LIMITED DISTRIBUTION
INIS-mf--13807 ,

A
Collection of Papers
Presented at the IAEA Technical Committee Meeting

Research Using Small Tokamaks

at
Hefei and Huangshan
China
3-8 October 1991

Physio Section « /
Fusion
m

Reproduced by
International Atomic Energy Agency
Vienna, Austria

The material io Urn document has been supplied by lie authors and his not been edited by Ibe IAEA. The view expruied renuin t
of the named authon and do not necessarily reflect those of the sovenunent(s) of the designating Member State(s). In particular, neither the IAEA
nor any other organization or body sponsoring the meeting can be held responsible for any material reproduced in this document.

FOREWORD
The technical reports in this document on "Research Using Small Tokamaks" were
presented at the International Atomic Energy Agency Technical Committee Meeting, with
the same title, held in Hefei and Huangshan, China, 3-8 October 1991.
The meeting was attended by more than 90 scientists from thirteen IAEA Member
States.
Thirty-nine technical reports were given orally, and another fourteen technical
presentations were given in the form of poster papers. The majority of the reports were
devoted to experimental research on middle- and small-scale tokamak devices (33). The rest
of the reports were divided between theory (12) and fusion technology development (8).
The programme of the Technical Committee Meeting was divided into four sessions:
Experiments, Diagnostics, Theory, and New Facilities and Techniques. Summaries of each
of these sessions were given by S. Tanaka (Japan), J. Fujita (Japan), V. Demchenko (IAEA),
and S. Qian (China), respectively.
The quality and quantity of research reported at these TCM's has increased
substantially during the past couple of years. The work appears to fully justify the decision
that was recommended in 1990 to hold TCM's on this subject annually. The meetings are
enthusiastically supported, in terms of high-quality contributed papers, primarily but not
exclusively from scientists in developing Member States. The researchers, scientists, and
engineers who participate recognize the invaluable opportunities that these TCM's provide
to meet and talk together and to coordinate their research efforts and to keep in touch with
theoretical and experimental fusion developments in institutes and laboratories around the
world. The possibilities for incorporation of some innovative ideas into near-term, main-line,
large-Tokamak projects (e.g. ITER, etc.) does not go unnoticed, and provides extra
incentive.
One might well ask, "What is a Small TokamakV There may be no precise answer
to this question, but one working definition is that a small tokamak is one with a plasma
current less than 400 kA. Operational programmes of small tokamaks should contribute to
research "targets of opportunity" aimed at
•

improving the operation of standard (large) tokamaks;

•

moving, through small steps, to more advanced magnetic confinement
systems;

•

investigating transport;

•

developing diagnostics;

•

training scientists, engineers, and technicians, particularly in developing
countries.

Given this list of goals, one may also suppose that research using machines and facilities
other than tokamaks might contribute as well. Indeed, the history of the series of TCM's
on Research Using Small Tokamaks has shown that, while most of the research has indeed
been conducted on tokamaks, some significant contributions to the meetings have come from
non-tokamak-based research.
Researchers from programmes of various size in many countries are eager to
participate in work directed toward one or more of the goals listed above. Some of the work
is documented in this latest TECDOC on Research Using Small Tokamaks.
This TECDOC is prepared from direct reproductions of the authors' copies. It is
hoped that publication of the document in this way will provide timely information to fusion
specialists in all member states that helps define the main directions of fusion research using
small tokamaks and other small research facilities.
The IAEA would like to take this inadequate opportunity to thank the managers,
researchers, and staff of the Institute of Plasma Physics, Academia Sinica, for the excellent
plans, preparations, and detailed hard work that went into making this Technical Committee
Meeting such a memorable success.

SUMMARY
V. Demchenko
IAEA
1. Tokamak experiments. Experimental results obtained on different moderate or small-scale
tokamaks were presented. A considerable body of reports (16) were devoted to experimental
investigation of MHD plasma phenomena such as disruptions, sawtoothing, low- and high-kink
modes instability, etc. RF plasma heating was a subject of four presentations. However, most of
the papers presented in this section (13) were dedicated to edge plasma physics. A description of
the most interesting results reported in this field of research has been of main interest here.
1.1 Edge plasma physics. Edge phenomena are widely believed to influence the overall particle
and energy confinement in a tokamak plasma. New physical phenomena such as H-mode operation,
detached plasma, second stability regime operation using current pedestals at the edge region, etc.
all point to the increasingly important role played by edge physics in optimizing the performance of
the core plasma in tokamak operation. Experiments in tokamaks which are similar to the ones
discussed at the meeting can play an important role in the further development of edge physics
research.
- Tokamak HYBTQRII (Nagoya. Japani. Experimental research on the modification of the edge
electric field by limiter biasing and electron beam injection has been performed. Control of the
amplitude and/or the spatial profile of the radial electric field might improve the plasma confinement
properties. In the HYBTORII tokamak, the bias voltage (positive or negative) is applied to the
poloidal limiter. A radial electric field of 25 V/cm was produced by the positive biasing, and strong
suppression of the electrostatic fluctuations in the edge region of tokamak discharge was observed.
- Tokamak JIPP T-IIU (Nagoya. Japan). H-mode operation is obtained by ion cyclotron resonance
frequency (ICRF) heating alone in the limiter tokamak. Rapid ramp-down in plasma current during
auxiliary heating makes the L -» H transition easier. Coherent magnetic fluctuations localized near
the plasma edge are suddenly supprt.:sed at the transition. These observations suggest that the L -»
H is governed by enhanced edge magnetic shear associated with the detachment of the toroidal
current density profile from the limiter.
- Tokamak HT-6B (Hefei. China). By using light line emissions from the impurity ions, the
impurity diffusion coefficient was found at the plasma edge. The impurity confinement can
apparently be improved by the slow magnetic compression of the plasma along the minor radius.
This improvement may be caused mainly by the decrease of the MHD plasma activity and decrease
of the impurity influx from the edge region and by the change of edge plasma parameters after
compression. The analysis appears to conclude that the impurity confinement has also been
improved by the suppression of MHD instabilities with resonant helical fields.
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1.2 MHD plasma activity and its control. The control of MHD instabilities and disruptions remains
a high priority problem for future tokamaks, and a number of experiments have been performed on
small-scale tokamaks to develop control techniques.
- Tokamak CT-6B (Beijing. China). A low frequency modulation experiment has been performed.
During modulation no disruptive instability was observed, and the loop voltage changed smoothly
without any spikes. The tokamak is operated with many cycles of alternating current and with no
indication of violent plasma motion.
- Tokamak TEXT (Austin. USA). A study of MHD activity-related microturbulence on TEXT has
been performed using interferometry and collective scattering of laser radiation. Modifications to
the spectrum and the magnitude of turbulent density fluctuations are observed. An increase in the
poloidal velocity shear may be responsible for the measured reduction in the fluctuation amplitude.
Significant enhanced microturbulence and increa&d
heat and particle transport were observed. Enhancement in density is associated with fluctuations
measured in the ion drift direction. This feature may provide a physical mechanism for the
confinement degradation and subsequent disruption.
- Tokamaks (CASTOR (Prague. CSFR) and ASDEX (Germany). Some effects of lower hybrid
current drive (LHCD) on the turbulent parameters of the above tokamaks peripheries were reported.
An improvement of the global particle confinement was observed during LHCD regime. This
improvement correlates well with the reduction of the edge plasma fluctuations observed on both
tokamaks.
- Tokamak WT-3 (Kyoto. Japan). Sawtooth oscillations (STO) are observed to be modified
significantly by a localized electron cyclotron resonance heating (ECH) near the safety factor q = l
surface. When ECH power is applied, both the period and the amplitude of STO increase with EC
power. The complete stabilization of STO was attained with ECH applied near the q = l surface on
the high magnetic field side and in the low density region. The experimental results can be
interpreted as follows: ECH modifies the current density profile, which reduces shear in the q = l
region, and the plasma moves from unstable points without ECH to a stable point with ECH.
- Tokamak HT-6B (Hefei. China). An LHCD experiment was carried out with RF power of 100
kW. About 30 kA plasma current was sustained by LH waves while DC electric field was cut off.
The results showed that 90% of the wave power coupled into the plasma, with penetration to the
plasma center. There was clear evidence that MHD instabilities, such as sawteeth and Mirnov
oscillations, were suppressed by LHCD.
- Tokamak HL-1 (Chengdu. China). Density limit disruptions have been observed in current
ramping, flattop, and dropping phase. Density limit disruption is always related to the bursting of
MHD instability and the slowing of mode rotation or mode locking. Before disruption, plasma
displacement is very small and sawteeth always exist. During current dropping, phase disruption
takes place only if the current dropping rate is faster than that of density. This kind of disruption
is the major one and is very similar to the disruption taking place in the flattop phase.
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1.3 RF plasma heating. The level and scale of RF methods has increased substantially during the
past few years and the experimental results presented at the meeting show that several of the RF
heating techfniques (ICRH, ECRH, LHH) which are now being developed can compete with the
previously developed neutral beam injection technique.
- Tokamak KT-5B (Hefei. China). The experiments related to the externally launched Ion Bernstein
wave propagation and plasma heating caused by these waves were performed. It was confirmed,
by experimentally measured dispersion characteristics, that IBW penetrates into the plasma core and
could provide some heating. However, small values of IBW (5kW) could not guarantee that all
requirements needed for efficient plasma-wave interaction have been satisfied.
- Tokamak HT-6M (Hefei. China). To study plasma heating by extremely high power density ion
cyclotron waves, an RF system has been developed which is capable of delivering about 2 MW
power to the plasma. Preliminary experiments were conducted at power levels up to 400 kW, which
demonstrated substantial heating of plasma ions. The launching structure, plasma coupling, and
sputtering of antenna and chamber wall during ICRH were studied.
1.4 Plasma diagnostics. The diagnostics for the next step devices (such as ITER, BPX, etc.) have
been evaluated for their necessity and function during the different operational phases. In addition
to the information needed for understanding the physics of the plasma behaviour, plasma diagnostics
must also provide the signals necessary to both control the plasma parameters during operation and
to ensure device integrity under fault conditions. All these diagnostics must be radiation-insensitive,
extremely reliable, and remotely maintainable. Some innovative ideas have been discussed at the
meeting.
- J. Fujita (Nagoya. Japan) has presented a new technique for the measurement of an electron
density profile which is generated by the application of an ergodic divertor. It was reported that
even very peaked density profiles can be measured by the method, with
a spatial resolution of the order of 1 cm. This method can be used in the edge region of a
tokamak plasma.
- T. Edlington (Culham. UK) discussed an electron cylotron absorption diagnostic for small-scale
tokamaks. For such devices it is difficult to apply conventional electron cyclotron emission
diagnostic techniques, because there are no optically thick harmonics. This may also be true in large
devices away from the hot core of the plasma. Electron cyclotron absorption may be a more
appropriate technique in these cases.
- F. Aumayr (Vienna. Austria) presented an overview of the novel diagnostic technique based on
experimental results obtained with the injection of fast lithium beams at the TEXTOR tokamak in
Juelich (Germany). Main emphasis was given to methodical improvements, in particular the
development and implementation of a computer code treating different aspects of beam-plasma
interactions.

- S. Sasaki (Nagoya. Japan) described laser blow-off (LBO) lithium beam probing for edge plasma
diagnostics on HYBTORII tokamak (Nagoya, Japan). This method has high spatial and time
resolution without serious distrubance to the plasma. The advantages of LBO lithium beam
compared to other methods are that the beam has an adequate speed to penetrate the tokamak edge;
the apparatus is relatively simple; and it contaminates the plasma only a little.
2. Magnetic confinement theory development and new facilities parametric analysis and
operational performance. At the session on magnetic confinement theory and on new facilities,
13 papers were presented and almost all treated tokamak theory. In the following, these theoretical
papers are classified into several topics:
- optimization of tokamak design,
- low-q toroidal discharges,
- tearing mode stability modelling,
- RF plasma heating,
- anomalous transport.
2.1 Optimization of tokamak design. Optimization of tokamak operational performance has been
continuing since the last TCM on research using small tokamaks (Washington, DC, 1990). At that
meeting, three papers were presented which consider systematic numerical modelling of the optimum
stable operation of new small-scale tokamaks. A theoretical model for determining the maximum
achievable # value and the optimum toroidal current density distribution for effective, stable
operation of the SNUT-79 tokamak has been presented by Sang Hee Hong, et al (Seoul National
University, Korea). Parameter (i is a dimensionless form of plasma pressure indicating the
efficiency of plasma confinement by the magnetic field. Varying the shape of the current density
profile based on semi-empirical laws, the maximum achievable 0 value for each case is numerically
obtained under the constraints of ideal MHD stability criteria. As a result, the optimum /S value and
the corresponding current density profile were determined and a scaling law for the maximum /3
limit was obtained in terms of system and operating parameters of the tokamak. The equilibrium
features of the small aspect ratio tokamak, TBR2-E, under design in Brazil, was discussed by P.
Sakanaka (San Paulo, Brazil). Plasma equilibrium with aspect ratio of 1.6 was studied by using
the numerical code SELENE-J from JAERI, Japan. Main emphasis was concentrated on the stability
limit by increasing the /3-limit at a k (elongation) of 1.7. It was also determined that, by increasing
the triangularity of magnetic surface cross-section, the maximum /3-Iimit increases. Transport
phenomena based on neoclassical theory have been studied, especially with respect to trapped
particles and bootstrap current effects. It was shown that bootstrap current may account for a
significant part of the total plasma current, and that it is an interesting subject for experiments.
Numerical study of a regime of operation for ADITYA tokamak, where the bootstrap current
contributes up to 25% of the plasma current, has been presented by S. Chaturvedi. et al (Bhat,
India). The peculiar current density profile due to bootstrap current leads to an unusual safety factor
q(r) profile. The stability of such profiles with respect to different MHD-modes (high-n ballooning
modes, localized interchange modes, low-n internal and external modes and various resistive modes)
were examined. A numerical analysis has been performed for high-n ballooning modes, while the
other modes have been examined in a qualitative manner. The most severe limit on admissible (5values comes from low-n external ballooning modes. A zero-dimensional code with certain one-
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dimensional features has been used to simulate the temporal evolution of plasma discharge. The
code gives the evolution in time of electron ion temperatures and densities, the distribution of
impurity ions and the plasma inductance. It was shown that the H-mode confinement regime is a
requirement for bootstrap current dominated operation if transport losses are to be kept within
acceptable levels. Pure ohmic operation without RF power is only possible at low values of q (~ 2)
which will be unstable as well as inaccessible. A new ergodic divertor has have been described by
M. Chu. et al. (San Diego, USA). It utilizes a system of external (n=3) coils arranged to generate
overlapping magnetic islands in the edge region of diverted tokamaks (such as D-III, USA or JFT2M, Japan) and connects the randomized magnetic field lines to the external (cold) divertor plate.
This will provide a broadened scrape-off layer near the separatrix and reduce the peak heat
deposition on the divertor targets by spreading out field line intersections with the target plates.
Ergodic layers can also be used to reduce heat deposition asymmetries existing in tokamaks due to
intrinsic magnetic perturbations. Numerical calculations have confirmed the ability of ergodic
magnetic fields to cool the electron temperature at the edge and provide control to the edge plasma
density for the avoidance of edge localized modes. A time-dependent modulation of the currents in
the external coils can spread the heat flux more uniformly on the divertor plates, avoiding high
concentration of the heat flux.
2.2 Low-q toroidal discharges. A tokamak is the most credible device to attain the ignition of
thermonuclear fusion reactions because of its abundant database on plasma confinement. The size
of an ignition tokamak becomes, however, very large if it is designed in the conventional way. The
tokamak ohmic ignition device is essentially compact and simple because additional heating systems
are not necessary. N. Inoue. et al (Tokyo, Japan) discussed the ohmic ignition conditions for
tokamaks with adiabatic compression for two modes of operation: 1) application of minor radius
compression for ultra-low-q discharge, assuming Alcator-type scaling and flat profiles for plasma
parameters, and 2) application of both minor and major radius compressions assuming Neo-Alcator
confinement scaling and parabolic profiles of plasma parameters. In the former case, energy
confinement time required for ignition was deduced, and in the latter case, tokamak and plasma
parameters necessary for ignition was calculated. It has been shown that a multiple of the energy
confinement time and current density is constant at the ignition points in parameter space.
The compression increases the plasma current density and enhances the ohmic ignition capability.
The paper of Z. Yoshida. et al (Tokyo, Japan) presents a theoretical model of anomalous plasma
heating in low-q toroidal discharges. By using the MHD approach, the basic relations between the
viscous dissipation of electromagnetic energy through fluctuations and resistive dissipation in a
reconnection process were derived. For a reconnection with a large growth rate, the viscosity
heating of the plasma ions is predominant in the total dissipation through fluctuations, while a slower
reconnection is dominated by the resistive dissipation. This result shows a unique feature of the
relaxation phenomena associated with the driven reconnection.
2.3 Tearing modes. Tearing modes play an important role in the confinement and stability of
tokamak plasmas. They are suspected to be the principal cause of both minor and major disruptions.
Experimental evidence indicates the presence of the m =2, n = 1 tearing mode as a precursor to major
disruptions, and the m=n = l mode is found to occur for internal disruptions. Stabilization of these
modes is, therefore, an attractive option for both enhancing plasma confinement and improving
tokamak-reactor suitability. Experimental attempts using saddle coil techniques have had very
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limited success. In a paper presented by A. Sen, et al (Bhat, India), a new stabilization scheme
based on injection of modulated neutral beams to provide feedback-controlled sources of particle and
momentum density is proposed. A detailed theoretical analysis were carried out for the stabilization
of drift-tearing modes. It was found that for ADITYA tokamak parameters, stabilization is possible
using modest beam powers, currents and densities. Results of linear effects of lower hybrid current
drive (LHCD) on tearing mode instability in both kinetic and MHD models were discussed by CL
Yu. et al (Hefei, China). In collisional regimes, LHCD plays a stabilizing role; while in
semicollisional regimes, LHCD can either stabilize or destabilize tearing modes depending on the
competetive effect of the gradients of plasma density, electron temperature, and driven current
around the rational surface. From MHD mode it was shown that both the tailoring of the current
profile and the shift of the q = l surface, caused by LHCD, would lead to rational stabililzation or
destabilization of tearing modes, depending on the shear on the wave propagation, absorption, and
hence, driven current. The results obtained would explain qualitatively the experimental
observations of tokamak PLT (USA) and WF-3 (Japan). The results reported by Yu Qingquan and
Huo Yuping (Hefei, China) on nonlinear magnetic island is of fundamental importance for the
prediction of plasma behaviour confined in the sheared magnetic field. The nonlinear evolution of
the magnetic island was analyzed by using the exact equation for the magnetic island width. The
effect of the plasma vortex flow has been taken into consideration. The following results were
obtained: 1) the vortex term v1 x Bo (v, - perturbed velocity) in the first harmonic magnetic field
diffusion equation was shown to play the dominant role in the nonlinear growth of the magnetic
island rather than the resistive term — j ; 2) the time evolution of the width of the magnetic island
W is W ~ T 1 / 2 , 3) the growth rate of the magnetic island is about an order of value higher than the
well-known Rutherford's growth rate; and 4) the saturation width of the magnetic island is smaller
than that predicted in the previous theories.
2.4 Strong plasma turbulence. Recently, a large amount of experimental and theoretical effort has
been put into study of numerous problems associated with strongly nonlinear plasma phenomena,
that is, the phenomena in which the level of energy in the collective plasma modes is rather high.
These studies are necessary due to the emergence of such unique instruments as high-power RF
sources and powerful lasers, both of which produce high-intensity coherent oscillations in a plasma
which cannot be described in terms of weakly nonlinear theory. Among the phenomena of strongly
nonlinear nature occuring in the interaction between a plasma and high-intensity coherent radiation
are 1) localized regular structures (solitons, spykons, vortices, etc.) formation and dissipation, 2)
modulational and parametric instabilities in dense plasmas, etc. An overview of the strongly
nonlinear dynamical plasma processes was presented by V. Demchenko (Vienna, Austria). It was
pointed out that the most developed part of the nonlinear plasma theory belongs to the dynamic
regimes of parametric instabilities of plasma oscillations which plays a significant role in the physical
picture of high-intensity electromagnetic radiation-plasma interaction. At the nonlinear stage of a
parametric instability, it is impossible in most cases of practical interest, to use the weak turbulence
approach since the nonlinearity results in a significant distortion of the dispersion characteristics of
the plasma oscillations. Within the framework of the theory of weak turbulence, the nonlinear
interaction of plasma waves with plasma particles leads to the accumulation of waves in the long
wavelength domain where these waves cannot be damped by any known mechanisms such as Landau
dumping (plasma waves condensation paradox). Numerical results indicate that for high-intensity
plasma waves the plasma turbulence which, through interaction of plasma particles with strongly
nonlinear structures (such as solitons) can lead to a release of wave energy from condensation
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region, and thus it solves the problem of an energy sink for plasma waves turbulence. The picture
of strong plasma turbulence is applicable to important practical problems, such as experiments on
plasma heating by particle or microwave beams. In both cases, the energy of Ihe pump is
transformed into high-intensity plasma waves which, through nonlinear interaction with lowfrequency waves, can lead to the development of a strongly turbulent plasma state. Stability of
elliptical vortex flows in fusion plasmas was discussed by P. Kaw, et al (Bhat, India). It is known
that one of the puzzles of the nonlinear theory of low-frequency instabilities in a fusion plasma (drift
instabilities, Kelvin-Hermholts instability, etc.) is that the energy accumulates at the long wavelength
region of the spectrum where there are no obvious sinks of energy. The nonlinear theories of
satutration of such instabilities often show that vector and polarization drift nonlinearities lead to
formation of two-dimensional structures (vortices) and the energy-indefinite accumulation in these
structures. In many ways, the problem is similar to the above-described condensation of energy at
the long wavelength domain in the theory of high-frequency plasma waves. The new mechanism
of energy dissipation which was suggested in the paper under review is the possibility of secondary
instabilities parametric excitation with a short parallel wavelength. It was shown that the ellipticity
of vortices can drive secondary instabilities of shear Alfven waves, provided certain resonance
conditions between the vortex rotation speed and the secondary wave frequency are satisfied. Such
secondary (parametric) processes can act as major sinks of energy and, thereby, aid in understanding
the nonlinear saturation of low-frequency instabilities.
2.5 RF plasma heating. In order to generate a significant level of power output from the DT fusion
reaction, it is necessary to attain thermonuclear plasma temperatures. In a typical reactor-grade
plasma, it will be necessary to provide some tens of megawatts of auxiliary power for several
seconds to heat the plasma to ten-twenty keV before alpha-particle heating would maintain a selfsustaining burn cycle. Such power could be provided in the form of radio-frequency waves (RF
heating scheme). The basic concepts of RF plasma heating utilizes the interaction between a wave
packet that propagates in the plasma and particles that move with velocities that nearly match the
phase velocity of the wave. In a magnetized plasma, electrons and ions gyrate in the magnetic field
with their respective gyrofrequencies. If a wave is launched with a frequency equal to the
gyrofrequency (or harmonics) of the ions, then the particles see a dc electric field in their own
gyrating frame of reference. This electric field can accelerate particles and provide net energy
transfer from waves to particles. This scheme of plasma heating, which is called ion cyclotron
resonance heating (ICRH), has been observed in a number of tokamaks and seems attractive for use
in large-scale tokamaks. An important aspect of the ICRH scenario is the coupling of power from
the antenna to the plasma. At the meeting, Yanping Chen and Shin Tung Tsai (Beijing, China) have
reported a new method for the analytical solution of the full wave equations in ion cyclotron
frequency region. Generally, this is a set of differential equations in two space variables which can
be solved under the specific requirements of including the effects of toroidicity, inhomogeneity along
the magnetic field lines, shear, and finite Larmor radius effects. The full solution of the wave
equation has been obtained and analyzed for different partial cases (cold, warm, and hot plasmas).
The results obtained show that the toroidicity and inhomogeneity causes a change of the wave field
amplitude distribution in terms of inverse aspect ratio order. The finite pressure corrections and
sheer effects can seriously modify the frequency spectrum. Inclusion into analysis of damping
mechanisms will provide possibilities for evaluation of RF power absorption efficiency.
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2.6 Anomalous transport. The most important subject in tokamak research is anomalous transport.
This subject has been studied intensively both experimentally and theoretically, but the origin of
anomalous plasma transport is still not completely known. The standard concept for the anomalous
transport is that the free energy associated with the confinement of plasma drives microscopic (smallscale) instabilities that induce enhanced turbulent plasma fluctuations, which in turn cause the
anomalous transport. Many types of collective modes and physical mechanisms which could be
responsible for plasma turbulence excitation and the plasma transport they induced have been
considered and these form a basis of comparison for the various types of nonlinear models of
anomalous transport. At the meeting Wang Ma (Hefei, China) reported the alternative theoretical
models of anomalous plasma transport caused by transverse particle drift in the system of magnetic
surfaces disrupted by a stochastic perturbation of the main (static) magnetic field. In the ergodic
region, the particles'motion can be written in the form of a Langevin equation and the diffusion
coefficient D can be obtained in the well-known Fokker-Planck model. The diffusion coefficients
obtained in this way have similar form and the same order of magnitude values as those derived by
the diffusion of the magnetic field lines in the quasi-linier approximation. Both diffusion coefficients
just supplement each other, and the complete diffusion coefficient is constructed from linear
combinations of each of them.

CONTENTS
No. & Title

Authoi

ftigc

Session A. EXPERIMENT
Summary of the Session
A-l

Tanaka, S.

1

A Low Frequency AC-Modulation Experiment in

Han.Gonghe

7

CT-6B Tokamak

etal.

A-2 STOR-M Tokamak Program

Hirose, A. et al.

12

A-3 Study of MHD Activity-Related Microturbulence on
Text

Yu,Changxuan
etal.

27

A-4 Fluctuation Studies on Castor and Asdex Tokamaks
During Lower Hybrid Current Drive

Zacek, F.
etal.

35

A-5 Sawtooth Stabilization by Electron Cyclotron Heating
Near q=l Surface in WT-3 Tokamak

Tanaka, S.
etal.

48

A-6 Driven Current and Plasma Property During LHCD
in the HT-6B Tokamak

Xie, Jikang
etal.

53

A-7 Tomography of Soft X-Ray Sawtooth Oscillations
inHL-1 Tokamak

Dong, Jiafu
etal.

64

A-8 Experimental Investigations Related to Externally
Launched Ion Berstein Wave Heating on Tokamak
KT-5B

Wen, Yizhi
etal.

69

A-9 Impurity Transport Studies by Means of Laser
Blow-Off Sodium and Aluminium on the
MT-1M Tokamak

Kardon, B.
etal.

76

A-10 Study of Impurity Concentrations by VUV
Spectroscopy on HL-1

Luo,Cuixian
etal.

82

A-ll X-Ray Tomography of Density Limit Disruptions
in LT-4

Howard, J.
etal.

89

A-12 Behaviour of Density Limit Disruptions in HL-1

Yan, Longwen
etal.

111

A-13 Discharge Cleaning Process in KAIST Tokamak

Chang, H.Y.

118

A-14 Plasma Confinement in Compact Helical System
(CHS) and Heliotron-E

Fujiwara, M.

119

A-15 Radial Electric Fields in 1=2 Torsatron/Heliotron
and Stellarator

Sanuki, H.
etal.

120

No. & Title

Author

Page

A-16 Control of the Edge Electric Field by Limiter Biasing
and Electron Beam Injection in HYBTOK-II
Tokamak

Uesugi, Y.
etal.

128

A-17 Limiter H-Mode Transition in JIPP T-IIU

Toi, K. et al.

133

A-18 ICRF Heating in the HT-6M Tokamak

Li, Youyi

138

A-19 Some Phenomena of Improved Impurity
Confinement in HT-6B Tokamak

Huang, Rong
et al.

143

A-20 Heat Flux Measurement on the HL-1 Pump Limiter

Zhang, Yichuan
etal.

151

A-21 The Second Harmonic Launching of the Ion
Bernstein Wave in HT-6M Tokamak

Li, Jiangang
etal.

159

A-22 ULQ Operation and Evolution to RFP in
SWIP-RFP(M)

Zhang, Peng
etal.

167

A-23 Fluctuation in the Edge Region of ADITYA
Tokamak

I. Jha

171

A-24 Anamolous Ion Heating in Very Low % Discharges
in the SINP Tokamak

Iyengar, A.N.S. 177
etal.

A-25 Boroniration and Resonant Magnetic Perturbation
Experiments in COMPASS-C

Edlingdon, T.

182

Fujita, J.

183

Session B. DIAGNOSTICS
Summary of the Session
B-l

Edge Plasma Diagnostics by Means of Beam Probe
Spectroscopy

Fujita, J.
etal.

185

B-2

Tokamak Edge Plasma Diagnostics by Injection of
Fast Lithium Atom Beams

Aumayr, F.
etal.

192

B-3 Laser Blow-Off Lithium Beam Probing for
Tokamak Edge Diagnostics on HYBTOK-II

Sasaki, S.
etal.

197

B-4

Rotating Langmuir Probe for Measurement of
Edge Radial Profiles on CASTOR Tokamak

Stockel, J.
et al.

204

B-5

Priliminary Experimental Results of CO2 Laser
Scattering onHT-6M

Zeng, Lei
etal.

212

B-6

Soft X-Ray Tomography on HT-6B Tokamak

Liang,Rongqing 219
etal.

ii

No. & Tide

Author

Page

B-7

Multichannel HCN Laser Interferometer for
Electron Density Measurements in KT-5C Tokamak

Deng, Bihe
et al.

228

B-8

An Electron Cyclotron Absorption Diagnostic for
COMPASS D Vessel

Edlington, T.

235

B-9

Superthermal Electrons Measurement of HT-6B
LHCD Plasma with Vertical ECE System

Zhang, Shouyin 236
etal.

Session C. THEORY
Summary of the Session

Demchenko, V.

245

C-l

Strong Plasma Turbulence Generated by Externally
Driven Pump

Demchenko, V.

253

C-2

Linear Effect of Lower Hybrid Current Drive on
Tearing Mode Instability

Yu, Guoyang
etal.

261

C-3

Ideal MHD Beta Limit for Optimum Stable
Operation of SNUT-79 Tokamak

Hong, Sang Hee 277
et al.

C-4

Fast Magneto-Acoustic Wave Field Profile in
Tokamak

Chen, Yanping
etal.

294

C-5

Feedback Stabilization of Tearing Modes Using
Modulated Neutral Beams

Sen, A.
et al.

299

C-6

p-Limit and Bootstrap Current for Small Aspect
Ratio Tokamak Equilibria

Sakanaka, P.H.
& Tokuda, S.

305

C-7

Toroidal Discharge in Low-q Regime and its
Application to Compact Fusion Device

Inoue, N.
etal.

321

C-8

An Analysis of Bootstrap Current Driven
Tokamaks with Unusual q-Profiles

Chaturvedi, S.
etal.

330

C-9

Anomalous Heating in Low-q Toroidal Discharges

Yoshida, Z. et al. 336

C-10 Stability of Elliptical Vortex Flows in Fusion Plasma

Kaw, P.K. et al. 342

C-l 1 Nonlinear Growth of the Magnetic Island

Yu, Qingquan & 347
Huo, Yuping

C-l2 The Anomalous Transport Caused by Particles
Transverse Drift

Wang, Maoquan 353

C-l3 An X-Point Ergodic Divertor

M.S. Chu, etal. 360
iii

No. & Title

Author

Page

Session D. NEW FACILITIES AND TECHNICS
Summary of the Session

Qian, Shangjie
Fan, Shuping
et al.

370

D-2 The 2.45 GHz Lower Hybrid Current Drive Systems
for the HT-6B and HT-6M Tokamaks

Fang.Yude
etal.

379

D-3 RF-System for HT-6M Tokamak ICRH Experiment

Wang, Zhaoshen 389
etal.

D-4 Applications of Optical Fiber in Spectroscopic Plasma
Diagnostics

Li, Zanliang
etal.

D-l

The Experiment and Analysis of Tailoring V L and
Ip with ZnO Voltage-Sensitive Resistor on HT-6M

392

List of Program Committee & Local Organization
Committee

396

List of Participants

397

IV

A.

EXPERIMENT

-1-

Summary of Session A: Tokamak Experiments
S. TANAKA
Papers - 25 (Including 4 posters)
Tokamaks ~ 20 + 4(StelI.. RFP)
Subject
[II RF Heating and MHD Activity Control
ICRF (IBW) heating A-18 (A-8. A-21)
LHCD (A-4.A-6)
ECH (A-5, A-7)
III] MHD Instability and Microinstability
(Major Disruption) (Fluctuation)
A - l l . A-12. A-25
A-3, A-23.
[III] Edge Plasma Related Physics
A-2 , A-17. A-15 , A-16
[IV] Impurity Transport and
Impurity Conditioning, Recycling

A - 9 . A-10. A - l l *
A-13. A-25. A-20*

[V] New Type Operation
Alternative Current Mode
Very & ultra low q a discharge

A - l , A-2
A-22*. A-24

-2-

Table of Devices with Major Parameters
Name

Countiy

CT-6B
HT-6B
HT-6M
HL-1
KT-5B
SWIP-RFP(M)
KAIST
SNUT-79 E - D
WT-3
HYBTOK-H
JIPPT-IIU
CHS H

LHDH-°
REPUTE- 1Q
LT-4

SINP
ADITYA
MT-1M
CASTOR
TEXT
WVIIAH
COMPASS C
COMPASS D E
STOR-M
(TBR2-E) E ' D

PRC
PRC
PRC
PRC
PRC
PRC
KOR
KDR
JPN
JPN
JPN
JPN
JPN
JPN
AUS
1NP
IND
HUN

cz
USA
GER

UK
UK
CAN
BRA

R/a

Br

(crn)

(T)

(KA)

45/12
45/12.5
65/19
102/20
30/10

1.5
1.0
1.5
2.6
0.6

30

1-3

50

0.3-2

250/

80
150

0.8-2

600/

15

0.5-1

53.3/15
65/15

1
3

3
1-3

65/20

1.7
0.5
<3

50
120
150
20

0.2-3
-1.5

100-300

1~1O

40/11
91/23
100/20
390/60
55/15
50/10
30/7.5
75/25
40/12.5
40/10
100/26
200/20
55.7/20
55.7/22
46-12
39/25

"e
(10 19 m- 3 )

1.5-2.0

0.3-1
10
2

2
2-2.8T
3
2.1
2.1
<1

0.63

40/2
200-330
200

*E

(ev)

(ms)
0.7-1

7

3
1
2
1
1.5
1.5

200
80
30
60
30

T e /Ti

1-5
1

0.5
~4

0.4-1
2-8
3-10
1-5

70-100/
200/
300/
600/100
-100/
15OO/5C0
(2500/2000)
300/300
3K/3K
1000/-500
500/
30/200
100/
300/100

1000/
2000/500
700(1100)/200

50

3
10
10-40
ICH+NBI
5
100

-0.2
0.6

20-25
8.5

<50
-20
20

2-8

400 (Design Parameters)
<50
<400

E: elongated, H: helical, D: design value

1-2

420/200

10-20
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Characterlstlcs of Small Tokamaks
Low Cost
Flexibility
Operation with Fast Repetition
Study on Single Subject

Mission of Small Tokamaks
Test on New/Novel Idea
Understanding on Plasma Physics
Impact on Large Tokamak Projects
Education
(IJ RF Heating and MHD Activity Control
a) ICRF heating Main Heating / Profile Control
HT-6M aim - Extremly High Power Density Heating
Pure H, 2 ^ heating
\
ion heating (ti=1.4. 2.8xlO 19 evnr 3 /kw)
H / D mode conv. heating J
Impurity increases
IBW heating
HT-6M 2£ij IBWH. Dispersion Relation, Wave Patterns along
poloidal direction, Ri oa d
KT-5B 2fiiIBWH, Resonance Absorption by Minority Ion. (co/iij ~ 1.92)
b) LHCD, sawtooth, suppression by LHCD
HT-6B Ip = 30KA, purely LHCD plasma.
High Energy Electrons were observed by ECE, HXR energy spectra.
Sawtooth, m=2 mode are suppressed by LHCD
Castor (Asdex)
In Combined OH/LHCD Regime, edge plasma fluctuations are reduced, TE
increases at optimum total power (PLH +P W) m b°th Castor & Asdex.
Edge Fluctuations. Direct link between poloidal velocity and power level was
observed.
c) ECH, Sawtooth suppression by ECH
WT-3 sawtooth oscillations can be stabilized when ECH is applied near q=l
surface onHFS.
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HL-1 In OH plasma, crash phase of sawtooth was examined by SXR detector
array and CT reconstruction Method. Crescent form of hot core was observed.
(II] MHD Instabilities and Microinstatbilities
a) MHD Instabilities (Major Disruption)
LT-4 (Cambarra) by Using CT Reconstruction of SXR
Minor Disruption — 2 / 1 activity leads growth of 1/1 bubble with m=0 collapse
As plasma degrades, flattering of current profile stimulates rapid growth of
3 / 1 , 4 / 1 modes and plasma terminates. (Movie)
HL-1
Density Limit Disruption
Compass - C
Controlled Error Field is applied
RMP Penetration and Disruption Threshold.
*,

r**

•*•

b) Microinstabilities (Fluctuation n^, T e , * ) determine particle and heat transport
TEXT MHD activity related microturbulence
MHD Activity enhanced n^ —> ne(r) flatten, E r decreases
In High n e - limit, the increase of microturbulence leads Particle Transport
increase •* Confinement degrade -» Disruption
ADLTYA Characteristics of Edge Fluctuations
A n e / n e = 33%, n e , <>
t frequency spectra, their correlation are examined.
Turbulent Fluctuation.
[Ill] Edge Plasma Related Physics, Transport and Confinement
JIPPT-IIU L-H Transition ocurrs easily when Rapid Rampdown Plasma is made
L-H Transition is governed by enhanced edge magneticshear, associated with
the detachment of plasma current density profile from limiter.
STOR-M Turbulent Edged Heating and Anomalous Transport Process. Short
current pulse heats plasma edge via skin effect, without disruption, n ^ , HaV,
ng, B\. more negative Er Improved Particle Confinement and lead H-mode like
CHS (Stell.. Tors. Hcl) Theory. Experiments.
Ef has strong effect on fluctuations, microinstabilities -s» Anomalous transport
(H-mode)
In helical system, fast ion orbit and charge exchange loss have strong influence
or profile of radial Er. Emperical scaling of global energy confinement time.
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Hybtok II
Edge electric field is controlled by limiter biasing and electron beam injetion.
In positive biasing, space pot <t>sp rises proportionate V^ las .
Ej. - 30 V/cm at edge. Electrostatic fluctuations are suppressed in edge region.
In Negative Biasing, <|>Sp does not decrease.
|TV] Impurity Transport, Impurity Conditioning and Recycling,
a) Impurity Transport
MT-1M. (Budapest)
Impurity Transport was studied by means of Laser Blow-off
Na, Al. Optical and SXR CT reconstruction in Toroidal, Poloidal direction as
function of time.
All, HI, IV. V lines
HL-1
Impurity concentration was determined by VUV spectroscopy, by comparing
impurity transport code SITECODE.
(Impurity Density Profile are calculated for Te = 400, 800ev)
HT-6B
By application of slow magnetic compression, or resonant helical coil, impurit
confinement time increases by 40% and impurity recycling influx from edge
decreases.

b) Discharge Conditioning
KAIST. RF Discharge Cleaning
Impurity line ( C, O. CH^...) are monitoring.
Compass - C
Use of B(CH3)3 Boronization (less hazardous) leads excellent, long - term
impurit control.
c) Heat Flux
HL-1
Heat Flux on Pump Limiter head was asymmetric along poloidal and toroidal
direction.
[V] New/Advanced. Operation of Tokamaks
a) Alternative Current Modulation (AC Operation)
CT-6B
Partial Current Modulation (-10%).

-6-

Ip, Vp, n e (S,H)XR were modulated with no disruptive behaviour.
Full Current AC modulation can be operated without violent plasma motion.
STOR-M
AC operation was demonstrated in STOR-1M.
In STOR-M, Soft-landing Ohmic Discharge without Disruptive behaviour.
Residual rig decays with several ms( > X£)
b) Very and Ultra low % discharge —» Ohmic Ignition Device
SINP SWTT-RFP(M) Repute - 1 (TokyoU.)
Very low % (%>!)
Ultra low q a (l>qa>0)
Turbulent, Anomolous ion heating (T^OOev) were observed without disruptive
behaviors
Step wise plasma current decay
Scaling for Tt proportionate l/q^ (SINP)

In Future:
1) These Progresses of All Small Tokamaks will be confined.
2) Understanding of Tokamak Plasma Physics.
3) Many New/Advanced Idea will be developped.
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A Low Frequency AC-Modulation Experiment
in CT-6B Tokamak
Han Gonghe, Zheng Shaobai, Li Xingde, Qi Xiazhi,
Wang Wenshu, Li Zanliang, Wang Long, Xu Yan, Li Wenlai
(Institute of Physics, Academia Sinica, Beijing 100080)
and Liu Mahe
(University of Science and Technology of Chin*, Hefei 230026)
ABSTRACT. A low frequency AC-modu}a.tion experiment is performed in CT6B tokamak. Obvious modulating changes are observed in the plasma current
and otier diagnostic signals. Tie radial conductivity profile of the plasma, is
obtained by the frequency response of the AC component of the plasma current.
A full current AC-modulation experiment is also conducted using the same
facilities, in which the to&amak is operated with many cycles of alternating
current.
The experiment of the low frequency modulation has been carried out in a number
of tokamaks' ll2 l. By the AC-modulation, many research works can be or have been done
and they are very interesting, such as the change of the plasma current distribution'3),
the dynamic stabilization^' and the microinstability. Recently, a tentative idea of
current drivel5' in a toroidal plasma system by means of low frequency modulation has
been proposed.
A low frequency AC-modulation experiment has been performed in the CT-6B
Tokamak at a few hundred Hertz. And the change of the various behaviors of the
plasma has been observed. The radial conductivity profile has been calculated. And a
experiment with the full current AC-modulation have been conducted. In this paper,
we will report the experimental arrangement and the primary results.
The working parameters of CT-6B tokamak'6' are: major radius R=45cm; minor
radius of plasma a=12cm; toroidal field Bj=13kG. The AC-modulating discharges are
produced by a special design circuit for Ohmic heating as shown in Fig.l. And the
good vertical field feedback system is necessary.
Besides the common electromagnetic measurement, There are infrared laser interferometer, the soft X-rays array, the visible, ultraviolet and vacuum ultraviolet
monochrometer, and the hard X-rays detector are available in this experiment.
1. The experiment of the partial current modulation
The typical experimental conditions are as follows: toroidal field is about 9kG; the
basic plasma current is 20kA; and the resistance Ro is 50 — 7017. The low frequency
AC-modulation adjuster G is switched at the time about 10ms after the plasma created,
when the current reached the maximum.
The typical plasma characteristics under the AC-modulation discharge are shown in
Fig.2 and Fig.3. From the pictures, it appears the modulating signal of the loop voltage
after the modulating pulse is applied as shown in Fig.2(b). And then the structure of
modulation occurs in the plasma current under the voltage driven(Fig.2(a)), in which
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the AC-component reaches 25% — 30% and maintains this value until the termination
of the discharge. Besides the plasma current, the signals of the soft X-rays, Hard X-ray,
electron density, horizontal displacement, and light spectral emission are modulated in
different extents. Fig.4 shows a typical phase relation of the modulating signals with
modulation frequency of 200Hz.
As shown in Fig.2, the modulating range of the loop voltage between 4 and 5V. The
phase of the plasma current is about JT/2 later the loop voltage. The relation between
them are basically following the electric induction law.
Hard X-ray emission, also shown in Fig.2(f), is modulated obviously. However,
the strong radiation of the hard X-ray occurs in the half-circle of the less current and
before the loop voltage rises. The signal of the soft X-ray from the center lags behind
that from the chord with a radius of 3cm. This phenomenon indicates that the heat
pulses propagate from the outer region to the interior of the plasma column. The
thermal conductivity coefficient of the plasma can be estimated from the heat pulse
propagation. Its value is about 5 x 104cm2/s in agreement with the measured results
from sawtooth oscillation of the soft X-ray signals'7) and shows the anomalous feature
of the electron transport.
The electron density, also shown in Fig.2(d), is not changed obviously, but it still
appears a certain modulated phenomena during the low frequency AC-modulation.
However, this modulation can not be explicated by the plasma-wall interaction, because
the increase of the density does not happen in or after the peak of the H iine emission(see
Fig.3), which does not show an obvious modulation.
However, the radiation emissions of the impurity ions: OIII and especially CIII are
modulated evidently. This illuminated that the modulation has changed the distribution of the ionized states of the impurities in the edge plasma of nearly T e =50eV.
2. Measurement of the conductivity profile in CT-6B Tokamak
The AC-impedance of the tokamak plasma is not only depends on the frequency but
also the plasma conductivity distribution. So the conductivity profile can be measured
by the plasma impedance with different modulation frequency. The experiment method
is the same as above. The frequency of modulation is changed between 90 to 550 cycles.
And a formula
Y = Y0 + Yit + Y2t2 + YM{ut + <p)
is used to match the measured signal where Yac is the amplitude of its alternating part.
We take the radial conductivity profile as u = OQ * Exp(—(r/r n )*). Where VQ is the
conductivity value of the center, r n is the effective radius and g is the characteristic
index. They are all determinated by the experiment. In fact there are only two of
them are independ since the relation between the DC plasma current Ip and DC loop
voltage V p .
Vp /•»

R Jo

root

v

' » ' dr
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In the calculation an axis-symmetric straight-cylindrical mcds! is used. The poloidal
plasma current and electric field is neglected. And the nonlinear effect of the modulation
heating is not in consider.
The differential equation of toroidal electric field E and its boundary conditions is

Up/2xR
0

r=b
r= 0

where R is the major radius of the machine, b is the minor radius of the position to
the measure the loop voltage (=15cm). And than:
Ip=

Jo

2nrj(r)dr=

/
Jo

IxroEdr

Making use of the value of the Ip and Up under the different modulation frequencies,
we can calculate the value ao, tn and g by means of the least square method.
Fig.5 shows the measured value of the alternating conductance and the curve due
to the least square method approximation. The parameters which are corresponding
with the curve are: r n =.22b, g=1.34 and ao = 5.45 X 106/fi-m. And the corresponding
conductivity profile is shown in Fig.6.
From Fig.6, we can see the conductivity profile is a sharper in this experiment.
And the central electron temperature from this conductance (Z e g=l) is about 330eV.
This value is larger than the real temperature and it may be caused by the existence
of more runaway electrons.
3. The full current AC-modulation experiment.
In this experiment The second bank of capacitor CII is discharged after the generation of the plasma only through the modulating controller G to produce a full
modulation plasma current. The length and frequency of the modulation waveform
can be adjusted continuously.
A set of typical experimental results with discharge length of about 30ms and
period of 6ms are shown in Fig.7.
During the discharge the plasma current charges smoothly from positive 18kA to
negative 4k A. The loop voltage from +7 V in the first half cycle of the positive current
to -3V with the negative current and there is no obvious unstable motion discovered.
As shown in Fig.7(d) the electron density raising rapidly to about 1.4 x 10 l3 /cc in the
first half cycle. It goes down but not less than 2 x 10 12 /cc in the negative current phase
and raises again when the current goes positive. Hard X-ray emission is observed only
in the decreasing phase of plasma current and it is increasing cycle by cycle. Fig.7(c)
shows the current that there is no violent in the plasma X-position.
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The conductivity temperature of the plasma can be estimated under the assumption
of a parabolic current profile and Ztg = 3 - 4. Its value decreases from about lOOeV
at the current peak to about lOeV at the current crossing zero.
Conclusions
Here is the only primary result of the AC-modulatiou experimental result in CT6B but already shows that it is an important method to research tokamak plasmas.
The results demonstrates the feasibility of tokamak operation with many cycles of
alternating current and with no indication of violent plasma motion, impurity influx
and re-ionization. It would provide some information on quasi-steady state tokamak
operation.
References
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STOR-M Tokamak Program
A. Hirose, G. Conway, K. Mark, D. McColl, O. Mitarai*,
J. Ratzlaff, H.M. Skarsgard, C. Xiao, L. Zhang, W. Zhang
Plasma Physics Laboratory, University of Saskatchewan
Saskatoon, Saskatchewan S7N 0W0, Canada
*Kumamoto Institute of Technology, Ikeda, Kumamoto, 860, Japan

Abstract
In the STOR-M tokamak (R = 46 cm, a = 12 cm, 5 T < 1 T, Iv < 50 kA), a
short current pulse superposed on the ohmic current preferentially heats the plasma edge
through skin effect and improves the confinement time of the post-pulse ohmic phase by a
factor 3 to 4. The improved ohmic phase is characterized by reduction in Ha radiation and
density /magnetic fluctuations at the edge, and a more negative radial electric field. The
current pulse also affects the core region. Strong suppression of sawtooth oscillations has
been observed immediately after the pulse.
As a preliminary experiment for alternating current (ac) operation planned in the future,
"soft-landing" discharge termination without disruptive behaviour has been successfully
achieved. A plasma density 1 ~ 2 x 1018 m~ 3 at the current termination decays with a
time constant of several msec during the currentless phase, which has been attributed to
the charge neutralization provided by the limiter.

-13-

1. Introduction
STOR-M is an iron-core, shell-less tokamak with the following parameters:
R = 46 cm, a (limiter) = 12 cm, BT < 1 T,

Ip < 50 kA (50 msec), Vt = 1.2 V,

ne (ohmic) = 1.5 X1013 cm" 3 , Te(o) = 450 eV. It is equipped with a feedback plasma
position controller, a gas puffer, and poloidal windings to induce a short current
pulse (up to 30 kA, 100 fisec duration) superposed on the ohmic current. The
objective of the current pulse is to provide preferential edge heating through skin
effect. This scheme of supplementary (turbulent) heating has been tested earlier in
the prototype STOR-1M tokamak. [1]
In this paper, the following experimental observations recently made in the
STOR-M tokamaks are reported:
(a) Improved ohmic confinement (IOC) induced by turbulent edge heating,
(b) Sawtooth suppression by turbulent edge heating, and
(c) "Soft-landing" ohmic current termination.
Improved ohmic confinement following a short current pulse has been observed
earlier in the STOR-1M tokamak. [2] STOR-M (R = 46 cm, a = 12 cm) is substantially larger than STOR-lM (R = 22 cm, a = 3.5 cm), and the reproduction of IOC
in STOR-M indicates that the effect is not limited to small devices. Improvement
in the energy confinement time by a factor 3 ~ 4 over the normal ohmic discharges
has been achieved in STOR-M depending on the amplitude of the current pulse.
Turbulent edge heating by a short current pulse has also been found to suppress
the sawtooth oscillations during the IOC phase. The suppression occurs well before
the magnetic diffusion time estimated from the plasma resistivity. It is speculated
that a heat pulse propagating from the edge to core is responsible for the observed
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sawtooth suppression.
The purpose of the "soft-landing" ohmic current termination is to investigate the
feasibility of alternating current (ac) operation of STOR-M. In particular, plasma
confinement after current termination has been investigated in detail. A substantial
electron density, S ( ~ 3 x 1012 cm"3, remains at the current termination, and
decays afterwards with a time constant of several msec. A mechanism for the
currentless confinement is proposed based on a short-circuiting effect by the limiter
which neutralizes the toroidicity-induced charge separation.

2. Effects of Current Pulse on Ohmic Discharge
Figure 1 shows the waveforms of the plasma current (ohmic plus current pulse),
loop voltage, average electron density, Ha radiation from the edge, and ion saturation current at the edge. After the current pulse, the ohmic current is restored.
The loop voltage exhibits a dip after the pulse which is indicative of a higher electron temperature. The electron density starts increasing immediately after the
pulse, and saturates after about 3 msec. The Ha radiation level and edge density fluctuations both decrease during the high density phase. The global energy
confinement is improved by a factor 2 in the case shown in Fig. 1. The density
increment after the current pulse is almost a linear function of the current pulse
amplitude with a threshold ITH a 9 kA. In terms of input power, the threshold
current corresponds to 180 kW which is approximately 6 times of the ohmic power.
In several respects, the improved ohmic phase after the current pulse is similar to
H-modes in other tokamaks achieved by powerful supplementary heating. Since the
duration of current pulse (100 /isec) is much shorter than the magnetic diffusion
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time, the current pulse deposits energy preferentially at the edge through skin
effect. The physical properties of the edge and scrape-off layer are thus expected
to be modified by the current pulse.
The electron density, temperature and plasma potential in the edge and SOL
regions have been measured with Langmuir probes. Figure 2 shows the density and
potentiai profiles before and after the current pulse for the discharge conditions
similar to Fig. 1. The edge density increases and the potential profile steepens at
the edge, indicating the development of a more negative radial electric field. This
has also been seen in the poloidal propagation velocities of density and magnetic
fluctuations which are dominated by the E X B drift,

as will be shown in the

following Section.

