic field strength. For one antenna IR 

camera was installed to measure the temperature of the antenna. The temperature of hot 

spot and the loading resistance decreased with increasing the distance between antenna 

and plasma. For the discharge with the pulse length of more than 30 minutes, the 

maximum distance was set to decreases the temperature at the cost of the loading 

resistance. However, hot spot was observed in spite of the low injection power of 180 kW 

from this antenna, which has a capability of more than 1MW. 

 High-energy particles were observed up to 800 keV owing to long pulse length. It was 

found that high-energy particles can be confined at least this energy range. For the 

low-density plasma with a large tail, a lot of sparks were seen compared with high-density 

plasma with a small tail. Therefore mode conversion heating may be useful for steady 

state discharge because the high-energy particles cannot be created in this heating method. 
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Pellet injection on TPE-RX
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Pellet injection experiment has been carried out in TPE-RX, reversed field pinch plasma

(RFP) device. The plasma electron density increase by the D2 pellet injection is observed. D-

alpha measurement shows the trajectory deflection of the injected pellet as expected.

The ETA-BETA pellet injector has been installed on TPE-RX. The specification of the pellet

injector is as follows. The mass of the pellet is 2~5 1019 atoms and it's velocity is up to 400

m/s. The obtained pellet is same as the specifications, and is injected into the TPE-RX. The

plasma electron density with the pellet injection increases in two times of the standard plasma.

The pellet is injected into the RFP plasma from horizontal port, but the injection line is

slightly deflected from horizontal direction. Two-dimensional D-alpha measurement and

pellet velocity measurement show the pellet trajectory in 3-D. It has been shown that the

pellet is deflected to the plasma current direction at the plasma edge and goes toward the

plasma center. It is considered that the fast electrons ablate the pellet and the pellet trajectory

is deflected as expected. The D-alpha measurement also shows that the pellet is ablated at the

plasma edge, and this result corresponds with the plasma density profile measurement.
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Characteristics of High-Power-Density and Focused Neutral Beam System

H. Sakakita1, S. Kiyama1, Y. Hirano1, Y. Yagi1, H. Koguchi1, T. Shimada1 and T. Asai2
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A strongly focused neutral beam injection (NBI) system with concave electrodes is

successfully developed. As a result, very high power density as high as ~2 GW/m2 is attained

at the focal point of the neutral beam.

In magnetically confined plasmas, NBI systems have been widely used for the

purposes of heating, current drive and diagnostics. In several cases, however, a highly

focused beam with a diameter less than 100 mm is required, such as in a reversed-field pinch

plasma where NBI must be through very narrow aperture in the vacuum vessel. For this

purpose, an NBI system using concave electrodes is designed and fabricated. The extraction

aperture diameter of the concave acceleration electrode with a meniscus structure is 4.0 mm

at the ion-source side. The transparency of each electrode is ~50 %. Positive hydrogen

plasma is produced using a bucket ion source.

After more than 2000 aging shots of both electrodes and ion sources, beam power of

~1.8 MW with 30 ms duration which is ~50 % higher power value than the designed value is

attained in the case of acceleration voltage, Vacc~24 kV and extracted ion current, Iext~75 A.

Here, in order to keep Vacc constant, one of the resistances in the circuit is bypassed by

utilizing insulated gate bipolar transistor (IGBT) switches. Six resistances of 16.7 ohm each

are installed in series in the circuit and hence, the six steps of recovery of Vacc is possible. In

order to measure the beam profile, thermocouple probe is installed in the target chamber.

This movable probe can be swept in X, Y and Z directions. At 1682 mm from the electrode,

the beam diameter is ~80 mm, and that becomes broader than 80 mm at the position farther

than 1682 mm. It is estimated that the beam has a focal length of approximately ~1400 mm

which is ~460 mm shorter than the designed value. This cause might be the heat deformation

of the acceleration electrode due to the filament heat. Moreover, it is estimated that a beam

with a diameter of 345 mm at the electrode can be focused to a diameter of ~30 mm at the

focal point. This gives the beam divergence angle about ±0.75 deg, and the power density as

high as ~2 GW/m2 is attained at the focal point of the neutral beam. Therefore, the beam can

be injected to the plasmas through a narrow aperture of the vacuum vessel.
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O-X-B Mode Conversion in the TCV Tokamak
A.Mück, S.Coda, B.Duval, T.Goodman, I.Klimanov, Y.Martin, A.Pochelon, L.Porte
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Electron Bernstein wave heating (EBWH) is of interest in high density plasmas, where central

Electron Cyclotron Resonance Heating (ECRH) is limited by plasma cut-offs. At a particular

launching angle, an O-mode wave converts to X-mode at the plasma cut-off and from X-mode

into a Bernstein (B) mode at the upper hybrid resonance. The angular window for the O-X

mode conversion increases with the density gradient. Since the plasma edge density gradient is

typically lower in a tokamak than for example in a stellarator or a spherical tokamak, electron

Bernstein emission (EBE) and heating experiments in a tokamak become more restricted.

The reverse B-X-O mode conversion process, may be used to
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receive EBE at the optimum angle, as first demonstrated in

the stellarator W7-AS [1]. First results from the TCV toka-

mak will be presented using an ECRH launcher in reception

mode for EBE measurements together with their simulation

with the ART code [2], calculating the percentage of the O-X

conversion and the ray path.

Initial EBWH experiments will also be presented, showing

first encouraging results in heating an ELM free H-mode

plasma with the plasma axis in the tokamak midplane. An

increase in the soft X-ray radiation close to the plasma edge

is observed, confirmed by ART simulations which predict a

high O-X conversion rate and absorption close to the plasma

edge. In order to access the plasma center, the rays have to

be launched quasi perpendicular to the plasma boundary in

the poloidal plane as seen in the figure. To optimize central

EBW absorption, an ELMy H-mode target plasmas close to

the midplane is under development. To be able to use two

gyrotrons using equatorial launchers for EBWH, the installation of a seventh launcher in the

tokamak midplane is studied. As an alternative, a second ELMy H-mode target plasma is in-

vestigated, shifting the plasma axis as far as to the position of the four upper lateral launchers.

In this scenario, three gyrotrons are available for plasma heating, while the fourth launcher can

be used for EBE reception measurements.
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     From the viewpoint of performance of nuclear fusion plasmas, pellet injection 

experiments have been actively carried out in many toroidal devices in the sense of 

controlling density profile, obtaining high density or improved confinement, and diagnostic 

purposes. In order to have a common measure of pellet ablation, the regression study has 

been performed as an international cooperation activity, obtaining “IPAD” (International 

Pellet Ablation Database) [1]. However, these are an empirical scaling, and the mechanism of 

pellet ablation still remains to be studied.  

  According to the code calculations based on a typical pellet ablation model (e. g., 

so-called the neutral gas shielding model), it is understood that the penetration depth into 

plasma is always quite sensitive to the pellet size. If the pellet size is too large, the pellet 

passes through the plasma, and if it is too small, it is trapped at the plasma surface. Also, an 

effective or suitable range of the pellet size for a certain plasma is generally very narrow, and 

this range largely varies depending on each plasma size and plasma parameters. Thus, the 

precise controllability of the pellet size, especially the size controllability with continuously 

variable system will be quite effective in order to carry out the detailed studies on pellet 

ablation and associated phenomena. 

       A pellet injector of new type with precisely and continuously controllable system of 

pellet size is being developed. This has a unique mechanics and structure of producing a 

frozen pellet in extremely low temperature region. The central part of the pellet injector with 

continuously size-variable system is given in Fig.1. In the device presently developed in this 

research, we will precisely adjust the length of the cylindrical pellet (f 1.0mm) from 0.5 to 3 

mm by using the special "length restriction rod".糫 糫                                                糫 糫        

          

[1] L.R.Baylor et al. : An International Pellet Ablation Database, Nucl. Fusion 37 (1997) 445. 

 

 

 

 

 

 

 

 

 

! Fig.1 The central part of the pellet injector with continuously size-controllable system  
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A Sykes, F. Alladio
1
, P Costa

1
, G Cunningham, A.Dnestrovskij

2
, M Gryaznevich, M.

Hood, A.Mancuso
1
, G. McArdle, P. Micozzi

1

   EURATOM/UKAEA Fusion Association, Culham Science Centre, Abingdon,

Oxfordshire OX14 3DB, United Kingdom.

 
1
EURATOM-ENEA C.P. 65 I-00044 Frascati (Roma) Italy

2
Kurchatov Institute, Institute of Nuclear Fusion, Moscow, Russia

Obtaining the plasma current in any ST is a challenge as there is limited space

for the central solenoid; indeed this is absent in most proposed ST fusion devices due

to the high neutron flux, there being no space for an effective shield. A range of start-

up techniques will be described, with special emphasis on the Merging-Compression

(M-C) method of plasma formation used on START and MAST, and a ‘Double Null

Merging’ (DNM) scheme whereby two initial plasmas formed in low-order nulls

between Poloidal Field coils are merged. This latter scheme has the advantage that the

coils could be outside the vacuum vessel, in contrast to the M-C scheme which

requires in-vessel coils.

Results from M-C confirm that high temperature plasmas are obtained from

merging, as noted in merging experiments in US [1] and Japan [2]. The M-C scheme

is well established having been used routinely in both START and MAST; on MAST

ST plasmas of 500kA are produced in 10ms. Recent experiments using the DNM

scheme have produced 340kA of plasma current, with central electron temperature of

0.5keV, and density of 9 x 10
19

m
-3

, the discharge then decaying over a period of 0.3s

in the absence of any flux from the central solenoid.

Results from MAST also show that for established and well - conditioned

plasmas (typically in H-mode confinement) the loop voltage needed to provide a given

current ramp rate decreases as the amount of NBI (Neutral Beam Injection) power

increases. Modeling suggests that at NBI powers in excess of 4MW it should be

possible to ramp-up an initial plasma - provided that this initial plasma is hot enough

to absorb the beam and has good confinement. Improvements to the M-C and DNM

schemes are planned to facilitate this process.

  

This work is funded jointly by the UK Engineering and Physical Sciences Research

Council and EURATOM.

[1] S C Hsu et al, PRL 84 (2000) p 3859

[2] Y Ono et al, PRL 76 (1996) p 3328;  Univ Tokyo Annual Report 2002, p 26
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Ablation rate calculations with a quasi two dimensional

pellet code
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The injection of deuterium pellets into fusion plasmas has recently gained great importance
in at least two fields. First, pellets are considered to be suitable for refueling of reactor plasmas,
and, second, pellets are used to mitigate the Edge Localized Modes (ELMs) and thus to reduce
the power load on the divertors. To fully understand the mechanisms of both these processes,
the proper knowledge of the profile of the material deposited by pellets and thus the ablation
rate is of crucial importance.

The interaction of pellets with hot magnetized plasmas is a complex and fully 3D phe-
nomenon. It’s description implies the solution of partial differential equations in 3D and in
toroidal geometry together with the solution of the atomic physical rate equations, radiation
transfer and so on. To reduce the complexity to a computationally bearable level, simplifica-
tions have to be done. The first and nowadays still widely used approximation for ablation rate
calculations is the Neutral Gas Shielding (NGS) model developed by Parks and co-workers
[1]. In this approximation the pellet is surrounded by its neutral, quasi steady state spherically
expanding cloud. This neutral cloud shields the ambient background plasma, and the ablation
rate is calculated by taking this shielding into account. The NGS model was several times fur-
ther developed by including various phenomena, e.g. electrostatic shielding, atomic physical
processes, geometrical effects.

It is clear, however, that at some distance from the pellet the initially neutral pellet cloud
becomes ionized, and it can not be regarded neither neutral nor spherically symmetric any more.
To take into account the shielding effect of the ionized part of the cloud, the Neutral Gas and
Plasma Shielding (NGPS) model has been developed [2]. In this approximation the regions
close to the pellet are described by the NGS model, and the regions far from the pellet by a
one dimensional channel flow of the ionized cloud (because the cloud ions are confined to the
magnetic field lines).