2.1. Properties of Edge Density and Magnetic Fluctuations
Langmuir and magnetic probes were used to measure the density and magnetic
fluctuations in the edge and SOL regions. Propagation velocity is deduced from the
cross-correlation functions. Figure 3(a) shows the normalized density fluctuation
(nrma/no)

profiles before and after the current pulse. The density fluctuations in

the edge are strongly suppressed after the current pulse, while those in the SOL
remain largely unaffected. The radial electric field profiles are shown in Fig. 3(b).
The electric field becomes more negative after the current pulse. The poloidal
propagation velocity of the density fluctuations before the current pulse, and the
local ExB drift velocities before and after the current pulse are shown in Fig. 4(a).
Within experimental errors, the propagation velocity coincides with the local ExB
velocity which changes the sign near the limiter boundary. In general, the change in

-16-

the radial electric field profile precedes the density fluctuation suppression, which is
then followed by confinement improvement. This may suggest that the fluctuation
suppression is induced by the profile charge in the radial electric field, and that the
anomalous transport is indeed caused by fluctuations. The poloidal propagation
velocities of the magnetic fluctuations before and after the current pulse are shown
in Fig. 4(b). The propagation velocity remains in the electron diamagnetic direction,
in contrast to the case of the density fluctuations. The difference may be due to
the fact that the magnetic fluctuations are affected by the current fluctuations in
the interior region.
The poloidal wavenumber k$ of the dominant fluctuation mode is approximately
2 cm" 1 . The corresponding finite ion Larmor radius parameter is kgp, ~ 0.24. In
terms of the electron skin depth, ck$ju)ve ~ 1.1. The observed propagation velocity
and wavenumber support the skin-size electromagnetic drift mode recently predicted
[3] rather than the electrostatic drift mode which is characterized by propagation
in the electron diamagnetic drift. (In STOR-M, | VEXB |< v«e, the electron diamagnetic drift velocity.) Kelvin-Helmholtz-type hydrodynamic modes are unlikely
to be excited because of the large electron transit frequency vxe/qR ^ vc even at
the edge region. However, in the SOL, the limiter prevents the electrons from
establishing the Boltzman equilibrium. Electrons are "trapped" in the electrostatic
sheath potential in the SOL, and a hydrodynamic instability qualitatively described
by
.2w,euDe

may emerge. Here, T* = Te, LJE — keVsxB, u* (&D) is the diamagnetic (magnetic)
drift frequency, and ut = c,/2R is the ion acoustic transit frequency. This SOL
mode is insensitive to the shear of the E x B drift,

and qualitatively explain
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the persistence of the density fluctuations in the SOL after the transition to the
improved confinement phase.

2.2.

Sawtooth Suppression by Current Pulse

Sawtooth oscillations (STO) are monitored by a soft x-ray imaging system
equipped with surface barrier diodes. During a normal ohmic discharge, STO is
characterized by a period of 0.25 ~ 0.3 msec, crash time of 50 /xsec, and inversion
at r ~ 2 cm.
The current pulse strongly suppresses STO. Figure 4 shows soft x-ray signal at
r = 0 and 2 cm for the case ITH = 13 kA superposed on an ohmic current IOH = 25
kA. Suppression of STO lasts for several msec followed by improved confinement
phase.
The STO suppression phase starts at about few tens of //sec after the current
pulse. The magnetic diffusion time for the current pulse from the edge to core is
much longer even with the anomalous resistivity associated with the current pulse.
In previous turbulent heating experiments in linear and toroidal devices [4], fast
heat propagation from the edge skin layer to the plasma core has been observed.
The ion acoustic transit time across the plasma minor radius is of the order of /zsec,
which is to short to be resolved. (STO period is 200 ~ 300 /zsec.) If core heating
occurs through heat pulse propagation, it is likely that the current density profile
around the q — 1 surface is modified. Currently, heat pulse propagation from the
edge to core is under investigation to clarify the mechanism of STO suppression.
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3. Soft-Landing Ohmic Current Termination
The alternating current (ac) operation of a tokamak makes natural use of the
induction transformer. The proof-of-principle experiments have earlier been conducted in ST0R-1M. [5] A substantial electron density (n e = 1 ~ 3 x 1012 cm" 3 ) has
been observed during the current reversal phase. The observed plasma confinement
with negligible rotational transform has been attributed to the charge neutralization provided by the limiter and/or vacuum chamber wall. At the beginning of the
second half cycle, no large loop voltage spiked develops.
Ac operation of STOR-M is being prepared for the purpose of demonstrating its
feasibility in a larger device. As preliminary experiments, "soft-landing" ohmic current termination without disruptions has been successfully attempted. The electron
density after the current termination has been monitored to characterize plasma
confinement without rotational transform.
Waveforms of the plasma current, loop voltage and average electron density are
shown in Figs. 5(a)-(c). (In soft-landing experiments, the slow ohmic capacitor
bank nonnally used for maintaining current is deactivated.) The loop voltage shows
a gradual increase (AV ~ 1 V) without large spikes. As the current approaches
zero, the density decreases. However, at the instant Ip = 0, a residual density
2 ~ 3 x 1012 cm" 3 can be clearly seen. The electron density finally decays to zero
at about 6 msec after the current termination.
The Hugill diagram (l/<fe> ftcR/Br) for the discharge just before the current
termination is shown in Fig. 5(d). Note that the trajectory approaches not the
origin, but the density offset at neR/BTa

1.6 x 1019 m"2 T"1. The density offset

observed in STOR-1M (R = 22 cm, BT = 1T) was approximately 7 x 1018 m- 2 T" 1 .
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As seen in Fig. 5(c), a complete loss of plasma occurs at about 6 msec after
discharge termination. When Ip = 0, tokamak confinement is lost. However, as
discussed in Ref. [5], at least the force balance in the major radius direction can still
be maintained through the JM X B force provided by the magnetic drift current JM•
The plasma is expected to decay with a time constant comparable to the magnetic
drift transit time r = a/Vju where VM = 2cT/eBR and a is the minor radius. When
T = 10 eV (estimated at the current termination), r = 3 msec which is comparable
v/ith the observed decay time. Dependence of the decay time on the magnetic field
and current ramp down rate is currently under investigation.

4. Conclusions
In the STOR-M tokamak, applying a short current pulse on an ohmic discharge
has been found to modify the edge properties and trigger confinement improvement during the post-pulse ohmic phase. The Ha radiation, and density/magnetic
fluctuations at the edge are significantly reduced, and 2 to 4 fold density increase
occurs during the improved ohmic phase. The radial electric field at the edge becomes more negative. The poloidal propogation velocities of density and magnetic
fluctuations are approximately equal to the local E x B drift. The current pulse
also suppresses the sawtooth oscillations well before the magnetic diffusion time.
"Soft-landing" discharge termination has been successfully achieved in STORM. A significant electron density remains during the period of negligible rotational
transform, and it decays with a time constant of several msec after current termination. The result provides a data base for alternating current (ac) operation of
STOR-M planned in the near future.
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Waveforms of plasma current, loop voltage, average electron
density, horizontal position, and H a radiation. Ohmic discharge with a current pulse.
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ABSTRACT
Modifications to the spectrum and magnitude of turbulent density fluctuation are
observed in TEXT during the discharges with magnetic islands of varying amplitude. It
is related to changes in the plasma profiles (e.g. density and potential). The statistical
dispersion relation of the microturbulence which propagates in the electron diamagnetic
drift direction is observed to be consistent with expectations for electron drift wave turbulence when a spectral shift due to E x B plasma rotation is included. The fluctuation
amplitude is found to scale inversely with the electron density scale length. Long-time
(~ 5TE) precursors to high-density limit disruption have been identified on TEXT. These
precursors are manifested by increases in both the electron particle and heat transport
along with the density fluctuation level. They occur well in advance of any measurable change in MHD activity. Enhanced microturbulence is proposed as the physical
mechanism for the confinement degradation and subsequent disruption.
1. INTRODUCTION
Recently, considerable interest has been focused on the study of the microturbulence associated with MHD activity, because a correlation between the two could provide
insight into the nature of the underlying physics. Although observations of microturbulence modulation induced by Mirnov oscillations and significant increases in the density
fluctuation level as a long-lime precursor to disruptions have been briefly mentioned
in the literatures'1 >2', no systematic study of these phenomena has previously been reported. This paper presents the results of an detailed investigation into these phenomena
which yields information on the nature of the electrostatic turbulent fluctuations and the
mechanism of the high-density limit disruptions.
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E F F E C T OF TEARING M O D E ON MICROTURBULENCE

For this investigation, TEXT was operated in a specific type of discharges which is
unstable to the growth of a medium to large amplitude (Bg/Bg < 0.02) m = 2, n = 1
tearing mode on the q = 2 surface, with parameters Ip = ISOkA^Br — 2.0T,g a = 3.9
and fig » 2 x 10 1 9 m~ 3 . A multichannel far-infrared (FIR) laser scattering-interferometry
system is used to investigate perturbations in the density fluctuations and electron density
profile'3*'1!. Scattering occurs in a meridian plane, and scattering volumes are centered
above the miplane at rja ^ 0.7 along the vertical chord passed the plasma center.
Modifications to the spectrum and magnitude of turbulent density fluctuations are
observed for discharges with large amplitude Mirnov oscillations. The time averaged
spectra of the fluctuations, as measured during discharges with small ( / A / H D — 7.1kHz),
moderate (/MHO — 5-QkHz) and large (/MUD — 2AkSz) amplitude Mirnov oscillations, are shown in Fig.l. For the discharges with small amplitude MHD activity, the
frequency spectra [see Fig. l(a)] are typified by a distinct large-amplitude peak at negative frequency, which corresponds to the electron diamagnetic drift direction in the
laboratory frame of reference. From Fig.l one observes a decrease in the fluctuation
mean frequency ©„(= £ w < o s * ( w ) w / 2 ] a . < o 5 * ( w ) w h e r e sk{") oc ra£(w)), the fluctuation amplitude Sjt(= 5I)5*(w)) and Se(= S u , <0 5jfc(w)) as /MHD decreases. Similar
observations are also made at other wavenumber measured; which indicated that the
fluctuation wavenumber spectra are unchanged and are in the region expected for electron drift waves.
In addition, it is also observed that the density and potential profiles are strongly
perturbed by the magnetic islands (i.e. tn/n = 2/1 tearing modes). In Fig.2(a), the
time-averaged electron density profiles are shown for small, moderate, and large islands.
Along with magnetic islands, density islands are also formed and act to significantly
flatten the profile. The time-averaged density profile tends to broaden and the electron
desity scale length Ln = Rel^H"*1 ** the q = 2 radius (i.e. r/a a; 0.7) to increase
with increasing island size (i.e. decreasing /MHO). Time resolved density profiles, shown
in Fig.2(b), indicate lacalized flattening about the q = 2 radius at the O-point of the
magnetic island while the gradient steepens at the X-point. The potential profile also
changes with magnetic island size bat Er is relatively constant during the Mirnov cycle'5'.
In order to indentify the specific instabilities responsible for the observed density
fluctuations, the measured statistical dispersion of the fluctuations which propergate in
the electron diamagnetic drift direction is compared with the predicted dispersion for
the electron drift wave. Because the fluctuations are measured in the laboratory frame
of reference, the inward pointing radial electric field induces an E x B poloidal guidingcenter rotation of the plasma particles leading to a Doppler shift of the mode frequency

(1)
where
1

" * ^

1

* ^

for electron drift wave

(2)
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u* — -eg'Jl^ is the electron diamagnetic drift frequency, the wave vector perpendicular
to the magnetic field is k± ~ kg, and p, = Pi(^f-)1^2 where p, is the ion Larmor radius
while % is the ratio of the ion density to the temperature scale length}6]. Based on the
time-averaged parameters Er,Ln and Te taken at roughly the q = 2 radius, the mode
frequency WJJ and Doppler shift frequency u/o are calculated. Agreement between Eq.(l)
and the measured statistical dispersion is very good. The drop in Qe with decreasing
SMHD is primarily due to a weakening Er which nevertheless continues to dominate the
frequency shift. An increasing Ln would also act to decrease we, but to a much smaller
extent. Moreover, spectral broadening about the linear mode frequency is significant
with Aw/«o > 4 where Aw is the half-width at e—1 of the spectra for w < 0. Radial
variations in w for 0.2 < r/a < 1 are known to be small^. Consequently, the observed
mean frequency and frequency broadening cannot be explained by the scattering size,
but rather represent a measure of the actual microturbulence spectra.
Mixing length estimates of the density fluctuation amplitude give the saturated limit
as

for the case of isotropic turbulence. Since ne remains roughly constant and he does not
appear to change, one would expect he to scale inversely with Ln. The relationships
between the time-averaged fluctuation amplitude, Ln at the island radius, and /MHD
are provided in Fig.3(a). Quantitatively, he increases by a factor of 2.5 and Ln decreases
by a factor of 2.8 while varying futHD from 2.4 to 7.1kHz, giving ne a L"1 as predicted
by Eq.(4). From the time-resolved density fluctuation amplitude data (integratd over
all frequencies), as shown in Fig.3(b) for kg = 9cm"1, clear maxima and minima are
observed which correlate with the island X-point and O-point, respectively. Recalling
the density profile information discussed earlier, one can readily see that n* and Ln at
the island radius are inversely proportional. This scaling once again supports the mixing
length estimate of drift wave saturation level.
In contrast, the amplitude of fluctuations with w > 0, which corresponds to propagation in the ion diamagnetic drift direction in the laboratory frame of reference, grows as
/MHD decreases (see Fig.l). It suggests that the fluctuations with w > 0 may originate
from outside the island region. In fact, outside of the island at larger minor radii, the
density scale length tends to decrease (see Fig.2(b)) and £,-(= J2u>0 £*(»)) g*°ws 'with
increasing island width. Due to the extended scattering volume length, the measured
frequency spectra represent fluctuations from the main plasma as well as the scrape off
layer (SOL). It has previously been pointed out that the fluctuations in the SOL do propagate in the ion diamagnetic drift direction in the laboratory frame of reference. This
is due to E x B plasma rotation induced by a outward pointing radial electric field'8'.
In addition , the scaling (with /MUD) of Si and the fluctuation amplitude measured in
the SOL by Langmuir probe are qualitativlely similar'9!. In the SOL, a different driving
mechanism may be responsible for the turbulence'9'IOJ. Although the model used here
to characterize the fluctuations is not unique, it is resonable and consistant with both
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theory and observation.
Along with modifying the density profile, magnetic islands introduce similar perturbation to the temperature profile. In this study, changes to the temperature gradient
and their potential-effect on the density fluctuations have not been addressed. However, changes in the density fluctuation amplitude and frequency spectra are not thought
to be sensitive to changes in Lx, due to recent electron cyclotron heating experiments
on TEXT in the plasma core which substantially decreased LT, while leaving Ln and
h(k$,w) relatively unchanged'11'.

3 . L O N G - T I M E PRECURSORS TO D E N S I T Y LIMIT DISRUPTION

This study will focus on plasmas at the high-density limit, comparing in detail
disrupting and nondisrupting discharges with ne =* 8 X 1 0 1 9 m ~ 3 , / p = 33Q1CA,BT =
2.8T, and qa — 3. Plasma particle and heat transport are evaluated by monitoring the
spatial and temporal evolution of the sawtooth density and temperature perturbations,
which are measured with a multichannel FIR laser interferometer and an array of soft
x-ray detectors'12' respectively. Multichannel FIR laser scattering is utilized to measure
changes in the spectra of broadand density fluctuations.
The time dependences of electron thermal diffusivity \ e and fluctuation amplitude
Sk at k$ = 12cm~ I for disrupting and nondisrupting discharges are shown in Fig.4.
One readily observes a dramatic difference in the temporal variation of the transport
coefficients for the two types of discharges. For nondisrupting plasmas, \ e is essentially
constant in time during the plateau phase of the discharges. In contrast, disrupting plasmas show significant increases in x« well in advance of the disruption (~ 5T£ on TEXT).
The time dependence of electron particle diffusivity De for disrupting and nondsrupting
discharges is also observed to be similar to \ e . In addition, enhanced MHD activity, as
measured by external Mirnov coils , does not occur until approximately 6ms (less that T&)
before the termination of the discharge. For both these discharges, the radiated power
is approximately half the input power and is constant in time untill MHD instability
develops. Consequently, the disruption appears to be due to a high-density limit (Hugill
limit). At the same time increases in \ e and De are seen for the disrupting plasmas,
one also observes microturbulence enhancement. Similarly, for nondisrupting discharges,
the fluctuation amplitude, like the transport parameters, remains constant with time. In
addition, changes of n in the edge and SOL,as observed by Langmuir probe, occur on the
same time scale as the Mirnov oscillations. Hance, h changes observed by FIR scattering
must originate in the plasma interior.
The nature of the microturbulence modifications can be further discerned by examining the frequency spectra at various points in time prior to the disruption. The
fluctuation spectrum at k$ = 12cm' 1 is shown in Fig.5(a), at a time 110ms before a
disruption. Similar observations are made for nondisrupting plasmas. Here, as for all kg,
the fluctuation spectra in the laboratory frame of reference are characterized by two distinct peaks which are of comparable amplitude. The fluctuation peaked at the negative
frequency is commomly associated with electron drift wave turbulence. The second peak
occurs at w as 0 but corresponds to propagation in the ion diamagnetic drift direction if
an correction of E x B rotation is made. This mode, often referced to as an ion feature,
is only observed for high-density TEXT discharges, where the global energy confinement

-31-

time TE has saturated, and has been previously put forward as evidence for ion-pressuregradient-driven turbulence (i.e. m mode )113<14K The density fluctuation spectra at times
85,52, and 20ms before a plasma collapse, are shown in Fig.5(b-d), respectively. Here,
it is clearly observed that while the electron feature remains essentially unchanged, the
ion feature has increased rather dramatically in amplitude and continues to grow right
up to the disruption.
On TEXT, degradation in plasma particle confinement is observed for Hugill limit
disruptions. In addition, the thermal confinement also deteriorates and could be related
to convective losses. A physical mechanism for the observed confinement degradation
may be found in the measurements of plasma microturbulence. In particular, the specific fluctuations which propagate in the ion diamagnetic drift direction in the frame
of the rotating plasma are observed to grow. Earlier studies on TEXT' 15 ' have shown
that impurities of small levels accumulate in the interior for disrupting plasmas. These
impurities could potentially act to destabilize an I/I mode' 16 '.
The high-density limit on TEXT has been extended for two special classes of discharges. These are helium gas-fueled and hydrogen pellet-fueled plasmas. It is important to note that for both of these discharges, the ion feature in the fluctuation spectra
is suppressed^13'. This correlation once again supports the notion that the measured
fluctuations may be responsible for the changes in the transport.

4.

CONCLUSION

As the electron density and potential profiles are perturbed due to magnetic islands
of varying amplitude, it is observed that significant changes occur in the density fluctuation spectral distribution and magnitude. The microturbulence dispersion relation
is consistent with expectation for electron drift wave turbulence when a spectral shift
due to E x B plasma rotation is included. Spectral broadening about the linear mode
frequency is significant with Aw/w 0 > 4. The fluctuation magnitude is observed to
correlate inversely with the electron density scale length following mixing length scaling.
Long-time (~ 5r&) precursors are observed for disrupting at the Hugill limit on
TEXT. These precursors are reflected in the effective electron particle and heat diffusivities along with the density fluctuation level. The proposed physical mechanism for this
confinement degradation and subsequent disruption is enhanced microturbulence.
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FIGURE

CAPTIONS

Figure 1. Microturbulence poloidal frequency spectra for kg = 7,9 and 12cm' 1 ,
and with (a) small (Bg/B9 < 0.001), (b) moderate {Bg/Bg =J 0.005), and (c) large
(Bg/Bg > 0.01) amplitude Mirnov oscillations. Plasma discharge conditions were By =
2.0T,Ip — 180kA, and « e = 2 x 10 I 9 m~ 3 with a hydrogen working gas.
Figure 2. (a) Time-averaged electron density profile for discharges with JMHD = 7.1
(long dash), 5.0 (short dash), and 2.4kHz (solid), (b) Time-resolved electron density
profile at an island O-point (solid line) and X-point (dashed line).
Figure 3. Time-averaged fluctuation amplitude (a) 5* (solid circles) and Se (solid
triangles), and island region density scale length Ln (solid squares), and (b) temporal
evolution of the poloidal magetic field (fjUHD — 3kHz,B$/Bg cz 0.011) and the turbulent
fluctuations (kg = 9 c m ~ 1 ) .
Figure 4. Temporal development of (a) 5* oc h\ for Are = I2cm~l, (b) v e , and (c)
Bg, for disrupting (solid symbols) and nondisrupting (open symbols) plasmas. Similar
observation have been made for wave numbers 4.5cm" 1 < k$ < 12em~l. Disruption
occurs at t = 472m «.
Figure 5. Density fluctuation spectra for kg — I2em~l at times (a) 110ms, (b)
85ms, (c) 50ms, and (d) 20ms, prior to a density-limit disruption. Disruption occurs at
t = 472m*.
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FLUCTUATION STUDIES ON CASTOB AND ASDEX TOKAHAKS
DURING LOWEB HYBBID CUBBENT DHIVE
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KleteCka P., Magula P., Mlynaf 3., Kryska L.
Institute of Plasma Physics Czechoslovak Academy of Sciences
Pod vodarenskou ve"2i 4, 182 11 Prague 8, Czechoslovakia
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Sizov E.R., Institute of General Physics, Moscow

Abstract
An improvement of the global confinement is reported
from CASTOR and ASDEX tokamaks during lower hybrid current
drive (LHCD) regimes at moderate LH powers CPL.H<1 . 5 P O H ° ,
P O H ° is the initial oiunic heating power). Simultaneously
a significant reduction of edge electrostatic fluctuations
is observed. The best global confinement and the maximum
reduction of the edge fluctuations is reached when the total
power
PTOT
delivered
into
the
plasma
is minimum
C P T O T = P L H + P O H ° ) . Behaviour of the edge plasma parameters,
namely the level, frequency spectra and poloidal velocity of
electrostatic
fluctuations, are
documented for CASTOH
tokamak.

INTRODUCTION
In present-day tokamaks the experimentally determined
energy confinement time is roughly two orders of magnitude
lower than the neoclassical prediction. This anomalous
transport iB generally attributed to the microscopic plasma
turbulence, see e.g. a rewicv paper [1], where electrostatic
turbulence is identified as the most probably candidate.
A large number of theoretical and experimental studies has
been devoted to thia topic in the last years, however, there
are a lot of open questions which have to be still answered.
A direct link between the level of plasma turbulence
and global plasma confinement has already been established
experimentally in many tokamaks without any doubtB. It has
been also proved that regimes with the improved confinement
(including H-modes), reached under different conditions, are
generally characterized by a reduced level of the edge
plasma turbulence.
The reduction of edge plasma fluctuations followed by
an improvement of global particle confinement has been
observed also in tokamak CASTOR [2-4] and tokamak ASDEX as
well [5]
during the LHCD regimes.
In the following
a comparison of this observation on both tokamaks iB given.
Mechanism of such lower hybrid wave effect is not clear,
however.

-36As it was suggested
in [6—8] and experimentally
investigated in [9—19], an important role in the creation of
a transport barrier plays a rearrangement oi radial electric
H e l d at the plasma edge and the consequent increase of the
poloidal rotation velocity in this transport barrier region.
This paper gi* ?s some experimental evidence about the radial
behaviour of these quantities in tokamak CASTOR during the
LH wave application. Simultaneously the changes in frequency
spectra of edge density fluctuations are discussed.

EXPERIMENTAL ARRANGEMENT
CASTOH tokamak:
Top view ot tokamak CASTOR (R/a = 0.4m/0.1m, B T = 1 T
T <50me, aperture limiter r=85mm) is given in Fig. 1 together
with the most important diagnostics.
A multifunction
3-waveguide grill with a broad power spectrum Nz=l-4 was
used as a launcher (spectral power density of the wave
irradiated by this launcher, enumerated in [20], see the
corresponding curve in Fig. 2) . A magnetron with the
frequency 1.25GHz and power P L H ^ 40kW as 1.5POH° is used as
a LHW generator ( P O H ° is the initial ohmic heating power
before the LHW is applied). The experiments were carried out
at Ip=12kA and n»=4-10xl0* 8 m-3. The plasma position was
feed-back stabilized.
J

Rot.i t
Langmuir
prnlie

Langrouir
probe

Gas filling (steady
Pumping

Muveguidii
mul (ijunction
ll

Toroidal geometry of
the tokamak CASTOR
with
schematacal
Bet-up of
the LH
launcher
and with
the most
important
diagnostic tools.
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from the
toroidal

global particle confinement. time was determined
plasma density and H—d line intensities in three
positions (at the limiter, at the grill mouth and

40 100

100 40

is

a

1.5

£ [iceV]

Fig. 2. Spectral power densities of the wave irradiated by
three types of multifunction grills used for the LH
experiments on tokamak CASTOR, enumerated for the
plasma density in the gril mouth 3xl0 i e m- 3 with
a gradient 102°m-4 .
in the crosB-section opposite to the limiter denoted as Hot
chamber, see Fig. 1 ) . The line average electron density n«
was measured by a 4mm inter!erometr, the changes in the
density profile n»(r) were estimated using a measurement
along two vertical chords (through the plasma center and at
distance 5.4cm from the center) supposing the density
profile in the form n» (r)=n» (0) { 1- (r/a) z }*» .
Several Langmuir probes, located in the equatorial
plane, have been used for measurement of the edge CASTOR
plasma:
1) A rotating single probe to determine radial profiles
of the floating potential and the ion saturation current
during a single shot (placed 135° toroidally away from the
grill in the electron drift direction); for more details see
[21] in this proceedings.
2) Double probes with
poloidally separated tips
(placed 180° and 225o toroidally away from the grill) for
determination of edge plasma turbulent, characteristics using
a correlation
technique;
3) Triple probes for determination of the electron
temperature (placed 180° and 225° to the grill) .
The radial position of the last two probes could be
changed from shot to shot to obtain radial profiles of
measured quantities.
The electrostatic fluctuations are investigated either
by an analog technique or by digitizing of the probe
signals. In the first case, using a three channel analog
correlator [3,22], the rms values of density ft* and poloidal
electric field Ep fluctuations as well as the radial
turbulent flux V, induced by the croes-field drift E P X B T ,
were monitored.

-38In the second case, the signals are filtered to remove
their quasistationary values, processed in the frequency
range 0.1-500kHz and digitized by means of A/D convertors
with the sampling rate 0.2MSAfterwards, the correlation
functions, frequency spectra and
the velocity of the
poloidal rotation are determined.
ASDEX tokamak:
Experiment on tokamak ASDEX (B/a=l.65/0.4m, Br=2.8T,
r <3s) has been performed in the LHCD regime with Ip=420kA
(PoH°=390kW) at frequency 2.45GHz and LH power P LH ^600kW ss
K. 1 . 5 P O H ° (note that the maximum relative value of PL.H/POH°
is the same for both ASDEX and CASTOR tokamaks). The ASDEX
LH launcher (phasing 90°) consists of two independently
powered parts (upper and lower grills). The electrostatic
fluctuations were monitored by a triple Langmuir probe,
located
near the
equatorial plane,
3cm outside the
separatrix and 21° toroidally away from the LH antenna (the
flux tube connected with the probe crosses the front of the
lower grill). For their processing the same three channel
analog correlator [22] as in the case of tokamak CASTOR was
used. Simultaneously, the energy confinement time T E was
measured.

EXPERIMENTAL

RESULTS

I) A LINK BETWEEN THE EDGE DENSITY FLUCTUATIONS LEVEL AND
GLOBAL CONFINEMENT IN TOKAMAKS CASTOR AND ASDEX DURING
LHCD OPERATION
Typical temporal evolution of the LHCD shot on CASTOR
tokamak is shown in Fig. 3. It may be seen that the line
averaged density n» (c) increaes during the LHCD. Moreover
a certain broadenning of the radial density profile is
observed (d). The gas influx remains unchanged or even
slightly decreases
(see next figure).
Intensities of
impurity spectral lines do not increase as well. Therefore,
an improvement oi the global particle confinement at LHCD
can be deduced at least qualitatively. Simultaneously, the
level of density fluctuations decreases significantly (i).
Similar decrease of potential fluctuations as well as the
fluctuation-induced flux at LHCD on CASTOR has already been
demonstrated earlier [2].
As follows from temporal evolution of SXR intensities,
the signal from the detector with the Al-foils (0.6-1.5 keV)
decreases during LHCD by 40-50%, while the signal from the
detector with the Be-foil increases about 10-40*. Such
behaviour can be explained by formation of a tail on the
electron
distribution
function
with
a
temperature
TT*it.*60keV and density about 10i7m~3
[23]. At the same
time, the electron temperature of the bulk plasma decreases
from T«=135eV (OH) to T»=110eV during LHCD. It correspods to
results of the determination of T« by the filters-method.
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Fig. 3.
Plasma
characteristics
in
OH/LHCD operation of tokamak
CASTOR: a) plasma current, b)
loop voltage, c) line average
density measured ' along the
central chord, d) parameter
p characterizing a change in
the
density
profile n»(r)
supposed
in
the
form
(decrease
of
p
means
broadenning of the profile),
e,f) 2 channels of SXR, g)
HXR, h) ion saturation current
on the probe in the limiter
region, i) density fluctuation
measured by this probe, j) LH
power.
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Evolution of the global
particle confinement time is
•2346 given in Fig. 4. It may be
seen that this value (denoted
in
LHCD
regime
as
TL.H )
increases by a factor 2-3 at
the
LHCD
density
ramp-up
period.
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Fig. 4.
Temporal evolution of the
line averaged density (a),
H-ct
line
intensities
measured
in
three
toroidally
distributed
places (b-d) and from this
quantities
evaluated
improvement
of
global
particle confinement time
(e);

PLH=15

hV.
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Fig.
the edge

5 shows the variation of the relative reduction of
density fluctuations & = ( K O H - K L H ) / R O H and the ratio
TLH/TOH
on LH power. It may be Been that both quantities
correlate very well and it is worthwhile to note that the
maximum effect is reached for such a LH power at which the
total power input P T O T is minimum ( P T O T = 0 . 8 P O H ° ) .
Fig.
6 demonstrates
the link
between the edge
fluctuations of the poloidal electric field and global
energy confinement time T E in tokamak ASDEX. The similar
character of the results obtained on both ASDEX (Fig.6) and
CASTOR (Fig.5) tokamaks is striking. Namely, also in the
case of much greater tokamak ASDEX, the improvement of the
confinement (in this case
the confinement of energy;
nevertheless,
particle confinement
exhibites the same
features) is the most expressed under euch LH power, at
which the total power input is minimum ( P T O T = 0 . 8 P O H ° again).
The fact that this minimum P T O T occurs at relatively lower
LH power ( P L H / P O H ° * 0 . 3 ) comparing to the tokamak CASTOR
C P L H / P O H ° « 0 . 5 ) may be understood through the higher LHCD
efficiency in the case ol ASDEX.

II) CHABACTERIZATION OF THE CASTOR EDGE PLASMA DURING LHCD
To understand better the mechanism of fluctuations
reduction, the edge plasma was investigated by Langmuir
probes in the region 0.97:£r/a<l.2, see Fig. 7.
The electron temperature slightly increases during LHCD
but its radial profile remains quite flat near the last
closed flux surface (LCFS). Therefore, the radial profiles
of Is and U# can be roughly interpreted as the profiles of
density and space potential. The ion saturation current
decreases at LHCD. As the line average density increases and
the radial density profile broadenB, some steepening of
density profile should be expected deeper inside the plasma,
i.e. for r/a<0.97. In fact, such steepening during LHCD has
been observed earlier on CASTOR by means of the thermal Li
beam diagnostics [24]. Note also an increase of the gradient
of Vi for r/a<l, which indicate that the radial electric
field is more negative at LHCD in this region.
The
absolute
levels
of
density
and potential
fluctuations are reduced throughout the SOL. However, the
relative level of
density fluctuations decreases only
slightly near the LCFS. The same situation iB reported for
LHCD shots on DITE tokamak [25]. The density
fluctuations
rotate poloidally in direction of the ion diamagnetic drift
and the radial profile of the poloidal velocity changes at
LHCD.
Note, that
the poloidal
velocity of
density
fluctuations increase when f!/n is reduced (near LCFS) and
vice versa. The close link between these two quantities
inside SOL, observed also under different experimental
conditions (e.g. at the ed9e polarisation experiments), is
demonstrated in Fig. 8.
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Fig. 5. Relative drop of the edge density fluctuations (a),
relative increase of global particle confinement
time (b), total and residual OH power (c) and
velocity of poloidal rotation of the edge density
fluctuations (d) measured in tokamak CASTOR at
TV^exlOi'm-a
in dependence on the input LH power;
all values are taken 2ms after the LH power is
applied.
Fig.6. Relative drop of poloidal electric field fluctuations
(a) relative increase of global energy confinement
(b) and total and residual OH power (c) measured in
tokamak ASDEX at n#=l.3xlO»»nr3
in dependence on the
input LH power; Ip=420kA, B T = 2 . 8 T . Probe position
- 3cm outside the separatrix.
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•2434-2447

Fig. 7.
Radial profiles
of edge
plasma
characteristics
during
OH
and
OH/LHCD
discharge
phase
for
and P LH =20kW.
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In addition, analyzing
the fluctuations from the
single probe by the Fast
Fourier
Transform,
the
frequency
spectra
of
density
fluctuations
in
laboratory frame
can be
derived, see
Fig.9a. In
general, the form of the
frequency spectra changes
at LHCD. To characterize
these
change
more
quantitatively
the
autocorrelation function of
density fluctuations R ( T )
has been
evaluated, see
Fig.9b. The autocorrelation
time
T
is
taken
as
a measure of the width of
the frequency spectrum, as
T
is
roughly inversely
proportional to the width
of the irequncy spectrum
C26]. The link of these
both quantities can be also
seen from brief comparison
of Figs. 9a and 9b.
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Fig.
10, presenting
the variation
of the
autocorrelation time T with the probe position, shows that
near the LCFS the autocorrelation time is shorter in LHCD
case ( T L H < T O H ) . It implies a broadening of the frequency
spectra, in the laboratory frame. Going back to Fig. 9a,
a reduction of the low frequency part of the Bpectrum can be
seen. Near the wall, on the other hand, the high frequencies
are reduced and the frequency spectrum is more peaked with
respect to the OH case.
However, the form of the
frequency spectrum can be
•2432—2447 influenced by the poloidal
rotation. A simple relation
1 -OH•IHCDI
between the autocorrelation
,/lHCD
6
time in the laboratory TL.AB
* /
and in the convected frame
\
2, t X
Tc i8 given in [25]
*0H
where X is the correlation
length.
To estimate the
autocorrelation time in the
convected
frame
we show
a plot of ( 1 / T L A B ) 2 versuB
the
poloidal
velocity

*

/

(VP)2,

see Fig. 11.
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W» can ••• from fi?. 11 that th» data follow the
expression 9iv*n above. Therefore, an increase oi the
autocorrelation time Tc in convected frame can be deduced
for LHCD case. It BU99«Bts a peaking of the frequency
spectra. Moreover, the correlation length determined from
the slope ol the function il/Tuxw)2=l(Vf)z decreases from
*1.5cm (OH) by a factor oi 3-4.
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Fig. 11.
Plot of the autocorrelation
time
(1/TI.*B)2
veraus
poloidal velocity (vj>)2.
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An interesting results concerning so called "shear
layer" existing in the vicinity of the LCFS were obtained in
the case of a low density (n»=3xlO*»m-3) discharge without
impulse gas puffing. Fig. 11 represents cross-correlation
functions of fluctuating signals from the double probe
(r=84mm) during OH and LHCD periods of such low density
discharge (LH power applied at t=15-20ms). Fig. 12 gives
from fig. 11 evaluated temporal variations of vr for three
different probe
radial positions. For
comparison two
variations in pure OH shots (probe on the radius r=86 and
82mm) are shown in this figure as well. It may be seen, that
shear layer staying around the radius r»84mm in the OH phase
(limiter radius r=85mm) starts to move outwards during the
LHCD.
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Fig. 12. Time evolution of the cross-correlation function of
the density fluctuations
at the probe radius
r«84mm
In
the
LHCD
low
density
regime
(n«*3xlO>*m-'). LH pulse applied at t=15mB.
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Fig. 13. Time evolution of the poloidal rotation velocity of
density fluctuations at three different probe radii
during the regime shown in Fig. 11.
CONCLUSIONS
The resultB. concerning the investigation of the global
confinement and the edge plasma turbulence during the LHCD
on CASTOR and ASDEX tokamaks, can be summarized as follows:
(i) An improvement ol the global confinement is observed at
moderate LH power in the both devices. Simultaneously, a
significant reduction
of the absolute
level of edge
electrostatic fluctuations near the LCFS is measured,
(ii) The best improvement of the global confinement and the
maximum reduction of fluctuations appears when the total
power P O H + P L H delivered into the plasma is minimum.
Moreover, the Langmuir probe data obtained on CASTOR
tokamak show following significant changes of edge plasma
during the LHCD:
(i) The radial electric field increases, especially inside
the limiter radius.
(ii) A radial shift of the velocity shear layer is
observed.
(ill) The increase of the poloidal velocity of density
fluctuations in SOL is observed. However, it does not
correlate with the improvement of the global confinement.
(iv) An internal structure of the edge electrostatic
turbulence changes noticeably during the LHCD. Namely,
a peaking of frequency spectra and a decrease of correlation
length of density fluctuations is observed. The poloidal
velocity of density fluctuations seems to be closely related
to their relative level fl/n.
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1 INTRODUCTION
Sawtooth oscillations (STO) in the ohmically heated (OH) WT-3
tokamak are strongly modified or suppressed by localized electron
cyclotron resonance heating (ECH) near the q=l surface, where q refers
to the safety factor. The effect of ECH is much stronger when it is
applied on the high field side, as compared to the low field side.
Complete suppression of the STO is achieved for the duration of the ECH
when it is applied on the high field side, in a low density plasma,
provided the ECH power exceeds a threshold value.
This threshold
decreases with the increasing safety factor at the limiter qi.. Further,
in vary high qi. region (qt=6-7), where there is no STO in these OH
plasmas, STO are excited by ECH around the central regions. The STO
stabilization is attributed to a modification of the current density
profile by high energy electrons generated by ECH, which reduces the
shuar in the q-1 region fl,2|.
2 KXPEKIMENTAL RESULTS
The experiments were carried out in the WT-3 tokamak (31, with
major and minor radii R=65 and a=20cm, respectively. The toroidal field
was B T <1.75T, and the plasma current IPS150kA.
Microwaves from a
gyroiron (u/2»=56GHz, PECHS200kW, T<100ms) were transferred through
circular waveguides to a Vlasov antenna with an elliptic reflector
j>3a«ed along the major radius and injected into the plasma from the lowfiold aide. This sharply focused wave, propagating as the X mode with
am angle of 8=84° to the toroidal field, is absorbed at the second
harmonic ECU resonance layer.
Sawtooth oscillations were observed in OH plasmas when the current
wa:: Much that the safety factor at the limiter was in the range
t|i. = 2.2-6.0. The sawtooth period t», as well as the amplitude, increase
when the ECH power, P«oi< is applied. At the same time, the electron
density decreases slightly, n»={7 •* 6) x 10iecm~!1, and the temperature
as measured by Thomson scattering increases, Te!(0)=510 -» 670 eV,
resulting in a decrease of loop voltage, V u =1.5 •» 0.8V, while the plasma
current was held constant at I».=80kA (qi.-4.3). There appears a hard Xray signal
lux (35keV), suggesting generations of the energetic
electrons, while there is no change in the 0V impurity line emission.
Here ECU is applied near the q=l surface on the low field side. The
above-mentioned modifications of STO are very sensitive to the field B T

-49which determines the location where the ECH is localized. The ECH power
is held constant and B T is adjusted so that the resonance occurs at
different layer; the geometric configuration is shown in Fig. l(a),
while the changes in the soft X-ray (SXR) signal, I s x due to the ECH are
shown in Figs.1(b)-(d) . When the ECH is at the q=l surface on the high
field side (HFS), Fig.
l(b), the sawtooth oscillation are completely
stabilized. When the heating occurs on the low field side (LFS) of the
same q= 1 surface, T . increases enormously, and is greater than the
energy confinement time, T E , (T a =3ms, TE=lms), and the amplitude
saturates, Fig. l(d). In contrast, when the heating occurs away from the
q=l surface, at the magnetic axis, Im3C ramps up sharply and drops deeply
during the crash phase, Fig. l(c). These observations clearly indicate
the critical importance of the location of the application of ECH. Other
effects can be easily excluded, since the plasmas in the ohmically
heated phase are essentially similar.
These results are shown in Fig.
2.
Fig.
2(a) shows the
dependence of xa on the radial position of ECH resonance layer r(2ile),
which is varied by changing B T , without and with ECH.
In the former
case we observe that there is no significant variation at all. On the
other hand T«, has two resonance values when B T is such that the ECU
occurs at r<, r, i , where x a increases significantly. When pEcH=r,= i on th«%
HFS, T O is increased up to the entire duration of ECH power and complete
stabilization is observed. On the hand when the heating is on the LFS.
T,, i*. increased substantially but stabilization is not observed. Thes«
results are compJemented
by
the corresponding variation
in th«
amplitude. Fig. 2(b), which shows the peaking of the amplitude when th»
ECU is on axis and at r a =l.
In addition to the influence of B T , which determines the locatim.
of Lhc ECH, other plasma parameters play an important role as we 1 . .
These include; the power of the ECH, P E C H , and the electron density, »...
The dtipandoncc on PKe«i is shown in Fig. 3, where we have plotted T O as a
function of P K C H / P O M .
We observe that there is an initial linear phas<
whore in increases lineally, and at large value of P B C H / P O H there is a
rapid no -linear increase, resulting in complete stabilization.
This
threshold occurs at P K C H / P O H = 3 . 5 for the particular set of plasma
Condi lions of qi.=3.4, n.=5xl0 lz cnr 3 when the ECH is at r«,El on the HFS.
In contrast, T . just increases lineally with P B C H when the ECH is on the
LFS or at the magnetic axis.
Further, the period rm
increases abruptly when n« decreases below
no^GxlO'^ctir'1, a complete suppression is obtained when r»»-5xl0lzcm~a,
nnti Iho ECH is at r«,-i on the HFS. Concomi tant ly the X-ray energy
spectra show a high energy tail indicating the presence of a hot
eJoeiron population with T« h =60keV extending up to 3Q0keV, in these low
density plasmas. In the absence of ECH, (T«-0.5keV), hot electrrn tails
are not observed. These observations suggest that the high energy tail
electrons generated by ECH in the low density regime, may be responsible
for the stabilization of the STO by the enhancement of two effects which
will be deseribed in 3.
As qi, increases, the q=l surface shrinks and the radius r«,,A
decrease.
In the high qt, discharge, the sawtooth can be stabilized

-50easily

and

the threshold decreases with the increasing q L and is
for qL.~4.7, as shown in Figs. 4(a) and (b). Here, the open
symbols correspond to the complete stabilization of STO by ECH, and the
closed ones to the imcomplete cases (where x a increases but cannot
attain to the pulse length of P E C H ) and the boundary curves between
these two symbols show the thershold P E C H / P O H as functions of q L for
both cases of ECH on HFS and LFS. It is interesting to note that in
such high qi, region as q L =4.7-6, the complete stabilization of STO is
possible even when ECH is applied on the LFS of q=l surface, though the
threshold value for the LFS is large than the HFS. Both values might be
agreed with each other in the high q L limit (qx.=6), above which there is
no sawtooth in the OH discharge.
In very high q L region (qi.=6~7), the sawtooth are excited, in
contrast with the suppression, when ECH is applied in the vicinity of
the magnetic axis. STO are excited with low PucH(-30kW) and T a increases
with P E C H in Fig. 5(b), where ECH is applied in the vicinity of plasma
center. We examine the region of ECH layer, where STO are excited by
KCil, and the experimental data are plotted in Fig. 6. STO are excited
when ECH is applied within a certain boundary which is roughly the q=l
surface for q-6. It is noted that the sawtooth can not be excited when
an intense ECH is applied just at the magnetic axis as shown in Fig.
5(a), where STO is excited by low P E C H , but is not by the intense
F E cn(-200kW). In Fig. 7 are plotted the ECH layer R Z o«, as functions of
safety factor q t , where STO are suppressed for q L =3.2-6 and excited for
qi, = 6-7.
The experimental results, that these ECH layer Rz»<> vs.
qL
curves are roughly agrees with r«, = i vs. q u curves, suggest that STO is
strongly modified (suppressed or excited) by change of current profile
near the q=I surface.
It was necessary to generate a narrow wave beam in order to
stabilize STO by the localized ECH. We use the Vlasov antenna with the
elliptic reflector, where the wave beam is narrow (35 mm in width for
I/e power at the position of plasma center) compared with the other
parabolic antenna (64mm).
Their wave trajectories and single-pass
absorption rates (-60%) are calculated for various ECH resonance
positions. The experiments showed that the complete suppression of STO
is achieved by using the elliptic antenna when ECH is applied on the HFS
of q=l surface, but it is never obtained by the parabolic one.
PECH/POH-1

3 THEORETICAL CONSIDERATIONS
The* explanations an the above-mentioned experimental results of
sawtooth stabilization can be described as follows:
The sawtooth
stabilization is due to a modification of the current profile in such a
manner as to lower the shear at the q=l surface, thus stabilizing the
resistive m/n=I/l mode ll]. In fact, the experiments showed that the
electron temperature profile has the smaller peaks, (AT«,/T«=0.2-0.3)
near the ECH resonance layer and a weak hollow profile is formed when
ECH is applied on the HFS or LFS of q=l surface. Therefore we suggest
that when ECH is applied, T,i increases, (5T«i/T« a =0.3), and the
electron col 1isionality and hence the plasma resistivity is reduced,
driving more current in this region. This incremental change of the
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s=(2/q) (dq/dip) (V/dV/d*) , where * refers to the poloidal flux, and V
refers to the plasma volume enclosed by the surface. If this reduction
in s occurs at the q=l surface it will have a stabilization effect on
the m/n=l/l resistive mode which plays an important role in STO.
We have modelled this, using the PEST code.
We start with a
current profile that smoothly vanishes at the plasma edge with
q a xia=0.83, and qi, = 3.37, and has the q=l surface at an average radius of
0.35 of the plasma minor radius, a parabolic pressure profile is chosen.
We determine the stability of this model equilibrium to the ideal and
resistive m/n=l/l modes. The q-profile is modified locally near the q=l
surface in a manner which reduces the shear at that surface, and a new
equilibrium is computed.
The stability limits of such a sequence of equilibria at different
values of 0,,oi are calculated.
Tn the initial OH phase the plasma is
unstable to the resistive mode, and as the ECH is applied the shear is
reduced and the plasma is at marginal stability, further heating reduces
the shear further and stabilizes the mode completely.
The current
profile at this point shows a local peak near the q=l surface and is
associated with a reduction of the local shear. Thus we attribute the
suppression of the sawtooth to a stabilization of the m/n=l/l mode by
profile modification.
To explain the differences when heating on the HPS and LFS, the
following considerations are suggested. When ECH is applied on the HFS,
the high energy electrons can traverse most of the surface enhancing a
locally peaked current profile on the entire surface. In contrast when
the ECH is applied on the LFS, many of the high energy electrons are
easily trapped in the banana region and do not contribute to an
enhancement of the current density.
As a result there is a smaller
influence on the shear and hence the stability when heating on the LFS.
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CAPTIONS
(a) ECH layers and q=l surface.
(b),(c) and (d) temporal
evolution of soft X-ray signals for q L =3,4.
(a) The sawtooth period T « and (b) relative amplitude AA/A
plotted as functions of r E C H.
TD
vs.
PECH/POH
for q=l surface on HFS (open circles),
LFS(crosses) and on-axis heating (triangles).
Threshold power P E C H / P O H as Tunctions of q L .
(a) HFS, (b) LFS.
Temporal evolution of SXR signals for the case of (a) central
(Rzo«=67.lem) and (b) inside heating (R 2n .=61.4cm).
ECH layer, where sawtooth is excited (open squres) or not (closed
circles), as functions of q L (q^J6).
ECH layers RXOm, where sawtooth is stabilized for qt.=3.2-6 (open
circles) and is excited for qu=6-7 (closed circles), are plotted
as functions of qx,.
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1. Introduction
LHCD experiments have been successfully carried out in tokamaks since 1980's. In
IPP Hefei there is a LHCD project including a 100 kw power level experiment on
HT-6B tokamak[l], a 500 kW experiment on HT-6M tokamak[2] and a 1 MW
Program on the HT-7 tokamak which is a superconductive machine under
construction.
The experiment on HT-6B has been carried on for a year. The microwave source
consists of a magnetron with 100 kW output power, 2.45 GHz frequency and pulse
length 100 mSec and a multijunction antenna composed by 8 subwaveguides. LHCD
experiment has been performed under the conditions of with or without inductive
DC electrical field. The dependance of the coupling between the launcher and the
plasma to the operation parameters, such as Bt> Ne> plasma displacement, was
obtained. The driven fast electrons were measured. The efficiency of LHCD was
obtained. The MHD instabilities including sawtooth oscillations changed during
LHCD and the amplification or suppression of the modes depended on the conditions
of LHCD.

2. Experiment Arrangement
HT-6B is a small tokamak with air core transformer. The major radius is 45 cm and
plasma radius 12.5 cm with a stainless steel limiter. The toroidal field B t = 6 - 10
kG and Ohmic current I p = 20 - 50 kA. The transformer operated in two ways
characterized by a normal ohmic discharge or a discharge with ohmic start-up
and turning off the transformer later by opening the primary circuit. The line
averaged density N e = 2 - 20 * 10 1 2 cm' 3 was measured by HCN laser interferometer.
The Zeff is usually lower than 2 monitored by spectroscopic diagnostics. The if
power used was 30 - 70 kW and the calculated refraction index N// was 3.2 with its
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width AN// ~ 2. The information of the fast electrons were obtained from the vertical
ECE measurement[3] and scanning hard X-ray energy analyser. The vertical
ECE measurement consisted of a 5 channel heterodyne radiometer receiver at
frequences of 34.1, 35.9, 37.2, 37.8 and 39.0 GHz. The horn antenna pattern was
collimated through plasma centre by a TPX lens and a spatial resolution of less than
2.4cm at the plasma centre was achived. Also, a viewing-dump was placed at the
bottom of the vacuum vessel opposit to the horn antenna. A Nal sintillator and a
multi-channel energy analyser measured the hard X-ray emmitted from plasma with
energy range of 10-500 keV. This system could scan the plasma vertically and
horizontally through a 0.05cm beyyllium window at the low field side.