The common handling of the spherically symmetric expansion of the neutral cloud and the
one dimensional channel flow of the ions, was not yet investigated for hydrogenic pellets in
the literature. To examine the effect of turning the spherical expansion into the channel flow
on the ablation rate, we have developed a quasi two dimensional pellet code. In this multi
Lagrangian cell code the surface area between two consecutive cells is increasing quadratically
with the distance from the pellet upto some point where the ionization becomes substantial
(spherical expansion) and later remains constant (one dimensional, axial expansion). In this
conference contribution the dependence of the ablation rate on the pellet radius and background
plasma electron density and temperature will be discussed and compared to other ablation rate
calculation models.

References
[1] P.B. Parks and R.J. Turnbull,Phys. Fluids 21 (1978) 1735.

[2] B. Pégourié et al.,Plasma Phys. Contr. Fusion 47 (2005) 17.
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As pedestal parameters related to ELMs (Egde Localized Modes) can work as constraints 

which impact the tokamak edge conditions having influences on the formation of ETB 

(Edge Transport Barrier), a comprehensive understanding of the relations between 

pedestal parameters and ELMs is essential for advanced tokamak operations like H-mode, 

which the KSTAR (Korea Superconducting Tokamak Advanced Research) tokamak 

aims to reach. In order to estimate pedestal parameters and divertor heat loads at ELMs 

and find a relationship between them, predictive numerical simulations of ELMy H-mode 

discharges are carried out for the KSTAR tokamak. An integrated two-dimensional 

plasma transport code, which has been newly developed in authors’ laboratory for the 

simultaneous treatment of core, edge pedestal, and scrape-off layer (SOL) regions of the 

tokamak, is used to calculate the time evolution of plasma temperature and density by 

coupling plasma transports in the three regions. In the whole simulations, an NBI heating 

is externally applied as an auxiliary heating method and an H-mode is formed by 

suppressing the transport of the plasmas due to ETBs. The transport coefficients are 

calculated by a direct numerical simulation (DNS) near the edge pedestal region and by a 

multi-mode model (MMM) in other regions of the tokamak. ELM crashes are supposed to 

be triggered by coupled peeling-ballooning modes, and once an ELM crash occurs, the 

transport coefficients are adjusted to imitate the large energy losses between neighboring 

ELMs. As a result of this numerical simulation, pedestal parameters such as plasma 

temperature and current density and divertor parameters such as dumped heat flux onto 

the divertor plate during ELMs are presented. The present simulations also predict the 

dependences of ELM frequency and divertor heat flux at ELMs on plasma temperature, 

current density at the pedestal, and NBI heating power. The predicted results are expected 

to contribute to the development of the advanced tokamak operating scenarios with the 

controls of ELMs and divertor modules enabled for the KSTAR tokamak.  
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Energy influence on ion confinement in TJ-II stellarator
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In a previous work, the neutral fluxes and corresponding energies were measured for ECRH

heated plasmas in the flexible heliac TJ-II [1]. The measurements were carried out by means

of two charge–exchange neutral particle analysers for radial positions r/a > 0,6 and showed

that the absolute fluxes of hot neutrals go down as the minor radius increases, but their mean

energies remain roughly constant. This fact holds even if the charge-exchange neutral particle

analyser is measuring outside the last closed magnetic surface [2].

A possible explanation for this flat mean energy profile was that, for the low density plasmas

considered in the former work, in the plasmas the ion orbits are wide enough to communicate

distant parts of the plasma radius, therefore giving an effective flat ion temperature profile.

The size of the orbits is determined by the energy of the ions and they are heated mainly in

the plasma core by collisions with hot electrons.

Now, the trajectories of the hot ions particles in the magnetic configuration of TJ-II have been

calculated. In particular, ion trajectories of different energies and pinches and born at different

places of the plasma column have been estimated and compared with the experimental data

presented in [2], paying attention to the ion velocity distribution. The dependence of ion orbits

and, hence, of ion confinement on the energy can be studied with the results of the

calculations. In particular, with these results, it is possible to check the validity of the previous

explanation for the detected equal energy spectra of the neutrals escaping from the plasma

and, especially, for those hot neutrals detected well outside last plasma surface.

1 C. Alejaldre et al. Fusion Technology, 17, p. 131 (1990)
2 J.M. Fontdecaba et al. Fusion Science and Technology, 46(2), pp. 271-278, September 2004
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Topological instability in plasma turbulence model
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In toroidal geometry and for tokamak edge plasmas, the underlying instability of the resistive

pressure-gradient-driven turbulence is the resistive ballooning mode. For moderated values of

β , a broad range of resistive ballooning modes are linearly unstable. Their nonlinear evolution

leads to steady-state turbulence. Under these conditions, trajectories of particle tracers show

chaotic behavior with a positive value for the Lyapunov number. For lower values of β , quasi-

coherent vortex structures emerge before a state of fully developed turbulence develops [1]. In

this situation, the isosufaces of the velocity stream function have a complex structure. They tend

to coalesce in the radial direction at the outer region of the torus creating streamer-like vortex

[2]. Those streamers split in multiple filaments as they are followed in the toroidal direction.

Those filaments merge again with other filaments to generate streamers once a full turn around

the torus is completed. The whole eddy structure is a complex web rapped around the torus. The

Lyapunov number is either zero or very small. The filamentary surfaces can result in stochastic

jets of particles that cause a “topological instability” [3]. In such a situation, particle transport

along the surfaces is of the anomalous superdiffusion type.

We study the distribution of time of particles separation, Poincaré recurrences of trajectories,

and first time arrival to the system’s edge for tracers following these quasicoherent structures. A

model of multi-bar-in-square billiard is introduced and the renormalization group method has

been applied to obtain expressions for the Poincaré recurrences distribution, which appears to

be the power-like. The value for the exponent of p.d.f. of recurrences and its dependence on the

number of filaments that connect adjacent streamers is obtained.
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Predictive models are developed for the pedestal at the edge of type I ELMy  

H-mode plasmas. Theory motivated models are used for the pedestal width and pressure 

gradient, while the pedestal density is obtained from experimental data in this study. The 

pedestal pressure gradient is assumed to be limited by an ideal MHD instability, where the 

effects of both first and second stability of ballooning modes are included. In addition, the 

effect of the bootstrap current, which reduces the magnetic shear in the steep pressure 

gradient region at the edge of the H-mode plasma, is included in the determination of the 

magnetic shear. The reduction of magnetic shear due to the bootstrap current can result in 

access to second stability of ballooning mode instability. The predictions of pedestal 

temperatures, pedestal width and pedestal gradient are compared with high resolution 

pedestal data for type I ELMy H-mode discharges obtained from the latest public version 

(version 3.2) in the International Tokamak Physics Activity Edge (ITPA) Pedestal 

Database.  Models for transport through the pedestal that were developed in the JETTO 

code [1,2] and in the ASTRA code [3,4] are used to compute the pedestal temperature 

profiles. The model that was developed in the JETTO code uses the ion thermal 

neoclassical transport that is computed at the top of the pedestal for all of the channels of 

transport through the pedestal.  The model that was developed in the ASTRA code 

computes the local shear stabilization associated with each mode of anomalous transport. 

[1] V. Parail, et al., Plasma Physics Reports 29 (2003) 539. 

[2] T. Onjun et al., Phys. Plasmas 11 (2004) 1469 and 3006; and  

Phys. Plasmas 12 (2005) 012507. 

[3] G. Janeschitz, et al., Plasma Phys. Control. Fusion 44 (2002) A459. 

[4] A.Y. Pankin, et al., Plasma Phys. Control. Fusion 47 (2005) 483. 
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A.H. Glasser1, V. D. Liseikin2, I.A. Kitaeva2, V.S. Lukin1, A.N. Simakov1

1Los Alamos National Laboratory, Los Alamos, NM, USA
2Institute of Computational Technologies, Novosibirsk, Russia

Numerical simulation of magnetically confined plasmas is uniquely challenging because

of its high degree of anisotropy. Parallel flows are typically orders of magnitude larger than

transverse flows. Ratios of parallel to transverse thermal conductivities can be of order 1010

in realistic fusion plasmas. Ratios of fast to slow wave propagation speeds in the presence of

two-fluid effects can be equally severe. Corruption of small transverse flows by large parallel

flows due to discretization errors can destroy numerical accuracy.

A principal method for avoiding such corruption is the use of flux coordinate grids, in which

at least one coordinateψ approximately satisfiesB · ∇ ψ = 0. In previous work, such a flux

coordinate system is based on a static, axisymmetric equilibrium. If the simulation is followed

far enough into the nonlinear regime, the magnetic field can evolve away from this initial

configuration, causing the coordinate system to lose its field-aligned properties.

We have developed a method of harmonic grid generation to achieve alignment of the grid

with the magnetic field. It generates a mapping of a rectangular grid in the logical domain to

a simply-connected curvilinear grid with the desired properties in the computational domain.

It uses a modified Beltrami equation, a generalization of Laplace’s equation for curvilinear

manifolds, in which the metric tensorg is chosen to provide the necessary grid properties for

alignment as well as adaptation to the values or gradients of specified quantities. The method

provides independence of initial representation and guarantees a well-posed grid. A variational

approach allows the computation of a best fit for 3D magnetic fields which do not have nested

flux surfaces.

An important application of this work is the development of an improved grid for simulation

of the tokamak edge region, including the x-point on the separatrix, the pedestal region inside

the separatrix, and the scrape-off layer and divertor outside the separatrix. Results will be

presented for this application.
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Steady State Global Particle Simulation of Microturbulence* 
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Particle simulation of ion temperature gradient (ITG) drift modes with adiabatic electrons 

has been carried out using the Gyrokinetic Toroidal Code (GTC)  [Lee, Phys. Fluids 

<26>, 556 (1983); Lee, J. Comp. Phys. <243>, (1987); Lin et al. Science <281>, 1835 

(1998)] to explore the important physics issues for the steady state transport. It is found 

that an important gradient is the velocity-space nonlinearity associated with parallel 

acceleration of the particles arising from the self-consistent fields. It not only provides 

another channel for nonlinear mode-coupling but also gives the plasma the necessary 

dissipation to balance the entropy production of the resulting steady state thermal 

transport in a collisionless plasma. We have found that the resulting level of steady state 

thermal transport is lower than that of the simulation without the velocity space 

nonlinearity, but the zonal flow level is substantially higher [Lee et al., Invited Talk, 2004 

APS meeting].  In the present paper, we will present the new simulations results as well 

as those associated with nonadiabatic electron response and shaped plasmas. The recent 

activities of the SciDAC Center for Gyrokinetic Particle Simulation of Turbulent 

Transport in Burning Plasmas (GPS Center) will also be reported.             