3.Experimental Results
3.1.Plasma Current Sustain
The results with inductive DC electric field showed only loop voltage drop without
current ramp up[l]. The efficiency r\cd = 0.1 - 0.2 (10 1 9 M*2 kA/kW). In the sustain
experiments if power applied at 14 - 15 mSec about 1-2 mSec after turning off the
inductive field. The plasma current I p sustained at 20 - 30 kA for 30 mSec until the
vertical equillibrium field droped lower than needed value and the rf power turned
off (see Fig.l). The input rf power was 60 kW and N c = 3 - 6 *10' 12 cm- 3 . By
adjusting the plasma displacement and optimizing the gas puffing program the
reflected rf power from the launcher to the main waveguide decreased to less than
10 % of the input. At that case the gas outlet from the wall and antenna drop to
minimum. The generated fast electrons did not be accelerated to runaways. But at
lower density, if the rf power turned off earlier before the distortion of equillibrium
the discharge became a runaway one. By monitering the soft X-ray emmission it
seemed the plasma temperature did not change much in case of a proper driven
plasma current. The current drive efficiency Ti^ was about 0.05 <1019 M"2 kA/kW)
which was lower than the value of LHCD with inductive field.
3.2. Fast Electrons
During LHCD phase the ECE signals increased obviusly.that resulted from the fast
electrons generated by LHW. Fig.2 shows a typical discharge in a series of which,
second harmonic X-mode ECE was measured vertically. It can be seen that right
after the rf power introduced into the plasma the ECE signals rise up rapidly and
turn to a slow increase after several milliseconds. Fig.3a) gives the frequency
spectrum from LHCD plasma and Fig.3b), an ohmic one. From the difference of the
peak positions in the two spectrums, the relativistic factor was deduced to be 1.17,
therefore the kinetic energy of the fast electrons in the plasma core was infered to 87
keV[3].
The hard X-ray emmission measurement also gave informations of the fast electrons.
Fig.4a) showed the signals along different chords in a vertical scan. The counts were
already normalized to the chord length. Fig.4b) showed the lines fit to the counts
respectively by least square method. It is clear that the counts were higher along the
centre chord and the X-ray temperature was also higher. It indicates that more fast
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electrons were generated in the center region. That could happen in small tokamaks
according to a liner ray-tracing calculation. Fig.5 is the result of a computer
simulation of ray-tracing. It shows that the if wave propagates to the centre directly.
Only part of the rf power is absorbed and the wave goes towards the wall, then
reflected to the centre again. The figure gives only one reflection for clear drawing.
Actually the wave goes many times through the centre before full absorption. What
is more, the beams of the wave are focused by each reflection, that may cause a
concentration of rf power deposition at the plasma centre in the case of HT-6B
tokamak with density lower than 10 *10 1 2 c n A
Fig.6a),b),c),d) showed the hard X-ray spectra at three different phases of ohmic
start up, LHW turning on with ohmic field off, and rf turning off respectively.
Fig.6a) was the plasma current with the rf power started at IS ms and terminated at
35mS. Fig.6b),c),d) were the spectra corresponding to three time intervals. In
Fig.6c) the higher energy part built up compared with Fig.6b). In Fig.6d) the energy
spectrum became a runaway type. The change of the spectra showed that the rf wave
produced fast electrons within the resonant energy range and in the case of Fig.6d)
those fast electrons were further accelerated up to runaways by an electrical field
induced from the ramp down of plasma current. The runaway discharge formed
right after turning off die rf power within 2 mSec (refer to Fig. 12). Fig.7 gave two
fitted lines of the spectra for two discharges of different density. These two hard
X-ray spectra showed that the X-ray temperature in lower density was higher than in
higher density.
In HT-6B tokamak a small amount of fast electrons existed during ohmic start up
phase were always followed by better driven efficiency. However a large population
of fast electrons at start up usually followed by a undesirabe driven plasma
characterized by serious runaway and cold background. On the other hand, a plasma
(usually with high density), in which existed few fast electrons implied low CD
efficiency. In other words, the existence of some fast electrons in the background
plasma gave hints of a high CD efficiency although the correlation between these two
phenomena might be indirect. The exsistcnce of fast electrons could indicate a
benefitial circumstance for CD, or themselves were helpful for the further
development of the energetic tail. If the latter is true, a few fast electrons with
proper paralell velocity would play the role of triggering a higher CD efficiency.

4. The Plasma Property During LHCD
The property of the plasma with LHCD was different from that in ohmic discharge.
The MHD instabilities varied in many aspects. The edge of plasma was also disturbed
strongly by the rf power. In this section the basic phenomena are given.
4.1.The MHD Behavior in the Discharge with LHCD and Inductive Field
The MHD instability property varied by LHCD. Fig.8 showed that in some cases the
normal 20 - 30 kHz Mimov oscillations were suppressed. But in other cases about IS
kHz Mirnov-like oscillation occured. The typical waveforms could be seen on SX
signals (detected by surface barrier detector arrays). The oscillation frequency was
lower and the magnitude was much higher than those in Ohmic plasma but seemed
modulated by a low frequency fluctuation. The oscillation had its maximum at r = 3
cm and became very small at r • 6 cm (Fig.9).
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Fig. 10 showed that the sawteeth changed in two ways. Fig. 10a) showed that the
sawtooth repetition period increased from 250 \is to 400 \iS during LHCD. The
amplitudes increased too. But it didn't propagate to outer region (r >6 cm), that was
quite different from the large sawteeth in Ohmic plasma. This phenomenon
occurred usually with the rf power round 30 - 40 kW. Fig. 10b) showed another
effect by which the sawteeth were supressed during LHCD.
4.2.The MHD Behavior in the Discharge with LHCD only
In discharges with the LHCD and without the transformer induced field, the plasma
had no strong MHD perturbation. The density is generally lower than the typical
ohmic discharges. At the density about 6 - 8 *10 1 2 cnr3» the 10 - 15 kHz oscillations
burst out (see Fig.l 1), that was similar to die case in Fig.9. The amplitude was also
modulated, to be more exact, burst periodically. Phenomenologically these kinds of
perturbance decreased the driven efficiency.
4.3. Runaway after LHCD
The discharges could become runaway discharges right after the rf power removed
(see Fig. 12). As discussed in section 3.2, the energy of the fast electrons were
confined within the resonant range of the slow wave. When die rf power moved
away.the fast electrons were accelerated to runaway velocity by induced electric field
from the transformer or the plasma inductance. It happened frequently at density
lower than 8 - 1 0 *10 1 2 cm' 3 in the HT-6B tokamak. The reason was that die electron
temperature was low and the resonant energy was more than 100 times higher.
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TOMOGRAPHY OF SOFT X-RAY SAf-JTOOTH OSCILLATIONS
IN HL-1 TOKAMAK
DONG Jiafu, GUO Gancheng, ZHONG Yunze,
Southwestern Institute of Physics,
Chendu, Sichuan, China
At present. The reconstruction of the emissivity for
many tokamak devices has been completed by the use of the
soft X-ray arrays and the tomographic technique.
The
machanisro of the different types of sawtooth ocsillations
are studied. We developed the tomography technique in order
to obtain a 2-dimensional view of a plasma cross section
in HL-1. and observed the time evolution of the soft X-ray
tomography on a type of sawtooth oscillation prior to the
major disruption by the use of an array with 22 channels of
soft X-ray detectors.
1.RECONSTRUCTION METHOD
We assume that the f(p,$) is soft X-ray brightness
measured along the chord with geometry parameters p.0 in the
polar coordinates. The brightness measured by each detector
is a linear integral of the emissivity g(r,e) along the
specified chord of view (Fig.l). In fact, the tomography is
completed by inverting f(p,$) with Eq.(l)

=

g(r.9)ds.

(1)

Fig.l Coordinate system for
g(r,0) and

He designed the tomographic software by the
ise of a
certain algorithm according to Cormack method, ana completed
the computer theory simulation by means of a know function
in order to inspect the reconstruction ability of the
software. (Fig.21Cl,23
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Fig.2 (a) input source function; and (b) reconstruction
distributions.
HL-1 is a tokamak with a major radius R=102cm and a
limiter radius r=18-20cm.
The experimental arrangement for soft X-ray measurement
is shown in Fig.3.
B# r.

detect*

Fig.3 The experimental
arrangement for soft
X-rav measurement

Soft X-ray emission from the plasma are detected by 22
detectors after passing through 25/»ra beryllium filters.
The detectors are surface barrier diodes. The signals
are digitized every 25A«.S by an A/D converter in the CAMAC
system. Data are recorded in real time in buffer memories,
then they are transfered to a VAX-11/750 computer through
the CAMAC system.C33
The reconstruction method requires as far as possible
more signals in different directions. We supposed the plasma
column rigidly rotates in the poloidal directionC4,5D, so
that we can obtain additional information from other angles
of without detector array.
2.EXPERIMENTAL RESULTS
We studied the change process of the sawtooth crash and
obtained the time evolution of reconstruction image of soft
X-ray emission.
The typical sawtooth oscillation prior to the major
disruption for shot 8149 is given in Fig.4. Table 1 given
parameters for shot 8149.
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Table 1.

parameters for shot 8149.

Bt(T)

Ip(KA)

Ne(*10" cm**)

q(a)(cm)

a (cm)

2.4

128

5.4

2.98

18

Where Bt is toroidal field. Ip is the plasma current,
Ne is the electron density, q(a) is the safe factor, a is
the limiter radius.
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Fig. 4 The time evolution of the reconstruction tomography of
soft X-ray emission from 376ms to 376.5ms.
It is quite obvious that the plasma is rotating from
A to C (Fig.4), the frame A is taken at the peak of a
sawtooth and the hot core is nearly the centre of plasma.
In frame D-F, it is showed that a hydrodynamic flow exists
in plasmaC53 and it moves with a cold bubble from the
outside into the centre of plasma. During the crash, the
previous hot core becomes narrower and breaks into two
sections, the shape of the hot core changes from a circle
to a crescent, and it is pressed outward gradually. In the
Wesson model, the flow is a convective flow and causes the
crash. The convective one is caused by a quasi-interchange
mode instability. In the Sato and Nagayame model, the flow
is a kink one. The kink flow is caused by a m=l kink-mode
instability and the magnetic surface crescent shape is
pressed outward by the kink flow in the cold region.C6,73
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The reconstruction tomography during a sawtooth crash
which is taken at the moment much closer to the major
disruption for shot 9393 is given in Fig-5. The frames seem
to be similar to what of shot 8149 except frame D in which
it is appeared that the hydrodynamic flow is obviously
stronger than what of shot 8149.
SCrT X-fiAY

SHOT. SJM

Fig.5

The time evolution of the reconstruction
tomography of soft X-ray emission for shot 9393.

>-rsy (9393 340 9ast

Fig.6 the space
240.9ms,

SC't «-.**y

19333 34Z0I

* r f t x-ray tonognpny (9393: S432I

distribution of soft X-ray emission at
242.8ms and 243.2ms for shot 9393.

Fig.6(a), (b) and (c) are the space distributions of soft
X-ray emission before, during and after the sawtooth crash.
From Fig.6, it can be seen that the soft X-ray emissivity
weafcenes gradually
during a sawtooth.
The soft X-ray
emissivity in the centre of plasma before and after the
sawtooth crash is stronger than" that of the edge. However,
the soft X-ray emissivity in the centre of plasma during the
the sawtooth crash is weaker than that on t*e MtSMe. The
temperature of the centre of plasma is quickly transfered
outward.
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EXPERIMENTAL INVESTIGATIONS RELATED TO EXTERNALLY
LAUNCHED ION BERSTEIN WAVE HEATING ON TOKAMAK KT-5B
WEN Yizhi
LIU Boan

LIU Wandong
DENG Bihe

WAN Shude
LI YI

YU Changxuan
ZHAI Ran

Dept. of M o d e m Physics, University of Science and
Technology of China, Hefei, Anhui, 230026, China

INTRODUCTION
RF power absorbtion by the fusion plasma in the ion
cyclotron range of frequence is currently being studied as
one of the most effective method
for
supplementary
heating.
Plasma heating by directly launched ion Bernstein
waves (IBWH) has been actively investigated in recent
years. The IBWH experiments carried on several tokamakas
(PLT,Alcator-Cf J I P P T - I I — >
have demonstrated
efficient
heating of the plasma with the coupling efficiency > 80%,
heating quality factor>10** eVcnr» /kW , and shown a number
of encouraging results.
Since the
IBW has
excellent
accesibility to the hot dense core of reactor-like plasma
for a wide range of launched nK,
and
since
the wave
polarizating and
relatively
wide operation
frequence
range, permit a flexible waveguide launcher design, it
is more attractive for the ignition device.
However,
there are some problems have to be investigated, such as the
maximum RP power deposition into plasma seems limited by
distruption, the IBWH on DIII-D showed no bulk ion heating,
so far, further more investigations should be necessary.
Here we are to present the results of our experimental
investigation related to IBWH on the small tokamak KT-5B in
USTC.
EXPERIMENTAL SETUP
Tokaaak KT-SB is quite a snail device,
the main
parameters of the machine were as follows:
R-aOcm, a-lOcm, Bt-0.3-0.6T, Ip»10-15kA, Teo*70-100eV,
Ne*0.5-1.0*10" cm~*. The IBW were launched by a Faraday
shield single loop antenna along the toroidal direction
(Nagoya-III type) as shown in fig.l. The antenna (Lz=17.5cm)
was horizontally movable,
installed on the weak field side
of the vessel and was shadowed by two limiters located at
both ends of the antenna,
that makes the
discharge
parameters to be R*28.5cm, a*6.Scm, Ip*3-8kA.
The RF power
source consists of a quartz controlled oscilator which
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ensures the radio frequence reading precisely
(important
for the derivation of t*i/Hu ) , the preamplifier, the tunable
driver and the output stage.
This transmitter
could
delivers up to 5kW of RF power (with variable frequence range
of 6-10MHz) to the antenna through a matching network which
had been adjusted to have good coupling between the RF source
to the launcher.
The transmitter can be operated in pulsed output regime
with variable pulse length, or in CW regime according to
different exparimental reqirements. The frequency is in the
range of the fundamental to second harmonic of Sin.
Two RF Langmuir
probes
were used
for the wave
detection, they were located at 90* apart from the antenna.
one probe was vertically movable with single pin, che other
was horizontally movable with two pins apart 5mm radially.
The low plasma temperature in the small device allowed the
insertion of these probes towards the interior of the plasma
without serious interfering the discharges. Both probes were
usually nagetive biased to collect ions current.
By the low
noise signal processing through bandfilters, amplifiers and
phase detecter, the probe sencitivity to
ion
density
fluctuation n could be below 5*10* cm'',
the perpendicular
wave number of the IBW can be read directly from the phase
difference between the signals picked by the two pins with
suitable radial distance.
PLASMA-ANTEHNA COUPLING EFFICIENCY
The plasma loading for the antenna during the launch of
IBW is an important measure of the coupling efficiency which
is closely related to the IBW excitation and effective plasma
heating .
It is the resistance of the input impedance of the
antenna that indicates the real RF power coupled to the
plasma. The antenna resistive loading was deduced from the
the applied RF current and power to the antenna during the
discharge. In KT-5B experiments, it was found that the
antenna coupling efficiency exhibited a peak near *>/&* =1.92,
and had some dependence on the plasma current, it increased
when the discharge current become higher, and when the gas
puffing presure went down (fig.2,3). Since KT-5B is a small
device with quite low parametres, the coupling efficiency is
not as high as that on larger machine
with much higher
field. In our case the deposition of RF power to the plasma
is near 50 % of the input power, while on large cokamak as
PLT the coupling effeciency is around 80-90% . This could
presumably be due to the rather low edge ion temperature
in KT-5B as shown in fig.4, for IBW is essatially the wave
occuring in hot plasmas.
This partial ion temperature
profile shown in fig.4 is taken from the estimation for the
experimental IBW dispersion relation in the investigation for
IBW excition and propagation with lower RF power,and from
the electrostatic ion probe on KT-5B .
Since the RF power
coupled to the plasma was limited by the transmitter, we have
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not observed significant heating effects in KT-5B.However it
is important to note that these preliminary results showed
similar regularity for the antenna coupling as on other
large tokamaks. As long as the plasma parameters rises, the
coupling efficiency will go up consequently.
RESONANCE ABSORBTION OF IBW BY MINORITY IONS
In reference[3, 4 ] ,
we
have reported some of our
experimental results on the excitation and the propagation
properties of IBW .
He found that when the IBW propagates
into plasma, certain
modulation of the wave amplitude
occured at the edge region,
it is propably caused by the
partial shield of wave by the two limiters at the antenna
ends. The appearance of the wave front surface on a vertical
cord was found to be somewhat bending backward, which
presumably is due to the magnetic shear.
In addition we also observed the peak and decay of the
wave amplitude as the IBM propagates towards the plasma
interior (fig,5) at subharmonic of £2,,,it could be attributed
to the third harmonic cyclotron resonance and absorbtion
caused by the fully stripped deuterium like low Z impurity
ions such as carbon and oxygen existing in the plasma, in
our case.the c+6 ions with concentration near 0.1% were more
likely responsible for the phenomenon .
The minority heating regime has some advantages, the
heating efficiency is relatively insensitive to the minority
ion concentration, it could be strongly optimized when the
resonance layer is placed near the plasma center which
result in ruch of the RP power be deposited near the center
of the piasna to have better confinement and effective
heating.

discussion
We have observed a number of interesting phenomena
concerning IBHH on KT-5B. The results of our experiments are
consistent with that on other devices. That showed the IBWH
eould be « premising auxiliary heating method. Although the
coupling efficiency seems restricted by the nature of small
tokanaks for its low parameters,
it is still very helpful
to conduct experimental studies on some basic processes
concerning the IBM excitation, propagation and heating in
even small device for small tokamak generally cost low, and
it ha* good flexibility to carry on specific investigations.
The r.tin aim of our experiments is just using the
small toxanaks to understand the physics of tokamak plasma,
to examine she feasibility at new physical concepts and to
gain technique experience on IBMH under relatively very
United financial support ,
rather than to achieve higher
parametres as on large tokamaks. We are to carry on further
investigation onIBWH in the new version of the KT-*> project.
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The KT-5B machine i which had only 12 small ports and a
rectangle port for pumping ) now has been replaced by the
new device KT-5C, the main feature of KT-5C are as follows:
R=32.5c», a=12.5cm, (A=2.6) , l.Snrni chin wall of
stainless steel, 36 ports (16 larae ports)
16 coils for toroidal field, Bt=0.6T, air core
poloidal fields
Ip=10-25kA, Teo > lOOeV, We*O-5-2*10 lS cm**
The operation of KT-5C was started at the biginnina of this
year. To carry on futher experiments on IBWH , we have been
modifiing the wave launch system,
and improving the
diagnostics for optical coupling and better investigations
on IBWH. We expect to get more results and experience on
IBWH in the KT-5C machine.
This work is supported by the National Science Foundation
of China tlio. 18975033).
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Fig.I

IBWH experimental setup on RT-5B

Fig.2

Coupling efficiency versus toroidal field

Fig.3

Coupling efficiency versus discharge current

Fig.4

Partial ion temperature profile in KT-5B
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• MCI' cameras |3] for measurement of soft and ultrasoft X-ray radiation and for the
tomographic reconstruct ion of the emissivity of the plasma,
• standard diagnostics including plasma current, loop voltage, magnetic Reid, total radiation, electron density, etc.
The arrangement of the diagnostics above can be seen on Fig. 1.
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wavelength range in A

>30
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400-150 and 30_ j
i-50-40

30-!

filter type
without filter
CaF 2 crystal
2 fim Al foil
0.2 ^m C foil
10 pm Be foil

During the experiments the amount of injected impurities was intended to be retained so
low as not to disturb the plasma. In the case of Na injection, when this restriction was fulfilled,
the atoms an< - s could only be seen in the cross-section of the injection. A higher amount of
Na impurity c J be seen everywhere, but it influenced the plasma drastically. In the case of
Al injection a small amount of impurity could be seen with all diagnostics, without any effect
on the global plasma parameters. Results of the two particular working regimes are presented
in Fig.2. Detailed investigations were carried out by injection of aluminium. The time history
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• MCP cameras [3J for measurement of soft and ultrasoft X-ray radiation and for the
lomographic reconstruction of the cmissivity of the plasma,
• standard diagnostics including plasma current, loop voltage, magnetic field, total radiation, electron density, etc.
The arrangement of the diagnostics above can be seen on Fig. I.
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eross-section as the blow-off beam with a soft X ray MOP camera,, The poloidal and the
toroidal distributions of the radiations were investigated in separate espei'intents. In the Out
case the camera measured along 16 chords in the minor radius range of &I0 cm „ § cm
were covered in toroidal direction. In the second case the camera resolved § cm in (toroidal
direction into 6 channels. Each channel integrated along a vertical line covering the whole
plasma column. In Pig.4a. one can w the results measured "m puioidal tliiecUon. Tlie results
\wn? corrected for the background and smoothed by lime ruuslaut of ^0 /is. TUv upper parl
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Figure 4: Time development of radiation measured by the MCI' camera in «. |>oloi<lal and b. toroidal direction
Upper curves show the time evolution of the Al I line radiation.

of Fig.4a. shows a well localized radiation in lime and space. The lower part of this figure
belongs to the shorter wavelength. Al the beginning the radiation in this wavelength interval
is also localized in time and space. Later the radiation appears in the whole cross-section of
the plasma. This high energy radiation signal can also be observed in the cross-section of the
X-ray tomograph, but the amplitude of the fast, localised part relative to the slow component

iLs reduml by approximately a faelur i»f tim, Tlw r«"s««lts «»f iuvestif^itiMtis m d«rMj«l«I d
cum be seen in Fig.4li. The upper figure shuws a symmetrical (lislrihulioit «(' the radiAliait m
the iotoiiJal direction, while the lower tuie has a clear asymmetrical nature. Plasma current
flows counterclockwise ( left to right ).
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Discussion

We could inject a certain amount of aluminium impurity, that was .seen m every toroidal
position and did not disturb the global plasma parameters. We observed 'the spectral lines
belonging to different ionisation stages of aluminium, and determined the mast significant
features of them. The distribution of the intensity of the radiation in toroidal direction relative
to the injection in the high energy window is asymmetric.
The radiation measured with the MCI' camera in the long wavelength range is radially
localised to the same place as the radiation of the Al II and Al [II ions, but the toroidal
distribution of the MCP camera signal extends to about 3 cm, longer than tine Al II radiation.
This indicates that the MCP camera in this wavelength interval measures an ion different from
the Al II. The candidates are Al III and Al IV.
In the short wavelength window the radiation has two components. One part appears al
the same place as the long wavelength radiation and decays on the same time stale as the
latter one. This component can lie observed in the cross section of the X ray tomograph with
smaller amplitude, but the long wavelength radiation could not he detected there. We can
conclude, that this part of the short wavelength radiation cumes from a different ion than the
long wavelength radiation, possibly from Al IV or Al V. The slow component of the short
wavelength radiation appears on a time scale of a few hundred microseconds, thus it could
originate from Al VI.
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Study of lapurity Concentrations by
VUV Spec t roseopy on HI. 1
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ABSTRACT
The iapurity concentrations i n H L - 1 are deterained by VUV spectroscopy. The
absolute calibration of VUV spectrometer by the branching ratio technique, as well
as SITCODE 'mpurity transport code developed in SNIP, used for interpreting the
spectroscopic measurements, are described. In order to obtain these results easily
on a shot to-shol basis at the end of each discharge, a simplified fast evaluation
•ethod is introduced.
The evaluation of the iapuri ty concentrations in H L - I discharges with and
without carbonization, pimp liaiter and edge polarization are discussed.

I. INTRODUCTION
The study of iapuri ty concentrations in toktuiak ptasia continues to be a topic
of considerable importance in fusion research. There are two aain reasons why
iapuri ty concentrations Bust be kept sufficiently low in tokamak plasms. First,
highly charged iapurity ions increase the radiation loss by bremsstrahlung,
recombination and line radiation. Second, impurities dilute the reacting hydrogen
plasaa and reduce the fusion power density.
There are two crucial points in obtaining absolute iapurity densities.
First one is the calibration of the instruments. The Bethod used to calibrate
VIA' SGV-50 spectrometer are reported in section 2. Another point
is the
analysis with a iapurity transport code SITCODE (section 3), which is an
indispensable tool for interpreting such aeasureaents.
SITCODE is capable of calculating the density distributions of iapurities in
various states of ionization and the energy losses in the fora of ionization,
breasstrahlung and excitation caused by iapurities. The nuaerical simulating results
are in good agreement with H L — 1 experiments.
As the input data required for this code are complex and the calculations
consume longer tiae on the the VAX 75D computer, it cannot be used for standard
shot-to-shot evaluation. It was therefore necessary to develop a siaplified fast
version, which based on a two-dimensional paraaeterisation using SITCODE results
(section 4).
The evaluation of the impurity concentrations by referring to soae density
sequences of HL—l discharges with and without carbonization and (or) pump liaiter
are described. Finally, the influence of edge polarization on iapurities also be
briefly discussed.
2. EXPERIMENTAL SET-UP
Determination of absolute impurity density requires absolute aeasureaent of
representative line intensities at first. These can be measured with the VUV SGV-50
spectrometer which is a 0.5a noraal incidence spectrometer with a grating of

I2Q09M*1. tt Monitors the wavelength range froa 30na to 3S0nm. Its photographs in
the 30-iQOna was aade by Beans of alcrochannel plate. Calibration of instruaents
in this wavelength range is rather complicated even when synchrotron radiation is
used. We calibrate the spectroaeter with atoaic branching ratio aethod (I) using
the visible spectroaeter which observed the plasaa in the saae section. The
visible aonochroaator has been calibrated absolutely by aeans of a standard
tungsten ribbon I u p . This aethod depends on the appropriate selection of a tor;
or ions which eait pairs of lines froa the saae upper level i, one lined, a) being
in the visible and the other (i,j) being in the vacuua ultraviolet. Then the
ratio of the radiances 8, as measured by the two spectrometers, is
B(i.a)
A(i,a)
B(i,j)
A(i,j)
where^ A are the transition probabilities, calibration points at 305.8A, 312.4A
320.9A, 518.2A, 574. 2A and 1025A. were obtained using the 001(305.8-3017.6A),
5301.
CIVO12.4A) OIIU320.9-3961.5A), 0111(518.2 — 3390.2A> CIIK574.2-5694A) and
5812
H(l025-6563A)line pairs[2).
Fig. l is a scheaatic diagraa of the experiaental set-up for tine brightness
absolute measurement. The instrument line of sight passed through the centre of the
plasaa, in order to observe the central-chord emission.
The sensitivity curve in Ihe wavelength region of 30-102.5na is shown in Fig.2.
The measured signals can be directly compared with the results obtained froa
SITCODE transport code.
The experiments described here were performed on the HL-( tokaaak with a Major
radius of 1.02m and a minor radius of 0.2m. The plasma parameters during the ohmic
heating quasi-stationary current plateau phase were the following, Ip = 80 — 180kA,
Bt=l.6-2.5T,
working gas-H, or D, ,
liaiter radius a=li-20ca,
n,(0) =< 2-10) 1 0 V ,
Te( 0) = (0.4-1.6>kev, Ti( 0) = ( 0. 2-0. 9) kev and
Zeff-~1.6 — 3.5. The electron temperature was taken froa Thomson scattering, and the
average line electron density was obtained froa HCN interferometer. These profiles
were symmetrized and fitted as
Te(r)=2[Te(O)-TeCa))](r/'a) 1 -3[Te(O)-Te(a>](r/a) t +Te(O)
where Te(a)=20ev, n.<a) = 5X10"m" and a=20ca.
3.ANALYSIS WITH A TRANSPORT MODEL
The spectroscopic aeasurements were analysed using the impurity transport code
SITCODE based on combination of neoclassical and anoaalous transport aodels. The
concentrations of oxygen has been obtained by aodeling the line brightnesses, and
the radiated power from the oxygen impurity was estiaated.
For a given impurity element, the one-dimensional impurity transport code
solves the impurity continuity equation
,)/tf r ) + n ) [ n ^ 1 - n £ + n ^ 1 a w l - ' - n . a M ] (2)
Z,

-84where the index q indicates the lonization state of the impurity; o. Is the impurity
density, S, is the ionization rate coefficient and a"' is the recombination
(radiative plus dietectronlc) rate coefficients. P, is the radial particle flux
density, which can be given as the SUM of several tens

r\= r,-+ r *+ r,"+ r-

«>

where f," is the classical flux density,
r,*is the bananaptateau neoclassical flux density,
T," is the Pfirsch-Schluter neoclassical flux density.
Since neoclassical fluxes atone are not able to explain all experimental
results(3]. In Eq(3), f, mist add an anomalous term shown as
<» n,
T*=-Da
(4)
dr
Here, Da is an anomalous diffusion coefficient, assumed to be constant as a function
of minor radius (typical value,Da=4000cm* • S'1 for oxygen).
Figure 3 shows an example of the calculated radial distributions of oxygen ions
densities for ohmically heated plasma with Te(0) = 400ev, n,(0) = 3 X 1 0 V ' and
Da=4000cm* • S"1. Radial distributions of electron temperature and density in HL-1
are shown in Figure 4.
Comparing the radial distributions of oxygen at different electron temperature
( Fig. 3 a> Te(0) = 400ev and b ) Te(0) = «00ev), it can be found that impurity ion
densities (except 0") decreased with increasing electron temperature, but ion
density of 0" increased with temperature; peak positions of emissivity profiles of
O*'-O" were not changed; the outward moving distance of 0', 0* and 0' ion shell
peak position were about 0.8, 1.6 and 10cm, respectively. The emissivity profiles of
O'-^-O1 depend on the centra electron temperature and that of lower ionization states
depend basically on the boundary condition.
Fig. 5 shows the changes of calculated radial distribution of the oxygen ion
densities in different 0a(from 0.2 to 1.0m' • S"1).
The profiles of emission line from oxygen ionization stages are broadened as Da
is increased. The degree of ionization in centre is somewhat lowered. The profile
peak positions are moved inward.
The total radiation losses for each impurity species can also be obtained. For
oxygen impurities, when Te(0) is less than 500 ev, line radiation is the dominant
radiation loss. For higher temperatures, bremsstrahlung radiation and radiative
recombination losses tend to dominate. Here we take into account only the most
important resonance lines. Figure 6 shows the calculated oxygen impurity radiation
loss.

4. PARAMETER SCAN FOR THE FAST ANALYSIS METHOD
In order to calculate the dependence of the line intensities of the verious ion
species on the electron temperature and density, an extended scan over the
accessible parameter range at H L — 1 was performed with our transport code.
In the parameter scan the central density was changed from 2X10"m" to
9 X 1 0 V . For each density the central electron temperature was varied from 200 ev
to 900 ev.
These calculations were performed for 0VI(103.2nm) line intensity, assuming an

average oxygen concentration to be 3ft* of the electron density. Me thus obtain a
connection between the tine intensity and the central electron density and
teiperature for the chosen lapurity concentration, as shown in Fig 7.
In order to obtain the iapurity concentration for a particular discharge, we
need to compare the calculated line intensities with those absolute!? Measured line
intensities obtained fro« the VUV spectroneter.
n = (laeas/lcalc> • n,
where n. is iapurity concentration chosen arbitrarily for SITCODE calculation.
Since emission profiles of lower ionization states of light iapurity are
strongly affected by the boundary parameters and thus the calculation of iapurily
transport code has larger uncertainty, this aethod can not choose the emission lines
of lower ionization stales of iapurity as aeasured line. Otherwise . the iapurity
concentration deduced by this aethod has higher error.
5.RESULTS
The oxygen concentration in discharges without carbonization, with carbonization
and only with puap Liaiter are 2 — 35KS. 2 — 3.5M and 2% of n., respectively.
Before carbonization VUV spectroscopy line intensities increased with increasing
n, and aetat iapurity tine intensities decreased with increasing n,. This case is
explained by the accompanying reduced boundary layer teaperature which leads to a
strong reduction of the aetal sputtering yield, as predicted by SITCODE transport
code.
Absolute peak intensities of line emission froa various iapurity ionization
states for the sane electron density are given in table I.
line

H 1215.9A

OVI 1032 A

CDI977.6A Mo X HI 461A

intensity
photo/CB' • S

7. 3X10"

1.1 X10*

2.4X10"

5. 6 X 1 0 "

The oxygen tine intensity is stronger, carbon line is moderate, but aetaltic
impurity lines are weak, as shown in Fig.8a.
After carbonization, froa the spectroscopy viewpoint, the aain differences were
a strong reduction (about 80?tf) in aetals and increase Cabout 2 0 % ) in carbon as
shown in Fig.8b. Most of metallic iapurity lines were too weak to be identified by
the spectroaeter. The observed reduction of aetal lines intensities is due to
deposition of carbon on the liaiter and wall which had been deposited by aetal
during discharges before carbonization. But oxygen was kept coustant due to light
carbonization which were carried out [4].
Using the puap liaiter as a regular liaiter, the oxygen iapurity reduced by
1 5 % , carbon iapurity increased by dHi but no change in Metallic iapurity was
observed, as shown in Fig Be. It indicated that plasma exhaust is increased by
pump liaiter and light iapurities in edge is decreased slightly.
Experiments of edge polarization is performed in H L — 1. By setting up radial
electric fields in the' edge of plasma by an electrode, it is possible to trigger
edge rearrangeaents[5]. Measurements reveal the formation of sharp density and
temperature gradients inside the last closed magnetic surface, which represents a
transport barrier. Improved particle confineaent and a concomitant
iapurity

-86accumutation is observed.
Upon the application of an electrode, negatively or positively biased with 100
ms square pulse, an electric field is srt up in the plasia. The n, is increased
strongly and oxygen, carbon and metallic line intensities are also increased,
as shown in Fig.9.
Fig. 10 shows changes of OVI line intensity I normalized by "n, with different
values of applied hias V,. In range of V, below 200V. I ii, increases with increasing
V,. In range of V, from 200V to 400V, I n, almost keeps constant anri I n, with
applied bias is 5096 higher than that without applied bias. This indicated thai
the accumulation of inpurity in plasma is very apparent when positive bais is
applied. The reason can he the decrease of radial trasporl and I lie increase of ion
sputtering fron the electrode, hut not from the vmtl and (imiter.
It appears that the impurity concentration ran l>e controlled by clianyim1 radial
impurity transport by means of edge polarization.
The authors wish to thank the staff of HL !. They also wish to express their
gratitude to professor Y.Z.ZHENG for many helpful disscussions.
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FIGURE CAPTION'S
Fig. 1 Experiment set-up (|. outer vacuum vessel. 2. plasma, 3. connector,
4. aperture. 5. reflective mirror, 6. quartz window, 7. lens. 8. WDS-3
visible spectrometer. 9. optical fiber, 10. photo electric multiplier,
11. SGV-50 VUV spectrometer, 12. camac, 13. Vax-750 computer).
Fig. 2 Calibration curve of the SGV-50 VUV Spectrometer.
Fig.3 Radial density profiles for oxygen in HL— 1, n,(0) = 3 •< 10'V. a)Te(0) = 400ev.
b)Te(fl) = 800ev.
Fig. 4 Electron density and temperatnre profiles in H L — 1 .
Fig. 5 Radial density profiles with different anonalous diffusion coefficient for
oxygen, a) Da=2000cn f S" b) Da=4000cm'S", c)Da = 6000cm'S"\
Fig.6 Oxygen radiation loss.Cl. input power, 2. oxygen radiation loss, 3. OVI 1032A
line radiation loss, 4. oxygen ionization loss).
Fig.7 OVI C1Q32A> line intensities calculated by SITCODE transport code for various
n,(0) and Te(0).
Fig.8 The evaluation of various line emission intensities (OVI 1032A, C M 977.6.4 and
Mo Xlil 46lA) during discharges with different wall condition. a)before
carbonization, b) after carbonization, c) only with pump liraiter.
Fig.9 Increase of emission lines from various ion ionization stages when positive
bias is applied.
Fig.10 The relation of I/n, (OVI line intensity I normalized by H.) to applied
bias \\.
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X-RAY TOMOGRAPHY OF
DENSITY LIMIT DISRUPTIONS IN LT-4
John Howard and Mikael
Plasma Research Laboratory, Research School of Physical Sciences
Australian National Uuiverscity, Canberra, ACT 260J, Australia
Abstract
Tokamak density limit disruptions .ire -.Imlii-i] by tumour.iphic.illy analyzing soft x-ray emission data using a modified cirrular hnruuuiic rvronstruction technique. Uolh major and minor
disruptions are associated with the presence of tlamiiiaiii m s l/n s 1 and in s 2/n — 1 s©ft
x-ray eniissivity perturbations It-ading to the penetration of a coid bubble-like plasma volume to
the centre. The role of mode coupling between (lie various cincssian components is examined and
the observed behaviour is compared uiili the results of non-linear simulations.

1

INTRODUCTION

The operational regime of tuknmnk* is limited with respect to current and particle density. The
experimentally observed density limit tor an olimically licated plasma can ha expressed as u <
CDf/li<U< where fly is the toroidal magnetic field, It is the major radius, «;„ is the safety factor
at the plasma edge and (' is of the order I - '.' x 11)'-'" Wb" 1 [1-5). If this limit is exceeded the
discharge suffers a major disruption which leads to loss of continemeut and a sudden termination
of the plasma. Often this major disrupt ion is preceded by a series of minor disruptions from which
the plasma recovers.
Density limit disrupt iou> have been associated with the cooling of the outer part of the plasma
and it has been shown that the limit in nlt<ia/Iir is compatible with a 100% power lass by
radiation at a fixed impurity level [0,7]. Wit.li the energy mainly lost through radiation the plasma
becomes thermally detached from t he wall leading to a narrowing of the temperature and current
profiles as the radiation front, propagates inwards. This can result in a current profile with only
a small amount of current flowing outside the q = 2 surface, which in turn has a destabilizing
influence on the 2/1 tearing mode [S], a major player in the disruption process. However, while
the initial contracting phase of density limit disruptions appears to be relatively well understood
[4,6,7] the further development is not so clear. With </0 — 1 the 2/1 mode saturates at a reasonably
small magnetic island width [8] and il appears that one or more additional mechanisms must be
responsible for a further dcstabilizalion of the plasma. Recent simulations of Bondcson ct al. [9]
incorporate an inward propagating radiation front that destabilizes the low-order Fourier modes.
A broad band of modes arc linearly unstable to the quasi- equilibrium created by the 2/1 mode and
non-linear coupling and growth of these components leads to a large region of field line stochastkity.
This broadens the current profile aiul further destabilizes the 2/1 mode.
In this paper we report results from tomographic reconstructions of the soft x-ray (SXR) emission during a sequence of disrupt ions in (he LT-1 lokamak. In particular we examine the disruption
mechanism and compare observation with the recent numerical results. Many of the qualitative
features of the Bondesson model, including t he coupling between the 1/1 and 2/1 modes and tltcir
also at Department of Tlieoi-el it:al Pliysir

3/2 and =1/0 side-tamlls,, Urn? feed j 4 a » KfativmMp l»>i»«-ii die nwdtes* and the ete«itetel#=ltls?°
erosion of the plasma teusiserattJiw ^s.«S henre SXMJ jwfi|e> sr<? examined.
The paper is organised as follows: in Se«v 2 «w «l«citee the experiment!!!
plasma, conditions and stiminiari?.? I lie data analjwis (i*xrlMMsj»ifs, R#«©B»irMsl«4 eiifeiew
for minor disruptions and experimental results rait- p l a n t e d and cempaied with thasrjf in See- 3.
Per reasons of brevity, we present results only for tlie |»r<p?«ir$er minsr disruptions, preferring t©
emphasise the technical aspects ©f 3lie toinographiie' isppnreMtdi which are described in §@me detail
in the Appendix. Results for belli minor and mujyeij ulisrupttsn mt presented in greater detail
elsewhere (10].

2 EXPERIMENT AND DATA ANALYSIS
The LT-4 SXIt apparatus {)Ij has l<f«i used for emtebiM measurementsen the LT-4 t@kainsk Jll,,
12] (ft = 0.5 in, a - 0.10 in. M«. ~ . 1 X l0 l a em" a , I!T *~ I = 2 T. T e S 500 eV. /*' S 70 \K% TI»
camera comprises IS surface barrier diode detectors vin^ing the |4«nsi*i;i through a *lil ©f width
I mm about a iiorteoitt.il axi* Ilireu^li tin' f<•»»»«!- nm'i m a i»o!wsl.-nl ^eelisii ef the plasma, The
chords in the fan array liavv impact |<;ir;mi<'UT.> wpnrnti-dl by about I cm in lite range —*«=•$
cm inclusive about the nominal plasma rent re (Fig I) The €hord=iti«egrated eittisttioii is collected
from a region of finite radial extent sndt that ihv dm |»mj<?eiian is «*,M»iitiallj' kandiiintted, sligl)%
oversampled and hence alias free. Tin- detectors respond Jo radiaticn in the fJillftf 1.2 - 10.4 lieV
and are relatively calibrated to < I'A acfutary. The sijuwK are dipti?«'d al a 260 kHz rate and the
signal to noise ratio in the tfiitral cln.'innel*: is (teller tli.'tu I Oil A «lisfu*>itm of SXIl tsiltogrsjiltj'
is given in Jl.'t] ami [M|
With reference to the toroidal coordinate system (r.O.d) shown in Fig, I. both BT and tp are
in the negative toroidal direction. For convenience, »«- take 6 - 0 at the posttion of the §XR
diagnostic. A set of 8 poloidally cqtiis]iaced |>icl;ii|> calk for monitoring the pdeidal component of
the MHD activity arc instnllod in a cross-sect ion displaced toroidally by ."(" from the SXIt camera
The low-pass cutoff for this coil set is limited by the loliamak wall to ~ lfikllz. The coil signals
presented here have been inlegratcd mid corrected fox the wall time delay. The poleidal variation
of the slope of the magnetic, field lines due to toroidal curvature is, to first order, proportional
to the inverse machine aspect ratio [15]. It is has been confirmed, however, that because of the
moderately large aspect ratio R/a 5. 5. the coupling between the harmonics on analysis in azimuth
of the coi) signals is negligible. From noiv on, these harmonics are identified with the corresponding
MUD linear eigenmodes having the same poloidal in number. Given the right-handed lielicHy of
the confining field, the clockwise rotation of the signals registered by the coil array indicates that
the bulk toroidal rotation is in the positive <5 direction (opposite to BT and //>).
Figure 2 shows the plasma current, line averaged electron dinsity and cential SXR emission for
LT-4 discharge # 552482 during disruption activity. The SXR signals show a cascade of sawtoothlike minor disruptions (coexistent with a high level of MUD activity) which commence at tsi'W.O
ms and terminate in a severe and sudden decrease in plasma emission at t as 47.0 ms (Fig. 2).
The unusually fast and accurate position feedback control system on LT-4 ensures survival ol'the
degraded plasma even after the major disruption event (sec Fig. 2). From Fig. 2(l>) we observe
that the disruptions occur when the election density is maximum This discharge, with BT = 1.45
T and C ~ neRqa/BT ~ 1 x 10 20 \Vb~', is at the high density limit in the lltigill operating space
for LT-4 [11].
It is important to note the major differences between the disruption activity and normal LT-

•I sawtooth l»pl»avteur» Tlw impact |«ra««««i«*ir fufcwuii wfohrh die dssr*»f»t«©ii SXR si^mals invert is
n»M> * 0.6a aiwl ill*1 typical fliam^ in the femral Ita<^M«<"£fated emissfejj MsfG it 0,5, By way
of contrast, istandard staMtisviKii ((visifliilt? Hetmvm i5ro*« i = |<t ins and I = *J m« in Fig, 2) show
r lim % 0.15a and AG/G £ 0-5J
Mote alsw tlis* IMSI1\«8 difference in juried between the two
phenomena.
The strong MUD activity premtitig and rait inning throughout the disruption sequence allows
the use ef the rigid toroidal rotation liypatlieste JOT Rent-ration ef tin? pmi<fo*views necessary fer
the tomographi? inversion- The Cerniack circular harmonic technique [16], suitably modified to
suppress ringing artifacts is mnl ft»r the rtwi«Mirnfis»3j'>- "Hie teclmieal ilflails are diseus§ed in
Ilir Appendix.

3 MINOR DISRUPTIONS
,S"patioteii»|H>r;il wiiHo««i> of lite SXK i»»t>;«>;m<-im'i!its air displayed in Fig, 3 (a). Derails** ef llie
sharp f;ill«jjr in I lie eiiusssou ontsitlt; r ~ 0 T.'i. the udd and even parity CQinponcnts of I lie fundamental and scfoml harinonir «>M»U.ili(>us »n* tillribuled rt^peclivt'ly to I/I mid 2/1, and 3/2
and 4/2 Mill) JIHWII- .iciiviiy. °\'h<* rt'li:il)ilu.v pf ilu* -l/'i reconstruct ions in soineivhitt uncertain
due to the likely coexistence of llie idenlii'.tl |i;iiiiy ;s:i«I frequency 2/2 mnde. There is also some
possible u/2 coninutiiiiiiiuii «»f the H/2 HUHII- ll«incvvr, the second Immtojiic amplitude is an order
of magnitude wvaket tliiin th<' fiitiidanieiila!, MI that Us influence on the recontitructed emission
contours is not significant The dominant li<-luiii<^ «iliMrv«il using toroidal and poloidal magnetic
probes are the 2/1 aitit "Af\. Tlte uttnle .•issi^mtK'ut'. fur the fundamental oscillation thus appear to
be both a jtrtnn iiud, bast-d on ilic recoiistructioiis. a ponienon , well juslilicd
The iiuii-»<scillait-ry (cqgiilibriiiiii) prolilc |l'ij< 'A (c)] evolves in i predominantly symmetric
fashion (alltnviiij; simple Al»;l invi-ision) Tli<' nnlu-of-iiKLSs of the emission, however, exhibits a
small amplitude (~ I mm) oscillation syiicliKiiuiiis with I hi' cycle of disruptions. This small excursion is limited by the fast ft-edbac!; position control .system. The SXIt geometry is appropriately
corrected for this displacement at each processed time slice. The asymmetric component of the
non-oscillatory emission must have toroidal mode Dumber n = 0. Having odd parity, we ascribe
its appearance to a possible 1/0 component of the emission. In further support of this, we note
that the tilth order projection component </,»(;<) (sec Eq. (A.I)] must exhibit at least [m/2] zeros
in the range (0,1] (1C). The absence of evidence for clear zeros in the odd parity component of the
equilibrium contours is thus consistent with the in = 1 assignment. SXR measurements on JET
using two arrays, have also dearly established the existence of this m = 1 erosion (17). Using a
single view (at ( = 90°, c.f. Fig. I), it is possible only to reconstruct the sin 0 component of the
1/0 perturbation. This, however, at least allows us to monitor the temporal evolution of the 1/0
mode amplitude provided its orientation does not change with time.
Figures 4 and 5 shows a sequence of reconstructions (line contours and perspective plots respectively) through the disruption at I ~ 11.5 nis. As a check on the reconstructions, the reconstructed
waveform [Fig. 3 (l>)j obtained by projecting the (lab-frame) toniograpliic images (excluding the
1/0 component) shows excellent agreement with the experimental emission contours [Fig. 3 (a)].
Evident from Fig. '1 is the rapid emission decrease due cither to an erosion of the emission profile
or the injection of a colder volume of plasma to the centre. The prc- and post-disruption SXR
equilibrium profiles arc symmetric (peaked and hollow respectively), and so can be reconstructed
without the rotation assumption. The tomographic images obtained under the rotation assumption satisfactorily account for the evolution of the SXR emission between these initial and final

-92statee. Computer animations show the ppst-diwuptioii hollow cmiision profile to gradually 'fill-in*
Mid the emission increase in llie ohmic heating phase leading up to the next disruption.

3.1 Mode energies
The reconstructions are not inconsistent with a "bubble-like" 1/1 cooling of the plasma found by
Bondeson et al. to result from the intial destabilization of the 2/1 mode and its nonlinear coupling
toother Fourier components. Unfortunately, the reconstructed images alone cannot distinguish the
sequence of events. To determine the role played by the different modes in the LT-4 disruptions,
we examine separately the spatio-temporal evolution of the various Fourier components. Figure 6
shows the development of the spatial energy distribution [defined by Eq. (A. 16)) of the equilibrium
(0/0 and 1/0), fundamental (1/1 and 2/1) and odd parity second harmonic (3/2) components.
Over longer time scales than shown in Fig. 6, a slow and pronounced outward shift in the maxima
of the 1/1 and 2/1 emission contours is observed leading up to the disruption. Since the total
current remains relatively constant during this period (Fig. 2), this behaviour is consistent with a
contracting current profile generally associated with density limit disruptions.
Integrating the spatial energy distribution over the plasma area gives the temporal behaviour
of the total energy (e, n /,,.e m / n )u,, [see Eq. (A.12)] of the 0/0, 1/1, 2/1, 3/2 and 1/0 components
of the emission as displayed in Fig. 7. The oscillations in the 2/1 energy at the time of the 0/0
crash are artifacts of the signal filling and reconstruction procedure wliile the residual level of
the 1/0 component between crashes is due to a small ( £ 0.1%) systematic error in the location
of the centre of mass of the n = 0 emission. Also plotted are the energy histories for the most
significant helical components (m - 2,3,<l/n = 1) registered by the magnetic probe array. The
second harmonic magnetic signals arc smaller in amplitude by an order of magnitude and so are
not considered further.
From Fig. 7 we observe that (lie onset of significant 1/1, 1/0 and 3/2 activity initiates at
the time the 2/1 activity attains its maximum amplitude. Synchronous with this switch-on is
the beginning of the 0/0 crash. This suggests that the growth of the 1/1 perturbation and the
subsequent rapid cooling may be triggered by (or is at least coexistent with) the 2/1 mode. This
temporal sequence of events, namely the excitation of a spectrum of modes by a high level of 2/1
activity seems to mate)) well the numerical results of [9]. Evidence for mode coupling is found
in the similar temporal behaviour of the 1/0, 1/1 and 3/2 components. The considerable spatial
and temporal overlap of the 1/0, 1/1 and 2/1 components also supports the possibility of mode
coupling as suggested in [9]. However, while the 3/2 mode plays a major role in the simulations,
the corresponding SXR component is weaker by an order of magnitude than the u = 1 modes.
The magnetic activity mirrors the SXR behaviour, though throughout, and in agreement with
the internal nature of the SX R mode, there is no detectable 1/1 perturbation at the plasma surface.
We note the persistence of the 2/1 activity for both coils and SXR even as the other modes decay.
It is also interesting to observe that the TO = 4 component appears to peak ~ 50 — 100/is after the
peak of the 3/1 and 2/1 modes. Of course, the proximity of the mode also influences the coil signal
and the deduced energy history. Nevertheless, with qa & 4 and with the current and temperature
profiles flattened and broadened by the earlier phase of the disruption, the appearance of an m = 4
kink mode in the final phase would seem to agree with simulations [9].
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3.2 Phase relationships
It is also important to examine I he phase relationship between magnetic pickup-coil signals and the
low-order angular modes visible in the emission. Assuming the mode is moving with the plasma
the- tm/n magnetic perturbation al the coil radius, and in the laboratory frame (with 4> = 0), can
be written
Bm(t) = bm(t)cm[m0 + nV(t))
(I)
where bm(t) is the instantaneous mode amplitude and
ft(0 = vr(t)/«

(2)

where vr(l) is the instantaneous toroidal angular velocity. The structure of the with order poloidal
SXR component at the same toroidal location can be expressed in terms of the experimentally
determined coefficients <j,,w(l) as [c.f. Eq. (A.I)]:
Umax

Em(r,0,t)

= exp(iui0) £^ 9,

Allowing for the toroidal rotation, we can write
'/...('•.') = »»¥?(')+ "»£m(«-.O

(3)

where the residual phase £ m (r,t) represents the possibly time-varying radial shear of the mode and
also measures the relative phase bet veen the emission and magnetic perturbations associated with
the islands.
It is found that over regions of significant emission (within the contours of Fig. 6) the maximum
spatial variation of the phases £••_. and cj amounts to S, 30°. The absolute phase of the SXR
components E\ (at >' = 0.3 ) and E? (at r — O.'l J with respect to the m = 2 component of the coil
array signals (at 0 = 0) is shown in Fig. 8. The 1/1 and 2/1 oscillations are strongly coupled (phaselocked) throughout the mode activity. Moreover, the 2/1 magnetic and emission perurbations are
in phase (£2 w 0) as expected for modes of this nature. The phases £1 and t% thus appear to be
both space and time invariant. Tlie.se results validate the invoked rigid body rotation assumption
and are also consistent with the results of [9] where modes with different helicity m/n are phase
locked during times of high activity with the O-point of the magnetic islands overlapping at a fixed
toroidal position. Since a strong interaction between the magnetic islands and the wall should lead
to radially sheared phase of the mode [IS], the experimental results indicate that the mode-wall
interaction plays only a small role for these interior modes during the LT-4 minor disruptions.
Though the 1/1 and 2/1 SXR modes appear always to be phase locked, the magnetic coils show
some phase shear ( < 90°) between the higher-m components during and immediately following
the minor disruptions (mainly when the mode amplitudes are small - see Fig. 8). The components
appear to synchronize during the growth phase, in agreement with simulation [9]. During the
quench phase of the major disruption, however, the 3/1 and 4/1 modes shift by ~ 180° with
respect to the 2/1 component in a single oscillation cycle. This is discussed further in the next
section.