 

* Supported US DoE SciDAC GPS Center.  
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ON THE MOTION OF PLASMA PARTICLES IN THE FIELD OF A

HIGH-POWER WAVE PROPAGATING NORMAL TO THE

MAGNETIC FIELD

Julio J. Martinell

Instituto de Ciencias Nucleares, UNAM

A. Postal 70-543, 04510 México D. F., MEXICO

In previous works [1] we have proposed a mechanism for rotating a plasma based

on the normal injection of microwaves of very high power, in the electron cyclotron

range. As the waves are resonantly absorbed the longitudinal gradient of the wave

field gives rise to a ponderomotive force that gives rise to a rotational instability when

there is a poloidal asymmetry. Under certain circumstances plasma rotation will be

established, givimg rise to possible improved confinement. The critical point in this

model is that a radial ponderomotive force be able to produce a poloidal particle

flow. Under the described plasma conditions it is difficult to ascertain the existence

of ponderomotive force capable of driving a particle flow, so we have performed a

study of the particle motion in the field of a the resonant wave, propagating normally

to the tokamak magnetic fields. We need a very high amplitude wave field in order

to have a strog enough ponderomotive force, so we consider the relativistic motion of

the particles based on a hamiltonian description. With this formalism it is possible

to obtain analitical solutions for the particle trajectories, which are then visualized

graphically and are compared with numerical solutions. Although this procedure is

only valid for single particles, the effect of the collective behavior of the plasma is

simulated latter by adding a term that oscillates at the plasma frequency. The results

show that the radial amplitude gradient of the wave can produce significant poloidal

flows

[1] J.J. Martinell and C. Gutierrez-Tapia, Phys. Plasmas 8, 2808 (2001)
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Nonlinearly driven second harmonics of Alfv́en cascades

H. Smith1, B. N. Breizman2, M. Lisak1 and D. Anderson1

1 Dept. of Radio and Space Science, Chalmers University of Technology,

SE-412 96 G̈oteborg, Sweden
2 Institute for Fusion Studies, University of Texas at Austin,

Austin, Texas 78712, USA

Alfvén Cascades (ACs) have been observed in tokamaks in reversed shear operation,

and have been theoretically explained as energetic particle or toroidicity driven shear

Alfvén eigenmodes localised around the minimumq surface, [1]. In recent experiments

in Alcator C-Mod, [2], measurements of density fluctuations with Phase Contrast Imag-

ing through the plasma core show a second harmonic of the basic AC perturbation. The

present work describes, assuming lowβ, the second harmonic perturbation as driven by

the first harmonic eigenmode through quadratic terms in the shear Alfvén wave equa-

tion. These quadratic terms vanish in a homogeneous straight magnetic field, but they

can be important in the tokamak geometry, especially if there is also a density gradi-

ent. Possible interpretations of the observed relative amplitudes of the first and second

harmonics are also discussed.

[1] B. N. Breizman, H. L. Berk and M. S. Pekker, Phys. Plasmas10, 3649 (2003).

[2] J. A. Snipeset al., 31st EPS Conference on Plasma Phys. London, 2004 ECA28G,

P-2.165 (2004).
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3Faculty of Electr. Engineering, University of Applied Science, Deggendorf, Germany 

 

 

The design of an electron gun usually starts with the definition of desired parameters, like 

current, energy, available focusing life time of the cathode and other constraints. In our 

previous work we described new design of a concave cold cathode electron gun and electron 

beam discharge I-V characteristics as a function of pressure [1]. In this paper we compare 

different cathode materials and shapes with regard to maximum electron beam current in our 

configuration. Also a new design for obtaining electron beam profile and distribution by 

scanning double perpendicular probes is discussed. This system is automatically controlled 

from out side of the vacuum via a computer software and hardware where we can 

continuously scan the electron beam area.  

 

 

Refrences: 

[1] Amir H. Sari, M. Ghorannevis, H. Hora, F. Osman,R. Castillo, M.R. Hantehzadeh, 

R.Höpfl,  31st EPS Conference on Plasma Phys. London, 28 June - 2 July 2004 ECA 

Vol.28G, P-1.021 (2004). 
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Thin film deposition on powder  par ticles 

using atmospher ic pressure discharges 

V. Brüser, M. Hähnel, M. M. Khan, H. Kersten 

 Institute for Low-Temperature Plasma Physics (INP), Greifswald, Germany 

 

  The dielectric barrier discharge (DBD) at atmospheric pressure has been used for many 

technical applications, as for example in ozone generation, gas cleaning, surface treatment of 

several substrate materials, and fabrics. Surface treatment of materials by atmospheric pressure 

plasmas becomes more and more important because in contrast to low pressure plasma no 

vacuum devices are necessary. Therefore, batch processing can be avoided and the treatment 

process can be easier integrated into production lines. 

   For the modification of powder surfaces special techniques have to be applied to realise a 

homogeneous plasma effect. Two different experimental arrangements were tested: a planar 

dielectric barrier discharge arrangement combined with a vibrating conveyor and a cylindrical 

discharge integrated in a fluidised bed reactor. In this paper, the deposition of silicon 

containing thin films onto different powder surfaces (salt, luminophores, etc.) is described. The 

coatings can be used as protection for luminescent materials or pigments against humidity. 

Some pharmaceuticals need barriers for a slowly release of the agents.  

   By the used methods SiOX containing thin films were deposited onto Al2O3 particles and 

water soluble salt particles using tetraethoxysiloxane (TEOS) or hexamethyldisiloxane 

(HMDSO) monomers as precursors, respectively. The coatings were examined with SEM and 

infrared spectroscopy. The infrared spectra show typical absorption band of 1070 nm. The 

layer thickness ranges up to several micrometer. The solution behaviour of the substances after 

plasma treatment was investigated (Fig.1).

 

 

    Fig. 1. Salt crystal particles coated by a SiOx-layer (left) 

 and remaining covers after solution in water (right). 
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Determination of H density in a remote part of a hydrogen plasma 

reactor 

Miran Mozetic
1
, Alenka Vesel

1
, Giorgos A. Evangelakis

2 

1
Plasma laboratory, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia 

2
Department of Physics, University of Ioannina, Ioannina, Greece 

 

A classical nickel catalytic probe was used to determine the density of neutral hydrogen 

atoms in a remote part of a hydrogen plasma system. The system consisted of a plasma 

reactor, connecting tubes made from stainless steel, and a vacuum pump. The reactor 

was a quartz cylinder with the diameter of 12 cm and the length of 30 cm. It was 

pumped with a two stage rotary pump with the pumping speed of 60 m
3
/h. Stainless 

steel tubes with the length of 1.2 m and the nominal vacuum conductance of between 

about 20 m
3
/h (for the case of molecular flow) and about 10000 m

3
/h  (at upper pressure 

limit) were mounted between the plasma reactor and the pump. Plasma was created with 

an inductively coupled RF generator with the frequency of 27.12 MHz and the nominal 

power of 5kW. Hydrogen was continuously leaked through a precise leak valve. The 

pressure in the reactor depended on the hydrogen leak rate. Experiments were 

performed at the pressure between 50 and 1000 Pa, where the vacuum conductance of 

the stainless steel tubes was well above the pumping speed of the pump. The catalytic 

probe was mounted between the pump and the stainless steel tubes. The density of H 

atoms was measured at different experimental conditions. It was found that the H 

density in the remote part of the system depended on discharge parameters. The H 

density was of the order of 10
20

 m
-3

 and increased with increasing discharge power. The 

results were explained by collision phenomena in the gas phase and on the surface of 

stainless steel tubes. 
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Interaction between neutral hydrogen atoms and weakly oxidized 

stainless steel surface  

Alenka Vesel
1
, Miran Mozetic

1
 and Anton Zalar

1 

1
Plasma laboratory, Jozef Stefan Institute, Jamova 39, 1000 Ljubljana, Slovenia 

 

A study on interaction of neutral hydrogen atoms with stainless steel is presented. The 

source of neutral hydrogen atoms in the ground state was weakly ionized highly 

dissociated hydrogen plasma. Plasma was created in a discharge vessel with the 

diameter of 3.6 cm by inductively coupled RF generator with the output power of about 

300 W. Plasma parameters were measured with a double Langmuir probe and a catalytic 

probe. At the pressure of 100 Pa, the electron temperature was about 6eV, the density of 

charged particles was about 1x10
16

m
-3

 and the density of neutral hydrogen atoms was 

about 2x10
22

m
-3

. The discharge vessel was connected to an experimental chamber 

through a narrow quartz tube with the inner diameter of 5mm and the length of 50mm. 

Charged particles created in the discharge tube were effectively recombined on the 

surface of the narrow tube, so that the atmosphere in the experimental chamber 

consisted of hydrogen molecules and atoms in the ground state. Samples of well-

polished stainless steel discs were exposed to such atmosphere. The characteristics of 

the oxide film on the surface were determined from AES depth profiling. It was found 

that the H atoms hardly react with the samples as long as they were kept at room 

temperature. At higher temperature the H atoms started recombining on the stainless 

steel surface causing further increase of the temperature and after several seconds a 

reduction of the oxide layer. When the oxide was totally reduced, the coefficient for 

heterogeneous surface recombination of H atoms on stainless steel became constant at 

the value of 0.1±0.03.  
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the Helicon Discharge by Correlation Enhanced-Scattering  
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 Ioffe Physico-Technical Institute, 26 Polytekhnicheskaya st., St. Petersburg, Russia 

*Institut fur Experimentalphysik II, Ruhr-Universitaet Bochum, D-44780 Bochum, Germany 

 

As recently shown [1], the parametric decay instability of helicon waves can excite 

electrostatic fluctuations giving rise to anomalous RF absorption in a low-pressure helicon 

discharge. Measurements by means of microwave enhanced scattering and probe diagnostics on 

the helicon device HE-L at moderate magnetic fields evidence decay into electron plasma 

(Trivelpiece-Gould) and ion-acoustic waves. In the central region of the helicon discharge, the 

ion-acoustic density fluctuations were found to propagate outwards and possess relative 

amplitudes up to 10% [2]. 

Detailed measurements of the frequency and wave number spectra of the decay waves 

were carried out on the helicon device HE-L in a wide range of magnetic fields. To diagnose the 

fluctuations in the central region of the helicon discharge a correlative enhanced-scattering 

technique [3] was applied by probing the plasma simultaneously at two frequencies in the 26 

GHz frequency band. The cross-correlation function of both back-scattering signals was 

calculated from the experimental data as a function of the frequency difference. These functions 

allow reconstructing the radial wave number spectra of the plasma turbulence using the 

approach developed in [3]. It turns out that the excited waves satisfy the frequency and wave 

number decay conditions. At low magnetic field, the low frequency fluctuations are identified as 

ion-sound waves propagating towards the plasma edge. At high field, however, the low-

frequency fluctuations propagate towards the discharge axis and possess radial wave numbers 

being much higher than expected from the ion acoustic dispersion relation. The possible role of 

electron plasma wave dispersion relation modification by gradient terms [4], essential in radially 

non-uniform plasma at high magnetic field, in explanation of the latter finding is discussed.  

1. M. Krämer et al. Proc. 29th EPS Conf. on PPCF, 2002 ECA Vol. 26B, O-4.08  

2. A.B. Altukhov et. al. Physics of Plasmas 2005, 12, 022310  

3. E. Z. Gusakov et. al. Plasma Phys. Controlled Fusion 2000, 42, 1033. 

4. E. Z. Gusakov et. al. JETP Lett. 1997, 65, 26 
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Study of plasma-solid interaction in electronegative gas mixtures  

at low and medium pressures 

R. Hrach, V. Hrachová, J. Šimek, P. Jelínek 

Faculty of Mathematics and Physics, Charles University, Prague, Czech Republic 

 

Low-temperature reactive plasmas employing electronegative gases are often used 

for various material processing. Negative ions in such plasmas affect the transport of charged 

species from the plasma to immersed substrates and in this way influence the corresponding 

plasma chemical technologies. The same situation holds for probe diagnostics in plasmas 

containing negative ions, therefore the understanding of processes in the boundary layer 

between plasma and immersed substrates is very important.  

In low-temperature plasma physics, the new challenging problem started to be the 

surface treatment at medium and high pressures including the atmospheric pressure plasma. 

However, the detailed description of processes taking place during plasma-solid interaction 

at higher pressures is rather difficult and theories derived for collisionless or slightly 

collisional plasmas lose their validity, so the computer experiments are being widely used 

now. 

In the present contribution the combination of molecular dynamics and Monte Carlo 

methods was used for the study of trajectories of charged particles both in the sheath and 

presheath at low and medium pressures in plasma containing negative ions. The results of 

simulations were compared with experimental data obtained in dc glow discharge in the 

mixture of oxygen and rare gases. In order to simplify the discussion of experimental results, 

the following questions were studied by the computer modelling:  

- the influence of plasma composition on the distribution of electric potential near the metal 

substrate both in static and dynamic regimes,  

- the influence of pressure on the energy and angular velocity distributions of charged 

particles in the vicinity of plasma-solid boundary as well as on the fluxes of charged 

particles.  