4

SUMMARY

Tomographic reconstructions of the SXR signals during density limit disruptions in the LT-4 tokamak suggests a penetration to the centre of an outer colder plasma region. The energy history of

-94the emission components suggests that the growth of the 1/1 and 3/2 modes is triggered by
existing high level of 2/1 activity. The phase distributions for the n s 1 SXR components show
little radial variation, while the 1/1 and 2/1 components are found to be locked in phase with the
2/1 magnetic perturbation. In addition, the 2/1 magnetic and SXR X-points are found to coincide throughout the disruption sequence. These results support the invoked rigid body rotation
assumption.
The observed cold bubbles are similar to those observed during sawtooth crashes [19] and
disruptions [17] in JET. The temporal evolution of the various SXR mode energies appears to be
in good agreement with the results of [9]. The observation of a 1/0 mode indicating possible mode
coupling effects, the observed fixed phase relation between the n = 1 SXR components,and the
growth of an m=4 mode during the final phase of lite disruption are all in qualitative agreement
with [9]. At odds with [9] is the persistent small 3/2 activity throughout the disruption events.
This also contrasts with observations in JIPP T-II [20] where the the 3/2 activity appears to be
important.
Finally, the extent to which the appearance of colder regions is due to limitations of the reconstruction process has recently attracted considerable attention [21-23]. These studies have focussed
on rotation-free reconstruction issues and therefore do nol directly bear on the techniques used
in this work. However, our reconstructions, suggest, in agreement with recent simulations [23],
that the bubbles are not merely reconstruction artifacts. The theoretical understanding of the
cold bubbles is relatively poor. While a few different models have been proposed for the bubble
injection during sawtoothing [24,25], external kink modes [26] and disruptions [27], further work,
both theoretical and experimental is needed to determine their true nature.
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1 Appendix TOMOGRAPHIC TECHNIQUES
Rigid rotation
Time-frequency analysis indicates that the SXR signals during the disruption sequence can be
modelled as the sum of a DC component together with the fundamental oscillation and its second
harmonic. Since there is no measureable dispersion in the MHD mode frequency across the plasma
section (this is confirmed by the reconstructions) the assumption of rigid toroidal rotation is invoked
to allow inversion of the oscillating amplitudes [14]. The identities of the associated helical modes
are obtained from the parity (poloidal mode number m) and frequency (toroidal mode number
n) properties of the oscillations. The validity of the rigid rotation assumption has been recently
verified (albeit during relatively quiescent activity) using three poloidally separated detector arrays
[21].
During LT-4 disruptions, the mode oscillation period is not significantly less than the duration
of the emission crash, so that application of the rigid rotation technique is not straightforward.
Fourier methods are unsuitable for extraction of the oscillation phase and amplitude and the instantaneous equilibrium emission necessary for the tomographic inversion. To overcome this problem,
we assume that the DC, fundamental and second harmonic components dominate the emission behaviour throughout the crash phase. The free model parameters (amplitude, frequency and phase)
are fitted using a constrained non-linear least squares algorithm in a fixed- width time window that
moves incrementally along the digitized signal waveform. The parameters are time-independent
within this window (as required by the rigid rotation hypothesis), but are independently determined at each time step and for each signal channel. This accommodates the observed time-varying
oscillation frequency (given appropriate choice of window width and step size) and allows for phase
shear between signals at different impact parameters. The fitting window width is typically comparable to the oscillation period, so that features changing dramatically within this time interval
will be smoothed. Nevertheless, the algorithm has successfully decomposed synthetic waveforms
similar to the measured signals into their component parts (see Fig. 9), giving confidence that
the properties of the oscillating components of the emission throughout the relatively rapid crash
phase can be successfully characterized.

Tomography algorithm
We utilize the orthogonal expansion technique [16] for reconstruction of emissivity contours. As
will be seen, the method can be adapted to incorporate a priori constraints. In particular, we
suppress edge ringing artifacts due to noise on the signals by constraining the energy of the image
in regions of low emission. This approach can also be applied in cases where the viewing access is
partly occluded or the views are incomplete.
First, we state the basic important relationships between the emissivity E (confined to the unit
disc V) and its projections. Let G(p,£) to be the line integral (Radon transform) of E(r,0) along
the straight line rcos(0 — £) = p, and write this mapping as G = VE. The geometry is illustrated
in Fig. 1. Both E and G, being confined to V, can be expanded as Fourier series
E{r,0) = £ e x p ( m . 0 ) e m ( r )
m

G(p,S) = ^exp(imOffm(p)

(A.I)

m

with components e m and gm (the toroidal subscript n is here understood). Cormack identified the
following, particularly useful representation for V:
V {Rm,{r) exp (imO)] = cvK,(p) exp (im£)

(A.2)

-98whera RmV(r) are the Zernike circle polynomials and the V,,(p) are given by:
V^P) = ^=(1 - t3yf-Uv(p)

(A.3)

where the Uv(p) are Chebyshev polynomials of the second kind. The radial index v takes allowable
values v =|I \ +2s for s = 0,1,2,... and the scalars are

For convenience we denote the disc and projection space functions as umv(r, 0) = Rmv(r) exp (im$)
and Vmi>(PiO = VV(p)exp(fm^) respectively. The s;tt {umt/} forms an orthonormal basis for the
Hilbert space constructed on V with uniform weight u>o = 1 and inner product
/ rdrvKEiEZ.
(A.5)
o
Similarly, the set {vmu} is an orthonormal basis spanning the projection space W with inner
product

(G,, G,)WI = j

£J * wi CiG5

(A.6)

and weight w^ = (2v^l — i 2 )" 1 . With these definitions G and E can be expanded as
OO

CO

OO

m=-oo*'=ffl

OO

m=~oo vz=m

where the complex Fourier coefficients, ot moments of G and E are given by the inner products
Pmv = {G,Vmu)Wx

<lmv = (E>Umv)Wl.

(A.8)

These representations for G and E give the singular value decomposition of the projection operator
V and allow the reconstruced image to be expressed in terms of the projection moments pmv:

E = V~lG

= £—W

(A.9)

The coefficients qml/ — pmu/<ru a re retrieved with mild ill-condition from G, since the singular
values erp decrease slowly to zero with increasing radial order v. For M complete views, however,
only M2 + M of the recovered moments are free of angular aliasing contamination [28]. When
the M views are discretely sampled (incomplete) the retrieval of E becomes significantly more
noise prone and susceptible to aliasing corruption. The latter problem can be eliminated when the
views are effectively bandlimited and Nyquist sampled as is the case for the LT-4 SXR camera.
(Of course, the Cormack representation for E, being spatially bounded, is then no longer strictly
valid.)
For circular harmonic reconstruction techniques, the condition of the system design matrix
(relating the diicretized source to the line integral measurements) is optimum (unity) when N
parallel chords are arranged according to ti = sin(o,) where the angles a; are equispaced on
[0,JT/2]. In such circumstances, the expansion coefficients p m i / can be recovered by harmonic
analysis over angles £ and a. For equi-spaced chords, however, the condition number rapidly
increases as the number of retrieved coefficients increases towards the maximum N. The result is
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Fig. 10(a)] or the data noisy. Suppression of the ringing artifacts can be obtained at the expense
of bandwidth by attempting to retrieve fewer Fourier coefficients from the available data.
An estimate of the reconstruction bandwidth is provided by the system point response h(r,0\ rOx0o).
This is given by the projection onto the image space S (spanned by the finite A/-view set {SM}
of recovered basis functions u nu ,) of the delta function A = 2nS{6 — 0o)6{r — r<j)/r [28]:
hs(r,Q;ro,0o)=

] T (£,umv)Wjumu(r,O)

= £

»mA^,0o)umv{r,e).

(A.10)

{SM)

\SM)

The reconstruction of an arbitrary emissivity profile E in the subspace 5 is then given by
£s('-oA)= ^{E,umi,)umv(ro,0o)

= {E,hs)w,

(A.ll)

(SA,}

so that hs is the blurring to E due to the system resolution. The point response at the origin
(r 0 = 0) for various radial expansion orders is shown in Fig. 10(d).
The use of a priori knowledge can be used to reduce noise sensitivity without compromising
the reconstruction bandwidth. Since the available line integrals do not couple well, or at all, to
outer regions of the object, and are affected by noise, knowledge of the likely object behaviour in
that region, for example, can be used to stabilise the inversion. We choose to constrain the relative
energy content of the reconstructed imago in the unknown or poorly sampled region. Alternatively,
we could elect to limit the energy content of the least squares fit to poorly sampled portions of the
projections. The fractional energy enclosed between radii >•; and r0 for the mth Fourier component
is given by

Cn(n,r0) = ^j ' rdr |e m | 2 ) /(em,em)Ua

(A.12)

or, more explicitly,
a
6
, ,
N _ E y ( m l > + mi/)^"(''ii'- 0 ) + 2^; | / X; | / , > < > (a m y a m y . + 6 my 6 mi ,.)S^,(r,-, r,)
U ( n , r0) -

L>v\"mv

IA.U)

'"nu>>

where
dmu = ('Unu + q-mv)
aild

S?lAritrt)=

'm> = i{qmi> ~ 9-mi/)

(A.14)

fr.

rdrRml,(v)Rmi,,(r).

(A.I5)

Jr,

We define the "energy distribution" (see Fig. 6) of this mode as the quantity
F m (r,-)= lim
An analogous result to Eq. (A.13) can be written down for the fractional energy content of the
projection component gm but with the advantage that the integral terms are independent of m.
Fixing the fractional energy content of the image in some region of T> serves to constrain the
recovered projection moments pmu through the relation Eq. (A.2). We note that this reconstruction
method is particularly useful in situations where some part of the projection data (for example
from interior regions) is unavailable. Though computationally expensive (as for most non-linear
iterative reconstruction schemes), it is nevertheless well-suited for sparse data experiments where
incorporation of prior knowledge is important.
The constrained minimization of the chi-squared measure (least squares) mollifies the illcondition and allows reliable image reconstruction as illustrated in Fig. 10 (b) and (c). The

-100recovered profles are Abel inversions of the symmetric part of the equilibrium emission at a time
slice prior to the disruption {t = 41.0 ms) and for maximum radial orders i/max = 20,24,28 and
32. The reconstruction bandwidth is ~ i-rnax radians per unit length [28] compared with the
experimental Nyquist limit u>max = ir/At ~ 28 radians per unit length where At — 0.11 is the
sampling rate on the unit circle. Notice that image energy constraints (imposed in the region
r > 0.9) suppress the spurious ringing artifacts and that the emission profiles vary little with f max
unless i/max exceeds the data bandwidth umax. The energy constraints thus allow the reconstruction bandwidth to approach the Nyquist limit without excessive sensitivity to noise. The SXR
reconstructions presented in this work were limited to a maximum radial order t/max = 24.
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Tokamak
Axis

SXR Viewing
Geometry

Figure 1: Schematic diagram of the SXR measurement geometry on LT-4. Shown also
are the projection coordinates (p,f)> t n e polar image coordinates (r, 0) and the directions
of Bf, Ip and vj relative to the toroidal direction </>.
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Figure 2: Temporal evolution of (a): the plasma current (b): central line averaged
density and (c): the central SXR emission. Note the sawtooth activity between 14
and 20 ms and the disruption sequence between 38 and 48 ms.
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41.2

Time (ms)

42.0

Figure 3: Contours of SXR emission (a) measured, (b) reconstructed and (c) the
background emission (oscillating component removed) obtained from (a). The contour levels in (a) and (b) are identical.
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Figure 4: Snapshots of the reconstructed SXR emission contours at times equispaced by 20 ps commencing at t = 41.43 ms and finishing at t = 41.73 ms. Only the region between -0.75 a and 0.75 a is
shown.
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41.43

41.51 ms

41.57 ms

41.59

41.61 ms

41.63 ms

41.65 ms.

41.67 ms

41.69 ms

41.71 ms

41.73 ms

Figure 5: Perspective plots of the reconstructed SXR emission at times equispaced
by 20 [is commencing at t = 41.43 ms and finishing at t = 41.73 ms. Only the region
between -0.75 a and 0.75 a is shown.
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.
t
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42.0

Figure 6: Temporal evolution of the spatial distribution of the SXR emission in
(a): the background; (b): fundamental$/l ; (c): fundamental 2/1; (d): second
harmonic 3/2 and (e): the 1/0 component of the emission.
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200
150

44

41

Time (ms)
Figure 7: Temporal evolution of the energy in the various Fourier components: (a):
SXR background; (b): SXR odd parity fundamental 1/1; (c): SXR even parity
fundamental 2/1; (d): SXR odd parity second harmonic 3/2; (e): SXR odd parity
1/0 and (f): magnetic activity in the various poloidal modes. The vertical scales
are in arbitrary units; for (a) to (e) the relativity of the scales is maintained.
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-100
41

Time (ms)
Figure 8: (a): The 2/1 component of the magnetic perturbation at 9 = 0 during
part of the disruption sequence, (b): The calculated phase difference e-i between the
reconstructions of the 2/1 mode at radius r = 0.4a and the 2/1 magnetic field perturbation (bold dots) and e2 f° r the 1/1 mode at radius r = 0.3a (faint dots). Note
that the 2/1 magnetic and SXR perturbations are in phase and locked throughout
the disruption sequence. The 1/1 SXR component also appears to be phase locked
to the 2/1 activity, (c): The phase of the 3/1 (bold dots) and 4/1 (faint dots)
magnetic modes with respect to the 2/1 magnetic activity. Note the phase shearing
coincident with and following the disruption crashes.
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0
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Time (arb. units)

40.5

41.0

41.5

Time (ms)

Figure 9: Decomposition of left: synthetic test function and right: typical experimental signature into their component parts, (a) and (d): The input signals. In
each case, the raw signal is dotted and the signal reconsw icted from its component
parts is the solid line, (b) and (e): The best fit dc component (dotted line, arb.
units) and instantaneous frequency (broken line, kHz units), (c) and (f): Fundamental and second harmonic component amplitudes. The solid curves in (b) and
(c) are the input test function parameter!.
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Figure 10: (a): Unconstrained least squares fits to the circularly symmetric (equilibrium) part of the SXR emission profile at t = 41.0 ras. The four curves correspond to
maximum values of the radial expansion order i/max = 20,24,28,32. Note the strong
sensitivity of the reconstructions to the small noise component of the signal, (b)
and (c): The corresponding energy constrained reconstructions for 0(0-9J 1-0) = .01
and .0001 respectively, (d): Reconstructions of a point source located at the origin
showing the improvement in resolution obtained with increasing radial expansion
order.
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BEHAVIOUR OF DENSITY LIMIT DISRUPTIONS IN HL-1
YAN Longwen, RAN Libo, DENG Zhongchao
Southwestern Institute of Physics
P.O.Box 432, Changdu 610041,
Sichuan, P.R.China
ABSTRACT
Density limit disruptions have been observed in HL-1.
Before disruption, the displacement of the magnetic surface center
to the vacuum vessel is very small and sawteeth always exist. After
disruption, the current drops partly or wholly.
In this paper, we
carfully analyse the behaviour of density limit disruptions during
current ramp up, flattop and ramp down.
One kind of limits is
Murakami limit, which has no precusor.
Plasma energy quenchs in
0.1ms. Another kind of limits is Hugill limit with precusors which
will
be
relaxed sereval milliseconds.
The
mamximum Murakami
parameter in HL-1 is 0.35x10** m"3 .T"1 .
1. INTRODUCTION
In order to get Lawson criterion, scientists are making great
efforts to improve confinement at higher density in tokamaks.
Research has been found that highest density is
limited and
disruption will take place beyond the limit. There are many papers
discussed the limit [1-4].
A lot of results from different device
have identified as different limits.
The first kind of limits is
Murakami limit which refer to operational limit imposed by plasma
radiation.
It can be expressed by n^CmBt/R, here, coefficient Cm
depends
on
different device, the first wall condition
and
impurity concentration.
Another kind of limits is Hugill limit,
n«-Ip limit, which refer to the limit imposed by deterioration of
particle confinement. The third kind of limits is Granetz limit on
ALCATOR with n^-B* which related to MHD threshold phenomena.
The
final kind of limits is imposed by the fuelling process.
The
density of tokmaks is limited by the smallest one mentioned.
Murakami and Hugill limits have been observed in HL-1.
Before
density limit disruption,
It
is
always observed that
MHD
instability bursts and mode rotating slows.
2. EXPERIMENTAL CONDITIONS AND DIAGNOSTIC SYSTEMS
HL-1 is a
shell about 5cm.

cycular cross-section tokamak with thick copper
Its main parameters are in Ref[5], major radius
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99-102 cm, minor radius 16-20cm and pumping limiter radius
is
18-22cm.
Typically, operated parameters are,
Bt=1.4-2.6T, "n^=
(l-7)xio" m"3 , q(a)=l.8-5.0, Ip=80-150kA. Dagnostic systems have,
diode array of Au-Si surface barrier detector on the vertical, 8
channel Mirnov probes
on
the
poloidal,
8
channel visible
spectrometer,
6
channel bolometers, HCN laser interferometer,
microwave reflectometer and
so
on.
Gas
puffing and plsama
displacement were controlled by
program or
feedback system.
Experimental data have been acqusited by VAX-11/750 computer.
3. EXPERIMENTAL RESULTS
Density limit disruptions have been observed in HL-1.
Fig.l
shows some discharges of high density disruptions, which expresses
the dependence current on density. Several disruption discharges of
low density and low q(a) disruptions have been shown in order to
compare with high density disruption. In Fig.l, line 1 is the limit
of runaway operation, line 2 is the limit of q(a)=2, line 3 is
Murakami limit, line 4 is Hugill limit.
The disruption limit for
ohmically heated plasma in HL-1 is given approximately by,
Murakami limit, 7% =0.35x10 Bt(T)/R(m)
m"3 ,
Hugill
limit, nc=l.15x10 Bt(T)/R(m)q{a) rtr5 ,
low q(a) limit, q(a) =1.8 .
Density limit disruptions can appear current ramp up, flattop
and ramp down.
Before disruption, the plasma displacement is very
small and sawteeth always exist.
After disruption, plsama energy
losses more than 90%, the current drops partly or wholly in the
time of about 20 ms. Due to the interaction of thick copper shell,
the time of current drop is longer than TFR in the same scale. The
precusor oscillations will appear for
Hugill limit disruption.
During current ramp up, Murakami limit is easily to be observed
because the losses of ionizing, charge interchange and convection
in edge layer are very large.
Pig.2 is a
typical discharge of
Murakami limit disruptions.
Before disruption, the parameters of
discharge are Ip/Hg =1.4xlO"'*KA.m5 ,
q(a)=3.5, n e =6.3x10** m'3 and
Cm=0.34*10 m"2.T"'.The amplititude of soft-x-rays gradully drops and
sawtooth periods shorten from 2.7ms to 2.5 ms. The final sawtooth
with a very fast growth of MHD activity leads to major disruption
at about 0.85ms after the last internal disruption, then, plasma
energy is dissipated in 0.1ms. Firstly, disruption takes place the
side of stong magnetic field, then, propagates to the side of the
lower in 0.2ms.
Before disruption, mode rotation frequency
is
slowed down in lms from 10KHz to 2KHz(Fig.3).
The discharge is
terminated in 25ris after disruption.
In current flattop, because ohmically heated power

almost is
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invariable and
radiated power increases with density, density
disruptions will take place if loss power approximates input power.
Most of the disruptions belong to Hugill limit disruption. The kind
of disruption discharge can be recovered.
Fig.4 is a
typical
discharge.
While disruption takes place, the parameters
of
discharge are, Ip/ne=2.0*10"'8 KA.m3 , g(a)=3.3, n e =4.67*10l? m"5 ,
001=0.22*10*° m*2.T"'. Current drops 33KA in 22ms. Before disruption,
the amplitude
of
soft- x-rays gradually decrease and sawtooth
periods increase from 1.75ms to 1.90ms.
In about 2.4ms After the
last internal disruption, minor disruption around q(a)=2 surface
takes place and the amplititude of soft-x-rays drops about 50%,
then, due to
interaction between impurity radiation and m/n=2/l
island evolution[6], the periodical precusor oscillations appear.
The perturbation region may reach r/a<70%.
Their periods decrease
from 4ms to 2ms. Firstly, disruptions take place in center. After
perturbation is
relaxed 11ms, the final minor disruption take
place, then, the amplitude of soft-x-rays decreases 90% (Fig.5).
Before the first minor disruption takes place 2ms, mode rotation
frequency is slowed down from 9KHz to 4KHz.
After every minor
disruption, mode rotation frequency almost is
4KHz, but
its
amplitude decreases by a
factor 2, then, the central temperature
rises until next minor disruption appears (Fig.6).
On about 70ms
after disruption, Mirnov fluctuations disappear and sawteeth
is
recovered.
During current ramp down, disruption will take place if the
drop rate of current is faster than that of density.
The kind of
disruptions is major disruption because the voltage-seconds have
been consumed up. Fig.7 is a typical shot. Before disruption, the
parameters of discharge are Ip/ne=2.4x10"'* KA.m^ , q(a) =3.5, "ne=
3.87x10^ nf3, Cm=0.18xl0a" m"l.T-l. The discharge is terminated in 22ms
after disruption.
Because initial displacement of plasma is poor,
which leads much impurity to go into plasma from limiter and wall,
the density limit is decreased due to impurity.
The density limit
disruption during current ramp down is very similar to that of
current flattop.
It
passes sawteeth to minor disruptions
of
precusor oscillations for
several milliseconds.
Finally, major
disruption takes place and the discharge is terminated in about
20ms, the evolution process is shown in Fig.8.
Density limit
disruption depends not only on macroparameters (impurity radiation)
but also micro-parameters (deterioration of comf inement ). It also
relates with operating situation. It is very difficult to identify
which factor plays a crucial role to the limit.
The main way to increase density limit in HL-1 is improving
edge confinement, decreasing
impurity concentration, applying
neutral beam injection or pellet injection and so on.
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4. CONCLUSIONS
Density limit disruptions have been observed in HL-1.
They
belong to Hugill limit or Murakami limit.
The former is more than
the latter. The main characteristics of Murakami limit are that MHD
instability bursts and mode rotation frequency is slowed down or
mode locking takes place in lms before disruption.
This kind of
disruptions firstly appears the side
of strong magnetic field,
then, propagates to the side of the lower in 0.2ms and discharge
cannot be recovered.
The characteristics of Hugill limit are that
MHD instability grows in
2ms before disruption. The disruptions
firstly take place in the center.
The pertubations of precusor
oscillations can reach the plasma region (r/a<70%) caused by the
deterioration of confinement and tha time is about 10ms. This kind
of disruption discharges can be recovered.
We very acknowage staffs of
HL-1 who
experimental results.
Espacially, research
Yongzhen, gave the help of digit analyses.

gave a
lot
of
professor,
ZHENG
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Figure
Fig.l
Fig.2

Fig.3

Captions

Hugill plot in HL-1.
The typical discharge of density limit
disruption
during current ramp up.
curve 1-6 are average electronic density of central
line, loop voltage, loop current, the ratio of current
with density, the dispacement on the vertical and the
hirezontal, respectively.
Mirnov fluctuatons and soft-x-rays of disruption process
Curve 1,2,3 are Mirnov,m=l and m=2
fluctuations,
respectively, Curve 4-11 are soft-x-rays away from the
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Fig.4

Fig.5

Fig.6

Fig.7

Fig.8

magnetic centre 7.5, 5.5,3.5,1.5,-0.5,-2.5,-4.5,-5.5cm.
The typical discharge of density limit disruption during
current flattop.
Those singals are the same as Fig.2
Mirnov fluctuatons and soft-x-rays of disruption process
Curve 1,2,3 are Mirnov,m=l and m=2 fluctuations, Curve
4-11 are soft-x-rays away from the magnetic centre
6.5,4.5,4.5, 0.5,-0.5,-2.5,-4.5,-5.5cm, respectively.
The expanded view of Mirnov fluctuatons and soft-x-rays
at disruption.
Those signals are the same as Fig. 5
The typical discharge of density limit disruption during
current ramp down.
Those signals are the same as Fig.2
Mirnov fluctuatons and soft-x-rays of disruption process
Those signal are the same as Fig.5
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DISCHARGE CLEANING PROCESS IN
KAIST TOKAMAK
J. G. Yang and H. Y. Chang
Physics Department, KAIST, Korea

ABSTRACT
Discharge Cleaning has been performed on the KAIST Tokamak using 30
KW RF oscillator by driving ohmic heating coil at 2.5 KHz.
Discharge Cleaning with hydrogen was found to be helpful in the removal of
C and O via the formation of vacuum out compound.
Discharge Cleaning Process in terms of spectroscopic data was monitored and
analyzed using optical multichannel analyzer.
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PLASMA CONFINEMENT IN COMPACT
HELICAL SYSTEM (CHS) AND
HELIOTRON-E

Fujiwara, W.
National Institute for Fusion Science, Nagoya 464-01, Japan

-120Radial Electric Fields In 1=2
Torsatron/Heliotron and Stellarator
E. Sanuki. K. Itoh, and S.-I. Itoh
National Institute for Fusion Science,
Nagoya 464-01, Japan

Abstract
The radial electric field structure In helical systems is discussed,
taking into account the effects of the orbit loss and charge exchange loss
in addition to the neoclassical fluxes. Analysis Is made for the NBI heated
plasma in the CHS torsatron/heliotron and WVII-A stllarator, in which the
radial electric field E r was measured experimentally. It was found that the
fast ion orbit loss and charge exchange loss have strong Influence on the
profile of the radial electric field, particularly near the plasma edge.
1. Introduction
Recently the important role of radial electric field has been widely
recognized in connection with the improved confinement such as in the
H-mode. The theories have predicted that the gradient of the radial
electric field ( 8 Er/ 3 r) has a strong Influence on the suppression of
microinstabilities and is expected to reduce the anomalous transport.
Experiments on many tokamaks have confirmed the rapid change of the radial
electric field and strong inhomogeneity of it associated with the H/L
transition. In torsatron/heliotron stellarators, the neoclassical theory
predicts that an electric field reduces the helical ripple loss and improves
the confinements. Therefore, the detailed measurement of the electric field
and their gradient is one of the key topics in helical systems as well as in
tokamaks.
In the Wendellstein VTI-A stellarator(WVII-A)" and Heliotron-E(H-E)
devices, the poloidal rotation has been measured only near the plasma
periphery, using the intirinsic impurity radiation.
Also, the recent
measurements on the poloidal and toroidal rotations In the Compact Helical
SystenKCHS)23, by using the charge exchange spectroscopy(CXS), have coverd
the whole region from the axis to the edge, thus providing the radial profile
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of E r in the plasma column. It has been discussed t h a t a large negative
e l e c t r i c field(E r
450V/cm)was built up by t h e fast Ion loss of
perpendicularly injected neutral beams in WVII-A. Since a neutral beam is
injected tangentially in CHS, however, the fast ion loss may become less
significant and many other mechanisms Involved would be important in
determining the radial electric field. The influence of the neutral particles
on the radial electric field is also studied in tokamaks3" as well as
s t e l l a r a t o r s . In this article, we discuss a theoretical model to determine E r
and t h e fast ion loss simultaneously in s t e l l a r a t o r s , and compare the
r e s u l t s with the experimental observations in CHS and WVII-A devices.
2. Plasma Parameters in CHS and WVII-A
The Compact Helical System(CHS), which is an m=8, 1=2 heliotron/torsatron
type device with the major radius of 100cm and the averaged minor radius of
20cm. The WVII-A is an m=5, 1=2 stellarator type device with major/minor
radius of R=200cm and a=10cm, and with medium r o t a t i o n a l transform, t =1/3 ~
1/2. The CHS magnetic field has a helical ripple of e h (a)(=^ 0.3), while the
WVII-A has a smaller ripple e h (a)~0.02. Plasma parameters of the CHS and
the WVII-A investigated In this study are summarized in Table 1.
The sample distributions of density and temperatures, simulating the
experimental results in these derices are shown in Fig. la for the CHS and
Fig-, l b for the WVII-A. The density and temperature distributions for low
density(A) and high density(B) NBI discharges in the CHS are shown in Fig. la,
respectively. However, a simplified form is assumed for the distributions of
fast ions and neutral particles because these experimental data have not
been obtained.

3. Radial e l e c t r i c field In CHS
In t h e CHS, the ion temperature, rotation velocity and impurity density
are measured respectively by the charge exchange spectroscopy. Radial
e l e c t r i c field profiles are obtained from the profiles of ion pressure
gradient and toroidal/pololdal rotation with the use of momentum balance
equation

E f = C a P I / a r ) / e Z I n I - (Bgt^-B^Ug).

CD
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We note that the toroidal rotation is very small in CHS. The radial electric
field has a strong electric shear at the plasma periphery due to poloidal
rotation velocity shear. This edge electric field increases as the electron
density is increased. Let us compare the radial electric field profiles
measured in CHS to neoclassical estimates. Figure 2 shows the comparison of
electric field profile measured in CHS to the evaluated one with neoclassical
theory"'. The maximum radial electric field observed experimentally is more
than five times larger than the neoclassical predictions near the plasma
edge. In order to study the effects of the nonclassical losses on the radial
electric field, we examined the loss cone loss of fast ions, the loss of fast
ions through charge exchange and the bulk ion loss due to the charge
exchange. We estimate E r under the influence of these losses by imposing
the ambipolarity conditions;
r

.

= r .NC( S ) +

r .NC(as) + r . o r b i t

^

^

^

(2)

where the explicit expressions of these loss fluxes are given in Ref.[5]. The
results for E r evaluated from Eq.(2) are shown in Fig. 2. We see that the
orbit loss makes Er more negative(see,(b)in Fig. 2). The charge exchange loss
of fast particle can also be effective in enhancing Er(see, (c)). The
contribution of the charge exchange of bulk ions is small(see, (d)). The
experimental observations show that these effects are localized near the
edge and E r substantially deviates from the theoretical predictions in the
region of r>0.6a. Another bipolar ion loss flux, which is several times as
large as the neocassical one, Is necessary to explain this discrepancy.
4.Radial electric field in WVII-A
The poloidal gyroradious of fast ions generated by the NBI in the WVII-A
stellarator is compatible with the minor radius, and the trapping is very
difficult without the help of radial electric field. We here discuss a
selfconsistent anaysis, which determines the loss of energetic particle and
electric field simultaneously8*. The present theoretical model involves the
effects of fast Ion orbit loss and charge exchange loss by neutrals on the
radial electric field. The increased ion orbit loss makes the radial electric
field deeper. The effect is prominent near the plasma boundary, and the
experimental observation Is better reproduced In comparion with the simple
neoclassical analysis in which the fast particle loss is neglected. If one
takes into account the charge exchange loss effect by neutrals, the electric
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field becomes more negative. Figure 3(A) shows the effect of Ion orbit loss
on Er profile for different injection energy, namely, (1) W& = 14KeV and (2)
28KeV compared with the neoclassical result(dotted line). Figure 3(B)
indicates the effect of charge exchange loss by neutrals on Er for different
neutral density, namely, (l)nQo=0, (2) 10lo/m3 and (3)2.5 x 10to/m3. The
neutral particles, through the influence of the radial electric field, can
affect the direct loss considerably. The results show that the partition
between the direct orbit loss and the CX loss through changing Er must be
kept in consider rations. The increased electric field by ion loss flux can
reduce the neoclassical thermal conduction.

5. Conclusion
Radial electric field structure In the NBI heated plasma in the CHS and
the WVII-A devices Is studied taking into account the effects of orbit loss
and charge exchange loss in addition to the neoclassical fluxes. It was
found that the bipolar effects have strong influence on the radial electric
field profile near the plasma edge and the increased Er may reduce the
neoclassical thermal conduction. However, the effect of this change of Er
on the anomalous loss needs further investigations, in order to conclude
the over all trade-off on the energy balance. Also, more precise
experimental data would provide a test of the validity of the analytical
reodelling.
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Table I Plasma parameter for the comparison

parameter

WVII-A

Magnetic c o n f i g u r a t i o n

Stellarator

CHS
Hellotron/Torsatron

R

200cm

95cm

a v e r a g e d minor radius

a

10cm

20cm

t o r o i d a l field

Bt(0)

2.5T

IT

inverse aspect ratio

s t(a)

0.05

0.21

helical ripple

e h(a)

0.02

0.29

rotational transform

i (0)

0.4

0.3

rotational transform

i (a)

0.5

1.2

NBI Power

PNBI

1.2m

0.9MW

Major r a d i u s

NBI direction

Perpendicular

Tangential

e l e c t r o n density

n o (0)

6.8xl0 13 /cm E

1.8,5.6xl0 I3 /cm 3

e l e c t r o n temperature

T»(0)

0.35KeV

0.3, 0.2KeV

ion temperature

T((0)

0.53KeV

0.2, 0.18KeV

electric field
(maximum)

E r ,».x

-450V/cm

-50, -120V/cm
(at r/a~0.8)
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Fig-. 3 Radial Profile of E r in WVII-A. (A) shows the selfconsistent solution
for EP and fast ion orbit loss. (B) represents the effect of ex loss
on Er. Dotted lines In (A) and (B) are for neoclassical results.
Solid circles' indicate experimental results.
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ABSTRACT
Experimental research on the modification of the edge electric field by limiter biasing
and electron beam injection has been carried out in HYBTOK-II tokamak. The bias voltage of
negative or positive polarity with respect to the wall is applied to the poloidal limiters. In the
positive biasing the plasma space potential rises in proportion to the applied bias voltage. A
penetration of the radial electric field into the core region is about 2 cm, which corresponds
roughly to the ion poloidal Lamor radius. The radial electric field of about 25 V/cm beyond the
limiter surface was produced by the positive biasing of 50 V, and strong suppression of the
electrostatic fluctuations in the edge region was observed. In the negative biasing, however, the
plasma potential does not decrease in proportion to the bias voltage as observed in the positive
biasing. The change of the plasma potential depends strongly on the effective limiter area
perpendicular to the magnetic field. With increasing the limiter area the ion current into the
limiter increases in the negative biasing and the negative change of the plasma potential
increases with the limiter current proportionally. Preliminary results on the electron beam
injection experiment show that the plasma potential drops just on the flux surface where the
injected electrons are expected to drift, and decreases with increasing the injection current up to
the emission current of 15 A.
1. INTRODUCTION
Recent theoretical[l] and experimental studies[2] on the improved confinement, such as
H-mode, indicate that the radial electric field and/or sheared poloidal rotation velocity in the
edge region have an important role on the plasma confinement properties. This result gives us
the possibility that the plasma confinement properties can be improved by controlling the edge
electric field. Active control of the plasma potential, such as divertor and limiter biasing, and
electron beam injection, has a potential to improve the plasma confinement by modifying the
radial electric field. In CCT[3] and TEXTOR, the radial current generated by an electrode
inserted into the plasma triggered the bifurcation phenomena like H-mode transition and
improved the particle confinement. This bifurcation phenomna is explained by the force
balance between jxB driving force induced by the radial current and the viscous damping force.
The neoclassical theory is applied to analyze the radial electric field and related radial transport. We have been investigated the physical mechanism of the formation of the electric field
in the edge region with closed magnetic surface during the limiter biasing and electron beam
injection. The effects of the modified electric field on the plasma properties are also presented.
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Limiter bias and electron beam injection experiments have been carried out in a small
research tokamak HYBTOK-II. The bias voltage from a charged capacitor bank is introduced to
two sets of circular poloidallimiter. Eachpoloidal limiteris consists of two blocks. The effective
limiter area perpendicular to the magnetic field can be varied by selecting the limiter blocks. The
electron beam is injected into the edge plasma from a LaB6 cathode with cylindrical shape. Its
demension is 3 cm in length and 1 cm in diameter. The maximum emission current is about 15 A.
This LaB6 is inserted 2 cm into the edge region from the limiter face.
Typical discharge parameters of HYBTOKII are summarized in TABLE I. A movable TABLE I Discharge parameters of HYBTOK-II
Langmuir probe on the equatorial plane and
Major Radius
R = 40 cm
two sets of poloidal array of eight Langmuir
Minor
Radius
a = 11 cm
probes are employed to obtain the radial and
Plasma
Current
I <20kA
poloidal profiles of the plasma edge parameElectron Density
n e < 1.5x10 19 m 3
ters. In near future another LaB6 cathode,
Toroidal Field
which has an emission current of more than
Bt < 0.5 T
30 A will be installed and the measurement
Discharge Duration
x < 12 ms
of the poloidal rotation velocity will be done
Bias Voltage
IV,J<350V
using the poloidal probe array. The magI < 15 A
Emission Current
netic and electrostatic fluctuations are
picked up by the magnetic probe array and
Langmuir probes, respectively.

3. EXPERIMENTAL RESULTS
3.1 Potential formation by limiter biasing
3.1.1 Limiter current dependence
Typical time traces of plasma parameters in the negative limiter biasing are shown in
Figs. l(a)-(c). The floating potential measured by the Langmuir probe is shown in Figs. l(b)
and (c), taking the normalized limiter area as a parameter. In the previous experimental, an
increase of the electron density and a decrease of H a emission intensity due to the negative
biasing were observed. In the present experiment, however, it seems that the particle confinement is not improved by the negative biasing below Vlim=200 V and I ]im ~ 60 A. The plasma
potential in the edge region changes in response to the ion or electron loss to the limiter,
satisfying the ambipolar condition T=X. I"1., where F e and P. are the radial electron and ion
particle fluxes, respectively. In order to investigate the radial current dependence on the plasma
potential, the limiter current is varied by changing the limiter surface area in both polarity. The
limiter current is shown in Fig. 2 as a function of the bias voltage. The parameter S in the figure
indicates the normalized limiter area. The small limiter has a V-I characteristic curve like a
Langmuir probe. With increasing the limiter area the electron current shows saturation quickly
but the ion current increases with the bias voltage and then saturates. The saturation current in
the negative biasing increases in proportion to the limiter area as given by I|im~ aC s S, where n
is the ion density and Cs is the sound velocity. The incremental change of the floating
potentialV f ) at r=l 1 cm is shown in Fig. 3, taking the normalized area of the limiter as a

-130parameter. The change of Vf is approximately
equal to that of the space potential(Vs) since the
electron temperature does not change during the
biasing. In the positive biasing Vf increases proportinally with increasing the bias voltage and
saturates with increasing S. In the negative biasing, however, Vf does not decrease with increasing the negative bias voltage when S=0.2 as well
as the limiter current shown in Fig. 2. Vf drops
deeply with increasing S. The negative change of
Vf is shown in Fig. 4 as a function of the limiter
current. The bias votage is -100 V. The drop of
Vf is approximately proportional to the limiter
current. It seems that the plasma potential decreases negatively with increasing the radial current.
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3.1.2 Toroidal magnetic field dependence
The limiter current depends on both the
perpendicular and parallel transport of the
charged particles with respect to the magnetic
field. In the real configuration of tokamak plasmas the magnetic field connects the limiter with
the vessel wall directly by the column shift from
the center or the stochastic magnetic fluctuation in
the edge region. These direct connection between
the limiter and wall reduces the impedance between them and consequently the large electric
field cannot be built up by the limiter biasing. It
is considered that the connection length between
the limiter and the wall becomes long with increasing the toroidal magnetic field. In addition,
the radial transport of the ion and electron through
the classical collisional process can be reduced by
increasing the magnetic field. From these points
of view the plasma potential change due to limiter biasing is expected to increase with increasing
the toroidal magnetic field. In Fig. 5 the limiter
current is shown as a function of the toroidal magnetic field, taking the bias voltage as a parameter.
The limiter current decreases slightly with B t as
expected. Consequently, the change of the
plasma potential in the negative biasing increases
with B t as shown in Fig. 6. At the maximum Bt of
0.52 T, a slightly negative E r of ~ -7 V/cm is established near the limiter (r=ll~12 cm) in the
negative biasing of -150 V, while

0

4

6
Time (ins)

6
Time (ms)

Fig. 1 Time traces of plasma parameters
(a), the floating potential with S=0.2(b) and
S=1.8(c). The limiter bias voltage is-lOOV.
The bias voltage is turned on during 3 to 5
ms(b) and 3 to 6 ms(c).
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3.2 Electron beam injection
The electron beam injected into the plasma
confinement region is expected to reduce the
plasma potential to the negative. Since the electrons are tied in the magnetic field, the LaB6 cathode
must be inserted into the plasma. In
HYBTOK-II a small LaB6 cathode, which has a
diameter of 10 mm and length of 30 mm, is inserted
about 2 cm inside from the limiter face. Its maximum emission current is about 15 A. Preliminary
result on the spatial profile of the space potential
modified by the electron beam injection is shown
in Fig. 7. The cathode bias voltage is Vb=-220 V
and emission current is about 12 A. The space
potential decreases from that without emission by
about 15 V at r ~9 cm. A negative radial electric
field of about -5 V/cm is generated at r= 9 ~ 11 cm,
where the drift surface of the injected electrons is
located. The space potential profile in the plasma
core region has not been obtained yet. The space
potential changes negatively with increasing the
emission current as shown in Fig. 8. So far, the
negative plasma potential has not obtained by electron injection since the emission current is not high
enough to reduce the plasma potential to the negative and clear effects of the electron beam injection
on the plasma confinement properties has not observed. Further measurements of the plasma parameters using a new LaB6 cathode with high emission current will be done soon to investigate the potential modification by electron beam injection and
its effect on the plasma confinement characteristics.
4. Summary
Experimental investigations on the modification of the edge electric field by limiter biasing
and electron beam injection have been carried out
in HYBTOK-II tokamak. The positive radial
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electric field in the edge can be generated easily
by positive limiter biasing, and its magnitude is
proportional to the applied bias voltage. In the
negative limiter biasing the negative potential
change depends strongly on the limiter area. The
negative potential change increases proportinally
with increasing the limiter area. The radial electric field seems to decrease proportinally with the
radial current in the negative biasing. The relation between the radial current and the radial
electric field, and the effects of the modified electric field on the plasma confinement properties
will be studied in near future.
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Abstract
The H-mode is obtained by ICRF heating alone and ICRF plus
NBI heatings in the limiter tokamak, JIPP T-IIU, where hydrogen
recycling and oxygen influx are reduced by pulsed helium
electron-cyclotron-resonance ( ECR- ) discharge cleaning and
numerous tokamak discharges. Rapid ramp-down in plasma current
( CRD ) during auxiliary heatings makes the L-H transition
easier than the case without CRD. Coherent magnetic
fluctuations with m=3/n=l localized near the plasma edge are
destabilized during the L-phase of the H-modes without CRD, and
are suddenly suppressed at the transition. These observations
suggest that the transition is governed by the enhanced edge
magnetic shear, associated with the detachment of toroidal
current density profile from the limiter.
1.

Introduction
An improved confinement regime, H-mode, is thought to be a
promising candidate of operational regime in ITER-like devices.
However, an understanding of the mechanism of the enhanced
confinement is still unclear. Therefore, it is strongly
required to elucidate the mechanism such as the L-H transition
and edge turbulence. This fundamental study will lead to
further improvement of currently achieved H-modes for a fusion
plasma and to predicting the quality of the plasma precisely.
As well known, edge plasmas near the limiter or magnetic
separatrix play a key role on the H-mode. Small tokamaks might
be advantageous to study edge plasma phenomena such as the L-H
transition, because many active methods can be tested there
without a great expenses.
Recently, experimental and theoretical studies on the Hmode are addressed exclusively to the role of poloidal sheared
flow or sheared radial electric field near the edge. However,
the role on the transition is not yet clarified. In this
paper, we try to describe a different model on the L-H
transition: the transition is controlled by the detachment of
a toroidal current density ( i<p- ) profile from the limiter,
enhancing edge magnetic shear. This model is based on
experimental observations from ASDEX [1] and JIPP T-IIU [2,3].
The experiment is carried out in the limiter tokamak JIPP TIIU ( major radius R ~ 91 cm, minor radius a - 23 cm ) .
2.

Experimental Set-Up
Two sets of aperture-type carbon limiters are mounted in
the JIPP T-IIU tokamak, placed 1 8 0 ° toroidally from each other.
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The limiters and torus wall are conditioned by pulsed helium
electron-cyclotron-resonance ( ECR- ) discharge cleaning [4]
with 0.1-Hz rate and numerous tokamak conditioning discharges.
Figure 1 shows variation of sum of partial pressures relating
to oxygen ( i.e., m/e=17 to 20 ) measured by quadrupole mass
filter and H a /D a -iine intensity divided by line averaged
electron density ( n e ) , as a function of numbers of tokamak
discharges since the last closing of the torus. The He ECRdischarge cleaning was applied every night during the
experimental series marked by "He" in Fig.l. The discharge
cleaning and numerous tokamak discharges considerably reduce
hydrogen recycling and residual gas pressure relating to
oxygen. We also use titanium gettering between shots to reduce
hydrogen recycling and oxygen influx. We have achieved the Hmode by raising ICRF heating power level on this favorable wall
condition [5] . The time when the first H-mode was obtained is
marked by "HIJ in Fig.l.
In H-mode experiments, a deuterium plasma with about 10 %
hydrogen minority is heated by ICRF power ( P R F ) up to 2.5 MW
and nearly perpendicular NBI ( P N I ) up to 0.7 MW. The H a /D a
emission is monitored at four toroidal locations. Radial
profiles of electron density and temperature are measured by a
six-channel FIR laser interferometer and a ten-channel ECE
polychromater, respectively.

3.

Experimental

Results

Figure 2 shows the effect of rapid ramp-down of plasma
current Ip ( CRD ) on the L-H transition. On this power level
the transition never occurs for both higher and lower current
discharges without CRD. Therefore, the transition is thought
to be determined by the skin effect of -''P-prof ile due to the
rapid change in plasma current. In Fig.3, we summarize the
threshold heating power as a function of Ip for both cases
with and without CRD, where P R F is varied from -0.5 MW to ~2.5
MW for fixed ne= 5 - 6 x 1 0 1 3 cm" 3 , Bt=2.8 - 2.9 T and P N I (=0
or -0.7 MW) . Note that ramp-down rate plp/dt| i n t h i s
experiment is too small to lead to appreciable edge heating by
a strongly reversed skin effect.
The transport barrier with steep Vn e or VT e is formed
near the edge, but inside the limiter ( at r/a=0.8-0.9), whose
location is determined from the electron density measurement
[2] . Time evolution of edge ( global ) magnetic shear, which
is calculated by solving a magnetic diffusion equation with
experimental data, shows that the transition readily occurs
when the shear increases up to ~2 by CRD. On the contrary,
rapid ramp-up of the plasma current ( CRU ) easily quenches
the H-mode even with very high heating power well inside the
operational regime of H-mode. The trajectory of the H-mode
quenched by CRU is shown in Fig.3, where the transition back
to the L-mode is marked by "L".
From the results of CRD experiment, we speculate the
transition may be triggered by the detachment of 3<p-profile
from the limiter also in the H-mode without CRD. Strong
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electron heating or generation of appreciable amount of
bootstrap current tends to increase plasma current Ip with
much shorter time than a magnetic diffusion time of a tokamak
plasma. A tokamak plasma itself may induce a reversed
toroidal electric field to maintain Ip constant. This
electric field can detach the J<p-profile from the limiter.
This conjecture is consistent with time evolution of coherent
magnetic fluctuations observed in the H-mode. Figure 4(a)
shows power spectrum of Mirnov coil signal in the H-mode
discharge without CRD, where q(a)~4. Three typical peaks of
coherent modes A, B and C are identified in this spectrum. In
Fig.4(b), time evolution of m=3/n=l mode ( peak C ) is shown
together with Hoc/Doc-emission, and edge and central electron
temperatures. The mode amplitude is enhanced during L-phase
and ELM, but is suddenly suppressed at the transition. This
m=3/n=l mode, whose rational surface locates near the edge,
has a similar character to the m=4/n=l mode discovered in
ASDEX [1]. On the other hand, nonlinearly unstable m=2/n=l
mode activity ( peak B ) decreases gradually after the
transition. We calculate mode amplitude by quasi-linear
A(w)-analysis of resistive tearing mode [6], for model
detached J«P-profiles as shown in Fig. 5 (a). Figure 5 (b) shows
mode amplitudes calculated by this analysis as a function of
the location of detached edge with steep "3q>. With entering
the detached edge toward the plasma center for fixed q(a)=4,
m=3/n=l mode starts to be unstable and its amplitude becomes
large rapidly. When the 3<p-profile is further detached up to
r/a~0.8, the m=3/n=l mode is suddenly suppressed. On the
other hand, m=2/n=l mode activity evolves gradually with
respect to the detachment. The calculated behavior of these
mode activities seems to be consistent with the experimental
data ( Fig.4 ) .

4.

Summary

We summarize the H-mode study on the JIPP T-IIU tokamak:
(1)Pulsed helium ECR-discharge cleaning, numerous tokamak
discharges ( with q(a)~3 - 5 } and titanium-gettering are
very effective to reduce oxygen influx and hydrogen
recycling. These techniques for wall conditioning are very
helpful to obtain the limiter H-mode in JIPP T-IIU.
(2)When rapid ramp-down of plasma current ( CRD ) is applied
during auxiliary heating, the threshold heating power
to the L-H transition is reduced by 30% - 50%, compared with
that in cases without CRD. The H-mode achieved with very
high heating power is easily quenched by rapid ramp-up of
Ip. When a global magnetic shear calculated using
experimental data rises up to ~2 near the edge ( r/a=0.80.9 ) during CRD, the transition readily occurs.
(3)Coherent magnetic fluctuations with m=3/n=l mode, whose
mode rational surface is located near the edge, are
enhanced during the L-phase and ELMs, but are suddenly
suppressed at the L-H transition. Quasi-linear tearing
mode analysis shows that the mode behavior observed
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experimentally can be interpreted by the detachment of 3q>profile from the limiter.
(4)Results of (2) and (3) suggest that the L-H transition is
controlled by the detachment of D<p-profile from the
limiter, enhancing the edge magnetic shear. This
enhancement of edge magnetic shear may improve electron
transport rather than ion transport, and this process may
make a plasma potential more negative, as observed in some
divertor H-modes [7].
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Fig.l

Fig.2

Fig.3

Captions
Variations of sum of residual gas pressures relating_to
oxygen ( m/e=17-20 ) and Ha/Da-intensity divided by n e,
with numbers of tokamak discharges since the last
closing of the torus.
Effect of rapid current ramp-down on the L-H transition
in ICRF heated plasmas, where P R F = 1.2 MW, Bt = 2.8 T.
I<X denotes Hoc/D<x-emission,
Dependence of threshold heating power to the L-H
transition on plasma current, for cases with ( solid
symbols) and without CRD ( open symbols ) . The H-modes
with rapid current ramp-up are shown by "CRU", and
quenching point of the H-mode is marked by "L".

Fig.4(a)Power spectrum calculated from Mirnov signal Be from
t=225 - 230 ms in the H-mode without CRD.
(b)Time evolutions of m=3/n=l mode ( peak C ) amplitude,
edge and central electron temperatures, and Ha/Da~
emission.
Fig.5 (a)Model detached 3<p-profile for quasi-linear tearing
mode analysis. ^*31 is a perturbed poloidal flux
function of m=3/n=l mode.
(b)Dependence of calculated amplitudes of m=3/n=l ( solid
circles ) and m=2/n=l ( solid triangles ) on the
location of detached edge of Dq>-profile. Asterisks
show the normalized internal inductance.
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Abstract
The main physical aims of HT-6M ICRH project are to study RF
heating at extremely high power density and related phenomena. For
these purposes, a 1 MW RF system has been developed, and second one
is under construction. Presently, ICRH experiments are being conducted
at power level up to 400 KW in pure hydrogen plasma and multi-species
(hydrogen/deuterium) plasma. Substantial ion heating was observed.
The antenna plasma coupling was studied as well as impurity behaviour
during ICRH.

1. Introduction
ICRH is one of the most promising auxiliary heating methods for tokamak nuclear
fusion reactors^. The main aims of HT-6M ICRH project are to study physical and
engineering issues related with extremely high power density RF heating, including
variation of coupling and heating efficiency, deterioration of confinement,
behaviour of high energy ion tail produced by ICRH, effects of the ponderomotive
force, and RF power generation, transmission, impedance matching, vacuum
feedthrough, launching structure (antenna), etc.
This paper describes the experimental set-up and presents preliminary results.
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2. Experimental Set-up
HT-6M is a small tokamak with an air core transformer^]. The major radius is 65
cm and minor radius is less than or equal to 19.5 cm. The vacuum vessel, movable
upper/lower limiter, and the protecting limiters of antenna are made of stainless
steel without coating. The fixed poloidal limiter (a = 19.5 cm) is made of graphite.
The typical parameters of HT-6M in ICRH experiments are as follows,
a =16.0-19.5 cm
B T = 1.0-1.25 T
I p = 60-90 KA
NE = 1.0-3.0* 1013 CM"3
The arrangement of diagnostics on HT-6M is shown in Figure 1.
Figure 2 shows the RF system"], it consists of a power supply with inductive
energy storage, a tetrode transmitter (1 MW, 15-30 MHz, 30 ms), 9-inch 50-ohm
transmission line, probe array, directional couplers, two stubs for impedance
matching, a <J>70 feedthrough pressurized with dry N2 or SF6, and a 1/4 loop antenna
installed in the high field side. A 15 kw transmitter is used for antenna
conditioning.
The second RF system with 1 MW power is under construction and will be put into
operation by the end of this year.

3. Preliminary Experimental Results
The experiments of second harmonic heating in pure hydrogen plasma (28 MHz, By
= 0.92 T) and RF heating in multi-species (H/D) plasma (19MHz, B T = 1.25 T) have
been carried out on HT-6M tokamak.
At lower power, the antenna radiation impedance measured by standing wave
method™] is consistent with that calculated from a 3-D antenna-plasma coupling
t 5 ! (Fig. 3).
So far, the maximum launched power is up to 410 KW, and is restricted mainly by
breakdown in the vacuum feedthrough. Recently, second 1/4 loop antenna is
installed also in high field side for higher power experiments.
Substantial ion heating is observed in both pure hydrogen plasma and
hydrogen/deuterium plasma. The ion temperature measured by charge exchange
neutral particle
energy analyser is shown in figure 4 and 5. The heating efficiency
is 1.4*1019 or 2.8* 1019 ev*m3/kw respectively.
The electron temperature increases at the begining of ICRH pulse, then decreases
(Fig. 6).
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The diamagnetic signal (Fig. 7) and value of Bp+/;/2 from magnetic measurements
(Fig. 8) also show the increment of thermal energy of plasma.
During ICRH, the contents of impurities rise considerably. Figure 9 shows the
increase of line intensity of oxygen (1032 A) and Zeff measured by bremsstrahlung
method. The increase of electron density is shown in figure 7 and 8.
The radiation power loss measured by bolometer surpassed 70% of the input power.
High power ICRF heating usually leads to disruption. This also restricts the increase
of RF power injected to plasma.
With graphite surface probes, Ag, Cr, and Fe were found (Fig. 10). These metal
impurities are considered to come from antenna, wall, and internal magnetic probes.

4. Conclusions
RF power up to 410 KW has been launched with a <|) 70 feedthrough and a 41.4-cm
long 5-cm wide antenna. The power density has reached about 2 KW/cm2 at the
antenna.
Remarkable ion heating was observed. The heating efficiency is 1.4-2.8 *10 19
ev*m3/kw.
At the moment, the maximum power sent to plasma is restricted by the breakdown
in feedthrough and the problem of impurity.
To reduce metal impurities, graphite protecting limiter to antenna , graphite
movable upper/lower limiter, and a pumping limiter have recently been installed.
The experiments on impurity control are in progress. Carbonization experiment
has been carried out in a test bench. The carbonizaion of HT-6M vacuum vessel is in
plan. The ICRH experiment on HT-6M is going to be conducted at higher power
level in the near future.
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Abstract
The light impurity transport in HT-6B tokamak was studied by the
investigation of the VUV line emissions and the visible line emissions
from the impurity ions. The impurity confinement can be apparently
changed with some special influence on the plasma. By the slow
magnetic compression along the minor radius, the impurity diffusion
coeffiecient was decreased from 2.5xlO^cm2s"l to 1.8xlO^cm^s"l,the
confinement time was increased and the impurity recycling flux from
the edge was decreased. In other case, if we suppressed the MHD
Mirnov turbulence with external resonant helical fields(RHF), the
emission from OIII,CIII changed, the analysis appeared to conclude that
the impurity confinement was also improved.

1 Introduction
In the small tokamak HT-6B, we have carried out such experiments as the slow
magnetic compression of the plasma along the minor radiust^ »2J and the suppression of
the MHD Mirnov turbulence with week resonant helical fields(RHF)f3] in the past
years. By the slow magnetic compression of the plasma.during which the toroidal field
rise time(about 3 ms) is longer than the plasma energy confinement time(smaller
than 1 ms), the central electron temperature and density raised about 20% and 10%
respectively, the thermal conductivty of the plasma core reduced. In this paper, we
will describe the impurity behaviour by compression. In the other case, it was found
that a week RHF(about 1% of Bp) could suppress the MHD Mirnov oscillations in SX
and magnetic probe signals and decrease the thermal conductivity[3]. The influence on
impurity transport by the RHF will also be discussed here.
The principal impurities in HT-6B plasma are oxygen and carbon. Because the
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electron temperature and density of the plasma is not very high, the lower ionization
stages of these low-z impurities can distribute more deeply than in large tokamaks.anc
the T e around the peak of the ions' profiles can be higher than the exciting energy to
emit visible lines. So, it's convenient to study the impurity behaviour with not only the
VUV lines but also the visible lines. We use a grazing incident VUV monochrometei
mainly for all the resonant line emissions and a multichannel visible monochrometei
for the visible line emissions from the lower ionization stages such as On~OIV.

2 Impurity
2.1

Transport Analysis

For HT-6B Typical Discharge Parameters

For the typical ohmic discharge parameters in HT-6B: Ip~26KA, n e
Bt~6.5KG, Te(0)~170ev,the profiles of OV.OVI VUV line emissions and OII-OIV
visible line emissions are shown in Fig.l. The computer simulation resulted that
D=2.7xlO/*cm'Vl, Vo=5.4xlO^cm>s"l, with the impurity transport flux described as
r z =-D9n z /9r-Vo(r/a)n z . A similar result has been obtained for carbon impurity,
which accumulation is about one third of oxygen.
2.2 Improved Impurity Confinement By Compression
During the slow magnetic compression along minor radius in HT-6B, the B t rose
from about 4.2 KG to about 7.2 KG in 3 ms. In this period, the visible line emission;
from OII--OIV decreased gradually from the outside to the inside of the profiles
because of the compression, and then the profile peaks moved outward a little(Fig.2)
Tne profile peaks of the VUV resonant line emissions from OV,OVI moved outward
and decreased more obviously(Fig.3). It was concluded from a lot of the diagnostics
in HT-6B that the electron temperature and density in the plasma central increased
about 20% and 10% respectively, but in r>a/2 region had a bit decrease after
compression^]. By the transport simulation it has been found that the changes of the
impurity emission profiles can't be explained only by these changes of the plasma
parameters(Fig.4), it must be related to the change of the impurity transport. When
the impurity simulation transport coefficients decreased from D=2.5xlO^cm2s"1,
V0=5.0xl03cm-s"1 to D=1.8xl0 4 cm 2 s" 1 , V0=3.6xl03cm.s'1, the results from the code
closely match the compression results(Fig.4). We also concluded from the calculation
that impurity confinement time has been improved about 40%, the impurity recycling
flux reduced nearly 30%. In other way, from the changes of the OII--OIV emission
profiles it could also make the same conclusion qualitatively: for the outward
movement of the peak positions of the emission profiles from OII--OIV which locatec
within r>a/2 region could not be caused by the bit decrease of the plasma parameters
there, so it must be caused by the increase of the impurity confinement, the improved
impurity confinement and the reduced impurity recycling flux after compression may
be mainly caused by the decrease of the MHD instabilities, the edge plasma turbulence
and the edge plasma parameters (Fig.5). It should be mentioned that the t ^ emissions
from different chord of the minor radius where is 22.S degree away from the limitei
had deep decrease during the compression, but it returned to almost the original value
after the compression. This means that the confinement of impurities and the Some
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confinement of the main particales had different changes after compression.
2.3

With Resonant Helical Fields

When the Mirnov oscillations in the SX and the magnetic probe signals were
suppressed by a week resonant helical fields(RHF)[3], the visible line emissions from
oxygen and carbon impurities increased simultaneously and maintained untill the RHF
were switched off(Fig.6), the peak positions of these emission profiles also have
apparent outward movement during the RHF period, so when the RHF switched off,
the emission through the chord r=8.7cm where is just located a little outward of
the OH! and Cm profiles' peaks(r~8.0 cm) decreased very obviously but through the
chord r=6.1 cm decreased very little (Fig. 6). The electron temperature profile T e (r)
derived from SX measurements became a little broader, but it can't explain the
increase of Oin,CIII emissions. The changes of these impurity ion emissions actually
gave a hint that the impurity confinement was improved. The improved impurity
confinement could make the increase of the impurity accumulation and the outward
movement of the emission profile peaks. It was also found that .without the RHF, there
was a peak in the OIII,CIII emission spectrum corresponding to the Mirnov
oscillations. If the RHF switched on, the peak in the spectrum disappeared(Fig.7). It
was the suppression of the Mirnov oscillations that caused the changes of the impurity
confinement. We also noticed that, the H a radiation behaved differently from
impurities during the RHF period, it rose in the first 2 ms and immediately decayed to
its original value (Fig.8). This showed that the influence on impurity transport maybe
was different from that on the main particles by RHF.

3 Discussion
It is known that the accumulation of impurities in tokamaks is almost always
unexpected and some improved impurity confinement and havy impurity
accumulations had already caused serious problems in some improved plasma
confinement discharges. But the study of improved impurity confinement
phenomena can help us to understand the cause of impurity transport. The results
about HT-6B impurity transport described in this paper are comparable with the
conclusions that the plasma confinement was improved by the slow magnetic
conpressionn.2] or by the RHFlv]. The influence on impurity transport different from
that on the main particles in these HT-6B experiments maybe is an interesting
conclusion for us to study the particle transport in tokamaks. In the end, we shoud
mentioned that the plasma major parameters such as the plasma current.density and
loop voltage had no apparent changes in the described experiments either by magnetic
compression or with RHF.
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Abstract
An investigation on the heat flux conducted to the HL-1
pump limiter has been performed. The measurement was carried
out by means of an array of heat probes in the HL-1 tokamak
under ohmic heating discharges with hydrogen. The heat load
on the pump limiter head, which is an arc base plate made of
stainless steel and armoured with graphite tiles (SMF 650),
was found to be asymmetric in both poloidal and toroidal
directions.
Under
normal discharges the variation of
temperature was less than 130°c, and that of heat flux was
250 W/cm2. THe maximum heat flux in disruption
was 380
W/cm2 . THe heat flux distribution on the pump limiter was
ascribed to the non-uniformity of the edge plasma flux in
SOL and the different incident angles of the impinging
particles on the tile's surface of the pump limiter. The
temperature variations on the base plate, neutralizer plate
and the time dependence of the temperature on the pump
limiter head will be presented here.

1. Introduction
Control of the plasma density by a pump limiter has
become especially important in present tokamaks, and is
required for neutral beam and pellet injections, as will be
the case in HL-1. Therefore, a modular pump limiter — HL-1
pump limiter was mounted on HL-1, which has good particle
removal and density control capabilities. However, when the
pump limiter head is in the SOL, it will be heated by
various kind of particles, the heat load on the head will be
astonishingly high and as well as the temperature rises. One
of the main objectives of the HL-1 pump limiter programme,
besides the investigations concerning particle removal and
density and impurity control with this configuration, is to
contribute to the data base on the heat load distribution
over the limiter surface and on the neutralizer plate. For
this purpose HL-1 pump limiter was equiped with several heat
probes—NiCr-NiSi thermocouples in the limiter tiles. In the
following, first results obtained for ohmically heated
discharge? will be described and discussed.
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2. Experimental Arrangement
HL-1 pump limiter is a modular single throat pump
limiter positioned horizontally on the HL-1, a medium size
tokamak with a major radius of R=102 cm and minor radius of
up to 20 cm and a pulse length of up to Is. The HL-1 pump
limiter was shown schematically in Fig.l with its slot
towards the ion drift side. The head of the pump limiter is
a non-magnetic stainless steel arc plate, armoured with six
SMF 650 graphite tiles of about 9mm thickness at the centre,
and the two oblique parts of 5mm thickness. The projection
in the poloidal direction of each tile is a rectangle of
8x5cm2. There is a TiC thin film of about 15u average
thickness on the graphite surface deposited by means of CVD
method at the temperature of 1080*c after degassed at 900 "c
for 4 hours.
There were several thermocouples in the graphite tiles on
the base plate and neutralizer plate. The thermocouple wires
were inserted into the graphite from the back side of the
tiles,
and
their tips were located near the plasma
contacting surface at a distance about 3~4mm, and those of
the No.9 and No.10 thermocouples were about l~2mm. This
series thermocouples had formed an array along both of the
poloidal and toroidal directions, as shown in Fig.2.
3. Results and discussions
In this paper we present our first experimental results
obtained with ohmically heated plasma ( plasma current
Ip>100 kA, toroidal magnetic field Bt=2T ).
The
temperature
of graphite tiles measured
by
thermocouples was used to estimate the heat load on the
individual tiles with the following formula:"3
E mc»AT
F=--=
(W/cm2)
(1)
st
s»t
where m is the mass of the tiles, 4T is the temperature rise
over the whole discharge, c is the specific heat of the
material, S is the area of the plasma facing surface of the
tile, t is the time for heating, which is taken as the time
of Ip plateau phase.
3.1. The distributions

Of

the temperature and

heat

flux

The distributions of the temperature and heat flux on
limiter head were shown scheaatically in Fig.3 and Fig.4.
The maximum temperature and temperature rise in the poloidal
and toroidal directions were listed in table 1. Fig.3 shows
that the distributions of the temperature and heat flux are
nonuniform
and asymmetric relative to the
horizontal
position. These distributions are supposed to be resulted
from: 1) the nonuniform spatial distribution of a variety of
magnetic fields, 2.the plasma flux was asymmetric
in the
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polbidal direction, especially at the top and the bottom of
the torus. The location of the limiter graphite tiles are
right there. 3. The horizontal displacement of the plasma ,
this will reduce the local distance between the tile and
the plasma in the horizontal direction. 4. The alignment
errors, which causes limiter tips heated much more than the
rest.
The distributions of the temperature and heat flux in
toroidal direction were also nonuniform. The heat load of
the electron drift side was higher than that of the ion
drift side, The behavior of the temperature was the same. At
the centre of the tiles, where the surface is parallel to
Bt, the temperature rises were less than those of the two
oblique parts, Because the plasma flow is tangent to the
graphite surface, and the incident angles are relatively
small in comparison with those on the two oblique surfaces.
Therefore, it can be deduced that within the range of the
SOL thickness of one \q in the graphite tile, the nearer
to the plasma edge, and the bigger the incident angles, the
higher the heat load as well as the temperature rises will
be
.
This is in agreement with that
of
R.W.Conn
theoreticallyJ33
When the tiles were dismentled the erosion damage of the
surfaces was visible, there was almost no TiC film on the
bottom tile surfaces, while on the top tile surfaces it
still existed. The erosion loss results will be reported
elsewhere.
3.2. Time dependence of the temperature
Fig. 5 shows the time variation of the temperature
during a whole discharge on No. 3 graphite tile, which was
located near the horizontal position. It will take 40CP500
ms for the heat to transport to the thermocouple wires from
the surface, the temperature variation during the period,
that is before the end of discharge and after more than 20s
of the pulse, were characterized by the curves in Fig.5: the
temperature rise of the graphite tiles is similar to that of
the current Ip , but a magnified and hysteretic one .
The temperature measured by the thermocouples were
shown in Fig.6 and Fig.7. In Fig.6 the measurement points
arranged along poloidal direction, it took more than 12s for
the temperature to reach its maximum value, while in Fig.7
the two thermocouples were nearer to the plasma facing
surface, the time was about 2s. This means that the nearer
to the plasma impinging surface in the graphite, the quicker
the temperature rise will be. Because what we observed was
not
the
temperature
variation
in
several
hundred
milliseconds of the discharge, the disturb signals were not
taken into account. It can be also found in Fig.6 that the
curves for each tile temperature are similar to each other,
there were differences among their maximum and initial

-154values. The latter had something to do with
before the discharge.

the history

In our experiment, 20~30 minutes were needed for the
temperature
to restore to the initial
level
before
discharge. The maximum temperature of the neutralizer plate,
which is also made of stainless steel and positioned near
the base plate, was 100°c, AT was less than 2*c. From eq.(l)
the heat flux over the head was less than 250 W/cm2, and 380
W/cm2 for disruptive one. When the pump limiter worked as
"main" limiter, the heat flux was much higher than that of
the movable limiter. Further work is still undertaking.
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Introduction
The external ejected Ion Bernstein Wave (IBW) heating experiments have been
carried out in several tokamaks. Some encouraging results have been
obtained,(l)(2)(3). But in the latest D i n - D IBW heating experiment no bulk heating effect was exhibited(4). Only the rise of the edge electron temperature
accompaning with the increases of impurity fluxes and radiation power were observed. Furthermore the load resistance of the antenna was much higher than the
figure predicted by the linear theory and less sensitive to the change of toroidal
magnetic field . The late effect also were observed in other tokamak experiments.
All these effects were considered, by some authors, as that the RF energy was
directly coupled to the edge plasma associated with the parametric decay processes
(4) or the stimulation of the short wavelength electro-static modes in the
plasma edge(5). The appearance of the non—linear processes are dependent on
the RF power level.
In this paper we present the results of the direct IBW launching in 2nd harmonic
regime with low RF power (only several hundreds waits).
The behaviours of the stimulated wave as well as the loading rf ;i:> *nce of the antenna were investigated. Because the non—linear effects are not important in the
low power level the experiment results may be compared with the linear theory
directly.
The Experiment Arrangment
The HT-6M plasma conditions with which the IBW experiments were
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conducted were as follows; R = 65 cm, a =19 cm, BO = 6 kG-10 kG on the
axis,Ip = 60 kA-80 kA the line averaged density ne = (0.8-2.0) * 1013cm ,the electron temperature in the centre Teo=400 ev-600 ev.
The frequency range of the RF source is 15 MHz-25 MHz and the output
power is 100 W-800 W.
A F shaped loop antenna was used , as shown in fig 1. It had a double faraday
shields and was aligned in the direction of the toroidal magnetic field. A calibrated
high frequency electro-probe ,a high frequency current probe for measuring the
high frequency voltage Vhf and current Ihf and two directional couplers for the
forward and reflect wave—voltage Vi,Vr were installed in the RF waveguide and
adjacent to the antenna. These four high frequency parameters Vhf,Ihf,Vi and Vr
were used to calculate the impedence of the antenna, Za.
_ Vhf

\Vhf\

»

Two methods were used for i/f, the phase difference between Vhf and Ihf. One
method is to use a phase detector to measure the ^ from the Vhf and Ihf signals
directly. The other method is based on the reflect coefficient F(=Vi / Vr)
Let

z = Za/Zo

Zo = 50£2, the character impedence of the wave guide, and we have
2 = ~

=r

To check the reliability of the whole system for impedence measurement. The two
methods mentioned above and a high frequence impedence bridge were used to
measure the impedence of the antenna in the vacuum condition at the frequency of
17.5 MHz. The results were:
Za(l)=0.28+i41.6 Q
Za(2) = 0.3 l+i28.7 £2
Za(3) = 0.23+i34.312

from the method 1
from the method 2
from the inpedence bridge
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So the uncertainty of the inpedence measurement is about 20%.
To observe the propagation behaviour of the IBW many high frequency probes
were installed inside the vacuum vessel . They were located in three cross-section
as shown in fig 2. There was a movable probe holder which could move along the
surface of the vessel in the poloidal plane.
The Results
The relationship between the perpendicular wave number k | and the
wavefrequency to in a fixed point were measured by varying the toroidal
magnetic field. The k^was deduced by measuring the phase difference A of
two electro-probes which were located on the top of the torus in the section
E. They had different radial positions r/ and r2 . So kj_ = A / (r2 -rl). The
comparison of the k j j co / Cli) with the theoretical dispertion curve is illustrated in
fig 3. The local plasma density was deduced from the Langmuir probe signals . The
best fitting of the theoretical curve to the distribution of the experimental data was
obtained by assuming the local ion temperature was 14 ev.
Because of the influence of the poloidal magnetic field the trace of the IBW oscillated in the poloidal plane as the wave propagated inward, as illustrated in fig. 4 .
According to this behavior the amplitude of the wave field should be varied along
the poroidal direction. A movable electro—probe recorded the relative variation
of the amplitude of the wave field along the edge of the plasma in the cross section,
shot by shot, while the plasma state and stimulation condition were kept
unchanged. The results is shown in fig 5 . It resembles the results of the IBW
ray tracing calculations.
The strong second harmonic damping of the IBW was observed using two close
electro-probes which were apart by 4. cm . When the second harmonic layer was
on the high field side of these two probes both of them could recieve the wave signals . When the second harmonic layer was in the middle of the two probes the
signal of high field side prob , at the local value of ca / ffi — 2.2, disappeared and
the signal of the low field side probe, at the local value of <o / Hi = 1.98, was as
before, illustrated in fig.6.
As prediction of the linear theory of direct IBW launching at 2nd harmonic range
of ion cycltron the coupling efficiency reaches the maximum near the 2nd
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harmonic of ion cycltron. When the launching frequency is higher then the 2nd
harmonic of ion cycltron the IBW is inaccessible. This effect will reflect in the radiate resistance of the antenna. The radiate resistance will reach the peak value at
the frequency near the 2nd harmonic and drops to the vacuum resistance as the
frequency being far away from the 2nd harmonic. In the experiments we
scanned (o/ili in the range of 1.2 to 2.4 by varying the toroidal magnetic
field. The results is shown in the fig 7. A peak of the radiate resistance was at
co / Qi = 1.9 which was the local value in the front of the antenna.
Conclusions
At low RF power level the stimulated wave by a F type loop antenna was identified as the Ion Bernstein W a v e . This is supported by some experiment results. The
measured dispersion relation, the structure of the wave field in poloidal plane. The
characteristics of the radiate resistant of the antenna and the linear 2nd harmonic
damping of the wave are all agree with the linear theory.
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Fig. 1

The F shaped loop antenna used for stimulation of the IBW on
HT-6M.
Vfi 19.5 cm
Vf2 20.5 cm

M.

Fig. 2

The arrangement of the electro-probes inside of the vacuum
vessel.
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Fig. 3

The measurement of the dispersion relation
at a fixed point.
The curve is the
theoretical result of IBW using the plasma
density deduced from the Langmuir probe
and assuming the ion temperature was 14 ev.
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Fig. 4

The projections of the traces of IBW for the
different K|| in the poloidal plane.
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Fig. 5
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The variation of the amplitude of the IBW field
along the plasma periphery in a poloidal plane
measuring by a movable probe. The origin of
X coordinate is at the bottom of the vessel and
its positive direction points to the outside of the
torus.

e
x

1.4

1.6

1.8

2.0

2.2

2.4

2.6

1.6

1.B

20

CO/Qj

Fig. 7

The radiate impedence of the antenna versus the
RF frequency
a) the loading resistance of the impedence and
b) the image part of the impedence.

2.2

2.4

2.6

-166-

20

40

60

20

60

40

60

80
t(ms)

t(ms)

2fl

40

60

80
t(ms)

Fig. 6

The RF signals of two movable electro-probes
which were apart by 4 cm
a) The case of the second harmonic layer was in
the high field side of the probes
b) The case of the second hormonic layer was
just in the middle of the probes. The probe
LI was at the point where co/Qj = 2.2 and
the probe L4 was at the point where a/£l[ =
1.98. The strong attennation of the wave
passing the second harmonic layer was
demonstrated.
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ULQ Operation and Evolution

to RFP in SWIP-RFP(M)
Peng ZHANG, Shuiquan FANG, Cuiwen LUO
Qiang LI, Ping YI,
Ying XU
Southwestern Institute of* Physics,

P.O.BOX-15. Leshan, Sichuan, China

The SWIP-RFP(M) device, Reversed Field Pinch of Southwestern
Institute of Physics, has been built in order to make it
possible to run it as a RFP and to compare the two modes of
operation RFP and ULQ. In particular the behavior in the region
of ultra low safety factor q (ULQ) is of interest[1-3]. We study
the region intermediate between the tokamak and the RFP, with
0 < q < 1, which is called the ultra-low q (ULQ) regime. So far
the present experiments[1-3] were to study the ultra low q in the
near range of q~l/2. However ULQ discharges have been studied
in near range of q—1/20 on SVIP-RFP device.
TTie device has stainless-stell bellows vacuum vessel with
major radius 0.43m and minor radius 0.1m. The vacuum chamber is
surrounded by a aluminum alloy 10mm thick shell, with 2 poloidal
and 2 toroidal gaps and magnetic field penetration time of about
0.1ms. The objective of the present experiments were to study
the transition from the ultra low q(ULQ) or the like-tokamak to
the RFP mode.
The equilibrium vertical field is controlled by the
distribution of currents in the inboard and outboard parts of
the Ohmic Heating primary winding. The equilibrium position is
nonitored by in combination with magnetic flux loops and pick-up
coils.
Hie ULQ discharges were run with toroidal Magnetic field of
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0.02—0.15T and toroidal current in the range 30—70KA yielding
an average current density reaching 3MA/m2. The hydrogen filling
pressure was 1.25—0.30Pa(9.38—2.25mtorr) and the Spitzer
resistivity temperature 30—50ev.
Stable toroidal dischargesin an ULQ regime have bee
realized and sustained much longer than the characteristic MHD
time.
Observations of ULQ( 0 < q < 1 ) equilibrium is presented.
Obvious differences can be seen in the ULQ and RFP discharge. Ve
obtain RFP and ULQ discharge with pulse lengths of plasma
current longer than 0.3ms and 0.5ms, respectively.
Fig. 1 shows the typical waveforms of plasma current and loop
voltage in SWIP-RFP device. The results of recent experiment
executed with the initial toroidal field of 0.24KG and about the
safety factor regime qw~1/20, where q« is edge safety factor at
vacuum vessel wall nearly.
Fig.2 shows a typical discharge characteristics of ULQ. The
maximum value of plasma current Ip is about 32.9KA and
1/23 < q w <l/22 for the period of t=0.2ms.
The safety factor q at vacuum vessel wall and in the plasma
have been studied by several toroidal and poloidal magnetic
probes which located at different radius: r=\.8cm, r=5.8cm and
r=9.0cm. The experiments show that the ULQ discharge continues
as long as 0.46ms when 1/2 < q < 1.
Fig.3 shows time evolution of the q-profiles measured by the
magnatic probe at r=9.0cm,r=5.8cm,r=1.8cm respectively. Fig.3(c)
show that q-profiles vary due to the plasma current profile is
not very uniform.
RFP discharges has been measured by a set of magnetic probe.
A dynamo effect of the discharges has been observed. We obtain
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RFP discharges with 8=1.9 and pluse lengths 0.3ms of plasma
current, where 8 is pinch parameter.
Fig.4 shows the typical waveforms of RFP dischargesFig. 4(a)—plasma current Ip, Fig.4(b)—Toroidal magnetic field
of wall, Bow, Fig.4(e)—poloidal magnetic field of wall, Bevr,
In the SWIP-RFP(M) device, a lower toroidal field regime of
the ULQ plasma is studied. The ULQ configuration with the narrow
range of values of q has been obtained.
It has been observed that the reversd field generation is
attributed to the dynamo action.
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Fig.l The typical waveforms of plasma current and loop
voltage, IPM=32.9kA, V,M=180.0V.
Fig.2 Edge safety factor q w (a), 1/23 < q w < 1/22.
Fig.3 Tine evolution of the safety factor q, Fig.3(a) at
r=9.0cm, Fig.3(b) at r=5.8cm and Fig.3(c) at r=1.8cm.
Fig.4 The typical waveforms of RFP discharges* Fig.4(a) —
Plasma current, Ip, Fig.4(b)--Toroidal magnetic field
of wall, Bow, Fig.4(c)—Poroidal magnetic field of wall, Bew.
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Fluctuation in the Edge Region of ADITYA
Tokamak1
ADITYA Team2
Institute for Plasma Research
BHAT, Gandhinagar 382 424,INDIA

Abstract
The nature of fluctuation in the edge region of tokamak ADITYA
ia being Btudied using arrays of Langmuir probes, the discrete carbon
tiles in the limiter and a photo diode array. Preliminary results on
the fluctuations in the edgcrcgion, obtained using Langmuir probes,
are presented. The fluctuations exhibit turbulent spectrum and have
a highly non Gaussian distribution in amplitude.

1

Introduction

The fluctuations in the density, potential and temperature are known to play
important role in determining the particle and heat transport in tokamaks.
The influence of the edge on the core plasma parameters has been brought
out by the experiments which correlate the high confinement discharges
with the reduced levels of density and potential fluctuations at the plasma
edge [1-2]. Recent experiments on limiter as well as diverter tokamaks show
that the induced or naturally occuring radial edge current is instrumental in
producing H-mode or H-mode like discharges [3-6]. The supression of edge
fluctuation because of velocity shear has been predicted from theoretical
calculations and experimentally observed in TEXT, CCT, D-II1 D and JFT2M tokamaks [3-8].

'Paper presented at IAEA TCM on Research using Small Tokamaks, Hefei, CHINA,
Oct 3-8, 1991.
3
P.K. Atrcy, S.D. Bhatt, D. Bora, B.N. Buch, J- Guvindrajan. C.N. Gupta, K.K. Jain,
R. Jha, P.I. John, P.K. Kaw. A. Kumar, S.K. Mattoo, C. Natarajan, H.A. Pathak, H.R.
Prabhakara, H.D. Pujara, C.V.S. Rao, K. Sathyanarayana, Y.C- Saxena, G C. Scthia, A.
Vardharajulu, P. Vasu and N. Venkataramani.
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In ADITYA, an experiment with biased probe is planned to study the
role of radial current in producing high confinement discharges in a controlled way. A set of diagnostics has been installed to measure radial electric field, velocity shear and density and potential fluctuations in the edge
region. A set of limiter tiles will be used to measure density and potential
fluctuation and attempt edge modification by appropriate feedback using
adjacent limiter tiles. A set o£ Langmuir probes and optical imaging diagnostics has been installed to study in detail the characteristics of edge
fluctuations with and without edge modification. In this paper we report
the preliminary study of edge fluctuation in a normal tokamak discharge,
i.e., without biased probe and with limiter tiles grounded. Subsequently,
the biased probe experiments will be conducted and the characteristics of
fluctuation in such discharges will be studied in detail. Further, these results
will be used in planning experiments for multimode feedback control of the
edge fluctuations.

2

Exprimental Results and Discussion

The ADITYA is operated at the following parameters: B T =2.5 kG, I p =20
kA, RO=75 cm, a=25 cm, n, = 5 x 1012cm~3. The plasma temperature
measured by helium line ratios is in the range ~ 100 eV. The plasma density
and temperature in the SOL is 5 x 10 u cm~ 3 and ~ 10 eV respectively. The
fluctuation in the plasma density and floating potential is treasured using
molybdenum Langmuir probes (1=10 mm and dia=l mm). The probes are
separated by 5 mm and sample plasma behind the limiter between r=25 to
26 cm. Figure 1 shows plasma current, loop voltage, ion saturation current
of the Langmuir probe and optical signal from photo- transistor viewing
the central chord of the plasma. The discharge typically lasts for 20-25
ms, out of which 10-15 ms is flat-top in plasma current. The Langmuir
probes are typically biased -75 Volt in the ion saturation region of the probe
characteristics. The radial profile of the floating potential is measured using
molybdenum probes in the SOL and stainless steel probes (dia=0.2 mm) in
the edge region of the main plasma.
The distribution function of the fluctuation amplitude of ion saturation
current combined from several identical shots is shown in figure 2. There
is a definite lower bound of 70% for the negative fluctuations ( rarefaction)
whereas distribution function on positiv ,. actuation (compression) side has
a longer tail. The {6n/n)Tm, is 33%. The probability distribution function

-173-

SHOT 1 2 1 4

A D I T Y A

0.01
0.02
TIME (SEC)

0.00

.

2 4 SEP S I

0.01
TIME (SEC)

7:23PM

0.02
5

P'
H
0 0

-5U
0.00

R
0 *
N
S
5
0.01
0.02
TIMe (SEC)

0.00

0.01
0.02
TIME (SEC)

Figure 1: Plasma Current, Loop Voltage, Ion Saturation Current of the
probe 1 in SOL, and the photo-transistor signals in a typical ADITYA discharge.
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Figure 2: Histogram of the distribution of the fluctuation amplitude of ion
saturation current in a probe located in SOL.
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Figure 3: Frequency Bpectra of auto- and cross-power, coherence and
cross-phase of ion saturation current and potential fluctuations in SOL.
is skewed towards the positive side with skewness parameter of 1.9 and high
positive curtosis ( « 19), indicating non-Gaussian nature of the turbulence.
The auto- and cross-power spectra,along with the phase and coherence
spectra for the density and potential fluctuations recorded simultaneously
using probes at same poloidal location, are shown in figure 3. About 8 ms
duration of flat-top has been used for the analysis. The resolution bandwidth
for this analysis is 4 kHz. Both the density and the potential fluctuations
have nearly constant power upto about 25 kHz and the power falls at a
rate of-40 dB /decade at higher frequencies, indicating broadband turbulent
fluctuations. The root-mean-square values nn,,(uj and <j>Tm»(v) decrease
from about 60% at 8 kHz to 25% at 50 kHz. In the frequency range of 10-50
kHz the phase difference between n rms (w) and ^ r m , ( u ) is about 120° with
coherence close to 0.7 all through. The phase difference reaches a value close
to 180° at hogher frequencies. It can be concluded that only low frequency
(<50 kHz) fluctuations contribute to the transport. The average particle
flux convected radially outward is 1 x 1016cm~2
s'^kHz'1.
Figure 4a shows the scatter diagram of wave number as a function of
frequency. The density fluctuations data from probes separated at 0.5 cm are
used for the analysis. The maximum wave number which can be determined
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Figure 4: Top left: Scatter diagram of the poloidal wave number* as a function of the frequency in 82 similar discharges. Other blocks ihow distribution
of the wave numbers at different frequencies.
unambiguously is ±6 cm"1. The mean value of the wave number increases
linearly with frequency giving an apparent phase velocity of % 10*cm s~l
in the ion diamagnetic direction. The distribution of the wave number at
the frequencies 20, 40 and 60 kHz are shown in Fig. 4b- d. It is seen that
the wave number spread increases with the frequency indicating a turbulent
wave number spectrum.
The radial profile of the floating potential at the time of flat- top has
been measured. It indicates the change of sign of the floating potential near
the limiter. The measured electric field of 5 V cm' 1 gives E x B velocity of
2 x 105 cm ,i~'. Thus the rotation velocity is large and dominates the phase
velocity of the fluctuations.

3

Conclusion

We have described the characteristics of the edge fluctuation in ADITYA
tokamak. The density fluctuation have skewed amplitude distribution with
a (6n/n)inui = 33% and skewness parameter = 1 . 9 and curtosis = 19 . The
frequency spectrum of both density and potential fluctuations is flat upto 25

kH? and thereafter decreases with a pewer inde* «»f <2. Only the law freqiiftcji1
(< 50 kih) fluctuations contribute to the cemrmlre pariide traropertL The
phase diRerenre between the denitoy and potential fluctuation* if «b@ut 12©
degree In the frequency range of 10 50 fcHt and dose t@ II© degree for
higher frequencies. The mean wave number increases with frequency living
an apparent phase velocity of s= lO'enwr1. At f;=S@ klh a the pofsidul wave
number if 6 cm"1, giving k$pt~Q& and indicating turbulent fluctuation.
The measured radial electric field profile thews that it may have a rete m
play in the occurenee of the fluctuation! and particle transport.
We propose to modifjc the plasma edge b> introducing a pair of biased
probes and study the characteristics of the edge fluctuation, l-wrlher we
plan to study the low mode numbers of edge fluctuation by using limiter
tiles as probes and then attempt to control the fluctuation by multtmode
feedback.
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Abstract: Stable very low q CKq <25 discharges have been obtained
by varying the premagnetization point of the iron eore. Enhanced
turbulence i s observed on the loop volta^e^ signals in these very
low q discharges. Ion temperatures CO
} of about BOOeV have
been obtained by Doppler broadening using SPEX Spectrometer in the
v i s i b l e region.
Introduction: There i s a growing interest in the study of very low
q

and Ultra low q

configurations in toroidal

This steins from the fact

that the Toroidal

with q

the q

and hence lower

value,

plasmas recently.

beta scales

higher

inversely

the beta.

Besides

t h i s they are also an intermediate stage between tokamak and RFP
with both c l a s s i c a l
simultaneously.

diffusion

and MHD relaxations

being

present

We have been able to operate the SINP tokamak in 3

modes:Cl5. conventional

tokamaks q >2, C2D.Very low q

Kq <2 C33. Ultra low q

discharges 0<q <1.

discharges

We have been able

to

obtain them with r e l a t i v e ease without excessive Wall conditioning
or assistance of
fast

current

external

rise

enhanced level

of

magnetic f i e l d s .

and a conducting

shell.

All

that we need are

We also

observe

turbulence in the loop voltage signal.

an

The ion

temperatures measured by Doppler broadening in these dischargs are
also higher at lower q

values. We present a brief outline of the
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experimental

setup in section I I ,

results and discussion in

III

and conclusions in section IV.
Experimental

Set

Up .-The experiments were performed in the SINP

tokamak with major radius R=30cm,minor radius a=7.5cm, I =20-30kA.
B = 2 - 1O kG. The neutral gas was hydrogen at f i l l i n g
—4

varying between 2»10

—3

- 1*10

Torr.

pressures

17(3-

Results and discussions:
Ca3>

In

the

premagnetizing

present

set

current

in

of
the

experiments
bias

coils

we
te

lowered

EOAmps.

the

Results

obtained at higher currents are reported elsewhereCl). Keeping the
toroidal field at 4.4kG and applying a loop voltage or absut

40

volts we obtained a plasma current % 18kACq « 2.123. The discharge
was very disruptive and the loop voltage exhibits negative going
spikes as shown in fig la. Raising the applied voltage increased
the

plasma

current

and

there

was

no

signature

of

disruptive

behaviour on loop voltage signals. This is shown in fig ib. Some
of the interesting features of these discharges were the increase
in plasma pulse duration and much longer flat top of the plasma
current. The loop voltage signal also exhibits an enhanced level
of

turbulence

as

compared

to

the

high

q

discharge.

The

conductivity temperature at peak plasma current % 30 eV.
CbO Ion heating: Yoshida et al.I£3 had observed an anamolous ion
heating
their

by

MHD relaxations

observations

we

in

their

monitored

ULQ discharges.

0

lines

Following

using

our

SPEX

spectrometer in the visible region. We repeated the discharges to
obtain

a

scan

over

several

wavelengths.

At

the

peak

of

plasma

current we obtained an Ion temperature of#200 eV. It was lower

%

80eV at the initial stages of the current rampup phase. We wanted
to verify if there was an effect on the ion temperature at higher
q

values.

applied

So we lowered

loop voltage.

rate without
plasma

the plasma current

The current

profile showed

the inflection point. The ion

current

was only

80eV.

by decreasing
a

slower

temperature

The discharge

duration

the
rise

at

peak

had

also

decreased. More detailed investigations are being planned for the
future.
Cc2> Moveable limiter experiments: We carried out some preliminary
measurements

with

the moveable

top

and

bottom

li miters.

After

obtaining a q 3d.. 1 with a=7. 5cm, we moved the limiters by lem each

tinted till a = 4.5cm. Though the duration reduced slightly, the
shape of the current did not change till a= 4.5cm. The q value at
a
a=4. Scm was 0.65cm. At thin point we raised the applied voltage to
80oV and this again modified the shape of the current
stable

one.

These

results

are shown

to a more

in fig 2. More

detailed

investigations are planned for future work.
CONCLUSIONS: We have been able to obtain stable low q
in the SINP tokamak.

Signatures of ion heating

discharges

was observed by

Doppler broadening. More detailed work are planned for the future.
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BORONIRATION AND RESONANT
MAGNETIC PERTURBATION
EXPERIMENTS IN COMPASS-C

Edlington, T.
Culham Laboratory, Abingdon, Oxfordshire 0X14 3DB, UK

B. DIAGNOSTICS

Summary of Session B:
Fujita, J.

Diagnostic*

There will be no doubt about the importance of precise and reliable
diagnostics for understanding physical mechanism or plasma phenomena
This means we should always keep the real objective in our mind. In that
sense, it might be ideal that the physicists being engaged in actual plasma
experiments develop necessary diagnostics. On the other hands, necessary
diagnostics tend to be very sophisticated, because very high accuracy, very wide
range of plasma parameters and very many kinds of physical quantities to be
measured are required, and moreover, the plasma physicists, especially
theoreticians are asking too much. Therefore, we need a help of the specialists
or experts of diagnostics to develop such fancy diagnostics. Another important
thing is that the physicists tend to use such diagnostics developed by specialist}
as a black-box, without minding any restriction for the use. range of parameters
calibrations, and so on.
From these reasons. I think it is necessary to have a session where both
physicists and diagnostic specialists sit together and discuss development of nev
diagnostics and also actual application to plasma experiments.
As I mentioned in my talk, the neutral Li beam based diagnostics have beer
one of major topics in the TCMs on Research Using Small Tokamaks. At this
meeting, three among nine talks are concerned with the Li beam activated
spectroscopy.
The rest of presentations are; 1 on Langmulr probe. 1 on soft X-ray computei
tomography, the others more or less on so called far-infrared diagnostics, which
include Electron Cyclotron Emission (ECE). Electron Cyclotron Absorption
(ECA). HCH laser interferometer, and CO2 laser scattering.
Besides, A-7 and A-11 both on soft X-ray computer tomography. A-10 on
impurity spectroscopy. D-4 on the use of optical fibers for plasma diagnostics an
strongly related to diagnostics, and some of their should have been discussed ir
this session. On the other hand, B-8 on soft X-ray computer tomography which
has been presente as a poster in this session might be better discussed In the
experimental session A, together with the other two related talks.

Session B Diagnostics (9 papers)
Beam Activated Speetroseopy
UO + e hv
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Nagoya 464-01, Japan
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Plasma Science Center, Nagoya
Nagoya 464-01, Japan
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Abstract
In the first part, a new technique is proposed for the measurement of
an electron density profile which is generated by the application of ergodic
divertor and has a peak as high as 10 20 m " 1 in the edge region of a tokamak
plasma. Solving the rate equations based on the Col 1isinal-Radiative model,
it is found that even such a peaked electron density profile can be measured
with a spatial resolution of the order of 1 cm from the intensity ratio of two
spectral lines of hydrogen atoms injected. In the second part, a preliminary
result of electron density profile measurement in the vicinity of last closed
flux surface on the Compact Helical System device using fast neutral lithium
beam is described.

1. INTRODUCTION

Since a combined technique of bean probing and Zeenan spectroscopy was
proposed f o r the poloidal f i e l d neasurement on the Pulsator tokamak £ 1 ] , a
number of works on the beam probe spectroscopy have been reported [ 2 - 9 ] .
beam probe spectroscopy u t i l i z e s
processes

various

between plasma p a r t i c l e s

kinds of

atomic and r a d i a t i v e

and beam p a r t i c l e s

i n t e r a c t i o n s w i t h e l e c t r i c and magnetic f i e l d s

The

injected,

in the plasma.

and

I t has been

applied to local determination of plasma parameters and e l e c t r i c and magnetic
fields

in a plasma by observing emissions from a beam p a r t i c l e s

Emission spectroscopy using a n e u t r a l
topics

injected.

l i t h i u m beam has been one of major

i n the series of Technical Committee Meeting on the Research Using

Small Tokamaks.

A strong resonant r a d i a t i o n 1s observable in the v i s i b l e

region (670.8 nm) from l i t h i u m atoms.
proportional

The i n t e n s i t y of t h i s r a d i a t i o n

is

to the electron density and depends only weakly on the electron

temperature when the temperature is above 10 eV.

Once the emitting volume is

defined in a plasma., various kinds of plasma parameters as well as e l e c t r i c
and magnetic f i e l d s can be obtained by analysing the r a d i a t i o n .
hand, a t t e n u a t i o n of the beam i n t e n s i t y due to e l e c t r o n
and/or charge exchange with plasma ions is s i g n i f i c a n t
density plasmas.

Therefore, the use of n e u t r a l

On the other

impact

ionization

in the case of high

l i t h i u m beam is l i m i t e d to

low density plasmas such as in the edge region of tokamak plasma.
It

is expected that a peaked electron density as high as 1020 m~3 w i l l be

r e a l i z e d i n the edge region of the TORE SUPRA tokamak by the application of
ergodic d i v e r t o r

[10, 11].

Even such high electron density can, in p r i n c i p l e ,

obtained from the attenuation of the beam i f
with the laser induced fluorescence method.
of

using the l a s e r

the beam density is observable
I t has been found t h a t ,

induced fluorescence method,

instead

such a peaked e l e c t r o n

density p r o f i l e can be measured from the observation of intensity r a t i o of two
spectral

l i n e s emitted from hydrogen atoms i n j e c t e d .

A proposal w i l l be

given in the f i r s t part of t h i s paper.
I n the second p a r t of t h i s

paper,

r e s u l t of

electron

density measurement on the Compact Helical System device at National

Institute

for Fusion Science w i l l be described.

a preliminary
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2. ELECTRON DENSITY MEASUREMENT FROM THE INTENSITY RATIO OF
SPECTRAL LINES OF HYDROGEN BEAM
In order to be free from strong attenuation of the beam Injected In a
high density plasma, a beam should be selected to have lower ionization
and/or charge exchange rate coefficients.

At the same tine, the emission

from the atoms Injected should have an observable dependence on the electron
density in the region of Interest, and the life time of the emission should be
short enough in order to have high spatial resolution.

From these view

points, hydrogen beam of 10 keV is adopted for the calculation.

The geometry

for the density measurement is shown in Fig. 1.

Fig. 1. Experimental setup showing geometry of the measurement

Distance from plasma edge (cm)

Fig. 2. Electron density profile in an ergodic layer for the calculation

Assuming the electron density profile in the ergodic layer as is shown in
F1g. 2, and constant electron temperature of 20 eV, the rate equations have
been solved using Co1lisional-Rad1at1ve Model including up to principal
quantum number of 10 to obtain population density of each energy level and
the emissions related to transitions between these levels.

The most recent

data for related atomic processes are used in the calculation [12, 13]. The
parameters of the hydrogen beam and the plasma used for the calculation is
shown in Table 1.
Table I. Parameters of the hydrogen beam and Target plasma.
Beam
Energy
(keV)

10
(contents)

10
5
3.3
(10-50)

Velocity

(cm/s)
1.38x108
1.38x108
9.79x107
7.99x107

(variable)
Plasma
Major radius
Minor radius
Toroidal field
Plasma current
Center temperature
Center density
Maximum discharge time
Density profile
Temperature profile

Current
(A)

Diameter

1.0
0.7
0.2
0.1

(cm*)
10

Dens.ty
(cm-3)

5.74x108
4.02x108
3.25x108
2.99x108

(1-15)
2.25 m
0.8 m

4.5 T
1.7-2.5 MA
4-5 keV
10»4 cm-3
30 sec
see Fig.?.
20 eV

For simplicity, a fully ionized pure hydrogen plasma is assumed. Ionized
beam atoms are regarded to leave the beam due to trapping by magnetic field,
and not to contribute to the emission. No recombination process is considered.
As an example, a calculational result for the dependence of the intensity
ratio of emissions from higher levels to that from n = 2 on the electron
density is shown in Fig. 3, and those from higher levels to that from n = 3
in Fig. 4. In the range from 1 0 i a m ~3 to 10 20 m ~3 , the intensity ratio
is roughly proportional to the electron density. It should also be noted that
the emission from higher n has longer life time, therefore, poorer spatial
resolution. The use of transitions from n = 2 and from n = 3 —• 1 is adequate
for density measurement. As for the temperature dependence, only 20 % change
w i n be caused in the temperature range of 10 to 100 eV. One of the drawback
of this method is that these emissions are in the range of vacuum ultraviolet.
The spatial profiles of the beam intensity and the emission intensity
ratios for the emissions from higher n to n = 2 are shown in Figs. 5 and 6,
respectively.
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Fig. 3. Intensity ratio of emission
from higher n levels to n = 2
as a function of density.

Fig. 4. Intensity ratio of emission
from higher n's to n = 3
as a function of density

Distance from plasma edge (cm)

Distance from plasma edge (cm)

Fig. 5. Beam intensity as a function
of distance from plasma edge.

Fig.

6. I n t e n s i t y r a t i o of emission
from higher h's to n = 2
as a function of distance.

From the above mentioned consideration, i t is concluded that the electron
density p r o f i l e

i n the range of 10 1 8 - 1 0 2 0 m~3 can be o b t a i n e d w i t h a

s p a t i a l r e s o l u t i o n of the order of 1 cm from the a t t e n u a t i o n of hydrogen beam
i n j e c t e d by observing the emission i n t e n s i t y r a t i o of hydrogen l i n e s .
3. ELECTRON DENSITY PROFILE MEASUREMENT ON CHS WITH FAST LITHIUM
SEAM SPECTROSCOPY
Neutral

lithium

beam s p e c t r o s c o p y

has been a p p l i e d

to the

electron

d e n s i t y and density f l u c t u a t i o n measurenment i n o r d e r to study the plasma
behavior i n the v i c i n i t y of l a s t closed f l u x surface (LCFS) on the Compact
H e l i c a l System device.

The method is q u i t e s t r a i g h t forward.

drawing of the experiment is shown in F i g . 7 .

A schematic

Lithium ions are extracted from

10

-190a thermionic emitter { $ -eucryptite) of Pierce gun type, focussed with Einzel
lenz system, and neutralized through a gas cell filled with cesium vapor at
185 ° C.

The energy of the beam is variable from 3 to 11 keV.

The equivalent

current density of 10-keV beam at 1.5 HI from the source is 50a A/cm"5.
An example of density profile measured with this technique is shown in
Fig. 8.

A clear discontinuity in electron density is observed at the position

of LCFS calculated.

At present, the data were taken in a shot-to-shot base,

but a multichannel detection system is now under preparation.

The fluctuation

measurement is also undergoing.
.FIBER OPTICS

Fig. 7. Fast lithium beam probe set-up on Compact Helical System.
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Fig. 8. Density profile at the edge of CHS for shots with R,x = 92.1 cm
and B , = 0.93 T.
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Abstract
Photon emission resulting from charge exchange between multiply charged impurity
Ions (e.g. C 4 + . c 5 + and C 6+ ) and a fast Li-diagnostic beam injected into a Tokamak
plasma discharge gives access to the Impurity ion concentrations and temperatures in
the edge plasma. In addition, line emission from the decay of the Li(2p) state excited in
collisions with plasma particles yields detailed Information about the plasma
density.
The present status of this attractive edge plasma diagnostic technique is given on the
basis of experimental results obtained with the 20 keV Li beam diagnostics at the
TEXTOR tokamak in Julieh/FRG.
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1. Introduction
The LI beam - activated charge exchange spectroscopy (Ll-CXS) method for measuring
impurity ion distributions In tokamak edge plasmas has been successfully demonstrated at
the tokamak experiment TEXTOR of KFA Jullch, Germany (Pospleszczyk et al. 1989, Schom
et al. 1991a). The experimental setup for this novel diagnostic technique (c.f. fig. 1) consists
of an intense 20 keV/10 mA. neutral U beam injector and an optical detection system for the
visible spectral range. Photon emission resulting from charge exchange between multiply
charged impurity ions and Injected LI atoms gives access to the related Impurity Ion
concentrations. Radial density profiles of highly ionized states of carbon (C4* to C6+) have
been measured in the outmost 20 cm of ohmlcally heated TEXTOR discharges and compared
with modelling calculations for the carbon transport in the TEXTOR edge plasma (Claassen
et al 1990).