 In the discussion an attempt for the extrapolation of obtained results for higher-

pressure plasma was made. A special attention was given to the technique of modelling and 

the performance of computer codes at higher pressures. 
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Abstract 

 

Many laboratory and astrophysical plasmas are the siege of, simultaneously, radiative and 

collisional processes, which competition drives their particles, ions and electrons, to move 

from conditions of local thermodynamic equilibrium (LTE) to Non-LTE and vice-versa. 

Radiation is, on the other hand, generally far from equilibrium and no simple formula was 

established for the spectral distribution.  

 

Starting from the hypothesis of a quasi steady state plasma, we obtain simple mathematical 

expressions for radiation field source functions for bound-bound and bound-free processes. 

These analytical source functions are generalizations of the widely known and used Planck 

and Kirchoff formulae. Alike the thermal equilibrium’s functions, these new source functions, 

and the radiation fields that may be inferred from them, depend on temperature and 

frequency, but introduce a supplementary thermodynamical variable, the electron density.  

 

The formulation shows very fruitful, allowing the introduction of generalized distribution 

functions that proceeds smoothly from equilibrium to non equilibrium. An important 

application is to use the source functions to retrieve emissivities via the opacities. This 

method is suitable for hydrodynamical simulations, due to the complexities of the free-bound 

and bound-bound emissions.  
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Magneto-plasma-dynamic (MPD) thrusters are plasma propulsion devices for space 

applications based on j×B acceleration. It has been recently demonstrated that the loss of 

performance at high power, which has until now prevented the use of this kind of thrusters in 

real space missions, is due to the development of large-scale magnetohydrodynamic 

instabilities [1] in the form of helical kink modes.  

In this work we report experimental observations relating the kink mode amplitude, 

measured by a set of magnetic coils, to the main discharge parameters. In particular, it is 

shown that a decrease in the applied voltage driving the discharge is observed when these 

instabilities are suppressed. An estimate of the resulting increase in thrust efficiency is 

evaluated, showing that the removal of the kink instability can bring the efficiency to levels 

high enough to make the MPD an attractive option for space propulsion. 

The experimental observations are interpreted in the framework of the known properties 

of plasma configurations of interest for controlled thermonuclear fusion research, namely 

reversed field pinches and spheromaks, where a loop voltage anomaly is known to be due to 

the presence of large scale MHD modes. 

 

[1] M. Zuin, R. Cavazzana, E. Martines, G. Serianni, V. Antoni, M. Bagatin, M. Andrenucci, 

F. Paganucci, P. Rossetti,. Phys. Rev. Lett. 92, 225003 (2004). 
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It is well known that in plasmas with multiple negative particle species potential double 
layers are formed under special conditions. Recently, we have studied the formation of such 
nonlinear potential structure in warm positive ion plasma with a bi-Maxwellian electron 
velocity distribution [1]. In a very narrow interval of electron density ratio and at electron 
temperature ratios > 10 a double layer was formed, which separated the bounded plasma 
into two different regions – in one closer to the plasma source where both electron species 
were present and in a second one in front of the floating collector where only the hotter 
electron population was found. On the other hand, the positive ions were accelerated 
through the potential structure to very high energies.  
Similarly, we found double layers in a Maxwellian plasma with negative ions [2]. They 
were investigated by many authors, but we have extended the investigation to the plasma 
with warm positive ions. Again, it was confirmed that the plasma can be under certain 
parameter conditions stratified in two regions, with the absence of negative ions close to the 
collector. We were not able to find the oscillations of the potential and plasma density on 
the downstream side of the double layer. Such oscillations were on the other hand found by 
other investigators, but they still need to be found also experimentally [3]. 
In a very recent investigation we started to study the potential formation in plasma with 
negative ions and bi-Maxwellian electron velocity distribution. Such plasma can be readily 
found in hot cathode discharges used as negative ion beam sources in neutral beam heating 
installations on fusion machines. On the other hand, dust particles charged negatively are 
found in many technological types of plasma. Analytically, in plasma with higher density 
ratios of negative ions, a strong influence of already a very small amount of hot electrons 
on the floating potential was found. In the case of higher density ratios of energetic 
electrons preliminary investigations showed that a stratification of plasma is possible by 
two kinds of double layers, one formed by cool and hot electrons and the second by 
negative ions and hot electrons. In this contribution the results of a more thorough 
investigation of double layer formation in such plasmas will be presented. A special 
attention will be paid to the eventual simultaneous formation of both kinds of double layers. 
The theoretical results obtained by the fully kinetic analysis will be compared with PIC 
simulations. 
 
[1] M. 6er7ek, T. Gyergyek, M. Stanojevi5, Contrib. Plasma Phys., 39, 1999, pp.541-556. 

[2]  M. 6er7ek, T. Gyergyek, Rom. Rep. Phys., 54, 2002, pp.53-64. 

[3] P. Chabert, T.E. Sheridan, J. Phys. D: Appl. Phys., 33, 2000, pp.1854-1860, R.N.     

Franklin, Plasma Sources Sci. Technol., 9, 2000, pp.191-198. 
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This work presents an experimental study of neon and argon surface wave plasma at 

atmospheric pressure. Emission spectroscopy has been used to determine the electron 

temperature by using the line-to-continuum intensity ratio method. The interpretation of the 

excitation temperature excT  as the electron temperature eT  leads an error even in situations 

close the equilibrium in using this method [A. Sola, M. D. Calzada, and A. Gamero, J. 

Phys. D: Appl. Phys. 28, (1995)]. In plasmas very far from the equilibrium the excitation 

temperature that characterizes the excitation spectrum is not unique. Thus, we show that 

excT  should be addressed correctly in order to obtain reliable results of eT . It is found that 

the excitation temperature of high-lying levels ArI (closest to the ionization thresold) agrees 

with the electron temperature which contrasts with the NeI results. 
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A spectroscopic study of a neon surface wave plasma column at atmospheric pressure under 

steady-state conditions has been carried out. The gas and electron temperature, the electron 

density, and the absolute population of the excited states, including the metastable and 

resonat levels, were measured under different conditions of power and gas flow. The results 

show that we are dealing with a two temperature (2T) discharge whose excitation kinetics is 

controlled by electron collisions (electron excitation kinetics). A partial Saha equilibrium is 

reached by no excited level and the plasma present an ionizing character very far from the 

LTE. This situation contrast with the argon plasma created under the same conditions 

where the upper levels remain in equilibrium.  
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In general, the profile of the spectral lines observed in cold plasmas with a low density and at 

pressures of over 100 Torr, can be approximated well enough by means of Voigt type 

functions. This function is the result of the convolution of a Gaussian function with a 

Lorentzian function [1]. In this way, by using a model permitting us to fit the Voigt function 

and intermediate theories, it is possible to obtain fundamental parameters characterizing the 

plasma (electron density and temperature,  gas temperature, etc.) 

 In the present work, we have fitted the experimental profiles of the Hydrogen Balmer 

serie lines to a simulated profile obtained from the theoretical Stark profiles given by Gigosos 

et al. [2] by means of the Model Microfield Method. For this treatment it is necessary to  find 

out the most important effects causing the line broadening in our "low density plasmas": Van 

der Waals, Doppler, instrumental and Stark broadening.  

 This study was carried out for  the first Hydrogen Balmer series line (Hα), this being 

the most problematic line because it depends heavily on the electron temperature and  has a 

strong broadening by ion dynamics. This  method  permits the inclusion of ion dynamics 

effects and also to  take into account the difference between Te and Tgas existing in the plasma, 

by means of the reduced mass, µ. (In our Ar-H plasma with Te = 6500 K y Tgas = 1400 K, µ is 

approximately 4 [2]). The best simulated profile corresponded to the convolution between a 

Van der Waals profile for a gas temperature of 1400 K (≈ 0.035 nm), a Gaussian profile 

(Doppler+Instrumental) of approximately 0.02 nm and a Stark profile for a µ equal to 4 and 

an electron density of about (4-5).10
14
 cm

-3
, with a 5% of error in the fitting. Similar studies 

have been made for the Balmer-beta line profile by other authors, Tomsen [3], Sthelé [4] and 

another one using computer simulation (CS) by Gigosos [5].  
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The hydrogen is gaining importance as an alternative energy source. Nowadays, the systems 

used to produce H2, such as methane reforming, are expensive and yield CO2 emission. 

Therefore it is necessary to find an alternative H2 production method, energetically profitable 

and without emission of this contaminant gas. The plasma characteristics, such as high 

temperature, energy density and degree of ionization, fast response time and minimal cost, has 

lead several authors to use them as a reactive medium to H2 production [1]. The plasma can 

effectively provide the energy required for endothermic reactions of reforming. In this field, 

there are some difficulties with high-pressure operation in discharges with electrodes, because 

under these pressure conditions it increases electrode erosion that decreases its lifespan [2]. 

The main objective of our study was to achieve H2 production from alcoholic hydrocarbons 

(due to their high H2 composition) in a clean way, using a surface wave discharge as a 

reactive medium (without electrodes), produced by microwave energy at atmospheric 

pressure. This process has several advantages: alcohols such as ethanol can be derived from 

vegetables (cereals or sugar cane); it is a low energy cost process; and because the plasma is 

not in direct contact with the oxygen of the air, because it is generated inside a quartz tube, 

there is no CO2 emission. In this study, spectroscopic (no disturbing) methods based on the 

analysis of the light coming from plasma were used. 

In the registered spectrums, the presence Hα (656.28 nm) and Hβ (486.13 nm) hydrogen lines 

showed that this element was being produced inside the plasma. The line areas (proportional 

to the product concentrations) depended on the kind of alcoholic hydrocarbon introduced. The 

H2 production was bigger with the bubbling system than with the sweeping one.                  
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Microwave-induced plasmas (MIP) have become a common tool for the atomic and 

molecular emission spectroscopy as a substitute to D.C. arcs and inductively coupled 

plasmas (ICP). Among the MIP, The surface wave sustained discharges (SWD) offer 

excellent capabilities of atomization and excitation of species. We studied the efficiency of 

argon SWD at atmospheric pressure introducing samples of alcohol (). When the samples 

are introduced, it is observed that all ArI lines decrease (except the 495.73nm line) while 

the hydrogen lines increase. Also, it is possible to detect rotational bands corresponding to 

the C2, CN, NH and CH especies. These results indicate that the SWD argon plasmas can 

be readly used to analyze alcoholic hydrocarbons samples. 
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It is known that hydrogen and helium ions implanted into metals such as tungsten are able to

cluster inside the material. The subsequent growth of theseclusters may turn them into high-

pressure gas pockets, which become visible at the surface ofthe metal. These bubbles are refered

to as blisters. When the pressure in a blister becomes high enough, the bubble may rupture,

emitting gas atoms and solid material from the target.

Experiments show that the formation of gas bubbles in, for example, tungsten procedes in

different ways for hydrogen and helium. It is observed that helium clusters form close to the

projected range of the ions, whereas the hydrogen atoms cometogether at depths that are on

the order of one micrometer. These findings have been obtained for hydrogen and helium ions

implanted at similar energies.

Combining molecular dynamics simulations, density functional theory calculations, and ki-

netic Monte Carlo simulations, we find a compelling reason for the different clustering behavior

of hydrogen and helium in tungsten. This reason is differentself-trapping behavior. This is clear

from the potential energy curve for hydrogen and helium pairs in tungsten. For helium there is

a minimum of about−0.87 eV for interatomic distancesr less than 4 Angstrom For hydrogen,

the interaction is repulsive forr < 2 Angstrom having a binding energy of only−0.25 eV at

r ≈ 2 Angstrom.
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The dynamics of sheath formation in front of a floating electrode are investigated by 

means of fluid theory and particle-in-cell (PIC) numerical simulations. 
A floating electrode is placed in contact with an initially uniform, quasi-neutral 

plasma, which is assumed to be infinitely extended on the far side. Due to the high thermal 
velocity of the electrons, the electrode starts charging up negatively, so that electrons are 
gradually repelled, ions are accelerated, and a positive-space-charge sheath begins to form. 
During this process electron plasma waves are excited [1]. 

The different characteristic time scales found for the potential change on the wall 
indicate the different regimes of sheath formation.  For the short characteristic time scale on 
which the ions can be considered immobile, we present a theoretical description of the 
excitation of electron plasma waves. 

The results from fluid theory are in good agreement with those from PIC 
simulations performed by means of the BIT1 code [2], developed on the basis of the 
XPDP1 code [3]. This work is part of a self-consistent kinetic study of sheath formation, 
taking into account both electron and ion dynamics.  
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Thin films growth by plasma-assisted sputtering became a well-established for many decades.

The search for specific sputtering source geometries remained, however, a priority so far. A

simple low cost high–efficiency sputtering source operated in the 10
-1

-10
-2

 mbar was

proposed recently [1], which utilises the so-called cavity-hollow cathode post-discharge.

Unlike magnetron sputtering sources, it overcomes the difficulties associated with sputtering

of ferromagnetic materials. Additionally, due to intense substrate ion bombardment, good

quality ferromagnetic films can be prepared. In spite of long-lasting experience with hollow-

cathode discharges, their use as sputtering sources requires further research for

characterisation. This has been done previously, mainly by electrical diagnosis using a

discharge configuration presented in detail elsewhere [2].

Experimental results are presented in this contribution concerning the spatial distribution of

the relative value of the electron plasma density within the space between the two electrodes

of the hollow structure for the discharge parameters relevant for the sputtering regime (Ar

pressures between 6x10
-2 

and 1x10
-1 

mbar, discharge current – 5 to 10 mA) of a Ni target [2].

Additional emissivity measurements have been done in front of the exit nozzle of the hollow-

cathode source to correlate the optical and electrical diagnosis results, and thus find a scaling

factor. The relative value of the electron plasma density was determined assuming an optical

thin plasma in which excitations are produced by electron-atom collisions and de-excitation

by spontaneous transitions. Using an optical fiber and a photodiode, the radial distribution of

the total light intensity in the range 600 to 850 nm was measured at different position along

the distance between the two electrodes. Abel transformation applied to the radial distribution

of the light intensity, the quantity proportional to electron plasma density was calculated [3].

The experimental results show that radial distribution of the plasma density is almost

Gaussian while axially it is rather constant inside the cathode.
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 In the prime objective, we have treated the modeling and simulation of the 
effects of ions collisions on the plasma sheath using the Runge-Kutta Routrine. 
The exact numerical solutions of the model are used to determine the collisional 
dependence of the sheath width and the ion impact energy at the wall. We have 
analyzed two cases: In the first case, we have solved numerically the equations 
without the term source in the continuity equation but in the second case we 
have injected this term in our equation. 
  In the second part, we have presented a simple model of a fragment in the 
cathode electrical arc taking account the physical phenomena, that occur on the 
cathode surface and the plasma sheath, which is based on heat flux components 
that are due to ion and electron fluxes, radiation, thermal conductivity and 
evaporation. The rate of erosion on the cathode is estimated by considering the 
cathode spot heat balance equation, coupling with equations obtained in the 
sheath, we have resolved numerically the governing equations by the technique 
finite elements. That allows us to determine the total heat flux from the plasma 
to the cathode bulk and the erosion rate of the cathode material in relation to 
current, properties of cathode material and lifetime. 
 
Keys Words  
 
 Sheath, modeling collision, cathode erosion, impact energy, sheath width, 
spot  
 
 

P-4.140,   Thursday June 30, 2005



Observation of “pure” (neutronless) reaction 11B + p in picosecond    
laser plasma 

V.S. Belyaev1, A.P. Matafonov1, V.I. Vinogradov1, A.S. Roussetski2, V.S. Lisitsa3,       
V.P. Krainov4 

1 Central Research Institute of Machine Building, Korolev, Russia 
2 P.N. Lebedev Physical Institute of Russian Academy of Sciences, Moscow, Russia 

3 Russian Research Centre Kurchatov Institute, Moscow, Russia 
4 Moscow Physicotechnical Institute, Dolgoprudnyi, Russia 

 
Neutronless (“pure”) thermonuclear reactions are of a great interest for thermonuclear 

synthesis problem because they open wide possibilities for ecologically pure applica-

tions of fusion technology. Laser plasma conditions open new possibilities for “pure” 

thermonuclear reactions due to the large values of ions temperatures (energies) in laser 

plasmas generated by supershort (pico- or phemto- second) laser pulses. The goal of the 

present paper is to demonstrate a possibility of neutronless thermonuclear reaction 
11B+p initiation in picosecond laser plasma. The main channel of neutronles thermonu-

clear reaction between 11B and fast protons (with energies near 163 keV) follows the 

scheme 11B + p = 3 4He + 8.68 MeV resulting in a generation of alpha particles with 

energies near 3 MeV per particle. It is possible also the generation of more energetic 

alpha particles in collisions of fast 11B nucleus (with energies near 1.78 MeV) with pro-

tons resulting in the alpha particle energy near 6.8 MeV. The experiment has been done 

on the 10 TW picosecond laser facility NEODIM. Laser radiation with the energy of 10 

J, wave length of 1.055 µm and duration of 1.5 picosecond was directed to target pro-

viding laser radiation intensity of order of 1018 W/cm2. As a target, we used composi-

tion B + (CH2)n plate and for comparison (CH2)n plate. For registration alpha particles 

we used tracking detectors CR-39 closed with Al (11 µm, 22 µm) filters. The detectors 

were arranged at different angles at different distance from the target. At the laser inten-

sity 1018 W/cm2 the alpha with energy in the range from 3 MeV to 7 MeV were de-

tected. The alpha particles yield observed (near 103 particles per pulse) is consistent 

with our theoretical modeling for laser power density 1018 W cm-2. Thus we have shown 

for the first time a possibility of neutroless thermonuclear reaction 11B + p initiation in 

picosecond laser plasma. Work was supported by International Science and Technology 

Center, projects 2155, 2917. 
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 Proton (ion) fast ignition (FI) of ICF targets [1] require extremely high ion current 

densities (‡ 10
12

 A/cm
2
) and ion beam intensities (‡ 10

19
 A/cm

2
), which are not attainable at 

present even with the biggest conventional accelerators. Potentially, such extreme ion beam 

parameters can be achieved using ballistic focusing of fast ion beams generated by the 

Target Normal Sheet Acceleration (TNSA) mechanism [2] driven by a short laser pulse of 

relativistic intensity. The other laser method of producing collimated ion beams of very high 

current densities and beam intensities – just recently proposed and demonstrated [3, 4] – is 

Skin-Layer Ponderomotive Acceleration (S-LPA). In this method strong ponderomotive 

forces induced by a short laser pulse near the critical plasma surface drive dense plasma 

blocks of ion densities ~ 10
21

 – 10
22

cm
-3

, which are about a thousand times higher than those 

for ion beams produced by TNSA. It suggests that very challenging requirements for FI 

related to ion current densities and beam intensities can be met easier by plasma blocks 

driven by the S-LPA mechanism than by the beams from TNSA. 

 In this contribution properties of generation of fast plasma blocks by S-LPA are 

studied using numerical hydrodynamic simulations and the time-of-flight measurements. The 

proton current densities and beam intensities produced by S-LPA at the interaction of 1-ps 

subrelativistic-intensity laser pulses with thin foil targets are compared to the ones achieved 

in recent short-pulse experiments using TNSA at relativistic intensities. A concept of Fast 

Ignition by Plasma Blocks (FIPB) using a set of plasma blocks generated by PW-ps laser 

pulses inside a guiding cone is presented. The possibility of meeting Atzeni conditions [5] 

for DT fuel ignition in the proposed scheme with laser pulses of total energy < 100 kJ is 

considered. 
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Magnetoactive plasma represents the general subject of our investigations. The given 

report addresses most of the results obtained in our theoretical and experimental work 

made along this line of investigation. Lifetime of the magnetic field generated in laser 

plasma is evaluated based on the stability theory. The time is demonstrated to far exceed 

the laser-producing pulse duration. The theory of the pinch effect in laser plasma gains 

its development. The increase in density and temperature at pinching, as well as the 

long life of the magnetic field confining the hot plasma, are demonstrated to provide a 

possibility for the Lowson criterion of Break-even thermonuclear reaction to be realized 

in laser plasma. Here we offer our explanation of the dependence of the neutron yield 

from D-D fusion reactions on the laser radiation intensity and energy for the pico- and 

femtosecond laser pulse. We also suggest our direct method, justified both theoretically 

and experimentally, to measure directly the superstrong magnetic fields of laser plasma. 

The method is based on the resonance interaction between the energy levels of ions and 

magnetic fields (Landau levels). With our laser plant, up to 2×1018 W/!m2 intensity, we 

investigated the D-D fusion reaction neutron yield (up to 106 per a pulse). We also im-

plemented p + 11B → 3α + 8.7 MeV reaction to investigate the α-particle yield (up to 

103 per a pulse) and spectral response. Further, we measured the plasma ion energy 

(temperature) distribution and noted the presence of a small group within the energy 

range of ~ 1 MeV. We also noted a high-energy ion stream directed inward the target 

and here we suggest the mechanism of the movement of the sort. When investigating γ 

+ 9Be → 2α + n reaction, we registered neutron yield of ~ 3 ÷ 7 per a pulse, estimated 

the share of the electrons and γ-quanta which occur in laser plasma with the energy of ≥ 

2 MeV and are responsible for the implementation of this reaction. We developed the 

theory of quick electron formation in laser plasma. In our experiments we demonstrated 

that the share of higher energy electrons grows more rapidly with the increase in laser 

radiation intensity. The work was met with support from the International Science and 

Technology Center under projects 2155, 2917. 
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We investigated the ion characteristics in picosecond laser plasma at laser radiation in-

tensity of up to 2×1018 W/cm2. Our experimental observations of X-ray spectral line 

profiles confirmed the presence of a great quantity of high-energy ions (~ 1 MeV) in 

laser plasma. We estimated the share of FIX quick ions in their entire energy spectrum 

based on the ion energy distribution taken from the Lyα Doppler profile obtained ex-

perimentally. An important feature of the energy distribution is the relatively slow drop 

which allows to detect ions with the energy of ~ 1 MeV. 

Besides, by the Lyα Doppler profile’s red shift we revealed the high-energy ion motion 

directed inward the target. For this phenomenon we suggest our theoretical model. 

The work was supported by the International Science and Technology Center under 

projects 2155, 2917. 
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X-ray radiography will be an important diagnostic on the National Ignition Facility (NIF).  

Unlike the low-mass targets previously used for laser-driven experiments for which thermal 

backlighters of a few keV were sufficient, radiography on the NIF will require bright sources 

of 20-100 keV x rays. Such x rays cannot be produced with high efficiency using 

conventional long-pulse laser driven thermal backlighters. Experiments suggest that Kg 

emission driven by short-pulse, high-intensity lasers will provide suitable backlighter sources. 

This has motivated this design study of Kg fluorescence optimization. We will report on LSP 

[1] calculations of these experiments. We will present new Kg conversion efficiency data for 

these experiments and will show examples of different geometries, such as cones attached to 

wires. 
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Among fascinating problems of non-linear plasma physics a conversion of
electromagnetic field energy into energy of fast particles is of fundamental
importance. A new class of targets which can produce an effective accelera-
tion of charge particles during the interaction of laser radiation with matter
has recently appeared. This is the so called solid-density cluster targets with
the size 100-1000 nm.