Colli motor.
Analysing magnet

Cofomator/bwjmstap
Vali

Adjustable
Mounthg

-^/
table

/

/

Fig. 1 - Schematical view oftheLi-CXS experiment at TEXTOR.
This paper reports on new developments in the field of Li-beam activated plasma
diagnostics, in particular
* results of impurity ion temperature measurements with Li-CXS (chapter 2),
• the development of a computer code for the quantitative determination of absolute
radial electron densities from raw LiI(670.8 ran) diagnostic data (chapter 3).
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2. Radial temperature distributions of C 6 * tons in the TEXTOR edge
plasma measured with U-CXS
In addition to Impurity ion density measurements the U-CXS method can also be applied to
measure radial temperature profiles for these Impurities by analyzing the spectral line
shape of the optical CX-radiation.
To measure e.g. temperatures of fully stripped C 6 + Ions In the tokamak edge plasma the
CVI(8 — 7) transition at 529 nm resulting from the charge exchange process
C6+ + u - C5+(n=8) + U+
was used (Schorn et al. 1991b). Assuming a Maxwelllan velocity distribution, ion
temperatures were deduced by fitting Gaussian profiles to the Doppler - broadened
CX-emisslon line. Additional line broadening caused by magnetic fields (Zeeman effect) and
collisional Mevel mixing of the upper electronic states, which may both give rise to several
overlapping transitions of slightly different wavelength, had to be taken into account. Our
method does not rety on Nl-heating beams and Is therefore useful for Investigating various
heating scenarios, such as ohmic discharges, beam-heated and HF-heated plasmas.
Fig. 2 shows a such obtained temperature profile of C 6 + for a standard ohmic TEXTOR
discharge during the 2 s lasting flat-top phase. For comparison also the electron
temperature obtained from standard diagnostic methods (i.e. ECE and Laser ablation) has
been plotted. Well inside the limiter position the electron temperature matches the C 6 +
temperature quite well, while near the limlters kTJC6*) exceeds kTe by roughly a factor of 2.
300

I ' ' ' 1

•

• i

1

•

Te (ECE)

200 *\«

Limiler

is

I

I
« • — * ^ _ ^

Te (Ablation) ""
.

30

•

.

-

1 • • 1

32

34
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40
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44
Plasma Radius CcmD
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Fig. 2 - Radial ion temperature profile of C?+ together with, electron temperature
(ohmlcally heated D% discharge, line averaged central n^, tvas 3 x 1013 cm'3).
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3. Quantitative determination of edge plasma density profiles from
141(670.8 nm) emission
The Injected Ll atoms interact with electrons and protons in the edge plasma and
consequently become excited as well as Ionized via colUsional processes as impact
excitation, lonlsatlon and charge exchange. Furthermore, the excited LU states undergo
radiative as well as collisional deexdtatlon. Determination of the plasma (electron) density
using measurements of UK670.8 nm) emission profiles Is a relatively complicated task,
because the occupation number na p (proportional to the Ll(2p — 2s) photon intensity at
670.8 nm) and the plasma density are related to each other (and to the occupation numbers
of other Ll(nfl states) by a system of coupled differential equations (c.f. Schom et al. 1991a).
We have succeeded In developing a recursive method to reconstruct the plasma (electron)
density solely from measurements of the relative UK670.8 nm) emission intensity along the
diagnostic beam direction. A detailed description of this method will be given elsewhere
(Schweinzer et al. 1991).
Fig. 3 shows a comparisori'between electron densities evaluated by our method and standard
HCN diagnostic data for a TEXTOR discharge. The first profile was taken during the ohmic
heating phase of the discharge, while the second profile corresponds to the neutral heating
beam injection phase.

Shot #47632:

2.0 10 13

N

1.510

Nl heating beam

13

\

-:.

i.o io13
ohmic phase of discharge

5.0 10

12

0.0 10°
35

45

40

50

r(cm)
Fig. 3 - Electron densities evaluated from measured LiI(670.8 nm) line intensity profiles
(lines) together with standard HCN diagnostic data (squares). The full line and
squares correspond to the ohmic heating phase of the discharge, whereas die broken
line and open squares belong to the neutral heating beam infection phase.
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Summaiy
The present status of Ll beam - activated edge plasma diagnostics has been demonstrated on
the basis of recent experimental results obtained with the 20 ktiVU beam diagnostics at the
TEXTOR tokaniakinJultch/FRG.
The Ll-CXS method could be successfully applied to measure temperatures of C6+ impurity
ions. A new recursive method allows for the first time the reconstruction of absolute radial
electron density profiles from corresponding measured radial UH670.8 tun) emission
profiles.
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ABSTRACT
The electron density profile in the edge region including the scrape-off layer is measured by laser
blow-off (LBO) lithium beam probing on HYBTOK-II tokamak. A new method of electron density
reconstruction considering LBO LP-beam transport in the plasma and multi-sxp electron impact
processes makes it possible to unfold density profile precisely. A data acquisition system with a high
rime resolution (l~100ps) is developed for applying this new reconstruction method. The electron
density profiles in HYBTOK-II tokamak are obtained with this diagnostics system and reconstruction
algorithm.

1. INTRODUCTION
Edge plasma properties are important, from the view points of plasma confinement, heat flux to the
first wall or diverter plate, and recycling process of fuel and impurity. LBOLi°-bearn probing is useful
o obtain electron density profile in tokamak edge region where a Langmuir probe is difficult to be used
[1]. The penetration length of the Li°-beam is estimated to be about 12cm, when we assume electron
density of 1 xlO12 cm 3 , electron temperature of 20eV and LP-beam velocity of lxlO 5 cm/s. Hence the
LBO Li°-beam has a great advantage for tokamak edge measurement compared with other two types of
beams, that is thermal beam (=800K) and fast beam (=keV). The thermal beam is too slow to penetrate
edge plasma. The fast beam is too fast to offer a sufficient spatial resolution.
The LBO Li°-beam is, however, inherently transient and a has velocity spread. High speed
(l~100us) camera system and new reconstruction method considering LBO Li°-beam transport in the
tokamak edge plasma can reduce reconstruction error caused by effects of characteristic of LBO beam
mentioned above effectively. In the region such as tokamak edge with electron density above lxlO*2
cm -3, the collision time of electron impact ionization and deexcitation from excited state 2 2 P of Li°
atom are comparable to the life time for Li I resonance line (2 2 P- 2 2 S, 670.8nm) emission. Effective
ionization and emission rate coefficients as a function of electron density (<ojve>cff, <a em v e > elT )
defined by collisional radiative model are used in the numerical reconstruction.

2. PRINCIPLE OF THE METHOD
2-1 Algorithm for Electron Density Reconstruction
An electron density profile is numerically reconstructed from the emission profile of Li I resonance
line along the LBO Li°-beam with aid of effective rate coefficients for electron impact ionization and
excitation. The coordinate system in this paper is shown in Fig.l. Li I intensity I(z) is given by
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where iv(z) and n u (z) are the densities of plasma electrons andu . <ocinve>e(f is the rate coefficient
for electron impact emission of Ii-1 resonance line. V, Q and r\ mean the observation volume, the solid
angle and the efficiency of the detection system, lonhm liihnim h eajislto^ to go out of the beam,
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where vLi means average velocity of the beam. Eliminating t\Jz) from eqs.(l) and (2) and using
coordinate y, electron density ne(y) can be calculated by the following formula from the emission
intensity I(y) and atomic data [1],.
ne(y)=—
ffl
«We>effl

>

(3)

Since effective rate coefficients must be calculated on the basis of collisional radiative model, they
depend not only on electron temperature but also on electron density [2]. Figure 2 shows the ratios of
effective rate coefficient to that considering only transition from ground state <&iVc>cf(/<aisvc> and that
for effective emission rate coefficient <oemve>ef(/<<yexve>- Th e y strongly depend on the electron density
above 1 xlO12 cnr 3 , while the dependence on electron temperature is weak in the range of 10-100eV
corresponding to the values at tokamak edge. Electron density is iterativeiy reconstructed since the
effective rate coefficients depend on the density effects.

2-2 Reconstruction Method considering Properties of LBO Beam
It is considered in eq.(3) that the LBO Li°-beam energy is monochromatic. The assumption is not
satisfied by an actual Li°-beam. It gives crucial reconstruction error [2]. So modeling of the LBO Li°beam and the improvement of reconstruction method are necessary. The LBOLi°-beam is generated in
a moment during the pulse duration of ruby laser light ~50ns. Many experiments demonstrated that the
velocity distribution of LBO Li°-beam is close to Maxwellian [3]. The local velocity distribution of the
LBO Li°-beam is distorted on the way of the penetration into the plasma since the penetration length of
slower atom is shorter than that of faster one. The beam velocity locally averaged in the plasma named
7
Li (z) is expressed as

f
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It should be noticed that definition of u (z) has a meaning only when observation system has no time
resolution. The simplest method to consider the velocity spread is, somewhat approximately, to usevu
(z) instead of constant value v y in eq.(3). This method is employed very approximately when the lime
averaged signals are available. A shuttering time of several hundred us, however, is needed to avoid
effects of cluster particles which arrive in the observation region later in the LBOu°-beam. This
reconstruction method is seemed similar to that of thermal beam probing(4J.
Since the reconstruction method mentioned above does not introduce the beam transport in the plasma
, unfolded electron density inevitably contains error, which is estimated to be about 10%. When the
emission profile of Li 1 resonance line along the beam is taken in time resolution of l~50us .the
corresponding velocity spread for the observed atom becomes narrow. Thus a precise reconstniction
becomes possible. In a time resolved system L>°- atom density observed in a period from ti to i? <s
given by

[

exd -

P

1J dx
(5)

where nuo is the total number of Li° atom , and f(v u ) is the velocity distribution function of u ° beam. In the time resolved system, not only velocity of observed Li° atom but also Li°-beam density
corresponding to its velocity change in each position. It Is possible to modify observed emission profile
as if it comes from a monochromatic beam using following equation. Using modified emission profile
I'(z) we can reconstruct electron density profile assuming that the beam is monochromatic.

- exp

r(z)=I(z)x-

(6)
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In eq.(6), it is considered that the velocity distribution function of Lf-beam at each spatial points is
distorted by electron impact ionization . The electron density profile is iteratively reconstructed by
eqs.(3) and (6) since ne(z) profile is included in both equations. In eq.(6) ZQ means the reference point
on z-coordinate which determines reference velocity. The reference velocity is expressed as

Ratio of observed velocity spread to its mean velocity is proportional tolfe-til/ti. The modified
emission profile I'(z) become closer to that from monochromatic beam as the value of ta-iil/ti is
smaller. Numerical analysis show s that eq.(6) gives reasonable modified intensity profile if the value of
lte-ti|/ti is smaller than 0.2 [2],

3. EXPERIMENTAL SETUP
The electron density profile measurement is performed on a small tokamak HYBTOK-D, which has
the major radius of 40cm, the minor radius of 12,8cm, and the toroidal magnetic field of 0.4T. A thin
film target is set at a distance of 86cm from the wall of vacuum vessel. The blow-off beam port is set at
4cm under the midplane for extending the observable beam path. Light from Q-switched ruby laser
(~200mJ, ~50ns, Ninon Koshuha, SLG2018) is focused on the rear side of the target. The spot size of
the laser light is 0.5-1.5mm in diameter on the target. Blow-off targets consist of two layers which have
hundreds nm of LiF and hundreds nm of metals (for example Ti, Al). LiF film is used instead of pure Li
because of chemical stability. The layer of Al or Ti plays a role of absorbing energy of ruby laser light
because LiF is transparent. There are feasibilities of electron temperature diagnostics by Ti or Al beam
together with Lp [5]. Three kinds of two component target are shown in Fig.3, (a)LiF(lOOnm)
+Ti(100nm), (b)LiF(100nm)+Ti(300nrn) and (c)Al(500nm)+LiF(500nm). LiI(670.8nm) or Ti
I(399.9nm) emitted by electron impact excitation are observed with a monochromator. The time of flight
analysis of Li I or Ti I signal gives velocity characteristics of blow-off beam. The optical system consists
of a mirror, lenses and ICCD camera (Hamamatsu Photonics, C3S54), which has an image intensifier
with minimum shuttering time of 100ns. The beam path of 10cm can be observed with a spatial
resolution of sever?1 milometers. Since no orifice defining the cross sectional area of the beam is set at
the blow-off port, however, effective spatial resolution of electron density is worse than several
millimeters. The image is read by video processing unit and numerically processed in a computer (NEC,
PC-9801).

4. EXPERIMENTAL RESULTS
4-1 Characteristics of LBO Beam
The LBO beam contains many types of particles. Li° atom is most important from the point of view
of diagnostic atomic beam source. When laser power density is not large enough to thermalize the beam,
the LBO beam contains large amount of cluster particle. Cluster particle is not only useless but also
contaminate plasma. When laser power density to the target increases, produced LBO beam is
thermalized and velocity distribution function of atoms in the beam becomes near Maxwellian [3].
Characteristics of Li° atom are investigated by time of flight analysis of Li I line emission signal. Ti I
line emission is also investigated since a LBO Ti°-beam might be useful for diagnostics of electron
temperature [5].

~20lSolid curve in Fig.4-(a) shows an example of time behavior of the intensity of light emitted by blowoff i-i° atom using target(a) in Fig.(3). The velocity distribution of the beam is shown by solid curve in
Fig.4-(b). Experimental results show that velocity distribution of LBO neutral beam is near Maxwellian
when laser power density is strong enough. Effective beam temperature T is defined by following
formula under the assumption of Maxwellian velocity distribution.

3e;0

3-e

(8)

Fitted Maxwellian distribution and corresponding time behavior of Li 1 emission signal are shown by
dashed curve in Fig4-(a) and (b), respectively. Beam temperature calculated by eq.(8) is 1.3 eV. Figure
5-(a) shows mean square velocity (V<v2>u and V<v2>Ti) and beam temperature (Tu.T-n) for Li°
and Ti° atoms as a function of power density for the target(a). TheTi°-beam is astonishingly energetic
compared with Li°-beam, so LBO Ti°-beam can penetrate deep into edge plasma like Li°. Edge
electron temperature measurement using Ti I line would be attempted by using this high speed TiPbeam. In this condition root mean square velocities of Li° and Ti° are very close each other and
consequently energy ratio of the both beams corresponds to mass ratio of the both atoms. This
experimental result implies an existence of strong collision process like friction between Li and Ti atoms
when hot and dense clouds of atoms and plasma are generated by laser blow-off. Figure 5-(b) shows the
experimental result on target(b). Though root mean square velocities are slower than that using target(a),
blow-off beams from target(b) have the same tendencies as that for target(a). These experimental results
show that temperature of the beam depends on the thickness of target and power density of laser light
irradiation as expected.
Figure 6 shows the time behavior of LBO Li°-beam when target(c) is used. There is no
reproducibility for LBO behavior and the velocity distribution function of the beam is far from
Maxwellian. This beam possibly contains a large amount of cluster particles since the velocity of Li°
particles is extremely slow and the time behavior of the emission shows bursts of Li° particles. The
increase of averaged electron density and background radiation, which implies contamination of plasma,
are observed in some experiments in the discharge of HYBTOK-H when target(c) is used.

4-2 Measurement of Electron Density Profile
on HYBTOK-II Tokamak
Electron density profile on HYBTOK-H is obtained with the high speed shuttering system and the
new reconstruction algorithm. Figure 7 shows a typical discharge of HYBTOK-II tokamak. Q-switch of
ruby laser was triggered at 3ms in the discharge sequence. No influence on the discharge from LBO
beam penetration into plasma is seen when target (a) or (b) is used.
The dotted curve named I(z) in Fig.8-(a) shows emission profile of Li I resonance line observed at
shuttering time of 500us. In this case, Li I line emission from atoms in whole velocity region is
integrated at each position. The thin solid curve named ne(z) in Fig.8-(a) means reconstructed electron
density by using density-independent rate coefficients at the temperature of 20eV and assuming
monochromatic beam. The assumption that electron temperature is 20 eV doesn't give serious
reconstruction error because rate coefficients have weak dependence on electron temperature above 20
eV, corresponding to edge electron temperature of HYBTOK-II tokamak. Thick solid curve named
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ne'(z) in Fig.8-(a) shows iteratively obtained electron density profile by using effective rate coefficients
as functions of electron density and assuming monochromatic beam. Since effective ionization rate
coefficients is larger than ionization rate coefficient from ground state, the value of electron density is
reduced. Thick dashed curve named ne"(z) in Fig.8-(a) shows electron density profile reconstructed by
the method which considers modification of velocity distribution. In this calculation the beam
temperature for Li° -beam is 0.95eV. Spatial change of average beam velocity vy (z) used in eq.(3) is
shown in Fig.8-(b).
Thin dotted curve named I(z) in Fig.9-(a) shows the emission profile of Li I resonance line which is
observed in the period from 60us to lOOus (i.e. shuttering time of 40ps) in the LBO sequence. The gain
of image intensifier on this observation condition is about one order larger than that of time resolution of
200us .since only several tens percents of Lj° atom in the total beam is observed. Thin solid curve
named ne(z) in Fig.9-(b) is the reconstructed electron density profile under the same assumption as the
case of the thin solid curve named ne(z), in Fig.8-(a). Thin dashed curve, I'(z), in Fig.9-(a) means the
modified emission profile of Li I resonance line calculated by eq.(6) and thick solid curve named ne'(z)
shows the electron density profile reconstructed with this I'(z). The emission profile is significantly
modified since relatively fast component of LBO Li° atom is observed. An optimum condition to
minimize modification of emission profile exists, as it is previously discussed by the author [2]. Electron
density profiles converted to the x-coordinate corresponding the major radius are shown in Fig.9-(b).
Electron density profile measured by this method is consistent with line averaged electron density of 2
xlO12 crrr3 which is measured by the microwave interferometer.
Measured electron density profiles are also consistent with the horizontal shift of plasma column
calculated from poloidal magnetic field. Electron density profiles when plasma column is at center and
shifted 2cm outer are shown in Fig. 10. In both case line averaged electron densities measured by a
microwave interferometer are of the same values of 8 xlO12 cnr 3 .

5. Summary
The electron density measurement system using laser blow-off Li°-beam probing was constructed
for HYBTOK-II tokamak. The system was developed in both of the hardware and the reconstruction
algorithm. The electron density reconstruction algorithm solves problems of transientness and velocity
spread of LBO Li°-beam. This system is to be used for measuring electron density profile on various
discharge conditions -Iimiter biasing, ergodic magnetic limiter, etc. This method is especially useful for
small tokamaks since the apparatus is relatively simple and diagnostics conditions like penetration length
are quite suitable. Observation of high speed Ti°-atoms in the LBO beam implies the feasibility of
measuring edge electron temperature with two component atomic beam.

Acknowledgements
One of the authors (S.S.) would like to thank T.Kato*, KN.Sato*, MUeda*, M.Fukao** and
N.Ohno for valuable discussions, and M.Mori and MTakagi for technical assistance.
(•National Institute for Fusion Science JMagoya JAPAN)
(••Department of Electrical Engineering, Shizuoka University, Shizuoka, JAPAN )
(Department of Electrical Engineering JNagoya University JSTagoya, JAPAN)

References

-203-

[1] A.Pospieszczyk and G.G. Ross, Rev. Sci. Instrum. 59(1988)605.
[2] S.Sasaki, S.Takamura and K.Kadota, Kakuyugou Kenkyu in Japanese 62(1989)282.
[3] K.Kadota, et al., Rev. Sci. Instrum. J6J[1985)1O36.
[4] K.Guenther, et al., J.Nucl.Mater. 162-164(1989)562.
[5] K.Kadota, et al., BEE Trans. Plasma Sci. PJL12( 1984)262.

-204-

Rotating Langmuir Probe
for Measurement of Edge Radial Profiles
on CASTOR Tokamak
J. Stockel, F. Jiranek, K. Jakubka, L. Kryska, J. Pospisil, F. Zacek
Institute of Plasma Physics
Czechoslovak Academy of Sciences
Pod voddrenskou vizi 4, 182 11 Praha 8,
Czechoslovakia

1

Introduction

In general, the Langmuir probes are used for measurement of the local plasma
parameters at the tokamak edge. The edge radial profiles can be measured by
changing the radial position of the probe shot-by-shot. This simplest, but cumbersome way can be substituted by methods, which allow to determine the radial profile
during a single shot:
1. The rake probe (installed on CCT tokamak [l]) is a row of tips, immersed
into the edge plasma. The radial profile can be simply reconstructed recording
signals from the individual tips, as each is located at a different radial position.
2. The reciprocating probe (installed e.g. on ASDEX [2] and COMPASS-C [3]) is
a movable, pneumatically driven probe suitable to determine the radial profile
at one or more excursions into the plasma during a single shot.
However, the both arrangements are not fully compatible with small tokamak
experiments. The rake probe can act as an additional limiter disturbing the edge
plasma and the average radial velocity of the reciprocating probe (typically 0.5 —
lms" 1 ) is too low to obtain the radial profile with a sufficient time resolution.
We propose here an alternative concept of the edge profile measurements using
a Langmuir probe rotating in the poloidal plane. The rotating probe (RP) can be
used, when the temporal resolution in a milliseconds range is needed. We report here
the principle of operation and construction details of the RP together with results
of the test application of the rotating probe performed on the CASTOR tokamak.
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2

Arrangement of the rotating probe

Geometry of the rotating probe is schematically shown in Fig. 1. The Langmuir
probe rotates in the poloidal plane of the torus, its length is denoted as r p . The
axes of rotation is located in a diagnostics port, outside the plasma column. During
a single revolution, the probe's tip is immersing into the plasma, at t = t0 it reaches
a point with the closest distance to the center of the liner (r = r^) and then it
moves back to the diagnostic port shadow. In our case, two identical probes are
arranged symmetrically on a common axes.

Figure 1: Schematic geometrical arrangement of the rotating probe; rp = 30mm,
i'M = 83mm.
The instantaneous position r of the tip as well as its poloidal angle 6 depend on
the period of rotation as follows:
= {r2v + (rM + rpf - 2rp(rM + rp)cos[27r(i ta.nO =

sin[27r(f - to)jT]

{l+rM/rp-cos[2v(t-to)/T]}

to)/T}}1/2

0)
(2)

Details of mechanical construction are seen in Fig. 2. The probe rotates together
with an axes, driven by a friction drive. The whole system is driven by means of a
standard collector motor, which is installed in the diagnostic port, outside the coils
of the toroidal magnetic field. The revolution rate can be adjusted in the range of
2500 - 10000 rpm, the corresponding velocity of the tip is 8 — 32ms"1. The tip of
the probe is perpendicular to the poloidal plane, therefore, its effective area remains
unchanged during the rotation inside the plasma.
The signal from the probe is collected through an insulated bearing, then it is
fed to an amplifier ( / = 0 — 30kHz), followed by a digitizer (10^s/sample).
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Figure 2: Construction details of the rotating probe The tip: diameter d — 0.6mm,
length / = 4mm.
The rotating probe is employed for measurement of the ion saturation current
(the tip is biased to -150 V) and floating potential
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where Av — the tip area, cs = (T^/M,)0"5 — the ion sound velocity, Mijme —
the ion-electron mass ratio, Te, ne — the local electron temperature and density,
t^sPACE — the space plasma potential.
Therefore, the local electron temperature should be measured independently if
the density and space potential profiles are to be determined.

3

Test of the rotating probe
on CASTOR tokamak.

The rotating probe has been tested on CASTOR tokamak (major radius R = 0.4m,
minor radius a = 0.085m, the liner radius b = 0.1m) a.t the toroidal magnetic field
Bt = IT, plasma current Ip = !2kA and line average density ne = 2 — 5 • 1018m~3
[4]. The typical plasma parameters near the last closed flux surface (LCFS) are
in the range of ne(a) = 0.5 - 1 • 1018rrT3, Te(a) = 15 - 30eV. The edge plasma is
investigated in standard ohmic heating regimes (OH) as well as at the non-inductive
current drive using the lower hybrid wave with the frequency / = \.25GHz and the
power PIM < 40kW.
The axes of rotation of the probe is located toroidally just opposit to the limiter
and poloidally at the midplane. The minimal distance of the tip from the center
being r^ — 83mm e.g. 2mm inside the limiter radius. When the probe trajectory
was deeper inside the plasma, the tip was melted (namely at LHCD) by suprathermal
electrons , which are cumulated at the outer radii of the midplane.
RADIAL PROFILES AT OH REGIMES: Fig. 3a demonstrates the evolution
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Figure 3: a) History of two identical low density shots together with evolution of the
signal from biased and floating probes, rotating with period T = 12ms. Evolutions of
the signal of the non-rotating probe (staying at r = 83mm) is shown for comparison
( # 2320 and # 2321).
b) Radial profiles of floating potential and ion saturation current during the
stationary phase of the OH shot. Thick line corresponds to the poloidal angle
6 > 0 (above the midplane) and thin line to — 6 < 0 (below the midplane). The
radial profile of the electron temperature is measured by moving a triple probe from
shot to shot. The triple probe is located at midplane, 45° toroidally away from the
rotating tip.
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of two identical low density shots, together with evolution of the signals from the
biased ( # 2323) and floating (#2318) probes, rotating with the period T = 12ms
in the both cases. The probe signal has the form of peaks. The left wing of each
peak (t < t0) corresponds to the tip position above the midplane (the poloidal angle
6 > 0), while from the right wing the radial profile bellow the midplane can be
evaluated (6 < O).
Fig. 3b shows the radial profiles of the ion saturation current and floating
potential evaluated according eg. 1 for a single transition of the tip through the
edge plasma. The radial profile of the electron temperature, measured by moving
a triple probe from shot to shot, is shown for comparison. We see that the Te
— profile is noticeably flat in a broad region around LCFS (r < 95mm) on the
CASTOR tokamak. Therefore, the measured profiles of /SAT and AFLOAT can be
roughly interpreted as radial profiles of the electron density and space potential (see
expr.(3)).
r-. 40 1

90

RADIUS [mm]

Figure 4: Radial profiles of the ion saturation current and the absolute and
relative levels of its fluctuations (/ < 20kHz). -\— the relative level of broadband
fluctuations of / S A T (/ < 500kHz), measured by the same the probe as in Fig. 3b.
Note at first a maximum of the floating potential profile at r « o, which
corresponds to the region with the zero radial electric field. Due to the ET x Bt
drift, the poloidal plasma velocity changes here the sign from the ion (in scrape-off)
to electron (inside the Jiner) diamagnetic drift [5]. The figure demonstrates that the
velocity shear layer can be simply identified by means of the rotating probe.
Furthermore, it should be noted that the radial profiles differ significantly when
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they are deduced from the data taken above (9 > 0) and below (6 < 0) the
midplane. The profiles below the midplane are steeper for r > 95mm. Such poloidal
asymmetry at the plasma edge seems to be characteristic for most discharge regimes
on CASTOR.
LOW FREQUENCY FLUCTUATIONS: As the level of edge turbulence is a
crucial parameter for global confinement properties in tokamaks, we have tried to
analyze the low frequency fluctuations of the ion saturation current and floating
potential measured by the rotating probe. However, it should be emphasize that the
frequency bandwidth is limited by the sampling rate of the ADC only to / < 2QkHz
in this case.
Fig. 4 depicts the radial profile of the ion saturation current together with the
profile of the absolute and relative levels of its fluctuations. It is seen that the level
of /SAT/^SAT increases from the value of about 0.2 - 0.3 at the LCFS towards the
chamber wall. It is compared with the broadband data, from another, a shot-toshot moving probe. The rotating probe data are somewhat smaller but comparable
with the level of broadband fluctuations. It suggests an important role of the low
frequency part of the spectrum.

323=5

95 90 85
RADIUS [mm]
Figure 5: Evolution of the profile of the floating potential during the LHCD shot
measured by the probe rotating at ~ lOOOOrpm.
RADIAL PROFILES AT LHCD REGIMES: The rotating probe was tested also
at non-inductive current drive regimes (LHCD), as the investigation of the link
between the edge transport and global confinement under these conditions is a
principal task studied on CASTOR.
Fig. 5 shows evolution of the radial profile of the floating potential above the
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midplane during a shot with the LHCD period. To assure better time resolution, the
probe rotates at 10000 rpm in this particular case and the single profile is monitored
in the time interval ~ 1.1ms. It can be seen that the profile starts to be noticeably
steeper during the LHCD phase of the shot. The shear layer (well pronounced in
earlier phase of the discharge) is shifted deeper into the plasma after start-up of
LHCD, while it returns back at the end of the LH pulse.
TEMPORAL EVOLUTIONS

10
TIME [ms]
RADIAL PROFILES

90
95
RADIUS [mm]

Figure 6: Profiles of the floating potential and the level of its fluctuations at LHCD
shot.
Similar form of the C/FLOAT — profile can be identified in Fig. 6. Note namely
pronounced steepening of the profile inside the liniiter radius at LHCD. In the same
figure, a significant reduction of potential fluctuation during the LHCD is demonstrated. The similar effect is observed for density fluctuations as well as for the
fluctuation induced flux [4]. The observed reduction of the edge electrostatic fluctuations seems to be a rather probable mechanism for an improvement of the global
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particle confinement, observed at LHCD also on ASDEX [7],VERSATOR (8] and
DITE [3] tokamaks.

4

Summary

We describe here the Langmuir probe, rotating in the poloidal plane. Such arrangement allows to measure the radial profiles of the edge ion saturation current and
floating potential during 1 - 10 ms. Therefore, the rotating probe can be applied
on small tokamaks as well as for the solution of tasks, where the relatively high
temporal resolution is needed. Moreover, analyzing the probe signal, one can obtain
also an information about the poloidal distribution of the edge parameters. On
the other hand, the construction of a multiple tip rotating probe will be probably
difficult.
The rotating probe was installed on CASTOR tokamak to demonstrate its proper
function and some characteristic features at the plasma edge has been observed:
1. A non uniform distribution of /SAT a n c ' AFLOAT in the poloidal plane suggests
that the profiles, measured by a standard way (strictly in the radial direction)
should be interpreted carefully;
2. By means of the rotating probe, the location of the velocity shear layer can be
quickly identified. A radial shift of the shear layer has been observed during
LHCD;
3. The low frequency fluctuations of the probe's signal have been analyzed. A
reasonable level of the edge fluctuation has been measured at OH regimes.
Moreover, a significant reduction of the potential fluctuation has been observed
at LHCD.
Acknowledgement: Work was performed under CSAV - grant No:14310 and
supported by IAEA contract No:6701/RB.
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1. Introduction
Study of the waves and turbulence in plasmas is of interest from two different
points of view . First, many interesting linear and nonlinear wave phenomena are
conviently studied in plasma. Second, the study of these waves and turbulence can
lead to much of the understanding of the nature of the turbulence and its
contribution to the transport in tokamak plasmas , as well as the phenomena
involved in the generation and propagation of the waves and the mechanisms by
which these coherent waves can heat tokamak plasmas. Collective scattering of
CO 2 laser radiation is powerful tool to study the waves and turbulence'1^ It has
been used for over a decade on a number of tokamok devices to diagnose the
coherent waves and turbulence.
A CO2 laser scattering apparatus has been set up on the HT-6M tokamak. The
purpose of the present investigation is to study the microturbulence in an ohmic
plasma and in an ICRF wave heated plasma, as well as the propagation and
conversion of waves near the ion cyclotron frequency (ICRF) launched for
heating purposes. In this paper, the design of the scattering system will be
presented together with the preliminary results obtained in the recent ICRF
heating experiment on HT-6M.

2. CO 2 Laser Scattering System
The experimental investigations reported here in employ Thomson scattering of
CO2 iaser radiation on plasmsa eletrons to determine the spatial distribution and
temporal evolution of density fluctuations in a magnetically confined fusion
plasma. If the fluctuations have a frequency w and a wave number k, the scattered
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wavc (ks,o>s) must satisfy the momentum and energy conservation requirements so
that
© s = (O0 + (0
and
ks = k0 + k
(1)
where (a>0.k0) describe the probe beam . For wavenumbers of interest, the
magnitudes of kg and k s are approximately equal (kg = k s ), yielding

k = 2k o sine s /2
where 6 $ is the scattering angre. Collective phenomena are observed when the
wavelength of the fluctuation is larger then the Debye length X,D in the plasma,
that is kA.j-j<l.
The CO2 laser collective scattering system employed on the HT-6M tokamak is
shown schematically in Fig.l. The system is constructed with optical elements
which are applicable for visible iight such as ZnSe lenses, windows, beam splitters
,flat and concave mirrors, so that the alignment of the optical path can be
preformed easily with a visible He-Ne Iser beam . The optical arrangement
shown in Fig.l is a homodyne scattering system where the local oscillator (LO)
beam for optical mixing on detector is derived from a portion of the laser output
beam Via ZnSe beam splitter BS1 with the reflection coefficient of about 10% .
The radiation source for the scattering is a CW CO2 laser which is designed and
constructed in our laboratory .The laser can be operated in the single TEMoo
mode in the far field region with a stable output power up to 40w. The
transmitting portion of the laser beam from the beam splitter BS1,which is
utilized as the probe beam ,is directed across the vertical chord at the major
radius by a set of mirrors, and weakly focused with lenses LI and L2 giving a
beam waist of radius (at the e"2 point of the intensity ) a o =lcm at the plasma
center. The measured wave resolution is independent of wave vector , with AK =
12cm' 1 (=2/a 0 ). Due to the samll scattering angle involved ( 0.6 ~ 13mrad), the
scattering volume covers the whole plasma vertical extension, while horizontally
the spatial resolution is given by the beam diameter (2aQ=2cm). Scattering occurs
in a plane perpendicular to the toroidal magnetic field . In the present experiment,
the scattering volume is fixed on the central chord . due to the window limitation,
so the scattering is primarily from fluctuation with poloidal wave vector kj,. The
scattered radiation is collected by the k-scanning mirror M8. Translating and
rotating the mirror in a poloidal plane, which allows to form and change the
scattering angle, the density fluctuation with the wavenumber up to 80cm'1 can be
observed. The scattered radiation is superposed with the Lo beam on the beam
splitter (ZnSe) BS 2 , then directed and focused to the detector which is a HgCdTe
photovoltic diode cooled down to 77k by LN2 and biased negatively to improve
the signal to noise ratio. In this configuration the scattered and LO beam mix in
the detector resulting in an IF signal at the difference frequency (which
corresponds to the frequency of the density fluctuation). The output IF signal
from the detector.which is proportional to the electric field of the scattered
radiation, is amplified by low noise amplifiers operating in the range of
10KHz~lMHz with total gain of 66 dB and 2.0 dB noise figure. The high pass
filter is used to diminish the contribution of the noise originating from the power
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noise of plasma discharge, the detector, bias box and amplifier are housed in an

aluminum shielded box.
The amplified IF signal is fed to a CAMAC AD convertor.and typically sampled
at 2MHz with 10 bits of resolution for a duration of 16ms. The time window can
be readily moved to any point of interest in the discharge. The digitized signal is
stored as a digital time series in the HT-6M database. Fourier transformation of
the time series data is used to produce the auto-power spectra of the fluctuation
for each wave vector. This provides the spectral density function S(kj_,
o))n[n(kj^oo)]2 .which in trun can be integrated over all (eo,K) space to produce the
absolute fluctuation level . The calibration factor and technique for CO2 laser
scattering system has been thoroughly described by Zhang at aU6J.
In the case of ICRF wave studies to be done later , the output IF signal is
amplified by high frequency, low noise amplifier (10KHz~30MHz,60dB gain and
4.5dB noise figure ). The amplified IF signal is fed into a phase sensitive mixer
where the signal is correlated with a reference from the ICRF oscillator to
generate a phase signal . The envelope of this phase signal is equivalent to
amplitude of the wave measured.
The entire scattering apparatus is mounted on horizontal rails, which allows the
apparatus to be translated outside the torus to calibrate the system using the
acousto-optical diffraction technique.

3 Experimental Results
The experiments have been carried out on the HT-6M tokamak which is a small
size device of 0.6S m major radius and 0.2 m minor radius. The typical
paramenters of ohmically heated plasma are Ip = 65 KA, Bt = 1.25 T, n e =
1 .xlO13 cm"3, T e0 = 500 ev, Ti0 = 200 ev. 19 MHz fast magnetosonic wave of power
level up to 100 KW is launched from high side by quarter-turn antennas. The
scattering data are taken during the plateau region of discharges.
Fig.2 show the temporal evolution of the IF scattering signal, plasma current and
electron density measured by the HCN laser interferometer during a typical shot.
Different phases can be identified from this figure. At the beginning of the the
discharge, the fluctuation level grow with the plasma current and density rise. In
the plasma plateau phase, the fluctuations reach quasi-stationary level and grow
slowly with density increase. Before the current termination, the increase of
scattering signal is particularly strong. The same phanomena were also observed
before high density limit disruption on TEXTt7! and TEXTORf8!.
The frequency spectrum of the microterbulence, typically as shown in Fig.3(a),
can be produced from the scattering signal by the fast Fourier transformation.
The spectrum clearly peaks at about 160kHz, which is in the drift-wave frequency
region, and roll off quickly at higher frequency. The spectrum can be well
approximated by a law of the following empirical form

S(f)=S0 «f/f 0 )a/[1+(f/f0)a+P]}
where S o and f0 are vertical and horizental scale facter respectively. From the
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spectrum shown in Fig.3(a). We find a--1.9, p=3.9, which is in good agreement
with the experimental results obtained on other tokamaks'2~5).
Many shots were monitored in the present of ICRF auxiliary heating. The heating
pulse caused significant changes in the fluctuation level and the frequency
spectrum, as shown in Fig.3(b). It is clearly seen that the fluctuation level is
enhanced during
the ICRF heating. The similar results have been obtained on the
TEXTORt2J and TFRM tokamaks. It was reproted that changes in the fluctuation
level during ICRF heating on TEXTOR
were correlated to the changes in the
electron density profile, giving <n 2 >~IL n I' 5 . For the present study, because the
multichannel FIR laser interferometer was not in operation, we did not have the
information on the changes in the electron density profile. So the cause of the
fluctuation level enhancement is unknow for the present. Moreover, the peak
frequency of the spectrum is shifted to higher frequency during the ICRF heating
r-jlse, as shown in FIg.3(b), which may indicate the electron temperature
increasing and/or the density profile steepening, in accord with the theoretical
expectation for the electron drift wave.
Fig. 4 shows the K-spectrum of the fluctuations, integrated over the frequency
space and plotted on a logarithmic scale, which exhibites a k'Y dependence with
y=6. Both the values of y and P fall in the same range as already reported in the
literature^2-5], under many different plasma condition, which could be explained by
the presence of turbulence whose final state is independent from the driving
mechanisms.

4 Conclusion
We have set up a CO2 laser scattering system to study the characteristics of the
microturbulence and coherent waves in the HT-6M tokamak. In the present
experiment, the system has been used to investigate the turbulent density
fluctuations in an ohmic plasma and in an ICRF heated plasma. The fluctuation
spectra in the range 4 cm"*<k<22 cm'* generally have frequencies in the range of
the electron drift wave frequencies, with maximum amplitude between 100 KHZ
and 400 KHZ. At large frequencies, the spectrum obeys Sj^f) _ f~P with P =4. At
large k, the K sprectrum obeys S(k)^K"Y with y =6. ICRF heating affects the
fluctuation levels and spectral distribution significantly, which may provide an
indition of the electron temperature increasing and density profile steepening
during the heating.
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Abstract
The tomography method for deriving soft X-ray local
emissivities on HT-6B tokamak, using one horizontal array of
23 soft X-ray detectors, is described.
This method has been applied to study of sawtooth
oscillation and large m=l oscillation on HT-6B tokamak. It has
been found that the large m=l oscillation on soft X-ray signal
is caused by the rotation of plasma column containing
perturbation. The reconstructed images in the phase before a
sawtooth crash have shown the hot plasma core move gradually
toward one side, this is considered that as the increasing m = 1
kink mode.

1. Introduction
The soft X-ray tomography has been developed on many tokamaks[l-3] in
recent years. By use of tomography technique, the distribution image of soft
X-ray emissivity on the poloidal cross-section of plasma column may be
derived. The evolution of images with time is useful for studying MHD
instabilities, sawtooth oscillation, disruption and transport, etc.
A soft X-ray tomography system has been built and oprated on HT-6B
tokamak, which is a small device with the main parameters, a = 12.5 cm, R
= 45.0 cm, Ip = 25 KA - 50 KA, B = 4.5 KG - 9.0 KG, Te = 150 ev - 250
ev, 1.2 < Zeff < 3. With this system, the time evolution of sawtooth and the
phnomenon of the large m = 1 oscillation in HT-6B tokamak plasma have
been investigated.

2. Experimental Setup
The detector array, which is installed at horizontal location, consists of 23
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silicon barrier diodes. Each detector has an active area 3 x 20 mm2. The
radial resalution is lcm and the detectable space range in radial direction
of plasma cross-section is approximately 0.9, which is normalized to the
limiter radius. The energy range of the detected X-ray is about from 600 ev
to 20 kev. The systematic calibration error is smaller than 10%. The signals
are digitized every 4 (is or 8 jis by use of 8 bit transient recorders and the
frequency response of detector-preamplifier system is from 10 Hz to 200
KHz.
Since reconstructing the plasma image containing the m > 0 perturbation
modes the chord-integrated signals sampled in different poloidal direction
at every certain radial position are required, therefore, it is necessary to
assume that plasma column rotats rigidly in poloidal direction under the
condition of one detector array, so as the successive profiles from one
detector array can equal to the profiles sampled simultaneously in differet
poloidal direction. The rotating frequency of plasma column is determined
from the frequency of the m = 1 oscillation on the soft X-ray signal. On the
HT-6B tokamak, the m = 1 frequency is about 19 KHz - 28 KHz according
as the tokamak discharge parameters. In order to reconstruct the plasma
image containing m < 2 peturbation modes, as reconstructed images on
HT-6B tokamak, the data for tomography shoud be gotten from three areas
located at three different poloidal directions. In reality, the three poloidal
data were taken from one array at three successive time points of soft
X-ray signal to use for tomography, so it will take 8 p.s or 16 jxs to acquire
the three poloidal data, in the meantime, the plasma column rotates about
1/3 -1/4 cycle, the plasma status still can be considered as unchanged. At the
slow process in plasma like the phase of sawtooth ramp up, it is reasonable,
but it is not suit the quickly process like the phase of sawtooth collapse.

3. Tomography Method and Simulation
Cormack's method[4] is used for reconstructing the images of soft X-ray
emissivity distribution in the poloidal cross-section of HT-6B tokamak.
With this method, the soft X-ray emissivity profile is expanded into Furiour
expansions sin(m8) and cos(m8) for the angular components and the
Zernicke function Rmi(r) for radial components. Comack's methoed is
unsensitive to signal errors due to the method containing the least square
process, instead of a some descend of the image resolution. In the soft
X-ray tomography on HT-6B, the m = 0-2,1 = 6-7 being taken.
According to the soft X-ray tomography system on HT-6B tokamak, the
tomographic simulations by computer in various conditions were carried
out. The results, see Fig. 1, have shown the distribution of the soft X-ray
emissivity on the poloidal cross-section of plasma column containing the
poloidal mode number m = 2 and toroidal mode number n = 1 in HT-6B
tokamak can be reconstructed reliably.
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4. Experiment Results
There are tow typical soft X-ray signals observed on HT-6B tokamak
discharge under ohming heating, one is sawtooth oscillationas as shown in
Fig. 2. Another is the large MHD oscillation, which appears under
conditions of comparative high density. The data from the two types of soft
X-ray signals have been used for tomography. The images of plasma
evolution with time on the poloidal cross-section have been obtained by
tomography. The results and analysis of the two processes are as follows.
1) Sawtooth
Fig.3 shows the time evolution of the radial profile of soft X-ray emissivity
in the period before the sawtooth crash. From the frames, there are four
characteristics to be found : (1). The peak value of the profile is increasing
gradually. (2). The hot core is moving from center of plasma to q=l
surface gradually. (3). A flat region on the shoulder of profiles is extending
gradually. (4). The rotary character has been shown by the changing
position of the flat region. Fig. 4 are the reconstructed contour maps and
3-D plots at the time-points indicated in Fig.2. From frame A to frame C,
the plasma move toward one side to close q = 1 surface, at frame D,
sawtooth crash takes place, the profile fall off abruptly. Combining the
contour map with the 3-D plot, it is easy to find a "cold bubbie" at central
and a cresent hot region nearby the q = 1 surface. This image is not agree to
the Kadomtsev model [5]. As the assumption of rigidly rotation of plasma
column, so it is not reliable to reconstruct the image in the phase of
sawtooth crash. After the crash, the profile return to the iniatial status
gradually as shown in frame E-F.
2) Large MHD oscillation
When the electron density in HT-6B goes up to reach about 2xlO19/m3, the
soft X-ray may change from sawtooth oscillation to the large MHD
oscillation as shown in Fig. 5. The frequency of this oscillation is same as
that of precursor oscillation. The frequency is 19.5 KHz derived by FFT
for the oscillation signals as shown in Fig. 6. This oscillation seems to be
developed from the precursor oscillation, but the sawtooth has been
suppressed. The plasma images have been reconstructed in the one cycle of
the oscillation as shown in Fig. 7. The successive frames have shown that
the plasma containing the m = 1 peturbation with comparative stable status
rotates in the poloidal direction of electron diamagnetic drift.

5. Conclusion and Discussion
From the reconstructed images of sawtooth oscillation, it is known that
precursor oscillation of sawtooth is caused by the rotation of plasma
column containing the increasing perturbation and the purturbation is
considered as m = 1 ideal mode. According MHD theory and Kadomtsev
model, in the sawtooth rump up phase, the ideal mode plays a dominative
role, the plasma core has been driven by m = 1 kink mode to one side to
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approach the q = 1 surface. When the plasma core closed to the q = 1
surface, the magnetic field lines become to dense, then the tearing mode
becomes domination , therefore the reconnection of magnetic field line
occurs and gose to end rapidly. This reconnection process is sawtooth crash.
The sawtooth crash time of Kadomtsev model, in term of the formula tc =
(tA tR)l/2, is about 10 ^is - 30 us as for HT-6B tokamak, while the
experiment value of sawtooth crash time on HT-6B is about 20 JJ.S -70 p.s, so
the both are agreed well. As regards the large m = 1 oscillation, the
reconstructed images have shown that the oscillation is caused by the
rotation of plasma column containing the comparative stable m = 1 mode in
the poloidal direction of electronic diamagnetic drift.
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(A)

(B)

(C)

Fig. 1

The tomographic simulation of distribution for plasma with an
m = 2, n = 1 instability.
(A) input image. (B) reconstructed image. (C) reconstructed
image with 8% random error in chord-integrated value.
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Fig. 4

The time evolution of the tomographic images of sawtooth
oscillation.
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Fig. 5

The soft x-ray signals of the large
MHD oscillation. The time-points of
tomographic reconstruction are
indicated in the figure.
Plasma
parameters are ne=1.46-1.79xl019m-3,
B t = 0.58 T, Ip = 29.92 KA.
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Fig. 7

The time evolution of the tomographic
images of the large MHD oscillation.
The images have shown the plasma
column rotating in poloidal direction of
electron diamagnetic drift.
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INTRODUCTION
FIR laser interferometry has become a standard
diagnostic
method for electron density measurements on
most tokamaks(l).
Generally, multichannel interferometers are used on relatively
large tokamaks to give the density profiles by suitable inversion.
They are much superior than single channel ones. The small size of
the window restricts the use of multichannel interferometer on small
tokamaks.
In present article we intend to
describe a multichannel
interferometer system on a small tokamak KT-5C (R=32.5cm,r=12.5cm).
By utilizing a
pair of elliptical windows on the tokamak,a
three-channel interferometer system is developed. The interferometer
is of the veron type (2). In the remainder of this article, the
experimental arrangements are described, and the experimental
results are given , followed by a brief conclusion.
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EXPERIHENTAL

ARRANGEMENT

A. FIR LASER
The basic source of radiation is a HCN laser operated at 337jum.
This wavelength was chosen to avoid refractive effects and at the
same time not to be affected by the mechanical vibrations on the
short-wavelength side. The cavity length of the laser is 2.3m, and
a mesh coupler of 5001pi is used. The working medium of the laser is
a flowing mixture of nitrogen, methane and hydrogen («^1: 2: 5
),this is unlike the report of the literatures where helium is used
in stead of hydrogen(3,4). By fairly adjusting the ratio and
pressure of the mixture we can get a stable output power of up to
30mw. Four parallel tungsten wires of 50Mm in diameter are placed
5mm in front of the mesh coupler in the cavity side to give a
polarization of 92%. The signal-to-noise ratio of the beat signals
is larger than 40. The replacement of helium by hydrogen does not
affect the beat signals of the detectors.

B. OPTICAL CONFIGURATION
Figure 1 shows the optical configuration of the three-channel
HCN laser interferometer. The laser beam is divided into three probe
beams and a reference one by the beam splitters.The probe beams are
distributed along the major radius (R=268,310,352 mm).The beam
splitters BS2-11 are made of metallic mesh, and BS1 of 47-/Jm-thick
Mylar film. The output of the laser is focused onto the horizontal
midplane of the plasma (beam waist ~ 11mm at the e-folding point of
the intensity profile). The windows are made of X-cut crystal quartz
which thicknesses are chosen to get maximum transmission for the
beams and sufficient mechanical strength. The frequency of the
reference beam is shifted by 10kHz with a rotating grating with 1800
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grooves. The detectors (TGS) are placed as far as possible from the
machine to avoid the influence of the fields.

C.ELECTRONICS
Figure 2 shows the block diagram of the electronic circuit of
the phase comparator, the signals from the TGS detectors are
filtered and amplified by low noise IC amplifiers and converted
into rectangular waveforms with fast comparators, and then
transfered to control the digital counters. The output of the
counters which represents the time interval of the zero crossings of
the signals (hence it represents the phase shift by the plasma ) is
locked into a DAC and reset in each period. The output of the DAC is
linearly amplified so that it is directly proportional to the line
density of the plasma.
The performance test of the phase comparator was made in
advance using two signal generators to provide two signals with a
small frequency difference. Figure 3. shows the output signal of the
phase comparator,where the sequential change of the electron density
is simulated by sawtooth wave modulation of the phase between the
probe signal and the reference one. Here, the amplitude of the phase
modulation used is 2n with the frequency of about 400 HZ.

EXPERIMENTAL RESULTS
Figure 4 shows the temporal variations of the line integrated
density for three different chords and the corresponding variation
of the plasma current U P ) obtained in the case of the ohmically
heated plasma . The phase shift of channel 3 is larger than that of
channel 2 shows that the plasma column is shifted outwards, and this
is consistent with the displacement measurement. By assuming an
eccentric distribution of Ne(r)=Ne(0)(l-r2/a*) ,a density profile is
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derived at t=1.8ms of figure 4 (figure 5)-It also shows that the
plasma center is shifted outwards.No effect of the fields or the
mechanical vibrations on the interferometry is observed and this may
due to the relatively week fields and short duration of the plasma.
CONCLUSION
A three-channel HCN laser interferometer has been developed for
the measurement of electron density in the small tokamak KT-5C. The
optical configuration is of the veron type.The time resolution is
100 s,the space resolution is 42mm, and the minimum readable phase
shift is 1/40 of a fringe.No effect of the fields or mechanical
vibrations on the interferometry is observed.
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ABSTRACT
Small Tokamaks, particularly without auxiliary heating, may be unable to
apply conventional ECE diagnostic techniques, because there is so optically
thick harmonic. This may also be true of large devices away from the hot core
of the plasma. If suitable diagnostic access is available, electron cyclotron
absorption may be a more appropriate technique in these cases.
COMPASS - D vacuum vessel has a built in high field waveguide antenna
with an oversize waveguide transmission line to a low field side vacuum
window. A multichannel ECA diagnostic measuring absorption at the second
harmonic is proposed for COMPASS D covering the frequency range 75 - 85
GHz. Simultaneous measurement of O and X mode transmission eliminates
some non-absorbtive losses such as refraction. Third harmonic absorption
cannot be eliminated but is shown to be small in the density and temperature
range covered.
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Abstract
Electron Cyclotron Emission(ECE) measurement system in small
tokamak HT-6B(R0 = 45 cm ,a = 12.5 cm) has been developed to a
new stage, ECE signals from both OH plasma and LHCD plasma
have been observed along a vertical viewing chord in HT-6B .where
the toroidal magnetic field (Bt) is assumed to be constant. Fairly
good spatial resolution of the vertical ECE system has been verified
by determining the FWHM of the spectrum measured in OH plasma;
Also, as a very preliminary result, the kinetic energy of superthennal
electrons in LHCD plasma has been founded to be 87 Kev, when Ip =
35 KA,ll e ~ = 4xl0 1 2 cnr 3 , Prf = 55 KW, evaluating from the
down-shifted 2nd harmonic X-mode peak position , which is in
agreement with hard X-ray emission measurement.