We present the results of 2D PIC simulations of the ultra short high
irradiance laser pulse interaction with targets where the multicluster cloud
is imbedded in plasma of low density or the clusters are located in a vacuum
region preceding the plasma layer. In both cases the laser radiation expels
the electrons from the clusters and ejects them into the wake plasma wave
generated by the ultra short laser pulse in the underdense plasma. This
provides a novel mechanism for the electron injection into the wake field for
particle acceleration.
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 By use of a one-dimensional particle-in-cell code, which includes field ionization, 

electron-collisional ionization, and elastic binary Coulomb collisions, we simulated the 

acceleration of electrons and ions in the interaction of ultrashort intense laser pulses (with 

intensity 21816 /10~10 cmW and duration fs7.26 ) with Helium gas target (with density 

32221 /10~10 cm and thickness mo1 ). As compared with the interaction of laser with 

pre-ionized plasma, the number of produced energetic electrons is found to be larger in the 

neutral gas condition. For a given laser intensity, with the increase of the gas target density, it 

changes from transparent, partially transparent, to opaque. Correspondingly, there are three 

different interaction scenarios for the energy exchange among electrons, ions and 

longitudinal electric field, corresponding to different electron trajectories. Special attention is 

paid to the accelerated ions. At certain conditions, the ions can be even more effectively 

accelerated inside the target than these at the target surfaces.  
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Because of the spherical geometry and small size of the micro droplet plasma, the 

interaction of ultrashort laser pulses with it can result in particular phenomena. From the 

two-dimensional (2D) particle-in-cell (PIC) simulations, we find that two jets of hot electrons 

are emitted symmetrically in the backward direction (see Fig. 1) when preplasma is formed 

around the droplet surface [1]. The generation of the electron jets is associated with resonance 

absorption around the target surface.   

The energetic protons from the interactions are also investigated (see Fig. 2). They can 

be separated into two groups: one with higher energies mainly emits within the laser 

polarization plane and another with lower energies emits nearly homogenously in all 

directions. The protons in the first group are accelerated by the electrostatic fields formed by 

the hot electron jets due to the resonance absorption, while those in the second group are 

generated by the hydrodynamic expansion of the micro droplet plasma.  

 

Fig. 1 Spatial distributions 

of hot electron jets. Electron 

density increases from 0.2nc 

to 2nc exponentially with 

scale length 0.9L n… ┛v"?"
72v2◆ (a) For peak laser 

amplitude a0=0.1 and waist 

radius is 10 ; (b) For peak 

laser amplitude a0=2. In the latter case, electron bunches generated by the pondermotive force 

separated by half a laser-period are superimposed to the hot electron jets. 

 

Fig. 2 Proton distributions in momentum space after the laser interaction with a droplet for 

laser and plasma parameters as given in Fig. 1(a). (a) t = 50v2◆(b) t = 60v2◆(c) t = 80v2┛  
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We have investigated the acceleration of ions in the interaction of high intensity, circularly po-

larized laser pulses with overdense plasmas [1, 2]. By using 1D and 2D particle-in-cell (PIC)

simulations we find that high-density ion bunches moving into the plasma are promptly gen-

erated at the laser-plasma interaction surface (see Fig. 1). This regime is qualitatively dif-

ferent from ion acceleration regimes driven by fast electrons, such as sheath acceleration at

the back of the target or shock acceleration at the front, which occur for linear polarization.

Figure 1: Acceleration of ion bunches (1D

PIC simulations). Top: ion density and

electric field (dashed); bottom: ion phase

space (x, px).

A simple analytical model accounts for the numer-

ical observations and provides scaling laws for the

ion bunch velocity and generation time as a func-

tion of pulse intensity and plasma density:

vb

c
≃ 2

√

Z
A

me

mp

nc

ne
aL , τb ≃

1
ωLaL

√

A
Z

mp

me
. (1)

These estimates are in very good agreement with

the results of PIC simulations.

The present mechanism based on circular polar-

ization of the laser pulse leads to moderate ion en-

ergies (≃ 102 keV) but very high ion densities and low beam divergence. The present study

might be of interest for problems of compression and acceleration of high–density matter by

short pulses as well as for the development of compact neutron sources, see e.g. [3].

References
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Scaling of Energy Deposition in Fast Ignition Targets 
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In this work, we examine the scaling to ignition of the energy deposition of laser 

generated electrons in compressed fast ignition cores. Relevant cores have densities of 

several hundred g/cm
3
, with initial temperatures of a few keV.  As the laser intensities 

increase, approaching ignition systems of the order of a few 10
21

W/cm
2
, the hot electron 

energies are expected to approach 100 MeV [1]. Most certainly anomalous processes must 

play a role in the energy transfer, but the exact nature of these processes, as well as a 

practical way to model them, remain open issues. Traditional PIC explicit methods are 

limited to low densities on present and anticipated computing platforms, so the study of 

relevant parameter ranges has received little attention. We use the 3-D explicit/implicit 

hybrid code LSP [2] to examine two model problems to begin to understand some of these 

issues. The first is a 3-D block of compressed deuterium into which we inject a relativistic 

electron beam of legislated energy and angular distribution (parameters consistent with 

those from laser-plasma interaction simulations). The second is the same block irradiated 

with a PW laser that couples through a prepulse generated blow-off/halo plasma. In this 

latter case, there is no a-priori assumption of the distribution of hot electrons. In either 

case, collective effects will determine the stopping, most likely driven by magnetic field 

filamentation. We plan to show the scaling of the stopping and energy transfer in the two 

cases as a function of density and temperature, as well as hot electron current and laser 

intensity. We also plan to comment on how sub-grid models can be profitably used and 

degenerate effects included in the solution of this problem. Sandia is a multiprogram 

Laboratory operated by Sandia Corporation, a Lockheed Martin Company, for the U. S. 

Department of Energy under Contract No. DEAC04-94AL85000. 
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Large deuterium clusters (~ 106 – 107 atoms) irradiated by ultra-short (tens of fs) and ultra-

intense (I ~ 1018 – 1022 W/cm2) laser pulses explode producing highly-energetic deuterium 

ions (E ~ 100 keV), capable of driving nuclear fusion reactions [1]. Among the various 

physical scenarios arising from the laser-cluster interaction, the formation of multiple-velocity 

structures in the ion phase-space, called shock shells [2], is of great interest, as it can lead to 

energetic collisions within single exploding clusters. While small-scale structures may form 

spontaneously during the Coulomb explosion of large clusters hit by a single laser pulse [3], 

large-scale, pronounced shock-shells can be easily obtained, and controlled, using sequential 

laser pulses (e.g. a weak pulse followed by an ultra-intense one, with a proper time delay ∆t) 

[3]. The ability of generating large-scale shock shells and tailoring the phase-space dynamics 

opens the way to intracluster fusion reactions. Such reactions constitute a novel, different 

phenomenon with respect to the intercluster reactions observed so far. In particular, the 

intracluster reaction rate exhibits a sharp, narrow peak (~ 10 – 50 fs wide) immediately after 

the shock formation. Furthermore, it is found that, with very large deuterium clusters (initial 

radius ~ 100 nm), the intracluster fusion yield becomes comparable to the intercluster fusion 

yield [4]. Hence, with appropriate conditions, an ideal double-pump experiment should 

furnish a clear evidence for the occurrence of intracluster, shock-driven fusion reactions. 

In order to provide a self-consistent description of the phenomenon and capture the full 

physics, we have carried out a set of 3D simulations, resorting to the OSIRIS framework [5], 

also including the effects of self-consistent field ionization (ADK ionization model [6]). 

[1] T. Ditmire et al., Nature 386, 54 (1997); T. Ditmire et al., Nature 398, 489 (1999). 

[2] A.E. Kaplan et al., Phys. Rev. Lett. 91, 143401 (2003). 

[3] F. Peano, et al., Phys. Rev. Lett. 94, 033401 (2005). 

[4] F. Peano et al., Phys. Rev. A, submitted (2005). 

[5] R.G. Hemker, UCLA PhD Thesis (2000); R.A. Fonseca et al., Lect. Notes Comp. Sci. 

2329, III-342 (Springer-Verlag, Heidelberg, 2002). 

[6] M. Ammosov et al., JETP 64, 1191 (1986). 
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Cone targets have been recently proposed as a new alternative approach to fast ignition. 

Integrated experiments have shown an increase in neutron yield in compression of fusion 

targets in presence of the cone (the CPA beam being directed through the cone). Such 

results have recently been published in Nature (R. Kodama et al.[1]). 

Despite the clear interest of such results, still many points remain completely obscure. Such 

integrated experiments do not allow a real understanding of the underlying physics and 

hence do not allow the study of the scalability of such scheme. Therefore, we have achieved 

simpler experiments in order to study the preliminary steps of fast electron generation, fast 

electron propagation in the target, and target heating in the presence of the cone. We 

present the preliminary results of laser-solid interaction experiment with or without cone, 

performed at LULI on the 100 TW facility. We have quantified the effects of the presence 

of the cone by several diagnostics : 2D K! imaging, K! spectroscopy and rear side 

imaging. 

 

[1] R. Kodama et al., Nature 418, 933 (2002) 

 

 

 

8th International Workshop on Fast Ignition of Fusion Targets, Tarragona, June 29 - July 1, 2005 

P-4.153,   Thursday June 30, 2005



Electromagnetic beam plasma instability in fast ignition 
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In the standard fast ignitor scenario [1] a petawatt laser pulse drives MA currents into the 

core of the compressed pellet. Filamentation and coalescence can affect the propagation 

of such large currents. The transverse electromagnetic (Weibel) instability [2] of the 

forward MeV electrons and their return current is the mechanism capable of driving the 

filament formation in the coronal region [3]. 

Using relativistic kinetic theory [4], we present a theoretical model to study the linear 

stage of the Weibel instability, taking into account hot plasma, space charge effects and 

different mixtures of plasma components. Collisions are also included through the BGK 

collision model. We show that thermal and space charge effects slow down the 

instability. Only at the edge of the compressed pellet, the Weibel instability can develop 

even at large beam temperature with a small but not negligible growth rate. This is due to 

the ion presence, which allows for the instability to occur on the ion time scale. For 

increasing plasma density regions inside the pellet, the thermal spread shutdowns the 

instability.  

As the collision frequency becomes non negligible, the filamentation instability evolves 

to the resistive (long wavelength) regime. In this case, the wavelength of the instability is 

comparable to the typical beam size, and whole beam instabilities arise. 

Our theoretical predictions are compared with two-dimensional and three-dimensional 

fully relativistic particle-in-cell simulations, carried out with OSIRIS 2.0 [5], both for the 

collisionless and the collisional scenarios. 
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Collisionless shocks for fast ignition 
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Recently, we have shown that the interaction of high intensity lasers with solids can lead to 

the formation of collisionless shocks [1]. Such shocks are a promising feature to fast 

ignition: if a significant fraction of the laser energy can be transported by the shock, the 

deleterious instabilities associated with fast electron transport can be avoided. 

We study the properties of collisionless shocks by means of numerical plasma simulations 

with osiris 2.0 [2] in 1 (1D) and 2 (2D) dimensions. The shock energy is measured and 

compared to the energy deposited by the laser and to the energy of the accelerated protons. 

Jump conditions associated to the shock formation [3] are investigated and verified on laser 

driven shocks. Properties of shock propagation are examined by running the shock into a 

positive density gradient. The simulation results are compared with a theoretical model that 

allows for shock propagation in a density gradient. The consequences of energy transport 

by collisionless shocks for fast ignition are also outlined. 