1. Introduction
LHCD technique has been well developed in HT-6B (R = 45 CM, a = 12.5 CM,
Bt = 0.3 Tesla,TTe = 6xl0 12 cm- 3 , Ip = 35 KA),a LHCD system of 2.45 GHZ,
radio power up to 100 KW is available in current experiments.(J.K.Xie,this
meeting)
Being sensitive to the presence of superthermal electrons (tail electrons) ,
vertical ECE measurement can provide information on energy , density and
momentium distribution function of the superthermal electrons in LHCD
plasma as well as Hard X-ray Emission(HXRE) measurement [l-4].In this paper,
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the set-up in obtaining information on superthennal electrons in LHCD plasma
in HT-6B with multi channel heterodyne radiometer receivers [ 5 ] have been
described.
Section 2 gives the measureing system,section 3 gives the
experimental results,conciusion and further plan are given in section 4.

2. Set-up of the System
As ECE resonance condition

to = ^—
ym

where co
n
Bt(r)
y
0

-—

(1)

I — p a cosB

is the emission frequency received,
is the harmonic number,
is the toroidal magnetic field at minus radius r,
is the relativistic factor
y = ( 1 - p2)"1/2 ,
is the angle between the ECE propagation wavevector k and
Bt.

To measure the y , effects caused by the inhomogeneity of magnetic field
B(r) and Doppler Effect P|, cos0 should be eliminated to a minimum, the
Vertical ECE system (VECE) focus on following aspects then:
i)

ii)

iii)

A horn-lens coupling system based on the quasi-optical principles [ 6]
ensures that the viewing beam along a vertical chord which is
perpendicular to the major radius has an acceptable spot size, so that
the toroidal field Bt could be assumed to be approximately constant,
Therefore ECE frequency broadening mechanisms is only ascribed
to system inherent frequency resolution and/or the relativistic mass
increasing of energetic electrons other than the inhomogeneity of
Bt and viewing beam divergence.
A special viewing dump [ 7 ] fabricated from glass ceramics which
has high absorption and low reflectivity in the working band
(33-40 GHz) is placed at the bottom of vacuum chamber opposite to
the horn antenna, in order to prevent multi reflection from regions
beyond the viewing beam line and preserve the wave polarization
[1,3 ].
The system is working in rather low frequency band on small
device, some theoretical assumption and assembling requirments are
not strictly satisfied,which might cause system errors in
measurements.

The arrangement of the VECE system is shown in Fig.la. ECE signal along
the viewing beam column propagated through a fused silica window ( 70 x 8 )
and collimated by a TPX lens(diameter 200, focal length f = 250 ), received by
a ka-band rectangular horn antenna ( 57 x 34 ) following by a 90°-twisted of
fundamental mode waveguide selecting wave polarization prior to the
over-moded transmisson line (two meters long, X-band waveguide ). Utilizing
a staight of waveguide instead ,the 0-mode ECE spectrum could be measured.
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A compact, vacuum compatible viewing dump (120 x 70 x 20) fabricated from
a block of Lithium system glass ceramic with high absorption and low
reflectivity in the frequency band interested is placed at the bottom of the
vacuum chaper ; 60° opening grooves were machined on the ceramics . The
depth of the grooves are designed to ensure at least several times the
longest wavelength in the frequency band. To utilize the limiter shadow as
much as possible, the dump was machined with convexo-concave surfaces , the
convex surface nestles closely to the vacuum chamber, and the concave one
faces the fused silica window , the structure ensures that the dump has an
acceptible thickness, while the tips of the dump are kept leaving a distance at
least 1.5 cm from the plasma edge. With this arrangement, a beam radius less
than 23.7 mm at the plasma centre is obtained coresponding to a spacial
resolution I ARI/R = I AG>I/G> = I Ay 1/ y = 11.1 %.
Three independent radiometers are employed to measure the spectrum of
2nd-harmonic ECE ,the frequency of which is 39.05 GHZ, 35.9 GHZ and 34.16
GHZ , each has a Local Oscilator,a Mixer, a Detector and Amplifier fFig.lblf
5 ]. We gather information from plasmas with nearely same plasma
parameters but different toroidal field Bt, i.e. we scan Bt instead of freqency
a) to measure the ECE spectrum; LHCD experiments in HT-6B show that the
coupling between LH wave and plasmas changed little at the parameter range
( I P = 35 KA,7Te= 3-6x1012cnr3, Bt = 0.65-0.8 Tesla ) [J.K.Xie,this meeting],
so we will ascribe the data divergence in measuring spectrum to the difference
of ECE caused by the diffference of LHwave coupling to plasmas .
ECE in OH plasma is optically grey in HT-6B [ 5 ], while it is optically thin in
LHCD plasma, as ECE emissivity [ 8 ]
(2)
(3)

-^r(P,J'(Z)2
2
x
. - %n t c
"

For X-mode *l = 2

"
For O-mode
Where P
fee(P)

ne

- 2

«-• 8JI etc

-S(p--

(4)

P
r

is momentum normalized to ( me ), m is the
electron rest mass,
is a normalized distribution function,
is the electron line density,

Z = n » P ± / y,
Jn,Jn"

are the Bessel function of n-th order , and its derivative,

From the ECE transfer equation (the refractive index is asssumed to be unity)
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dl
-r~=j
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a
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a

Here ds is a line element along the ECE propagation direction
When Optical Depth x = Ja^ds « 1 ( optical thin )
for optical thin case , the ECE intensity 1^, is proportional to © , i.e. to
Qe=q*B/m ,we will norrnallize the intensity of ECE to that of Bt = 8.0 KG
discharge , that is we multiply the raw data with a factor of 8.0 KG/Bt. On
the other hand , data from different channels is matched by a factor at the
junctions, so that a smooth spectrum be obtained.
For HT-6B operation , the toroidal field is selected so that 2nd-harmonic ECE
in OH plasma and its down-shift in LHCD plasma when superthermal electrons
presence can be measured; With Bt: 6.0-7.5 KG.6.5-8.0 KG, ECE spectrum
from co/Qe = 1.5-2.5 can be obtained , where Qe is the EC frequency at the
horn antenna location , corresponding to a kinetic energy of less than 130 KEV
being measured.

3. Experimental Results
ECE spectrum has been measured in OH plasmas. Fig. 3 shows the temporal
evolution of the OH plasma, Fig.4 is the second harmonic X-mode peak
measured in OH discharges , from which we can verify VECE system spatial
resolution considering of the plasma dispersion effect on the viewing beam line;
in the figure , the peak position is at co/£2e = 1.96 , the FWHM of the peak is
oo/£2e = 0.3 , corresponding to IA7J/y= 0.15 y= I ARl/R = I Ao)|/© ==17 % when
the kinetic energy is 80 Kev ( y = 1.16 ), thus a beam column with radius of
less than 35 mm is achieved at last , which is larger than previous
estimation; it is the result of plasma dispersion effect.
The peak is not exactly at n = 2 , which can be ascribed to three factors:
i)
ii)
iii)

System error of Bt measurement.
The antenna viewing the plasma is a little outward located from
the centre chord ;
Some superthermal electrons presented in the discharges; the last is
guessed from the unsymmetry of peak shape [Fig.4]. The data
divergence is ascribed to the data reproducibity in discharges.

ECE spectrum is measured in LHCD plasmas too. Fig.5 shows the temporal
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evolution of the LHCD plasma. It is clear that both horizontal and vertical ECE
signals, both soft and hard X-ray emission arise just after the LHwave is
launched on at 15 ms, while the plasma current is sustained to a plateau; in
comparison, Fig.6 shows the decay phase of OH plasma when OH field is cut off
at about 13 ms, the plasma current decreases almost linearly.
A down-shifted second harmonic X-mode ECE spectrum is measured, shown in
Fig.7. The peak position is at co/Qe = 1.67, down shifted from that of OH
plasma in Fife.4 , this should be ascribed to the relativistic mass increasing (y
> 1) of the superthermal electrons caused by LHCD, also in Fig.7 , it is clear
that the slope at lower frequency side is less steeper than that at higher side.we
believe that the unsymmetry contains information on the momentium
distribution function of the high energy electrons, however.further analysis
should be done.
From the ECE resonance condition to = n* Qe/y, (see Eq.(l)) taking n = 1.96,
co/Qe = 1.67 the relativistic factor y is estimated to be y= 1.17 .therefore,
it is concluded that the kinetic energy of the superthermal electrons in plasma
core in LHCD plasma is 87 kev. At the same time the hard X-ray Pulse Height
Analysis (HXPHA) shows the number of photons with energy of 20
kev-200 kev greatly increased during LHCD phase . f J.K.Xie,this meetingl.
Estimation from the LH-wave spectrum gives the major resonance region
of energy in 10 kev-50 kev. They are in agreement with each other.

4. Conclusion and Further Plan
i)

ii)

iii)

iv)
v)

The acceptance of a system employing
horn-lens matching
technique,utilizing independently radiometer receivers, and collecting
data from discharges with the same plasma parameters but different
toroidal field , has been shown . Thus an economical and
convenient measuring system operating on small tokamak device has
been demonstrated.
VECE system has been set up in HT-6B,from the second harmonic
X-mode ECE measurement in OH plasma, the spatial resolution and
frequency resolution are found to be less than
ARI/R = 17 %, lAcol/ £2e = 0.3 .
The very preliminary result is obtained in LHCD plasma
measurement. The kinetic energy of the superthermal electrons is
founded to be 87 kev, which is estimated from the down-shifted
second harmonic X-mode ECE spectrum . Errors come mainly
from the reproducibility of data in discharges.
Experiments of 0-mode measurement both in OH plasma and LHCD
plasma are to be done, the function of the dump will be clearly
manifested then.
Model calculations using ECE radiation transfer equations [ 8 ]
should be done to deconvolute the momentum distribution function
and the electron density of the superthermal electrons , furthermore,
the dependence of them on plasma parameters should be known.
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Figure Captions
Fig.la Schematic block of the ECE system on HT-6B.
Fig. lb The multi-channel heterodyne receivers.
Fig.2 Outlook of the viewing dump.
Fig.3 Temporal evolution of a typical OH discharge.
Bt = 5.76 KG, n e = 4.48xl012cnr3, Ip = 36.96 KA showing
(a) Loop voltage /LOP,
(b) Plasma current IPLA,
(c) Line averaged density NEEE,
(d) Horizontal displacement DISP,
(e) Horizontal ECE(HECE) at f = 39 GHZ,
(f) Vertical ECE at f = 39.05 GHZ (ECE1),
(g) VECE at f = 37.8 GHZ (ECE2),
(h) VECE at f = 35.9 GHZ (ECE3),
(i) VECE at f= 34.16 GHZ (ECE4).
Fig.4 The spectrum of second harmonic X-mode ECE in OH plasmas, showing the
peak position is at 0)/ iJe = 1.96 , the FWHM of the peak is
ACO/ Qe = 0.3, also it is shown that rediometers in different frequencies
have nearly the same responsibility.
* ECE1
+ ECE3
A ECE4
Fig.5 The temporal evolution of a LHCD discharge.
Bt = 7.728 KG, n e = 5.88xl012cnr3, Prf = 55 KW
IP = 28.16 KA
(a) Wave monitoring,wave-on time(15 ms),wave-off time (35 ms),
(b) Plasma current is sustained to a plateau, in comparison with that
in Fig.6,
(c) Line averaged density NEEE,
(d) Horizontal displacement DISP
(e) Soft X-ray emission SX25,
(f) Hard X-ray emission HX12,
(g) HECE at 39 GHZ,
(h) ECE1 of VECE,
(i) ECE3 of VECE,
Cj) ECE4ofVECE.
Fig.6

The decay phase of OH plasma, the OH field is cut off at about 13 ms
showing the plasma current decreases linearly .
Bt = 7.44 KG , ne = 2.8xl012cnr3,
Ip(top) = 37.8 KA , Ip(25 ms) = 28.6 KA.

Fig.7 The spectrum of second harmonic X-mode ECE in LHCD plasma, showing
the peak position is at
co/Qe = 1.67, which is down-shifted from that of OH plasma in Fig.4.

-243-

910704003.C04
ZE1

VLOP

(a)

zee

IPLR

(b)
NEGE
(C)

^ ?5

(d)

-ISC .
>- - - - - F-T--1

ECE1

202 i

S -:scb
£'>i' *>>-

-sc

r I

ECEb

(h)
-rs=F- >tj|

.,

FCE4
(i)

is.a

2o.i

Fig.3
1.0 r

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Fig.lb

HARMONIC NUMBER
Fig.4

I

.

i 1

I T,

1 ,

T .

I

.

I

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8 3.0
Fig.2

HARMONIC NUMBER
Fig.7

-244-

THE DECflY PHRSE OF OH PLRSHR

TEMPORAL EVOLUTION OF fi LHCD OISCHRR
910530034.001

HFWE
(a;

MB

iea
lea

(b)"
NEEE

8
lea

HO
D1BP
(dj
iro
.

8X25

3S0

4B0

fe)

"; gas

HX12

•-IBB
13
--£08
-100

(g)
ECEl

ECcii

—^—ss
is.a

Fig.5

2a.0

JB.B

-203
• see

-aaa
-100

ECi-

[ -n

4e.e

ems
Fig.6

C. THEORY

-245-

Suirmary of Session C: Theory
Vladimir V. Demchenko
Magnetic confinement theory development and new facilities
parametric analysis and operational performance. At the session on
magnetic confinement theory and on new facilities, 13 papers were presented and
almost all treated tokamak theory. In the following, these theoretical papers are
classified into several topics:
~
~
-

optimization of toKamak design,
low-q toroidal discharges,
tearing mode stability modelling,
RF plasma heating,
anomalous transport.
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2.1 Optimization of tokamak design. Optimization of tokamak operational performance has
been continuing since the last TCM on research using small tokamaks (Washington, DC,
1990). At that meeting, three papers were presented which considers a systematic numerical
modelling of the optimum stable operation of new small-scale tokamaks. A theoretical model
for determining the maximum achievable /? beta value and the optimum toroidal current
density distribution for the effective stable operation of the SNUT-79 tokamak has been
presented by Sang Hee Hong, et al (Seoul National University, Korea). Parameter /? is a
dimensionless form of plasma pressure indicating the efficiency of plasma confinement by
the magnetic field. Varying the shape of the current density profile based on semi-empirical
laws, the maximum achievable /3 value for each case is numerically obtained under the
constraints of ideal MHD stability criteria. As a result, the ultimate optimum j3 value and
the corresponding current density profile were determined and a scaling law for the
maximum /3 limit was obtained in terms of system and operating parameters of the tokamak.
The equilibrium features of the small aspect ratio tokamak, TBR2-E, under design in Brazil,
was discussed by P. Sakanaka (San Paulo, Brazil). Plasma equilibrium with aspect ratio of
1.6 were studied by using the numerical code SELENE-J from JAERI, Japan.

Main

emphasis was concentrated on the stability limit by increasing the /3-limit lies at the k
(elongation) of 1.7. It was also obtained that by increasing the triangularity of magnetic
surfaces cross-section, the maximum /3-limit increases. Transport phenomena based on
neoclassical theory have been studied especially with respect to trapped particles and
bootstrap current effects. It was shown that bootstrap current may account for significant
part of the total plasma current and is an interesting subject for experiments. Numerical
study of a regime of operation for ADIT Y A tokamak, where the bootstrap current contributes
up to 25% of the plasma current, has been presented by S. Chaturvedi. et al (Bhat, India).
The peculiar current density profile due to bootstrap current leads to unusual safety factor
q(r) profile. The stability of such profiles with respect to different MHD-modes (high-n
ballooning modes, localized interchange modes, low-n internal and external modes and
various resistive modes) were examined. A numerical analysis has been performed for highn ballooning modes, while the other modes have been examined in a qualitative manner. The
most severe limit on admissible /3-value comes from low-n external ballooning modes. A
zero dimensional code with certain one-dimensional feature has been used to simulate the
temporal evolution of plasma discharge. The code gives the evolution in time of electron and
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ion temperatures and densities, the distribution of impurity ions and the plasma inductance.
It was shown that H-mode confinement regime is a requirement for bootstrap current
dominated operation if transport losses are to be kept within acceptable level. Pure (without
RF power) ohmic operation is only possible at low values of q (~2) which will be unstable
as well as inaccessible. A new ergodic divertor have been described by M. Chu. et al. (San
Diego, USA). It utilizes a system of external (n=3) coils arranged to generate overlapping
magnetic islands in the edge region of diverted tokamaks (such as D-III, USA or JFT-2M,
Japan) and connects the randomized magnetic field lines to the external (cold) divertor plate.
This will provide a broadened scrape-off layer near the separatrix and reduce the peak heat
deposition on the divertor targets by spreading out field line intersections with the target
plates. Ergodic layer can also be used to reduce heat deposition asymmetries existing in
tokamak due to intrinsic magnetic perturbations. Numerical calculations have confirmed the
ability of ergodic magnetic field to cool the electron temperature at the edge and provide
control to the edge plasma density for the avoidance of edge localized modes. A timedependent modulation of the currents in the external coils can spread the heat flux more
uniformly on the divertor plates avoiding high concentration of the heat flux.
2.2 Low-q toroidal discharges. Tokamak is the most credible device to attain the ignition
of thermonuclear fusion reaction because of its abundant database on plasma confinement.
The size of ignition tokamak becomes, however, very large if it is designed with
conventional way. The tokamak ohmic ignition device is essentially compact and simple
because additional heating systems are not necessary.

N. Inoue. et al rTokyoT Japan)

discussed the ohmic ignition conditions for tokamak with adiabatic compression for two
modes of operation: 1) application of minor radius compression for ultra-low-q discharge
assuming Alcator-type scaling and flat profiles for plasma parameters, and 2) application of
both minor and major radius compressions assuming Neo-Alcator confinement scaling and
parabolic profiles of plasma parameters.

In the former case, energy confinement time

required for ignition was deduced, and in the latter case, tokamak and plasma parameters
necessary for ignition was calculated. It has been shown that the multiple of the energy
confinement time and current density are constants at the ignition points in parameter space.

-248-

The compression increases the plasma current density and enhances the ohmic ignition
capability. The paper of Z. Yoshida. et al (Tokyo, Japan) presents the theoretical model of
anomalous plasma heating in low-q toroidal discharges. By using the MHD approach, the
basic relations between the viscous dissipation of electromagnetic energy through fluctuations
and resistive dissipation in a reconnection process were derived. For a reconnection with a
large growth rate, the viscosity heating of the plasma ions is predominant in the total
dissipation through fluctuations, while a slower reconnection is dominated by the resistive
dissipation. This result shows a unique feature of the relaxation phenomena associated with
the driven reconnection.
2.3 Tearing modes. Tearing modes play an important role in the confinement and stability
of tokamak plasmas. They are suspected to be the principal cause of both minor and major
disruptions. Experimental evidence indicates the presence of the m=2, n = l tearing mode
as a precursor to major disruptions and the m=n = l mode is found to occur for internal
disruptions. Stabilization of these modes is therefore an attractive option for both enhancing
plasma confinement and improving tokamak-reactor suitability. Experimental attempts using
saddle coils techniques have had very limited success. In a paper presented by A. Sen, et
al (Bhat, India), a new stabilization scheme based on injection of modulated neutral beams
to provide feedback controlled sources of particle and momentum density is proposed. A
detailed theoretical analysis were carried out for the stabilization of drift-tearing modes. It
was found that for ADITYA tokamak parameters, stabilization is possible using modest beam
powers, currents and densities. Results of linear effects of lower hybrid current drive
(LHCD) on tearing mode instability in both kinetic and MHD models were discussed by (L
Yu. et al (Hefei, China). In collisional regime LHCD plays a stabilizing role while in
semicollisional regime, LHCD can either stabilize or destabilize tearing mode depending on
the competetive effect of the gradients of plasma density, electron temperature and driven
current around the rational surface. From MHD mode it was shown that both the tailoring
of the current profile and the shift of the rational surface, caused by LHCD, would lead to
stabilization or destabilization of tearing mode depending on the shear on the wave
propagation, absorption and hence driven current. The results obtained would explain
qualitatively the experimental observations of tokamak.. T (USA) and WF-3 (Japan). The
results reported by Yu Oingquan and Huo Yuping (Hefei, China) on nonlinear growth of the
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magnetic island is of fundamental importance for the prediction of plasma behaviour confined
in the sheared magnetic field. The nonlinear evolution of the magnetic island was analyzed
by using the exact equation for the magnetic island width. The effect of the plasma vortex
flow has been taken into consideration. The following results were obtained: 1) the vortex
term v, x B o (v, - perturbed velocity) in the first harmonic magnetic field diffusion equation
was shown to piay the dominant role in the nonlinear growth of the magnetic island rather
than the resistive term ~ j , 2 ) the time evolution of the width of the magnetic island W is
W~TI/2,

the growth rate of the magnetic island is about an order of value higher than the

well-known Rutherford's growth rate, 4) the saturation width of the magnetic island is
smaller than that predicted in the previous theories.

2.4 Strong plasma turbulence. Recently, a large amount of experimental and theoretical
efforts have been put into study of numerous problems associated with strongly nonlinear
plasma phenomena, that is, the phenomena in which the level of energy in the collective
plasma modes is rather high. These studies are necessary through the emergence of such a
unique instruments as high-power RF sources and powerful lasers producing high-intensity
coherent oscillations in a plasma which cannot be described in terms of weakly nonlinear
theory.

Among the phenomena of strongly nonlinear nature occuring in the interaction

between a plasma and high-intensity coherent radiation are 1) localized regular structures
(solitons, spykons, vortices, etc.) formation and dissipation, 2) modulational and parametric
instabilities in dense plasmas, etc. An overview of the strongly nonlinear dynamical plasma
processes was presented by V. Demchenko (Vienna, Austria). It was pointed out that the
most developed part of the nonlinear plasma theory belongs to the dynamic regimes of
parametric instabilities of plasma oscillations which plays a significant role in the physical
picture of high-intensity electromagnetic radiation-plasma interaction. At the nonlinear stage
of a parametric instability, it is impossible in most cases of practical interest, to use the weak
turbulence approach since the nonlinearity results in a significant distortion of the dispersion
characteristics of the plasma oscillations.

Within the framework of the theory of weak

turbulence the nonlinear interaction of plasma waves with plasma particles leads to the
accumulation of waves in the long wavelength domain where these waves cannot be damped
by any known mechanisms such as Landau dumping (plasma waves condensation paradox).
Numerical results indicates that for high-intensity plasma waves the plasma turbulence which,
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through interaction of plasma waves the plasma turbulence is changed into a state of strong
turbulence which through interaction of plasma particles with strongly nonlinear structures
(such as solitons) can lead to a release of wave energy from condensation region, and thus
it solves the problem of an energy sink for plasma waves turbulence. The picture of strong
plasma turbulence is applicable to important practical problems, such as experiments on
plasma heating by particle or microwave beams. In both cases, the energy of the pump is
transformed into the high-intensity plasma waves which, through nonlinear interaction with
low-frequency waves, can lead to the development of a strongly turbulent plasma state.
Stability of elliptical vortex flows in fusion plasmas were discussed by P. Kaw. et al (Bhat,
India).

It is known that one of the puzzles of the nonlinear theory of low-frequency

instabilities in a fusion plasma (drift instabilities, Kelvin-Hermholts instability, etc.) is that
the energy accumulates at the long wavelength region of spectrum where there are no obvious
sinks of energy. The nonlinear theories of satutration of such instabilities often show that
vector and polarization drift nonlinearities lead to formation of two-dimensional structures
(vortecies) and the energy indefinite accumulation in these structures. In many ways, the
problem is similar to the above described condensation of energy at the long wavelength
domain in the theory of high-frequency plasma waves.

The new mechanism of energy

dissipation which was suggested in the paper under review is the possibility of secondary
instabilities parametric excitation with a short parallel wavelength. It was shown that the
ellipticity of vortex can drive secondary instabilities of shear Alfven waves provided certain
resonance conditions between the vortex rotation speed and the secondary wave frequency
are satisfied. Such secondary (parametric) processes can act as major sinks of energy and
thereby in understanding the nonlinear saturation of low-frequency instabilities.

2.5 RF plasma heating. In order to generate a significant level of power output from the
DT fusion reaction, it is necessary to attain thermonuclear plasma temperature. In a typical
reactor-grade plasma it will be necessary to provide some tens megawatt of auxiliary power
for several seconds to heat the plasma to ten-twenty keV before alpha-particle heating would
maintain a self-sustaining burn cycle. Such power could be provided in the form of radiofrequency waves (RF heating scheme). The basic concepts of RF plasma heating utilizes the
interaction between a wave packet that propagates in the plasma and particles that move with
velocities and nearly match the phase velocity of the wave. In a magnetized plasma,
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electrons and ions gyrate in the magnetic field with their respective gyrofrequencies. If a
wave is launched with a frequency equal to the gyrofrequency (or harmonics) of the ion
gyrofrequency, then the particles see a dc electric field in their own gyrating frame of
reference so this electric field can accelerate particles and provide net energy transfer from
waves to particles. This scheme of plasma heating which is called ion cyclotron resonance
heating (ICRH) has been observed in a number of tokamaks and seems attractive for use in
large-scale tokamaks. An important aspect of ICRH scenario is the coupling of the power
from the antenna to the plasma. At the meeting Yanpinp Chen and Shih Tung Tsai (Beijing,
China) have reported a new method for the analytical solution of the full wave equations in
ion cyclotron frequency region. Generally this is a set of differential equations in two space
variables which can be solved under specific requirements keeping the effects of toroidicity,
inhomogeneity along the magnetic field lines, shear and finite Larmor radius effects. The
full solution of the wave equation have been obtained and analyzed for different partial cases
(cold, warm and hot plasmas).

The results obtained show that the toroidicity and

inhomogeneity causes a change of the wave field amplitude distribution in terms of inverse
aspect ratio order. The finite pressure corrections and sheer effects can seriously modify the
frequency spectrum. Inclusion into analysis of damping mechanisms will provide possibility
of evaluation of RF power absorption efficiency.
2.6 Anomalous transport. The most important subject in tokamak research is anomalous
transport. This subject has been studied intensively both experimentally and theoretically,
but the origin of anomalous plasma transport is still not completely known. The standard
concept for the anomalous transport is that the free energy associated with the confinement
of plasma drives microscopic (small-scale) instabilities that induce enhanced turbulent plasma
fluctuations which in turn cause the anomalous transport. Many types of collective modes
and physical mechanisms which could be responsible for plasma turbulence excitation and
the plasma transport they induced have been considered and forms a basis of comparison for
the various types of nonlinear models of anomalous transport. At the meeting Wang Ma
(Hefei, China) has reported the alternative theoretical model of anomalous plasma transport
caused by particles transverse drift in the system of magnetic surfaces disrupted by a
stochastic perturbation of the main (static) magnetic field. In the ergodic region the particles
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motion can be written in the form of Langevin equation and the diffusion coefficient D can
be obtained in the well-known Fokker-Planck model. The diffusion coefficient obtained in
this way have the similar form and the same order of value in comparison with that derived
by the diffusion of the magnetic field lines in the quailinier approximation. Both diffusion
coefficients just supplement each other and the complete diffusion coefficient constitutes from
the linear combination of each of them.
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Abstract
The purpose of this article is to present a short review of recent approaches to
the theory of strong plasma turbulence. The main emphasis is devoted to the evolution of plasma waves generated by externally driven pump (charged particle beams
or electromagnetic radiation) at resonance regions of nonuniform plasma. The phenomena related to the formation and evolution of solitons at the nonlinear stage
of development of parametric and modulation instabilities are reported. These results are based mainly on numerical solution of averaged hydrodynamical equations
and on direct simulation of self-consistent plasma behaviour by the particle-in-cell
method.

1

Introduction

The interaction of strong electromagnetic waves with plasma is of practical interest for
the laboratory as well as astrophysical plasmas (Gurevich, 1978; Rudakov and Tsytovich,
1978; Thornhill and ter Haar, 1978; Zakharov, 1984; see also the collection of articles
in Russian contained in Interaction of Strong Electromagnetic Waves with Collisionless
Plasma, Gorky, Institute of Applied Physics, Acad. Sci. USSR, 1980). The usual state
of such plasmas is one of turbulence, and for an adequate description it is impossible to
confine oneself to an approach based only on weak turbulence. The paradoxical conclusion
of unlimited accumulation of plasma waves in a small wave number region follows from
the latter approach (Rudakov and Tsytovich, 1978). The principal resolution of this
paradox was given by Zakharov (1972), who stated the concept of plasma wave collapse
at the nonlinear stage of development of the modulation instability. As a result of this
development there arise collapsing cavities in plasma, i.e. regions of low density where
high-frequency oscillations are localized. The energy level of these oscillations can be
several orders of magnitude higher than the average value.
'Internationa! Atomic Energy Agency, WagramerstraBe 5, P.O. Box 100, A-1400 Vienna, Austria
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At present two schemes for the evolution of cavitons exist. According to the first scheme
(Zakharov, 1972), cavities rapidly collapse up to a size comparable with a Debye radius
when the energy of plasma waves is transferred to particles through either self-crossing
electron trajectories or generation of fast electrons.
In the other scheme quasi-stationary cavitons are formed (Longren, 1983), which results
in a very complicated plasma state. The realization of these schemes changes significantly
the efficiency of absorption of the external source power by plasma.
This review paper deals with the discussion of theoretical models and numerical simulations and a comparison of the results with experiments devoted to verifying theoretical
predictions. The results presented in the first paragraph were obtained using a hydrodynamical approximation, which made it possible to demonstrate the main physical characteristics of the processes (Brazhnik et al., 1981a,b, 1984a; Aburdjaniya et al., 1982;
Demchenko, 1989). Using the kinetic model as a basis for the numerical simulation of
strong plasma turbulence results were obtained which take into account nonlinear effects
and wave-particle interactions (Grishaev et al., 1982a,b; Demchenko et al., 1983, 1987;
Brazhnik et al., 1984b, 1986, 1987).

2

Strong Turbulence of Non-Uniform Plasma Driven by External Pump

The linear and nonlinear conversion of a large-amplitude electromagnetic (pump) wave
is most efficient in a nonuniform plasma at the resonance region where the frequency of
the pump wave approaches the local eigen (natural) frequencies of the plasma. In thi3
region an electric field amplitude of the pump wave causes a sharp increase. Various
linear (binary collisions, the conversion of an electromagnetic wave into plasma waves)
and nonlinear (i.e. the effect of the strictional nonlinearity) mechanisms can limit the
resonant growth of the electric field.
The nonlinear dynamics of hybrid waves excited by an external monochromatic electric
field in a non-uniform plasma inserted into an inhomogeneous magnetic field has been
analyzed in the hydrodynamic approximation by Brazhnik et al. (1981a, 1984 ) and
Aburdjaniya et al. (1982). The following nonlinear effects were taken into account:
the strictional nonlinearity (ponderomotive effect), spontaneous generation of magnetic
fields, and intrinsic and relativistic nonlinearities. Brazhnik et al. (1981a) showed that
in the field of a uniform pump wave, nonuniformities of the equilibrium plasma density
and static magnetic field can lead to the parametric excitation of absolutely unstable
(localized) hybrid waves. The analysis was based on the solution of the modified Nonlinear
Schrodinger Equation (NSQ) for the amplitude of the hybrid-wave electric field and on
the wave equations for the perturbations of both the density and the quasistationary
magnetic field which includes a 'driving force' caused by intrinsic and ponderomotive
nonlinear terms.
Nonlinear terms in NSQ caused by relativistic nonlinearity have a local character and
lead to effects similar to ones produced by strictional nonlinearity. At the same time, if
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intrinsic nonlinearities and the spontaneous excitation of quasistationary magnetic fields is
accounted for, then the dynamical behaviour of plasma turbulence could change drastically
through the nonlocal character of nonlinear terms appearing in NSQ. Such terms are
always proportional to spatial derivatives of the electric field amplitude and they introduce
new characteristic spatial scales into the problem. In the simplest case of potential upperhybrid waves propagating in a uniform plasma, the electron Larmor radius constitutes this
new nonlocal spatial scale.
The evolution of the parametrically unstable hybrid waves in nonuniform plasma with
local plasma nonlinearity has been investigated by numerical solution of NSQ together
with the wave equations for the perturbations of the density and magnetic field (Brazhnik
et al., 1981a; Aburdjaniya et al., 1982). It was found that for a high intensity of the
hybrid waves the RF pressure leads to a nonlinear saturation of the instability and to the
establishment of a dynamical equilibrium state in which periodic upper-hybrid solitons
and nonlinear sound (density) waves are excited, the latter by virtue of the dynamic
motion of ions. Experiments in laboratories and space plasmas (Donaldson and Spalding,
1976; Cho et al., 1982; Longren, 1983; Tanikawa et al., 1984) verify that a periodic
excitation of solitons may occur in the resonant regions of a nonuniform plasma. Each
soli ton is connected with a hole in the density produced by the action of a ponderomotive
force, and in the case of a linear density gradient they are accelerated uniformly down the
density gradient just like linear wave packets are.
In plasma with nonlocal nonlinearities, even for the case of linear inhomogeneity and
hybrid waves with normal dispersion, the generation of complex nonlinear structures
(multisolitons) were observed which do not escape from the resonant region. Over a
long time interval periodic generation of N-soliton structures took place. The number
of solitons in a single structure varies in time. Unlike the case of normal dispersion,
the modulation instability does not occur in the case of hybrid waves with anomalous
dispersion (Brazhnik et al., 1984a). The decrease of the equilibrium plasma density under
the influence of the ponderomotive force in the region of hybrid resonance leads in this
case to a decrease in the electric-field amplitude. In other words, self-restriction of the
electric field amplitude of hybrid waves occurs. It was also verified that the Lighthill
criterion is not fulfilled in this case so that soliton generation is forbidden.
Analytical and numerical investigations were made of the linear development and nonlinear saturation of the absolute parametric plasma wave instabilities in an isotropic plasma
with nonuniform equilibrium density under the effect of a pumping wave with spatially
dependent amplitude (Brazhnik et al., 1981b; Demchenko, 1989). The instabilities which
were studied are similar in their physical nature to the modulation instability of uniform
plasma in the uniform pumping field. Yet, the parametrically unstable spectrum of the
oscillation is discrete. However, only a finite number of unstable modes grow, with a
spatial structure which is determined by the nature of the pump wave. The numerical analysis showed that the mechanism of instability saturation is common to both in
the strong wave coupling regime (modulation instability) and in the weak wave coupling
regime (decay instability). It is strongly turbulent by nature, connected with the formation of solitons in a region with locally intense nonuniform pump field which is triggered
by the ponderomotive force of the unstable plasma waves.
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3

Computer Simulation of Strong Plasma Turbulence Driven
by Parametric and Current Instabilities

The numerical solutions of averaged dynamical equations presented above have demonstrated a general picture of soliton formation. However, the region of validity of the
hydrodynamical approach is restricted by the necessity of a detailed study of energy absorption mechanisms inside the cavities. This problem requires for adequate resolution a
kinetic description of wave-particle interactions. The particle method used in the present
review is based on the Vlasov kinetic equations for ion and electron distribution functions and the self-consistent electromagnetic field equations (in the case of electrostatic
oscillations, it is the Poisson equation (Birdsall and Langdon, 1985)). This method is
free of the limitations of hydrodynamic theory. Therefore, the particle-in-cell method is
a rather effective tool which provides a continous transition from the concept of solitons
based on averaged hydrodynamical equations to the conditions of real experiments which
are sufficiently well described by the Vlasov-Poisson equations.
The numerical simulation of RF heating of uniform isotropic plasma by the superposition
of monochromatic waves of different frequencies was carried out by means of a ID kinetic
code (Grishaev et al. 1982a,b; Demchenko et al., 1983). It was shown that, depending on
the wave amplitudes and frequencies, the various turbulent regimes of the plasma could
be realized.
In the case of a small frequency mismatch and a weak amplitude modulation (Grishaev
et al., 1982a) in the initial stage of the process, parametric pumping of energy into the
long wave-length mode of oscillations occurs with a growth rate defined by linear theory.
When the magnitude of the self-consistent (unstable) electric field amplitude increases
substantially, the modulation instability of a plasmon 'condensate' appears. The nonlinear stage of the modulation instability is characterized by a transformation of the wave
spectrum into the range of large wave numbers (small spatial scales) as a consequence of
the formation of cavitons. The evolution of cavitons on a longer time scale is determined
by the effects of the interaction of resonant electrons with Langmuir waves located in the
cavitons, which leads to the generation of a large amount of suprathermal electrons. The
final stage of caviton evolution is accompanied by the generation of a short wave-length
ion-acoustic wave, which converts the long wave-length Langmuir waves into the region
where Cherenkov absorption is effective.
The increase of a modulative wave amplitude is accompanied by changes in the process
of parametric excitation of the plasma wave, in the instability saturation mechanisms
and in the final turbulent state established in the plasma (Grishaev et al., 1982b). In
particular, the instability could be saturated because of the trapping of plasma electrons
by a large-amplitude fluctuating electric field, which is accompanied by the generation
of a considerable number of fast electrons accelerated to a high velocity. Plasma turbulization is further connected with the destruction of a quasiregular large-amplitude wave
and subsequent development of a beam-type instability. The saturation of the latter is
conditioned by the trapping of plasma ions in the field of unstable waves. The saturation
of the instability is accompanied by intense fluctuations in the ion density, which leads to
the transformation of the energy of the unstable wave from the range of long wave-lengths
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to the region of energy absorption by electrons as a result of Cherenkov resonance.
The increase of the nonresonant(high-frequency) component of the pump electric field
amplitude leads to a decrease of the parametric instability growth rate and to a considerable reduction of the plasma heating efficiency (Demchenko et al., 1983). This result
confirms the prediction of hydrodynamic theory on the possibility of the RF stabilization
of a parametric instability.
By the cloud-in-cell simulation method, the development and saturation of the current
instability in a plasma with two ion species immersed into a strong static magnetic field
have been investigated (Brazhnik et al., 1984b, 1986, 1987). It was shown by Brazhnik
et al. (1984b, 1986) that under certain conditions (one of which consists of the relative
velocity of two ion beams exceeding somt critical value) the electrostatic ion-ion instability
will occur. The growth rate and wave-length of this instability are in full accordance with
the predictions of linear theory. The self-consistent growth of the electric field amplitude
leads to the formation of non-stationary density holes filled by the RF field and a regular
structure of stable vortices in phase space. Resonant interaction of ions with electrostatic
plasma waves (plasmons) trapped into the density cavity leads to the generation of a
large number of suprathermal ions. Trapping of the major part of the resonant ions by
the electric field of ion-ion oscillations results in saturation of the instability, which is
accompanied by the destruction of localized structures and stochastic heating of the bulk
of the plasma ions.
The effect of an external electric field (driver field) on the dynamics of the ion-ion instability has been investigated for different types of the driver field. A stationary field
leads to the continuous increase of the relative velocity of the ion components and to the
development of the primary ion-ion instability, the saturation stage of which is accompanied by the slowing down of the ion beams and plasma heating. Because of the continous
acceleration of ions by the driver field, the secondary ion-ion instability excitation takes
place, the nonlinear stage of which is characterized by considerable enrichment of the
oscillation spectrum and stochastic plasma heating. The final ion temperature in the
presence of a constant electric field reaches a considerable higher value than in the case of
inertial ion-ion instability. Under the effect of an oscillating driver field the relative current velocity of the ion beams has to be an oscillating function of time with the frequency
equal to that of the driver field. Therefore, the development of the ion-ion instability
is periodically replaced by the damping of unstable oscillations as a consequence of the
collisionless absorption of the wave energy by the ions.
Particle simulations of two-ion hybrid cyclotron resonance heating of a magnetized hydrogen plasma have been performed (Demchenko et al., 1987). The anomalous heating
of plasmas containing two ion species has been observed to date in stellarators (Dikij et
al., 1983) and tokamaks (Tomas et al., 1989) during injection an intense ICRH and fast
magnetosonic waves into the plasma volume; in a rotating plasma in the presence of crossing electric and magnetic fields (Zykov et al., 1989); and in mirrors during the buildup of
ion-ion instabilities (Pescali et al., 1981; Chan et al., 1984). In a paper by Riyopoulos and
Tajima (1986), the mode conversion of a magnetosonic wave that is propagating across
the magnetic field into the two-ion electrostatic mode was observed. The interaction of
plasma ions with large-amplitude electrostatic oscillations leads to efficient heating of
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plasma ions. These results were obtained with hydrogen (H) as minority and deuteron
(D) as majority species. In the case of fast wave excitation from the high magnetic field
side, the electromagnetic wave reaches the ion-ion hybrid resonance region before the minority cyclotron resonance is mode-converted to the ion-ion electrostatic mode. In this
case, efficient heating of both the D and H ions is observed. The wave incidence from the
low field side on the other hand, shows preferential heating of the minority species and
much less heating of the majority species (Demchenko et al., 1987). However, in the case
of low field side excitation the wave encounters the minority cyclotron resonance layer
before the ion-ion resonance layer. Consequently, effective minority heating connected
with the usual ion cyclotron resonance absorption takes place. Reflection of the incoming
magnetosonic mode occurs at the cut-off layer, located between the minority cyclotron
resonance and the ion-ion hybrid resonance, instead of the mode conversion to the ion-ion
hybrid mode.
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Abstract
Linear effect of lower hybrid current drive (LHCD) on tearing
mode (T-mode) instability is investigated in both kinetic and MHD
approaches. In collisional regime the response of both bulk and fast
electrons, driven by LH wave, to T-mode perturbation leads to a
stabilizing effect. In semi-collisional regime a rather complicated
result, either stabilizing or destabilizing depending on the
competitive effect of the gradients of plasma density, electron
temperature and driven current at the rational surfaces, is obtained.
From the LHCD simulation in tokamak geometry and the solution of
tearing mode equation it is shown that in lower-c^ case LHCD can
stabilize T-mode while in higher-qa case LHCD plays a destabilizing
role for the parameters considered. The results would explain
qualitatively die experimental observations of PLT and WT-3.

I. Introduction
Tearing mode is considered to play a key role in plasma confinement and disruptive
instability J 1 ) The studies on both the instability and its control have been carried out
for decades. It is also believed that LHCD is still one of the most promising ways to
operate tokamak in a steady state.12! It has been investigated that LH wave can be
used to both drive current and control plasma performance, e.g. instabilities,
simultaneously. Experimental observations on Penila-BPl, HT-6MW and HT-6Bt5l
etc. indicated that the amplitudes of Mimov oscillations were significantly reduced in
LHCD ramp case. On PLTtfil and WT-3l7l it was interesting to observe that LHCD
can suppress m=2 oscillations in higher-qa case while it can excit m=2 disturbance in
lower -qa case.
'"Present address: Shanghai Fine Machinary and Optics Institute, Academia Sinica,
Shanghai, P. R. China.
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On theoretical aspect it was reported by Yoshioka et all$l that the growth of magnetic
islands can be suppressed by either local ECRF heating at the 'O' point or tailoring
the current profile around the island by LHCD. Ignat and Rutherford et aU9J
proposed that RF heating or current drive with an adjusted phase to the rotating
islands can suppress both m=2 and m=l modes. Reimann°J considered that due to the
temperature difference between the 'O' point and the 'X' point of island the driven
current at 'O' point is higher than that at 'X' point and hence island growth can be
either suppressed or excited depending on the driven
current is parallel or
antiparallel to the ohmic counterpart. Romanelli et all11] considered the influence of
island to the propagation cf LH wave and concluded that m=2 mode can be
destabilized if the driven current parallel to the equilibrium current and stabilized in
antiparallel case. Xu and Rosenbluthn2] studied the effect of LHCD on
semicollisional T-rnode and found that the driven current inside the tearing mode
layer drives a new instability.
In this paper both kinetic and MHD approaches on the linear effect of LHCD on
T-mode instability are considered. We think that the whole scenario should include
the response of both bulk and fast electrons, driven by LH wave, to T-mode
perturbation and the tailoring of the current profile due to LHCD. Roughly
speaking, the fast electrons have large parallel Doppler frequency and hence a
narrow perturbative layer would be formed, particularly in collisional regime due to
the difference in the collision frequency between the bulk electrons and the fast ones.
The narrow perturbative layer may cause a reduced amplitude of m=2 oscillation.
On the other hand it may be even more important that the change in the current
profile and the shift of the rational surface due to LHCD will certainly vary A' and
hence affect T-mode instability.
The rest of the paper is organized as follows. A linear kinetic theory is presented in
sec. II with a collision term deduced from Rosenbluth potential. MHD approach
including LHCD simulation in tokamak geometry such as ray tracing, power
spectrum shift, power absorption and driven current as well as a numerical solution
of T-mode equation is given in sec. TO. followed by a summary in sec. IV.

II. Linear Kinetic Theory
It is well known that Poisson equation and Ampere's law

offer the information of T-mode instability.
In this section a slab model is used with gradients in x-direction. Fokker-Planck
equation can be written as
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with FM(V_L) the Maxwellian in perpendicular direction. fem and <)>o stand for the
full Maxwellian distribution and the distortion due to the wave quasilinear effect.
The unperturbed solution can be deduced as
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Je respectively. The expressions of Dj and D2 will be given below.
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)+Dl{f:)+ilcO-klly,)fi^'E^+vE.v{f:o+^^-)
"

±

(15)

l
In (15)

(16a)

(16b)
and C(f e ) is refered to the collision tenn. Let

/ ; = 4 , (*,+<«>,)

07)

here $ , and ^ 2 describe the response of bulk and fast electrons to the T-mode
perturbation respectively. Then the equations for f ^ j and fem<t>2 can be written as

08a)

(18b)
The collision terms in (18a,b) are taken to be
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Jftm, f.)

(19a)

In (19) Caf, represents the collision between species a and b.
The ion's perturbation equation is deduced as

(20)
2V

t'v,

2. moment solution of electron's pertirbation equation
By using Haerm-Spitzer function the moment solutions in zeroth order (density
perturbation) and first order (momentum perturbation) of electron's perturbation
equation are obtained for the bulk and fast one's respectively and then summed up.
The results are
»a>\e\+ «D|e| \

enfc

)

4w»|e|

l

a

entc

where
X = l - a . - ^ J aJ a. +
. + a . ,X
,X (

l

f

1

a, = .98(1 - .54i>, + .45in* / ^ , ) / A ' ,
«2 = .8(1 - .56i>| / 0 , ) / (1 - .54*11, + .4Si/i* / 0 , ) ,
a, = - 1.2(1 - .3i/i, ) / (1 - .54</J, + .45i/j* / /i,),
a4 = .13«VW / [1 + 1.5w,/)# - .25i|«,|3ai, -/1 2 «, )],
A * = 1 - 2.971/x, - l°4,i| + 3.51ipj //*, + 1.73^ - .43/*,/^?,
(22)
Jlt"JtJum/eneVtlk\ur\,
ut: phase velocity of LH Wave normalized to Vflk,
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V1

\V

X.

3. ion's density perturbation
By applying BGK collision term the ion's density perturbation in collisional regime
can be written as
qn

\

Qn to a'i

2

while in semicollisional regime

with
k
Dl

= ^^r-

(25)
ft*

4. dispersion and its solution
Substituting (21), (23) or (24) into (1) and (2) the dispersion is obtained.
(1) in collisional regime the dispersion is

. K

oAffl-fflJj2- - f f \

4na2/c2ti,

xA

(26)

j

yc is the well known growth rate of collisional T-mode.t13]
(a) if ©* « yc and yc « VgQ, it turns out that

(b) if to* » Yc.

.
where

(29)

(30)

The width of perturbative layer is calculated as
(a) if co* «

YC

,

A = Ac/(.98 + e,)'4

(b) if co* »
A

YC ,

_ A f l^'l T

(32)

(2) in semicollisional regime, the dispersion is deduced as

v

»

+

^ "

"'

" ' -•

,

+ 2.97/1, + 1.04/i'
"3

with

(33)

Linear Effect eflemr

Hybrid Current Drive en Tearing Mode Imialnliff =

Then
(a) if l» * l < < 7mltM

« ( j g p * = A * ' , Kirt ) » .

0)-

(b)if lw*l»Yscmicoll.

00 =
<

1
• •V «

56i2 ^ J(B
'

<35>

-»7 «*^ito*i r >/»

•

'vi

w
ifw* > > v

The width of perturbative layer in this case is obtained as
3/2

7.14-

A=

Stmtcoll

<v

(36)
!»!

i/«o* > >vn

As can be seen from the results that in collisional regime LHCD plays a stabilizing
effect while in semicollisional regime LHCD can either stabilize or destabilize
T-mode depending on the gradients of the profiles of plasma density, electron
temperature and driven current around the rational surfaces.
It is noted that A' is assumed to be constant in above kinetic description. Nevertheless
the change in current profile and the shift of the rational surfaces will result in the
variation of A1. This will be studied via MHD approach.

III. LHCD Simulatio and MHD Approach
In this section we study the effect of LHCD in T-mode instability through MHD
approach with a consideration that the current profile is tailored and the rational
surfaces shift, due to LHCD, so A', the eigenvalue of T-mode equation
(37)

changes. In (37) j t , Bp and q are the current density, poloidal field and the safety
factor. It is assumed that in case of LHCD with the existance of ohmic heating,
I p = Ip(OH) + Ip(LH)
j t =j t (OH) +Jt (LH)
(38)

In our calculation, Jt^H) is set to be a form similar to that from experimental
observations and \fi*^ comes from LHCD simulation in tokamak geometry, namely
wave ray tracing, power spectrum shift due to the shear effect, power absorption
and driven current. It is shown that LHCD usually play a stabilizing effect in a
sence that A' in LHCD ramp case is less than its value in purely ohmic case.
However, as listed in Table I, for plasma with lower q a value and the chosen wave
parameters LHCD leads to an increase in A' value while in higher q a case LHCD
make A' smaller than its value in purely ohmic heating case. From the LHCD
simulation it is revealed that.due to the shear effect, the wave trajectories in higher
q a case are less dispersive spatially and the power spectrum undergoes more
up-shifted so a larger and more peaked driven current is obtained in the inner region
of plasma while in lower q^ case the driven current is relatively smaller and peaked
outwards relatively, as shown in Fig.l. This makes the change in A' different, which
means a different effect on T-mode stability. The results obtained would give a
qualitative explanation for the experimental observations on PLT and WT-3.

IV. Summary and Discussion
Both linear kinetic and MHD approaches on the effect of LHCD on tearing mode
instability are studies. In collisional regime LHCD plays a stabilizing pole while in
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semicollisional regime LHCD can either stabilize or destabilize tearing mode
depending on the competitive effect of the gradients of plasma density, electron
temperature and driven current around the rational suiface. From the MUD
investigation it is shown that both the tailoring of the current profile and the shift of
the rational surface, caused by LHCO, would leads to a stabilization or
destabilization on tearing mode depending upon the shear effect on the wavn
propagation, spectrum shift, power absorption and hence driven current. The whole
scenario of the effect of LHCD on the tearing mode instability should include the
combined effects of these two approaches mensioned above.
Some aspects on this topic, such as the the spatial diffusion of the fast electrons,
effect of ohmic heating, influence of magnetic islands on wave propagation as well as
nonlinear effect should be considered further.
Table. I Effect of LHCD on teating mode with parameters of R=.65 m, a=.2 m,
Bt=8 KG, nco=8*lO12cm-3 and fLH = 15 GHz.