 

Work partially supported by FCT (Portugal) and DoE. 
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Εφφεχτιϖε χολλισιον στρενγτησ φορ ελεχτρον−ιµπαχτ εξχιτατιον οφ Λι−λικε Αλ 

ς. Στανχαλιε, ς. Παισ
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∗∗
, Α.Ρ.∆.Χηελµυσ 

Λασερ ∆επαρτµεντ, Νατιοναλ Ινστιτυτε φορ Λασερ, Πλασµα ανδ Ραδιατιον Πηψσιχσ, 
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Τηε πριµαρψ πυρποσε οφ τηε πρεσεντ ωορκ ισ το προϖιδε νεω σετσ οφ ρεφινεδ τρανσιτιον 

προβαβιλιτιεσ ανδ το ρεπορτ εφφεχτιϖε χολλισιον στρενγτησ φορ ελεχτρον−ιµπαχτ εξχιτατιον οφ Λι−

λικε Αλ ιον. Τηε ατοµιχ δατα αρε οβταινεδ ασ ουτπυτ φροµ τηε ΣΥΠΕΡΣΤΡΥΧΤΥΡΕ (ΣΣΤ) 

προγραµ βψ Εισσνερ ετ αλ.
1
, µοδιφιεδ βψ Νυσσβαυµερ & Στορεψ

2
,
 
ανδ χοµπαρεδ ωιτη ουρ 

πρεϖιουσλψ ρεπορτεδ δατα
3
. Τηε σχαττερινγ προβλεµ ωασ σολϖεδ υσινγ φυλλ εξχηανγε Ρ−µατριξ 

µετηοδ. Φιϖε ΛΣ ταργετ ειγενστατεσ αρε ινχλυδεδ ιν τηε εξπανσιον οφ τηε τοταλ ωαϖε φυνχτιον, 

χονσιστινγ οφ τηε τωο ν = 2 στατεσ ωιτη χονφιγυρατιονσ 1σ
2
2σ, 1σ

2
2π, ανδ τηε τηρεε ν = 3 στατεσ 

ωιτη χονφιγυρατιονσ 1σ
2
3σ, 1σ

2
3π, 1σ

2
3δ. Τηεσε φιϖε ιονιχ στατεσ χορρεσπονδ το ειγητ φινε−

στρυχτυρε λεϖελσ λεαδινγ το α τοταλ οφ 28 ινδεπενδεντ τρανσιτιονσ. Τηε Βρειτ−Παυλι Ρ−µατριξ 

µετηοδ ωασ υσεδ το χαλχυλατε τηε φινε−στρυχτυρε χολλισιον στρενγτη, ωηιχη ισ αϖεραγεδ οϖερ α 

Μαξελλιαν ϖελοχιτψ διστριβυτιον το οβταιν εφφεχτιϖε χολλισιον στρενγτη ασ φυνχτιον οφ ελεχτρον 

τεµπερατυρε. Ταβλε1 ανδ Ταβλε 2 πρεσεντ σελεχτεδ εφφεχτιϖε χολλισιον στρενγτησ. 

Ταβλε 1.Εφφεχτιϖε χολλισιον στρενγτησ, !( ν1λ1∀ ν2λ2), φυλλ−εξχηανγε ΛΣ χουπλινγ Ρ−µατριξ 

ρεσυλτσ 
ενεργψ

10#
−01 

 ρψδ 

! #  

10
−02 

2σ−2π 

! #  

10
−03 

2σ−3σ 

! #  

10
−04 

2σ−3π 

! #  

10
−03

 

2σ−3δ 

! #  

10
−04

 

2π−3σ 

! #  

10
−02

 

2π−3π 

! #  

10
−02

 

2π−3δ 

! #  

10
−01 

3σ−3π 

! #  

10
−02

 

3σ−3δ 

1.90
 

6.913
 

3.056
 

2.259 2.671 8.108 4.387 2.848 2.943 2.758 

1.95
 

6.844
 

3.040
 

2.125 2.633 8.008 4.292 2.838 2.889 2.579 

2.00
 

6.775
 

3.025 2.011 2.592 7.892 4.198 2.830 2.826 2.395 

2.05
 

6.707
 

3.011 1.921 2.548 7.770 4.112 2.816 2.760 2.232 

Ταβλε2. Εφφεχτιϖε χολλισιον στρενγτησ φορ τρανσιτιονσ 2σ1/2 � νλϕ, νον−εξχηανγε Ρ−µατριξ ρεσυλτσ 

 

ενεργψ

10#
−01 

Ρψδ 

!(2π1/2) 

 

#10
−01 

!(2π3/2) 

  

#10
−01 

!(3σ1/2) 

  

# 10
−04 

!(3π1/2) 

  

#10
−03

 

!(3π3/2) 

 

#10
−02

 

!(3δ3/2) 

 

 #10
−02

 

!(3δ5/2) 

 

#10
−02

 

1.90
 

1.990
 

3.986
 

3.621 4.355 1.690 2.124 4.639 

1.95
 

1.981 3.964 4.011 4.632 1.738 2.205 4.701 

2.00
 

1.972 3.942 4.430 4.918 1.787 2.283 4.756 

2.10 1.955 3.900 5.366 5.510 1.887 2.425 4.842 

1Εισσνερ Ω., ϑονεσ Μ., Νυσσβαυµερ Η., 1974, Χοµπυτ. Πηψσ. Χοµµυν. 8, 270; 
2Νυσσβαυµερ Η., Στορεψ Π.ϑ., 1978, Α&Α 64, 139; 3Στανχαλιε ς., 2000, Πηψσ.Σχρ.61, 459. 

                                                 
∗ Ον λεαϖε φροµ Αυτοµατιχ Χοντρολ ανδ Χοµπυτερσ Φαχυλτψ, �Πολιτεηνιχα� Υνιϖερσιτψ, Βυχηαρεστ, ΡΟΜΑΝΙΑ 
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Ατοµιχ δατα φορ Ζν−λικε Ω ιον ασ ρελατεδ το τηε πλασµα µοδελινγ 
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, ς. Στανχαλιε, Α.Ρ.∆. Χηελµυσ, ς. Παισ

∗∗
 

Λασερ ∆επαρτµεντ, Νατιοναλ Ινστιτυτε φορ Λασερ, Πλασµα ανδ Ραδιατιον Πηψσιχσ, 

Π.Ο.Βοξ ΜΓ−36, Βυχηαρεστ,077125 ΡΟΜΑΝΙΑ, Ασσοχιατιον ΕΥΡΑΤΟΜ/ΜεδΧ 

Ενεργετιχ, ηοτ πλασµασ χαν βε προδυχεδ βψ ϖαριουσ µεανσ φροµ χοντρολλεδ φυσιον εξπεριµεντσ 

βασεδ ον τοκαµακ δισχηαργεσ, βψ ηιγη−ποωερ λασερ ιρραδιατιον οφ σολιδ, ορ, ασ ιτ ηασ αλσο βεεν 

προποσεδ, βψ ιντενσε ιον βεαµ στρικινγ α φυελ πελλετ. 

Το αναλψζε τηε πλασµα χονδιτιονσ ρεαχηεδ, ονε ηασ το ιδεντιφψ χηαραχτεριστιχ σπεχτραλ λινεσ τηατ 

ρεϖεαλ τηε πρεσενχε οφ σπεχιφιχ ηιγηλψ χηαργεδ ιονσ, εϖαλυατε ρελατιϖε λινε ιντενσιτιεσ, ορ 

µεασυρε λινε ωιδτησ φορ δεριϖινγ αν ιον τεµπερατυρε. Φορ α ωηιλε, τηε ηιγηεστ χηαργε στατε 

ιονσ ωερε οβσερϖεδ ιν λασερ−προδυχεδ πλασµασ. Τηε τιµε−αϖεραγεδ τεµπερατυρε ανδ δενσιτψ οφ 

φρεε ελεχτρονσ διαγνοστιχσ ρεθυιρεσ εξπεριµενταλ λινε ιντενσιτιεσ ανδ ραδιατιϖε−χολλισιοναλ 

κινετιχσ. Τηε αιµ οφ τηισ ωορκ ισ το ρεπορτ τηε χολλισιον δατα φορ τρανσιτιονσ οφ τψπε [Αρ] 

3δ
10

4σνλ ! [Αρ]3δ
10

 4σ ν�λ� ωιτη ν,ν�=4,5,  λ, λ�=0,1,2,3 , φορ ∀ϑ = 0,1. Τηε χαλχυλατιονσ ωερε 

περφορµεδ υσινγ σελφ−χονσιστεντ φιελδ µετηοδ φορ τηε ποτεντιαλ ανδ τηε ραδιαλ ωαϖε φυνχτιον. 

Τηε ατοµιχ στρυχτυρε Χοωαν�σ χοδε ωασ υσεδ το ουτπυτ πλανε−ωαϖε−Βορν χολλισιον στρενγτησ 

φροµ τηε γρουνδ. Φορ εαχη σπεχτρυµ λινε (εαχη ϑ−ϑ� εξχιτατιον), ϖαλυεσ οφ τηε ωειγητεδ 

γενεραλιζεδ οσχιλλατορ στρενγτη αρε ταβυλατεδ ασ φυνχτιον οφ τηε µοµεντυµ τρανσφερ. Τηε λεϖελ 

ενεργιεσ ανδ ραδιατιϖε τρανσιτιον προβαβιλιτιεσ αρε αλσο προϖιδεδ. 

Ταβλε1. Σελεχτεδ χολλισιον στρενγτησ.(1−3δ
10

4σ
2
; 2−3δ

10
4σ4π; 3−3δ

10
4σ4δ 

4−3δ
10

4σ4φ; 5−3δ
10

4σ5σ; 6−3δ
10

4σ5π; 7−3δ
10

4σ5δ; 8− 3δ
10

4σ5φ) 

 

Τρανσ Τε=500(ες) 700(ες) 1000(ες) 1500(ες) 2000(ες) 3000(ες) 

1−2 1.362761 1.422506 1.483412 1.545169 1.607557 1.670450 

2−6 0.201112 0.205640 0.209688 0.213271 0.216415 0.219171 

3−2 5.073067 5.308067 5.547799 5.791107 6.037148 6.284938 

3−4 5.998616 6.267235 6.541051 6.818888 7.099425 7.382033 

3−6 0.144169 0.160395 0.177563 0.195575 0.214264 0.233533 

3−7 0.379282 0.386826 0.393537 0.399499 0.404768 0.409378 

3−8 0.606723 0.677875 0.752756 0.830878 0.911648 0.994619 

4−8 0.525012 0.533207 0.540548 0.547130 0.552958 0.557992 

5−6 7.067857 7.397661 7.734025 8.075112 8.420126 8.767891 

7−2 0.103364 0.117441 0.132555 0.148613 0.165484 0.183072 

7−4 0.111469 0.121885 0.132893 0.144583 0.156764 0.169323 

7−6 13.47917 14.15822 14.85189 15.556113 16.26909 16.98744 

7−8 19.56743 20.51495 21.48198 22.464382 23.45722 24.45750 

 

                                                 
∗ Ον λεαϖε φροµ φαχυλτψ οφ Ελεχτρονιχσ, Τελεχοµµυνιχατιονσ ανδ ΙΤ, �Πολιτεηνιχα� Υνιϖερσιτψ, Βυχηαρεστ 
∗∗ Ον λεαϖε φροµ Αυτοµατιχ Χοντρολ ανδ Χοµπυτερσ Φαχυλτψ, �Πολιτεηνιχα� Υνιϖερσιτψ, Βυχηαρεστ, ΡΟΜΑΝΙΑ 
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Laser driven neutron yield from heavy water spray target 

S. Ter-Avetisyan, P.V. Nickles, M. Schnürer, S. Busch, E. Risse, W. Sandner, U.Jahnke1) , 

and D. Hilscher1) 

Max-Born-Institut, Berlin, 1) Hahn-Meitner Institut, Berlin 

 

We present an experimental and computational study of the ion and fusion neutron yields 

from laser-irradiated heavy water (D2O) spray target.  The droplets of about 150 nm 

diameters in the spray were exposed to 35 fs laser pulses at an intensity of 1×1019 W/cm2. 

Due to the big size of the spray droplets (~150 nm), deuterons are accelerated to 

considerably high kinetic energies of up to 1 MeV.  Neutrons are generated by the deuterons 

escaping from the plasma and initiating a fusion reaction within the surrounding cold plume 

of the spray jet. For each 0.6 J of laser pulse energy, 6×103 neutrons are produced by about 

1011 accelerated deuterons.  

To find a prospective laser-target concept for eff icient fusion neutron production a 

methodological approach is proposed for the comparison of different experimental results. 

This approach quantifies differences in the target neutron-emission characteristics in relation 

to the irradiation conditions used. Because in the experiments the generated energetic 

deuterons can be measured in absolute terms, and also the number of neutrons created due to 

deuteron-deuteron colli sions is measured directly therefore we compare the different target 

systems by means of the ratio of the number of generated neutrons (Nn) per accelerated 

deuteron (ND) and incident laser energy or, in other words, the D(d,n) reaction probability 

per laser pulse energy. The ratio Dn NN /  is the D(d,n) reaction probabili ty. This includes the 

eff iciency of the energy transfer from the laser to the deuterons, and makes it possible to 

separate the geometry of interaction when comparing different experiments while bigger 

plasma volume can increase the number of accelerated deuterons and the number of fusion 

neutrons, respectively in spite of the interaction eff iciency. Thus an improved 

characterization of the prospects of a target system for neutron production is possible. 

A direct comparison with results obtained from other cluster and gas targets was possible 

and as a result the laser-driven neutron source from the D2O spray is found to have more 

than two orders of magnitude higher neutron yield per accelerated deuteron as compared to 

sources using cluster and gas targets realized recently.  
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Hybrid PIC simulations of heating of solid targets by fast electrons 

J. Honrubia, C. Alfonsín, B. Pérez 

ETSII, Universidad Politécnica, Madrid, Spain 

 

Recent experiments of fast electron heating of aluminium foil targets [1,2] have been 

analysed by means of 2D/3D hybrid PIC simulations. Previous studies [3] have shown 

temperatures at the rear surface of a 100 µm target two times higher than measurements 

[1]. These differences between simulations and experiments can be explained by the 

excessive beam collimation typically found in hybrid codes due to the angular 

distribution normally used for electron injection into solid targets. We have then used a 

suitable angular distribution based on the ponderomotive acceleration of electrons [2] in 

order to reproduce the experimental temperatures and Kα yields. Low energy electrons 

are emitted with large divergence angles whereas high energy electrons are emitted with 

angles of 20º-30º as in standard hybrid calculations. 

2D and 3D simulations of single and multilayered targets including self-

generated EM fields will be presented, emphasizing beam collimation, target heating, 

Kα emission, and energy loss by collisions and collective effects.  

 

REFERENCES 

[1] M. Key et al. in Inertial Fusion Sciences and Applications, K.A. Tanaka, D.D. 

Meyerhofer and J. Meyer-ter-Vehn, p. 357, Elesevier, Paris (2002). 

[2] R.B. Stephens et al., Phys. Rev. E 69, 066414 (2004) 

[3] J. Honrubia et al., Laser Part. Beams 22, 129 (2004). 
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Petawatt interactions with underdense plasmas

K. Krushelnick1, Z. Najmudin1, L. Willingale1, P. Nilson1, S.P.D. Mangles1, M.S. Wei1, B.

Walton1, A. Gopal1, A.E. Dangor1, K. Lancaster1,2, P. Norreys2, C. Murphy1,2, R. G. Evans,

W. Rozmus 1,4 , A. G. R. Thomas1, M. Kaluza1, W. B. Mori5, M. Tzoufras5

1Blackett Laboratory, Imperial College London, London UK
2 Central Laser Facility, Rutherford Appleton Laboratory, Chilton, Didcot, Oxon, OX11

0QX, UK
3 Plasma Physics Department, AWE plc, Aldermaston, Reading,  UK

4Dept. of Physics, University of Alberta, Canada
5 Dept of Physics, University of California, Los Angeles, USA

A series of experiments have been performed using the Vulcan Petawatt laser to examine

mechanisms of electron acceleration in ultra-relativistic interactions (up to I = 1021 W/cm2)

with underdense helium and deuterium plasmas.  Accelerated electrons greater than 300

MeV were observed, along with high energy ion production and significant x-ray and

neutron emission.  It is clear from these experiments that a form of direct laser acceleration

is the principal acceleration mechanism for the electrons.  As the laser power increased the

laser beam became very susceptible to propagation instabilities such as filamentation and

hosing.
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Dynamics of Weakly Relativistic Electromagnetic Solitons in 

Laser-Plasmas 

A. Man7i51, Lj. Hadžievski2, M.M. Škori52

1
 Department of Physics, Faculty of Sciences and Mathematics, University of Niš,  

PO Box 224, 18001 Niš, Serbia and Montenegro 

2
 Vin7a Institute of Nuclear Sciences, P.0. Box 522, 11001 Belgrade, Serbia and Montenegro  

 

Relativistic electromagnetic (EM) solitons are coherent spatially localized structures 

self-trapped by a locally modified plasma refractive index via the relativistic electron mass 

increase and local electron density depletion caused by the ponderomotive force of intense 

laser light. A large number of papers studies in detail the circularly polarized case and 

estimates for  the ultrashort laser pulses that 30% to 40% of the laser energy can be trapped 

inside these low-frequency EM solitons, creating a significant channel for laser beam energy 

conversion. 

In this paper, the problem of existence, stability, and dynamics of linearly polarized 

electromagnetic solitons is studied by a one-dimensional analytical model for a weak, 

relativistic nonlinearity. A simple dynamical equation of the nonlinear Schrödinger type, 

with two extra nonlocal (derivative) nonlinear terms, is derived. [1]. An analytical solution 

for the moving solitons is calculated in an implicit form. Stability of the solitons is studied 

analytically and numerically and the instability threshold dependent on the soliton 

self-frequency and velocity is obtained.  The dynamics of the stable and unstable solitons, as 

well as soliton interactions are studied numerically. An analytical attempt based on the 

conserved  quantities, photon number and Hamiltonian, to explain the numerical results is 

performed. 

 

[1] Lj. Hadzievski, M.S. Jovanovic, M.M. Skoric and K. Mima, Phys. Plasmas 9, 2569, 2002 
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Excitation of the bulk and surface plasmons at the rapid breakdown of 

cluster by high-intensity femtosecond laser pulse 

A.M. Bystrov, V.B. Gildenburg 

Institute of Applied Physics, N.Novgorod, Russia 

 

The dynamics of the field and plasma at the breakdown of the cluster by high-

intensity femtosecond laser pulse was investigated in the framework of uniform cluster’s 

plasma model considering the excitation of free dipole cluster oscillations (plasmons). It 

was found that at the typical magnitudes of parameters for the cluster breakdown in strong 

laser field [1-3] (cluster radius a~5-20 nm, wavelength そ~300-1000 nm, intensity 

I~1014-1016W/cm2) the generation of the plasmons takes place. This effect results in the 

spectrum enriching of the scattered radiation. We considered two regimes of the plasmons 

excitation: (1) impact excitation of the bulk and surface plasmons at the rapid cluster 

ionisation by high-intensity femtosecond laser pulse (I~1016ゑö/ï½2); (2) resonance 

excitation of the surface plasmon (in this case the investigation was based on the 

selfconsistent model for the cluster ionisation by the gauss laser pulse at the tunnel 

ionisation mechanism). As the main mechanisms of energy dissipation, the electron 

collisions with ions and plasma boundary, Landau-damping, and radiation losses were 

taken into account [4]. We found the time-dependence of the electric field, plasma density, 

dipole moment of the cluster, as well as the energy, amplitudes, decay constants of the 

excited plasmons, and scattered radiation spectrum. The optimal conditions for plasmons 

excitation were determined. 

The work was supported by RFBR (Grants 02-02-17271, 04-02-16684 and SS-
1639.2003.2). 
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Fluid model of collisionless reconnection in a force-free equilibrium

A. Bruno1, R.J. Hastie2, J.J. Martinell3, F. Porcelli1

1 Burning Plasma Research Group, Dip. di Energetica, Politecnico di Torino, Italy
2 UKAEA Fusion Department, Culham Laboratory, United Kingdom

3 Instituto de Ciencias Nucleares, UNAM, México D.F., México

The investigation of collisionless tearing modes for a force-free equilibrium is shown. A lin-

earized fluid model is derived from the standard two-fluid equations describing a quasi-neutral,

singly ionized, force-free plasma. Force-free magnetic configurations, where the equilibrium

current density is aligned with the equilibrium magnetic field, are quite typical for astrophysical

plasmas, as well as for laboratory plasmas (RFP). The presence of compressibility, together with

a component of the equilibrium magnetic field (and consequently equilibrium current density)

which is orthogonal to the guide field direction generates new terms, which were not present

in the stardard derivation of collisionless tearing modes (obtained for a constant strong guide

field, see for instance Ref. [1]). Later works by Porcelli [2]and Fitzpatrick [3] investigated the

role of a scalar pressure, but still without an orthogonal component of the equilibrium current

density. The newly derived model shows three different regimes of plasma instabilities:

• the classical collisionless tearing mode regime (Ref. [1])

• a highβ limit (Ref. [2])

• a new Buneman-type of regime, where electrostatic oscillations are triggered in the small

β limit.

Such derivation will be shown in detail, and the resulting regimes will be discussed, together

with the importance of a finite plasmaβ .

References

[1] B. Coppi, Phys. Fluids8, 2273 (1965).

[2] F. Porcelli, Phys. Rev. Lett.66, 425 (1991)

[3] R. Fitzpatrick, F. Porcelli, Phys. Plasmas11, 4713 (2004)
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Ion acceleration using high-contrast ultra-intense lasers 
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1Laboratoire pour l’Utilisation des Lasers Intenses, UMR 7605 CNRS-CEA-École 
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2 Dipartimento di Energetica, Università di Roma « La Sapienza », Via Scarpa 14-16, 

00165 Roma, Italy 
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We have compared the acceleration of high-energy ions from the rear-surface of thin 

foils [1] for various contrast conditions of the ultra-intense laser pulse irradiating the 

targets. The experiment were performed using the LULI 100 TW facility with 15-20 J 

energy pulses of > 10
19
 W.cm

-2
 intensity [2]. We used Al targets of variable thicknesses 

and the laser pulse contrast ratio ahead of the main pulse was varied using either a fast 

Pockels cell [3] or a plasma mirror [4]. The latter was installed at an intermediate field 

position, in between the focusing optics and the target, so that its effect was optimized. 

By improving with these two methods the laser pulse contrast, we have observed that we 

could reduce significantly the thickness of the target used for proton acceleration and at 

the same time increase (i) the maximum energy of the accelerated protons and (ii) the 

energy conversion efficiency of the process. A full characterization of the plasma mirror 

contrast enhancement as well as a detailed analysis of the accelerated proton beams will 

be presented. 

 

1
E. Clark et al., Phys. Rev. Lett. 84, 670 (2000); R. A. Snavely et al., Phys. Rev. Lett. 85, 

2945 (2000); A.J. McKinnon et al., Phys. Rev. Lett. 86, 1769 (2001); S. Karsch et al., 

Phys. Rev. Lett. 91, 015001 (2003); M. Allen et al., Phys. Rev. Lett. 93, 265004 (2004); 

J. Fuchs et al., Phys. Rev. Lett. 94, 045004 (2005). 

2
B. Wattellier et al., Optics Letters 29, 2494 (2004). 

3
M. Kaluza et al., Phys. Rev. Lett. 93, 045003 (2004). 

4
P. Monot et al., Opt. Lett. 29, 893 (2004). 
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