%

ILH<KA)

A

3/2 mode
8.2
4.1

20
4.5

l.le-2/-2.6e-4
-8.9e2/ 7.8e-4

OH / AOH+LH

2/1 mode
3.1e-2/2.4e-4
l.le-2/1.2

3/1 mode
5.4e-4 / 6.5e-4
5.1e-4/.16
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Figure Caption
Fig. 1

Wave rau trajectory (a), power sepctrum at a=.l lm for third ray path (b)
and current profiles (c).
(1) Ip(OH) = 30 KA;

(2) Ip(°H> = 60 KA.
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Ideal MHD Beta Limit for Optimum Stable Operation
of SNUT-79 Tokamak
Sang Hee Hong, Kie-Hyung Chung, and Hyung-Koo Lcc
(Department of Nuclear Engineering, Seoul National University, Seoul, Korea)

Abstract

A theoretical method for determining the optimum ideal MHD (3 limit is presented for the
SNUT-79 tokamak which is being built at Seoul National University. The purpose of this
work is to estimate the maximum achievable p value in SNUT-79 with a circular cross
section and to determine its optimum operation conditions which depend on the toroidal
current density distribution. The (3 limit is calculated under the constraints of ideal MHD
instability criteria with varying the operation conditions depending on the toroidal current
density distributions. Semiempirical laws are used for the toroidal current density distributions.
Analytic derivations of various equations required to determine the p Limit are carried out
from the empirical equations. Various distributions of the p limit are obtained by the
numerical calculations for different distributions of the toroidal current density. The
resulting values of the maximum p limited by ideal MHD instabilities are expressed by a
scaling law in terms of the tokamak geometry and the safety factor.

I. Introduction
The maximum

achievable

0

value

is

one

of

Hie most important

parameters

determining the economic operation of a tokamak fusion reactor, p is a dimensitmless
form of plasma pressure indicating the efficiency of plasma confinement by the magnetic
field and is related to the thermal power of the fusion reactor. The alpha particle heating
power in tokamaks can be approximated by Pa ~ p . This means tokamak should
high p

to

be

operated efficiently.

have

There are, however, limitations on increasing the 0

value due to the MHD instabilities such as kink, internal, and ballooning modes.

In

particlular, the limits set by ideal MHD instabilities provide a practical guideline on optimum
stable operation of the SNUT-79 tokamak in additional-heating experiments which arc being
planned for the next stage project in our laboratory.

Design parameters of the SNUT-79 arc

shown in Table 1.
Since tokamak experiments have not yet reached (3 values as high as necessary, it is a
great importance to the investigation of new configurations with higher p values. Many
theoretical and experimental workers have tried to reach the highest p value against MHD
instabilities[l-ll]. Troyon and his coworkers have made an observation about the p limits in
several tokamaks with neutral beam injection heatings[l,3,4],

and Wesson and

Sykes

optimized the achievable p value with respect to ballooning modes alone[5].
It is the purpose of this work to determine the maximum achievable p vzlue and the
optimum toroidal current density distribution for the effective stable operation of the
SNUT-79 tokamak with a circular cross section.

With varying the shape of the current

density profile based on semiempirical laws, the maximum achievable p value for each case is
numerically obtained under the constraints of ideal MHD instability criteria. As a result the
ultimate optimum P value and the corresponding current density profile are determined, and a
scaling law for the maximum P limit is obtained in terms of system and operating parameters
of the tokamak.

II. Beta I-imitation and Stability Criteria
In an axisymmetric tokamak plasma with a circular cross section and a large aspect
ratio (Kgia »

1) the volume averaged (J can be expressed as

where a is the plasma radius and Ro is the major radius. A parameter a which appears in
the stability criterion of the ballooning mode is defined as [5,12-14]

where B^ is the toroidal magnetic field and the safety factor q is included, a measures the
pressure gradient of plasmas. Since a depends on the ballooning mode criterion and q is
related to the stability criterion of kink or internal mode, we can easily conjecture that p value
is limited by the stability criteria through a and q. There are, therefore, two stability criteria
which constrain f$ values. One is the Kruskal-Shafranov or Mercier criterion, and the other is
the ballooning mode criterion.
The Kruskal-Shafranov or Mercier criterion imposes a limit on the 9-value in the plasma;
9,*1

(3)

at the magnetic axis of a large aspect ratio circular plasma. Given fhe strongest toroidal
field

we can supply,

the Kruskal-Shafranov or Mercier criterion sets an upper bound on

the amount of toroidal current we can drive in the plasma column.
The stability of ballooning modes driven by the interaction of the plasma pressure
gradient with local regions of bad

magnetic curvature is determined

by minimizing the

potential energy functional[7,12-14}. For a model problem representing a large aspect ratio
tokamak with circular flux surfaces, the Euler equation obtained by minimizing the potential
energy functional becomes[12,13]
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-asinTi) \F =

+a
where s is the mean shear defined as

.

(5)

dr
F is an eigenfunction related to the normal displacement of the perturbed fluid element in
plasmas. t\ is related to the poloidal angle 8 and its domain is - » < i\ < ». Derivation of
Eq.(4) incorporates the Merrier criterion[12]. Eq.(4) has been integrated numerically with
the boundary condition F - 0

as

-q - « .

The ballooning mode criterion from the

numerical computations is, thus, well approximated by the following twoequations[7,13];

,

0 < s < 7.323x10-2

, -,
(6)

,

s

> 7.323x10-2

.

. Relation Between Stability Criteria Parameters
and Toroidal Current Density
In view of the ballooning mode criterion (6) a is a function of s. and from Eq.(5)_.s
depends on q which has a relation with j ^ . a is, therefore, dependent onj^. Consequently 3
is related to j ^ and its value depends on the shape of the toroidal current density profile.
j ^ appears in the Grad-Shafranov

equation as

a source term.

The Grad-Shafranov

equation derived in the flux coordinate system (x,4>>9) for the axisymmetric plasma
equilibria is[16]
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(7)

where x >s a ^ux surface label and /(x) is a flux quantity related to total poloidal current.
From this equation j ^ becomes
dP
v

Id/

2

d

In genera), semiempirical laws deduced from experimental observations are used for the two
functions P(x) and I(\) in Eq.(8). Many empirical expressions of the toroidal current density
have

been

used

to

solve

plasma equilibria[],3,4,8-10,16]. In this work the

expressions in Ref.16 are used as follows;

(9)

where v is a current peaking factor, and Po is the plasma pressure at the magnetic axis. xsis a dimensionless poloidal magnetic flux normalized in such a way that

where xo

an<

^ X/, ^e. poloidal magnetic fluxes at the magnetic axis and at the boundary,

respectively. A dimensionless parameter p e related to the poloidal beta P p is defined as

where Be(a) is the poloidal magnetic field at the plasma boundary. Substitution of Eqs.(9)
and (10) into (8) with the help of the pressure balance relation yields the current density
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In order to obtain the distribution of j ^ as a function of position variables, r and 8 (<J> is
ignored due to the axisymmety of the torus), transformation of the coordinate system into a
toroidal one (r,8,<f>) is carried out with an'approximation of introducing the mean radius
of the magnetic surface cross section. R is transformed into R = Ro + rcosO.
A poloidal magnetic flux ^ normalized to unity at the plasma surface is usually represented
as[17,18] * = a2, where w is the mean radius of the magnetic surface cross section and
(•> = 1 at the plasma surface. But, in our case, the poloidal magnetic flux \s is normalized to
unity at the magnetic axis. For making \s normalized to unity at the plasma surface, let

*-->--(:]'•
Then ;"A can be rewritten as

jjr,6)=

*

-?— 1 - -

Ro [

.

U JJ

(13)

/? + rcos6

By varying the values of v and (3e in Eq.(13) we can get various shapes of the toroidal
current density distribution.
From the Ampere's law and Eq.(13), the poloidal magnetic field B6(r) yields the safety
factor for circular cross section;

,(r)

2A(r)
where
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A(r)

,

- |X - JL

- p0)/(v

,r) j .

(16)

(17)

qo should be greater than or equal to 1 to be stable against the internal or kink mode. By
substitution of Eq.(14) into Eq.(5) and differentiation, the mean shear becomes

s(r) = 2 -

(18)

Hr)

where
v-t

(19)

By varying the toroidal current density distribution (13) with the parameters of v and p 9 ,
P limits are calculated from Eq.(l) with Eqs.(14) and (18) satisfying the constraints (3)
and (6) of the stability criteria. The maximum P value is determined from these (3 limits
and the optimum stable operation condition is then given for the toroidal current density
distribution by choosing the appropreate values of v and j3e.

IV. Results and Discussion
rV.l. Numerical Illustration
Numerical calculations are carried out on the computer to find p limits and optimum
dbrrent density profiles. The dependences of the profiles on the current peaking factor v and
the poloidal beta parameter p e are firstly examined for the toroidal current density and the
safety factor, respectively. Figs.l and 2 illustrate the toroidal current density profiles with
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varying v and p 6 , respectively. As v increases the profile becomes centrally peaked shape
(Fig.l), and as 3 e increases the peak shifts outward from the magnetic axis (Fig.2) while the
area under the curve is changed little, that is, the total toroidal current is nearly constant.
In view of these results we are able to express in terms of v and p e the arbitrary toroidal
current density whose shape we know in the tokamak. Once we find the toroidal current
density profile to give the maximum 3 value, we can take advantage of it as the optimum
operating condition by controlling plasma generation and current drive in the tokamak. Figs.3
and 4 show the safety factor profiles with varying v and p e , respectively. In Fig.3 the safety
factor at the plasma boundary is increased as v increases, and the profile varies little as p e
changes in Fig.4. This is due to the fact that the total toroidal current is rather independent
of 3 e as shown in Fig.2. Fig.5 shows p limits as functions of v in three cases of
P = 1, 1.5, 2 for the inverse aspect ratio e = a/Ro = 1 / 3 and qo = 1. The maximum beta
limit p of 2.65% is obtained when v = 1.61 and P 9 = 1. As we have expected from the results
of Figs.2 and 4, p limits have little dependence on P e . 3 m is calculated to increase linearly
as e increases, which means that the fat type of toroidal column is good for high p operation.
In our calculations, 3 m is decreased as q0 increases. Lower value of q is then required for
getting higher p m , but q0 is limited by kink or internal mode criterion, qo a 1, and POT is
thus maximized when qo = 1. Three types of toroidal current density and safety factor
profiles and their corresponding p limits are illustrated in Fig.6. a), b) and c) are
characterized as flat, peaked and rounded types of toroidal current density profile,
respectively. The rounded type is preferable rather than flat or peaked types to get the
maximum P limit.

IV.2. Scaling Law

From the results the maximum beta limit Pm in % is expressed in a scaling law as
3ffl = 7.9-^
1O
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whichis the same form as that obtained from the two parameter model(2]. The difference
is only the coefficient, which is 7.7 when adopting the two parameter model. Fig.7 shows the
scaling law (20).

V. Conclusion
Optimization of P limit is discussed with varying the shape of the toroidal current
density profile for an axisymmetric tokamak with a circular cross section under the constraints
of ideal MHD instabilities. Semiempirical laws are adopted for the toroidal current density
distributions. The sensitivity of P limit to plasma current density profile will give a practical
guideline on the effective stable operation of the SNUT-79 in hot-plasma experiments in the
future.
As the peaking factor v increases the toroidal current density profile becomes peaked
type, and when pB increases the peak of the profile shifts outward across the plasma column.
P limit increases as the current density profile becomes rounded and the peak shifts to the
magnetic axis, but the dependence of |3 limit on the peak shiftness is trivial. The maximum
value of p limit is obtained when v = 1.61 and P 8 = 1, from which the optimum current
density profile is determined for the effective stable operation of the tokamak. Pm in %
is expressed by the scaling law,

In this work for high-temperature plasma in additional heating stage ideal MHD
instabilities are taken into account. A realistic £J limit for ohmic-stage tokamaks may be
obtained by including the resistive modes in the stability criteria due to low-temperature
operation, and further study is required for these analyses. If e = 1/3 and q0 - 1 we get
P,,, ~ 2.65% according to the scaling law and this is nealy the upper limit for tokamaks
with circular cross sections[ll]. Noncircular shaping of the cross section of the plasma
column is then recommended to increase the (5 limit.
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Table 1. Parameters of SNUT-79 Tokamak

Mechanical Parameters
Minor radius (a)
Major radius (R)

0.65 B

0.15 D

Plasma volume (V)

0.3 D)3

Material of vacuum vessel

SS 304

Limiter (type and material)

plate. SS 304

Electrical Parameters :
Toroidal coils

No. of coils
Bt and conductor

Transformer

16, D-shaped
3 T. Cu
0.4 v.s,

iron core

Plasma Parameters :
Plasma current (IP)

0.12 MA

Discharge time

0.5 s

Energy confinement time ( T E )

0.05 s

Plasma density (n P )

—

Plasma temperature (T)

0.3 keV (Ohmic heating)

10 1 3 cm-3

5*0
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Fait magneto-acoustic wave field profilt In tokamak
Van Ping Chen and Shin lung Tsai
Inititute of Physics, Aeademia Sinica, Beijing 100080,China
I introduction
In order to describe wave abiorption in ion cyclotron radiofrequeney (IGRF) region quantitatively, a full wave equation muit be wived to determine the wave field profile in the toru*.
Generally thii it a set of differential equations in two space variablei for symmetric tolamak and
can only be solved numerically even after making some approximations up to now. Here we solve it
analytically, keeping the effects of torus, inhomogeneity along the magnetic field line, shear, finite
Larmor radius (FLR) etc..
For pure first and second harmonic cyclotron frequency heating the efficiency of mode conversion from fast wave to ion Bernstein wave is low. The fast magneto-acoustic wave may propagate
freely toward the center except a thin evanecent layer near the periphery of tokamak. In this ease
WKB approximation in perpendicular direction inside the evanecent layer is justified. So the wave
field may be written as
B('||,/x) = l ( ' | | ) e x p t j k x - « f l ± ,

(I)

where *j_ i* a wave vector in perpendicular direction, /|| and l± are space coordinates along the
parallel and the perpendicular directions of magnetic field respectively. In ICRP heating the parallel
component of the electric field of the wave is much smaller than the perpendicular component and
is neglected here.
O.Derivation of the wave equation
With the un.t vectors C| and «j. for the parallel and perpendicular directions, we define
e o = «|| x *x, t±= - | ( « j . T »•„).

(2)

Then we obtain two coupled wave equations for B+ and E- from Maxwell equation as follows:

«±.VxVxE=-r£iF + ~ /
c

T

,

(*)

c

where
B± = »•«!, i±=J-e' ± .
For circular cross section of magnetic surface we have

(4)
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where «„•#,«( are unit vectors of toroidal coordinate system. Then the left hand side of Eq.(S)
changes into follow*:

LHS = -

^

± ^ W i ( ± " ) =F (*+ - *-M(±'),

(6)

where

d/|i = qRd$,
and Jtj. ~ it, » i« has been assumed.
In order to keep the shear effect, the perturbed distribution function Sf is expressed in the
following form:

S/(x(e),v) = £ «-•«' fM J»hf(x&), r)&,

(7)

which automatically ensures that j / is periodic in t at magnetic surface with any value of safety
factor q. It has been shown that 6f(x(6),v)

in the infinite domain - c o < ? < 4-co will generate

an eigenfunction in the domain 0 < 9 < 2x with a same eigenvalue'1', so does the wave field E.
Hence we discuss our issue in 8 space and neglect the bar over 8 for simplicity thereafter. Being
similar to the wave Held, Sf may be written as:

f±-dl±.

(8)

The nonlocal contribution of Sf is smaller than that of the local one by the order of pr/R* (or
p 2 r z /A 4 ), if there is (or no) local resonance layer for this component, where p is Larmor radius.
So we adopt the result of the local theory for if in Maxwellian plasma:

k±vx
Then

where
4*0,-(w
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With the expressions (6) and (10), the two coupled wave equations (3) have the following form:
-.^—± M| (T^)-jjj—HA/o±2J|£ = —Me±E^,
II
I'

(11)

where
Mo±

= -A(±9)

+

" * ,

M.± =

The two wave equations are combined to give a fourth order differential equation for

E+(orE-),

which can not be displayed here for being short of space.
m.Solution of the wave equation
In ICRF we take the following ordering: r/R ~ i < 1, k*/k]_ ~ 4 3 . By expanding the fourth
order differential equation order by order, the lowest order equation, in order of 6~~*, is
(Mo-Mo+ - MC-MC+)E+

= 0.

(12)

The nonv&nishing otE+ demands the coefficient in Eq.(12) to be zero. This is a generalized Ricatti
equation for lt±:
r i

i

[
1 1

r

.W

R

• I U>filjl

I

fi,-

I c2n?

I

i

%

1

.W

rR

tli

I

tn

In the most region of tokamak, where ^ r » ^771 « terms of EJq.(13) are in two orders: O(6~2)
and O^" 1 ), and Eq.(13) may be solved order by order, finally we obtain:

J,

r

L»'w^nf-(a)J

[

,r — a u

. .

f

y,

, csin^

\ eO,
r- a

where a is a magnetic surface radius inside the fast wave cutoff near the periphery. Near the center,

where ^

» Z£R » ^f' w e have
x

.I x = exp L L ^ ( e o i » + i^«in»)] ,

(15)

where ro is the radius of a magnetic surface near the center.
The next order, O(6~ 2 ), terms of the E+ wave equation give a second order differential
equation:

where
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g{6) =

dl,

where Ti is the higher order t e r m s in A/o_A<o+ - Mc-Mc+.

B y letting
d<>,

(17)

Eq.(16) can be written in a simpler form for u:

ft

<>,

(18)

where

Up to O(r/R), 1(9) may be written as
/(?) = «o + a,. cos 9 + at sin J,
where ae/ao,a,/ao

(19)

~ O(r/R), so u(0) and the Ek[.(18) may be separated into two orders, and

solved order by order, then we obtain the solution:

u = £ i l o i * * * * ^ ' {l + ^ G i i W } .
where /4o± are two integration constants and

According to Eq.(17) we have

where

The actual wave field

AT=-oo

With the following expression
2^
N=—oo

exp *x(8 — 2irJV) :

(20)
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where M is an integer, we obtain the final result of the actual wave Beld:

IV .Discussions
Now we present and discuss the results in following several cases:
(!)In cold plasma,

C

~ ° "= 8^R» [« P " +Og)3 JK '
a =a

< <^7v \^T^)

(2)ln warm plasma k±_pi

(27)

R-

y

+

i

(28)

a, = a*e.

(30)

(3)ln hot plasma k^pf

R

2c6nS I <**-no

V «*-'o§

«*-ng;

7;^+ng V

w* + no/J«'

a. = ««•

l

(33)

The above result* show that the torus and inhomogeneity cause a change of wave field in order
of r/R. Combining the shear and inhomogeneity effects together specifies eigenvalues of w. The 0
value of a tokamak seriously modifies the w spectrum.
References
I. J.W.Connor, RJJiastie and J^.Taylor, Proc. R. Soc. Lond. A. ««5,l(lB70).
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FEEDBACK STABILIZATION OF TEARING MODES
USING MODULATED NEUTRAL BEAMS

A. Sen, A. K. Sen1, P.K.Kaw and R. Singh
Institute for Plasma Research,
Bhat 382 424, India

Abstract
Tearing modes play an important role in the confinement and stability of
tokamak plasmas. They are suspected to be the principal cause of both minor and major disruptions. We consider here a stabilization scheme based on
injection of modulated neutral beams to provide feedback controlled sources
of particle, momentum and energy density. Model theoretical calculations
are presented for the stabilization of drift-tearing modes and it is found
that for ADITYA parameters, stabilization is possible using modest beam
powers, beam current and beam densities.
1. Introduction
It is widely recognized that stabilization of m = 1 and m = 2 tearing
modes in a tokamak can lead to considerable improvement in their stability and confinement performance [1,2]. Attempts to stabilize the m = 2
tearing modes by feedback methods using saddle coil techniques have met
with limited success [3]. One of the main reasons for this failure is that
both the method of detecting the mode and influencing it by altering the
boundary conditions on the wall are rather inefficient and become effective
only when the mode amplitude has already become large. This leads to two
difficulties viz. (a) one needs a larger amplitude of feedback signals and (b)
one has a rather short time available to prevent a catastrophic disruption.
As a consequence, the requirements of power for the feedback systems become prohibitively high. In this paper we consider the possibility of using
modulated neutral beams, which can deliver density, momentum and energy into the plasma interior, as a feedback method for stabilizing tearing
'Columbia University, N.Y.
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modes. This method has several advantages. Firstly, we can use a sensitive diagnostic from the plasma interior (such as soft X-ray emission, ECE,
high energy ion probe, density interferometer) to detect the tearing mode
activity at a stage when it is still rather weak. Secondly, the feedback signal
which is in the form of modulated momentum, density and energy of neutral beams, can also be fed directly into the plasma interior where it can
influence the dynamics of the tearing modes more effectively (this is why
even the m = 1 mode may be stabilized by our method). The consequence
of these advantages is that the overall requirements on the feedback power
system are rather modest. We illustrate the method by carrying out a model
analysis for the stabilization of drift tearing modes for plasma parameters
of the ADITYA tokamak.
2. Model Equations
The basic equations are
dv

J xB

„
V

en

g
-^

+ M

(1)

e at

S

(3)

+ v • Vp 0 + PiV • v = E

(4)

where 5 = 7Qnfc,£ = iq-exnbTi, M - m,i(-yn + 7^)Vfcnb are the sources
of density, energy and momentum arising due to electron impact and charge
exchange ionization of neutral beams and other notations are standard. The
above equations are to be combined with the quasi- neutrality condition
V • J = 0. Following standard procedure for deriving drift tearing mode
equations [4], we calculate J i from (1) in which V_L is eliminated using the
Ohm's law (2), and p,- is eliminated by using (3) and (4). The final model
equations are then

-jjd2A»

= <ro(A|, - x$)
d2

- , d?

(5)
Id,
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where x\ = w(w a, = c,/fit- and

^

H1

.(
=

"

We model a feedback law by
7i(, — G

(91

where G is a gain factor which in general can be complex. In principle, fib
can be related to any physically measurable quantity of the unstable mode
and the choice of the feedback law can be optimised to take advantage of the
sensitivity of the measuring equipment available for the experiment. In the
next section we will solve equations (4) and (5) with the source terms given
by the feedback law (9). For simplicity we restrict ourselves at present to the
case of radial beam injection so that Vw = 0 and the term with coefficient
Hi does not contribute.
3. Variational Solution
The set of equations (4) and (5) are in general difficult to solve analytically and one has to take recourse to numerical solutions. Variational
methods provide a powerful analytic technique which can often be applied
successfully to such systems of equations to obtain a dispersion relation.
The idea is to obtain a self adjoint second order equation for a suitable variable, which can then yield a variational quadratic form [4]. Eliminating 0
between (4) and(5) yields a fourth order differential equation in A\\, whose
Fourier transform in x is a second order differential equation in the quantity
j(q) :

dq ql dq
2

dq

q

<7Q

q

s tne

j{i) = 9 ^|| '
perturbed current density, H\ = H\G and .4|| is the
Fourier transform of A\\
f + OO

= I
J—oo

dxexp{-iqx)A\\(x)

(11)
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With the substitution, j(q) = qJi(q)exp(-H\/'4),
reduced to

Equation (10) can be

which is in a self-adjoint form. The term proportional to the delta function has been added to correctly account for the asymptotic behaviour of
i4|| for the m = 1 mode. It arises as an additional term in the solution of
the Ampere's law. The quantity A' is the usual jump in the logarithmic
singularity across the tearing layer. We can now define the functional

(13)
which is variational, in the sense that, Eq. (12) can be obtained from
SS - 0- Choosing a simple trial function of the form,
(l/q)ezp(-aq2/2),
Re(a) > 0, we can evaluate (13) to get
* A _. 2xWf2
'

_

**A
4V

+ Hial/*

_ *y
4a*'

(14)

To obtain a dispersion relation we need to simultaneously solve S(a) =
O.SS/fia = 0). We carry out such a calculation for the m = 1 mode for
which A' —> oo. We obtain
(2^-^)2 = 4(^-^)

(15)

Note that for Hi = 0 the dispersion relation reduces to x^oo = ^ which
yields the usual m = 1 drift tearing mode, w = w.i and growth rate 70 =
(ck',,Vji)2Ti•/'{AirJli). The solution of the full biquadratic equation (15) with
H\ £ 0 shows that the m = l tearing mode is completely stabilised when
1 <| ao{u),i)HiG I

(16)

Similar conditions can be obtained for the stabilisation of the m = 2
tearing mode.
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4. Discussion
In this section we discuss some of the practical aspects of the feedback
stabilisation scheme descibed above. For the m = 1 mode, it is seen from
(16) that stabilisation can occur when

This can be expressed in the form

where TR and TA are the resistive and Alfven times respectively, q is
the safety factor, e is the inverse aspect ratio and be is the poloidal magnetic field fluctuation. For typical ADITYA parameters : e = 1/3, w,i ta
3 x 1045~1,ryi ~ 1 0 ~ 6 3 , T R « Is,7a ~ Iq-ex « lO 6 ^" 1 for a 1 kev beam
with Vb « 3 x 107CTO,S~1. For magnetic fluctuation levels in the range of
be/Be ta 10~3, which is well within the detection sensitivity of the diagnostics employed on ADITYA, eq(18) gives fib/N « 10~7 for the stabilisation of
theTO= 1 drift tearing mode. For a background density of N « 3 x 1013cm~3
the actual modulation number density is thus seen to very small ~ 106cra~3.
In actual practice this number would be enhanced, typically by a factor of
102, due to inefficiencies arising from coupling to a finite source. A further enhancement can arise from the convolution of the tearing mode profile
and the deposition profile of the neutral beam. Taking this into account
the amount of modulation density required would be in the range of 10° to
1010cm_3 which can be quite easily achieved using modest beam Bources.
The power and current requirements on the source are also quite modest
viz. for a Ikev beam source it is approximately of the order of lOAmps and
10kW respectively. A critical question is ofcourse the choice of the beam
voltage which determines the beam penetration characteristics. For typical
ADITYA parameters, a \kV beam is found to be sufficient as it easily gives
a penetration depth in the range of 15 - 20cms, sufficient to influence both
the q = 1 and q - 2 surfaces.
In conclusion, we have investigated the feasibility of carrying out feedback stabilisation of m = 1 and m = 2 tearing modes, using modulated
neutral beams to provide density, momentum and energy sources. The
scheme has some natural advantages over other methods such as saddle
coil techniques in terms of detection sophistication and coupling efficiencies.
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Theoretical analysis of the model equations has been carried out for the
simple m - 1 case in the collisional limit using fluid equations. Stabilisation is seen to be effected by a real, positive gain function which directly
modifies the resistive growth rate. The beam density modulation and power
requirements on the source are found to be quite modest for medium sized
tokamak experiments like ADITYA. Further calculations and design studies
are in progress for implementing this scheme on the ADITYA tokamak.
References
1. N. R. Sauthoff, S. Von Goeler, and W. Stodiek, Nucl. Fusion 18 (1978)
1445
2. J. Wesson et al, Nucl.Fusion 29 (1989) 641
3. D.G.Robinson, A Variety of Piasmas, Procs. o/tto 1989 International
Conference on Plasma Physics, New Delhi, 1989 eds: A. Sen and P.K.
Kaw,p453
4. R.D. Hazeltine and D.W. Ross, Phys. Fluids 21 (1978) 1140
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•Limit and Bootstrap Current for Small
Aspect Ratio Tokamak Equilibria
P. H. Sakanaka, Institute de Fisica, UNICAMP,
C.P. 6165, 13081 Campinas, SP, Brazil and
S. Tokuda, Japan Atomic Energy Research Institute,
Naka Establishment, Tokai-mura, Ibaraki, Japan.

Abstract
We present equilibrium features of the very small aspect ratio
tokamak, TBR.-2E, with the aspect ratio of 1.6, which is being
designed in Brazil - a joint project with the participation of the
University of Sao Paulo, the State University of Campinas, and
the National Institute for Space Research.
The equilibria have been studied by using the SELENE-J code
developed at JAER1, Japan, by Tokuda et al. We have concentrated our study on the determination of the stability limit by
using the critical pressure criterium for ballooning stability and
Mercier criterium for other MHD modes. The /?-limit values were
calculated for the case of the non-inductive current and found that
its maximum lies at elongation of 1.7. Increasing the triangularity,
the /?-limit values increase, but the maximum continues to stay at
the same value of elongation.
We have also studied the effect of the neo-classical transport
properties by changing the plasma temperature (or /? values). In
particular, we have studied the trapped particles and bootstrap
current. We have found that at temperatures as low as 600 eV
the transport is already in banana regime and that the bootstrap
current may account for a significant part of the total plasma
current.
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1

Introduction
Triggered by Troyon scaling (l), there have been many studies of very small

aspect ratio tokamaks |2,3] which show that, from the stability point of view, as
one lowers the aspect ratio the plasma beta value increases. There are also several
proposals and projects for the construction of a very small aspect ratio tokamak
[5,4,6,7].
A joint project, TBR-2E, has been proposed by three Institutions in Brazil:
University of Sao Paulo (USP), State University of Campinas (UN1CAMP), and
National Institute of Space Research (1NPE), with the cooperation of Oak Ridge
National Laboratory, USA [8].
The design values of TBR-2E is given in Table 1, the expected plasma parameters are given in Table II and the main cotes for the project is shown in figure 1.
Major radius
Minor radius
Maximum elongation
Toroidal field at Ro = 0.50
Plasma current
Cylindrical safety factor
Plasma pulse duration

Ro = 0.39 m
a = 0.25 m
b/a = 1.7
B* = 0.63 T
IP = 260 kA
qc — 4.5
TP — 100 ms

Table 1: Main design values for TBR-2E
Maximum average density
< nt > = 1.01020m"3
Average electron temperature
Te — 700 eV
One-trun loop voltage {zt!f — 2) Vioop = 2 V
Maximum 0 (Troyon)
(5 = 10%
Table 2: Expected plasma values for TBR-2E
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arao

Figure 1:

Main cotes for the design of TBR-2E
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In section 2 the physical model is briefly described. In section 3 we report
studies of equilibrium stability limit (Mercier and ballooning) using the equilibrium
code, SELENE-J, developed by S. Tokuda et al. |9j. In section 4 we present the
study of the bootstrap current generated in TBR-2E tokamak as the function of
plasma current.

2

Physical Model
By expressing the equilibrium magnetic field as
(1)

where F = RBt (Bt, toroida] magnetic field), the Grad-Shafranov equation is
derived:
(2)

where rp is the poloidal flux function and the operator
~ dR2

+

dZ2 ~ RdR'

In equation (2) J$ is the toroidal current density given by

RJ. = -R>£-1.F£,
dtp
RJ*

(3)

no dtp

= 0,

(4)

with p = p(ip) being the equilibrium pressure profile. Equation (3) is for the region
inside the plasma and equation (4) in vacuum.
The quantity ^ can be expressed in terms of the flux surface averaged parallel
current density, < J • B >
dF

v
F

^

[ F2

dp+t Fr < J - B > ]

I

(5)
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The surface averaged parallel current, < J • B >, in equation (5) obeys the
generalized Ohm's law (10,11]:
< J • B >=<

J • B >OHM + < J

B >BS

+ < J • B >NOHM,

(6)

where < J • B >OHM is the ohmic current, < J • B >BS the bootstrap current and
< J • B >NOHM the non-ohmic current driven by external sources, such as, NBI
and RF-wave. The ohmic and the bootstrap currents are expressed as
2

= oNC <E-B>=

(7)

= -FPe{LeslApe

^ - ^ A N C < E B>,
me
+ Lc32ATc)

= -FpiiL^A^

+ LUAn),

(8)

<JB>OHM

<JB>BS

where
Ap(

-

Apx

=

dlnpe

d\nTt

———, Are — — 3 - — di>
dip

^ , A r ,
dip

=

^ ,
dtp

(9)

and Taa is the Braginskii Coulomb collision time defined in JlOJ. The coefficients
ANC ; i L ' -^32' -^317 an(^ -^32 ' n equations (7) and (8) are computed by the method
given in references [10,11]. This method is valid for finite aspect ratio, arbitrary
cross-section, all collisionality regime, and multiple ion-species plasma.
In this work the following assumptions are used:
• plasma is in astationary state: < E-B >=< B-V<f>> VL/2JT, with VL being
the one-turn voltage.
• only one impurity ion (Carbon) is considered.
• thermodynarnic forces of the impurity are neglected. Impurity effects enters in the neoclassical coefficients of electrons and main ions only through
Coulomb collisions.
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Equation 6 demonstrates that the equilibrium is determined by specifying the
density and temperature profiles of the electron and ions with the appropriate
boundary and constraint conditions. In this work the total toroidal current, Jp, is
employed as the constraint condition:
h = hs + IOHM + JJBS = given,

(10)

where

Ips =
PS

IOHM

_±. r

migjL^
2

2nJ d*P< B >
1 VL f
1
-

^

<

'
< Bf >

>

Here IpS is the Pfirsch-Schluter return current which flows to maintain charge
neutrality conditions on each flux surface, IOHM is the Ohmic current, and IBS is
the bootstrap current.
Solving equation (2) together with equations (5) and (6) iteratively, Vi (oneturn voltage) is updated at each iteration such that equation (10) is satisfied, i.e.,
VL can be regarded as the nonlinear eigenvalue.
The operator A" is numerically inverted by using the double cyclic reduction
method in the Cartesian coordinate (R,Z) with the semi-fixed boundary method

3

Limiting Beta Values for TBR-2E
To solve the set of equations (2, 3. 4, and 5), we start by giving a set of vertical

field and elongation coil positions and the profiles of ne(ip). T( rjj). Ti(ip), Zef
and < J • B > in a general form:

=

ao+{aE-aQ)ipm.

(12)
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Besides that, we have taken other parameters of TBR-2E and have chosen the
triangularity, 6, to be 0.3. By varying its elongation, K, from 1.0 to 2.2 we have
checked the /3-limit, i. e., the maximum plasma /? value before plasma becomes
either ballooning or Mercier unstable. We have increased the plasma temperature
to insure the increase of /?.
Figures 2 through 9 show a typical run for this study. In particular, we have
taken the case of non-inductive current, which is the most stringent stability case.
Figure 2 plots the < J • B > profile; figure 3 shows the pressure and the q profiles;
figure 4 show the pressure derivative and the critical ballooning pressure derivative.
As the temperature is increased, the critical ballooning pressure derivative (dashed
line) are raised. When this curve goes above the pressure derivative at some points,
the ballooning instability sets in. In particular, figure 4 is the limiting case when
plasma has just become unstable. Figure 5 is the Mercier creterion (thick solid
line) and the three different terms which the Mercier criterion is composed of:
shear term (dotted line), Well term (thin solid line), and the destabilizing term
(dashed line). Figures 6 and 7 show the pressure, g, ne, and Tc profiles in Rspace. Figure 8 shows the current density term: non-inductive current (thin solid
line), Pfirsh-Schluter current (dashed), and the total current profile (thick solid).
Figure 9 shows the contour plot of rt>{R, Z)-function.
As we increase the temperature the stable equilibrium configuration becomes
either ballooning or Mercier unstable. We have plotted the /3-limit versus the
elongation, K, in figure 10, for two values of the triangularity, S = 0.1 and 6 = 0.3.
We see that the maximum /3-limit lies about elongation of K = 1.7, and the /3-limit
is larger for larger triangularity. For K = 1.7 and 6 = 0.3 we have 0 = 0.075. This
is the case for the non-induced current driven plasma. For the case of the ohmic
current this /?-limit might be even larger.
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4

Bootstrap Current and Neoclassical Collisionality for TBR-2E
We have run equilibrium cases for TBR-2E taking a close look at the neo-

classical collisionality parameter and the bootstrap current.
The ratio between the average fraction of trapped particles to that of circulating
particles is given by
it
fc

fft

(13)

where
o< n

f
Jc

XdX

>

4(#maz)

2

Jo

<xfj I -

XB/Bmaz >

ft = 1 - fc.

(14)
(15)

Now the average transit frequency of the species a is defined by

where x/g = \{Vxp x V0)]" 1 , V(a = \/2Ta/ma, RQ is the position of the magnetic
axis, and q is the safety factor. The collisionality parameter u' is given by [12]

~

For high aspect ratio circular tokamak, ft and V at radius r can be approximated as
ft = 1.46^,1/' = €~3/2(l - 1.46-v/e),

(18)

with £ = T/RQ. This may be used to compare the results of our calculation with
the circular, high aspect ratio tokamak. The three collisionality regimes for each
species can be written
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Now, when there are no trapped particles, neoclassical conductivity cNC reduces to the classical Spitzer conductivity oSptuer which is expressed as 112]

s lU r =

°» '

nee2

~^

zf + IAIZ,

•

Figure 11 shows the partition between trapped and circulating particles for the
case of Te = 600 eV. The trapped particles occupy between 60% to 80% of the
total particles, which is very high.
In figure 12 we see the ratio between the neo-classical and Spitzer conductivv
(l), which reaches about the value 0.4, and the collisionality curve (2), which
means that when it is above 1 it is in banana regime. As one can see, the major
part of electrons is in banana regime.
Figure 13 shows the dependence of the ratio IBS/I? with i0j. where IBS is the
bootstrap current, Ip is the total plasma current, e = a/RQ is the inverse aspect
ratio, and the current-beta given by

b/*'

(20)

The empty square points are values calculated for the total plasma current of
Ip = 400 kA. and the dots are for lp = 260 kA. These two curves are almost
superimposed. Further verification shows that these curves depend very little
with the profiles. As a result we can say that for very small aspect ratio tokamak
the bootstrap current can occupy a large portion of the total plasma current.

-319-

5

Conclusion
In the present work we computed equilibria for the parameters of the very

small aspect ratio tokamak, TBR-2E, which is being designed in Brazil. We have
paid close attention, first, to the /9-limit by varying the elongation with fixed
triangularity. We have found that the maximum beta is obtained for values of
beta near the natural elongation of the machine, particularly for the aspect ratio
of 1.6 the maximum lies around K. = 1.7. Two values of triangularity we examined,
6 = 0.1 and 0.3. For larger 6 we have larger beta maximum.
The second point which we have concentrated our study is the examination of
the neo-classical properties of TBR-2E. We have found that for a temperatura as
low as 600 eV, this tokamak operates at banana regime. We have also obtained
a very general curve, the dependence of Isslh

w tn

'

V*0J- This curve does not

depend much on profiles nor on total plasma current.
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TOROIDAL DISCHARGE IN LOW-q REGIME AND
ITS APPLICATION TO COMPACT FUSION DEVICE
N. Inoue* , Y. Ogawa, Z. Yoshida, S. Takeji, J. Uchikado, S. Kido,
H. Nihei, and J. Morikawa
Department of Nuclear Engineering, University of Tokyo,
Hongo, Bunkyo-ku, Tokyo 113, JAPAN
ABSTRACT. Ohmic ignition condition on axis of the DT tokamak plasma which is
heated by minor radius and major radius adiabatic compression is studied for cases of UltraLow-q discharge and Neo-Alcator tokamak. Ignition can be achieved with compact tokamak
typically with the minor radius of 0.5m, major radius of 1.5m, and plasma current less
than 10MA. In case of the ULQ device, maximum toroidal field required is less than 4T,
but energy confinement time longer than 0.6s. is necessary. On the other hand, in the case
of Neo-Alcator tokamak, high toroidal field 20T is necessary even though compression is
applied, but plasma current can be reduced by compression.

1. INTRODUCTION
Tokamak is the most credible device to attain the ignition of thermonuclear fusion
reaction, because of its abundant database on plasma confinement. The size of ignition
device becomes, however, very large if it is designed with conventional way as in the
case of ITER. While the tokamak Ohmic ignition device is essentially compact, because
its size is restricted by the lower bound of the safety factor margin for given toroidal field
and plasma current density requisite for igntion. In addition to compactness, Ohmic
ignition device is simple because additional heating systems are not necessary.
Disadvantage of the Ohmic ignition tokamak is that it requires such a high toroidal field as
20T. Reversed field pinch(RFP) and Ultra-Low-q(ULQ) system are candidates of Ohmic
ignition device with low toroidal field. However, their confinement scaling and/or plasma
performance are not sufficiently understood.
Here we discuss the Ohmic ignition condition with adiabatic compression for two
cases of operation modes; ULQ dischargefl] assuming Alcator-type scaling with flat
profiles of plasma parameters, and tokamak discharge with Neo-Alcator confinement
scaling and parabolic profiles of plasma parameters. In the former case, energy
confinement time required for ignition is deduced, and in the latter case, device and
plasma parameters necessary for ignition at plasma center are calculated.

* FAX: 81-3-3812-1579, Phone: 81-3-3812-2111 (Ext. 6981)
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2. OHMIC IGNITION CONDITION
Let us assume a toroidal DT-plasma with equal electron and ion temperature, and
assume same profiles for plasma current, temperature and density. The power density on
axis of the Ohmically heated plasma is given by
P(0) = Pj(0) + PF(0) + PL(0) + P B (0)

where Pj(O), P?(Q), PL(0),

and

PB(O)

are power densities of Ohmic heating, alpha

particle heating, transport loss, and Bremsstrahlung loss on plasma axis in MW/rn3,
respectively, and j , T, n, and TE are current density in MA/m2, plasma temperature in
keV, plasma density in 10 20 nr 3 , and energy confinement time in second, respectively.
Coefficients Cs of Eq. (1) are given by
C} = 2.97xl0- 2 (0.65Z eff + 0.35)

C L = 4.81xlO-2
and
C B = 4.93x10- 3 Z eff ,
where Zeff is effective charge number of the plasma and Z is charge number of impurity
species. Coefficient Cj contains the factor arising from the Spitzer resistivity only, and
the neoclassical enhancement factor is not taken into account. In the second term of the
right hand side of Eq. (1), we adopted the fusion reaction rate coefficient which is
proportional to r 3 - 5 according to Ref. [2]. This choice of the temperature dependence
makes it possible to express the density and the temperature in analytical form at the
saddle point of the power density plane[3].
Figure 1 shows 3D expression of the dependence of power density on temperature
and density for the case that; = 12MA/m2, TE = 2.5sec, Z = 8, and Zeff = 1.5. We define
the ignition condition in such a way that the power density on plasma axis is positive due
to occurrence of the thermal runaway [4] caused by the alpha particle heating. The saddle
point values are calculated from dP/dT = dP/dn = 0, and the marginal condition for
ignition is given by P = 0 at the saddle point. From these relations and assuming Alcator
type confinement scaling with the coefficient K which depends on plasma minor radius a,
major radius R, and edge safety factor q, represented by
TE = K{aji,q)n,

(2)

we obtain the temperature, the density, and the current density at the saddle point as
follows:
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and

These are marginal values requisite for ignition. The saddle point temperature is constant
for the same charge numbers, and for Z = 8 and Zeff = 1.5, Ts = 5.2keV. Multiples of
energy confinement time with density and current density become constant at the saddle
point:
4.01 x 10"2 «/CT
CB
V CF

(6)

and
_ 4.39 x 1Q-2
()

where TES is the energy confinement time at the saddle point. The current density is,
however, limited by the plasma stability requirement. For given toroidal field B-r(in T)
and the minimum safety factor q at the plasma edge, the critical current density permitted
to flow is given by

If we put Bj = 8T, q = 0.7, R = 1.5m and a = 0.5m, then from Eq.(8), the device
is capable to flow the current density j = 12MA/m and so the total plasma current / p =
9.5MA if the flat current density profile is assumed. For this current density, the energy
confinement time necessary for ignition is 2.5s from Eq. (7) and saddle point density is
4.9(xlO )m~ from Eq. (6). This parameter set was used for the calculation of Fig. 1.
3. ADIABATIC COMPRESSION
Let us consider two types of adiabatic plasma compression shown in Fig. 2, i.e.,
the minor radius compression with the compression ratio C a activated by increasing the
toroidal field while keeping the major radius constant, and the major radius compression
with the compression ratio CR while keeping the toroidal field constant. Dependences of
plasma parameters on compression ratios are summarized in Table I [5].
From geometric scheme shown in Fig. 2, we obtain the relation

}
Application of minor radius compression modifies Eq. (1) as

where parameters with subscript 0 indicate those before magnetic compression. Adiabatic
compression enhances the Ohmic heating input more than transport power loss and also
the cc-particle heating power much more than the Bremsstrahlung power loss,
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respectively. Thereby it is possible to attain Ohmic ignition with shorter energy
confinement time and smaller total plasma current.
From Eq. (8), we obtain the marginal energy confinement time necessary to keep
f(0) > 0 throughout the compression

In each stage of the compression, the energy confinement time should be longer than the
critical energy confinement time given by Eq. (11) and the magnetic compression time
B(dB/dt)~ should be shorter than the energy confinement time in order to keep adiabatic
conditions.
When we start with To= 0.6keV, « 0 = 0.2xl0 20 m" 3 , andy0 = 2MA/m2 which has
been obtained by REPUTE-1 ULQ experiment[6] with the toroidal field of 0.25T, we
arrive the saddle point density and temperature of Fig. 1 taking the toroidal field
compression ratio 3.8. The current density after compression is 52MA/m , and from Eq.
(7) necessary energy confinement time is 0.6s which is shorter than 2.5 s required in the
case without compression. The toroidal field after compression is 3.6T. From the
technical point of view, there are sufficient room to increase the toroidal field and thereby
improve plasma confinement.
4. NEO-ALCATOR TOKAMAK COMPRESSION
In this section we consider the case of tokamak plasma ignition assuming NeoAlcator confinement scaling[4]. Let us take the profiles of the form

[)

(12)

for the density n, and the current density/, where a is plasma minor radius at each stage
of compression. Parameters with subscript c are values on the plasma minor axis. The
peaks of the density and the current profiles are given by
U1 \ ) ,

(13)

Tta

and
/c = ~ £ ^ a + l ) ,

(14)

respectively, where A' is the total number of particles and Ip is the plasma current. The
safety factor on the plasma surface is given by

The safety factor on axis qc is related to q by
g = (a+l)Qc

(16)

Compression ratios of the minor radius and the major radius are given by
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and

respectively, where values with subscripts 0 are those before compression, 1 after the
minor radius compression, and 2 after the major radius compression. The peak values of
plasma parameters and toroidal field change according to the scaling given in Table I.
In case that the plasma cross section is elliptic with the elongation ratio K, q is
replaced by the cylindrical equivalent safety factor [7]
(19)
and the current density on axis is given by
5BT i + Ka
h
nqc*R 2K '

(20)

where qc, is the safety factor on axis. The toroidal field on the plasma axis after minor
radius compression and major radius compression is obtained by inserting the peak
current density after compression ji into Eq. (20) and given by
2 J R
Neo-Alcator energy confinement time are represented by
TE = 0.07 aR 2q*n
with average density
n = (a+l)nc.

(22)
(24)

Two examples of parameter sets for Ohmic ignition on plasma axis are listed in
Table II. Charge numbers with Zeff of 1.5 and Z of 8 are assumed here. The parameter
set No. 1 is close to that of the Ohmic ignition tokamak IGNITEX. The device
parameters of the set No. 2 are approximately close to those of the IGNITEX, but the
application of adiabatic compression considerably reduce the total plasma current. This
fact makes the design of current transformer easier especially in the case of compact
device.
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Table I. Dependences of plasma parameters on compression ratio Caand CR.
minor radius compression
major radius compression
Plasma minor radius a
Plasma major radius R
Density n
Temperature T
Pressure p
Toroidal field on plasma axis Bj
Plasma current / p
Current density./
Safety factor at edge q

Ca

const.
C 2

CR1

Ca4/3
10/3

CR4/3

c

Ca2

const.

r
Ca

2

const.

CR2

r

CR

10/3

CR
CR

rCR 2
const.
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Table II Examples of Parameter Set of Neo-Alcator Tokamak
compression ratio C a
compression ratio CR
elongation ratio K
index of profile a
minor radius(m)
ao
a2

a2
major radius(m)
R0 = Ri
R2
toroidal field(T)
Bo
flx
B2
total current(MA)
safety factor
q*
<? c *
current density(MA/m2)
7o
y'i
h
density(xl0 20 nv 3 )
no
«i
n2
temperature(keV)
To
Tx
T2
confinement time(s)
TEO

ifei
TE.

average toroidal beta(%)
/3 C
/82

NoJ
1
1
1.6
3

No.2
1.34
1.1
1.6
3.5

0.47

0.47

0.47

0.35

0.47

0.34

1.5
1.5

1.5
1.37

20
20
20
11.7

11.1
20
21.9
6.78

2.24
0.56

2.16
0.48

42.2
42.2
42.2

27.1
48.7
59.0

17.2
17.2
17.2

11.1
19.9
24.1

5.16
5.16
5.16

3.07
4.54
5.16

0.72
0.72
0.72

0.40
0.72
0.51

1.79
1-34

2.08
1.56
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Figure 1 3D plot of plasma power density as
functions of density and temperature.
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AN ANALYSIS OF B O O T S T R A P C U R R E N T D R I V E N
TOKAMAKS W I T H UNUSUAL q-PROFILES
S. Chaturvedi, S. Deshpande, A. Agarwal and K. Avinash
Institute for Plasma Research
Bhat, Gandhinagar-382 424
India
1

Introduction

High aspect ratio, high-/?p tokamaks are of interest for achieving two different objectives.
The first is the development of a relatively low cost, law-Qdt, low-/p device, which is intended
to demonstrate steady-state operation at the temperatures relevant to fusion [1]. Such a
device will be useful for testing impurity/heat removal and RF current drive systems. A
significant fraction of bootstrap current reduces the demands on the current drive system in
such devices. The second objective is a device capable of ignition and long pulse operation
with purely okmic current drive and heating, where the large fraction of bootstrap current
reduces the loop voltage [2].
It has been pointed out by Ref.[2] that the peculiar current density profile J(,,(r) due
to bootstrap current leads to an unusual q(r)-profile. The stability of such profiles is open
to question. There are also problems associated with energy and particle transport in
such a device [3]. The viability of schemes involving a large fraction of bootstrap current,
fbt = ht/Ip, thus needs to be examined in more detail on existing devices. Numerical
and experimental work is required to provide the answers. Several workers have examined
operation with high-fb, in recent years [4,5].
In this paper, we describe a numerical study of such operation on the tokamak Aditya.
The present work is divided into three steps. Firstly, given the design parameters of Aditya
and its RF-heating system, we determine the regime of operation which yields a significant
bootstrap fraction, and also seems achievable. Secondly, a mixed zero-D/one-D model of
plasma transport is used to simulate the transient behaviour of the plasma until it reaches
steady state. This yields bounds on plasma and RF system parameters that will permit
access to the desired state. Thirdly, we examine the stability of the q(r) profiles obtained
in the first two steps to certain modes.
2

Determination of useful p a r a m e t e r range

The design parameters of Aditya are as follows: Ro = 75 cm, a = 25 cm, {Bt)max = 1.5
Tesla, maximum flux swing = 1.2 volt-second, circular cross-section, {Pia-^max = 200 kW.
For the desired steady-state, we assume profiles of the form: X = Xn{l - r2fa2)a'
where X refers to Te%i, iVe,i and J,, with an = 0.5, at = 1.0, and «_,.. = l.5at = 1.5 [6]. We
also assume Zeff = 2 and Ti/Te = 1.0. Parameters that can be varied are T,r(i, nr,,, Zr/j,
qa and Bt. This variation is subject to several constraints. The density is fixed at half the
Murakami-Hugill limit, 0 is equal to the Troyon limit, 0P < A"-5, and Dt < 1.5 tesla.
Energy loss calculations, which are only approximate in this step, assume Neo-Alcator and
Goldston L-mode scalings for TE during pure ohmic and auxiliary-heated operation respectively. Bt and qa are varied over the range: 1.5 < qa < 6; 0.1 < Bt < 2.0 tesla. For
each set of (<?o, Bt), we determine 0P, q(r) and /(,., and the power input required to yield
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steady-state operation based on Neo-Alcator and Goldaton scalings, PNA and PHM • The
heat generation rate Poh due to plasma current is also calculated. The calculation of Jb,(r)
and fb» is based on the expressions of Ref.[4]. From the results shown in Figs.(l), the constraints listed above, and the condition fa, > 0.2, we can draw three conclusions. Firstly,
we require qa < 4 and Bt > 0.3; the lower the value of qa, the higher is the value of Bt
required to achieve fb, ~ 0.2. Secondly, pure.'y ohmic operation (PuA/Poh < 1) is feasible
only for qa < 2.5. Thirdly, operation is possible with H-mode confinement within the
constraints Bt > 0.3, Prf< 200 kW and qa < 4. There is an upper limit on Bt because
we are operating at the Troyon limit; hence an increase in Bt implies an increase in the
thermal energy content of the plasma, and thus the transport losses. The upper limits on
Bt are given in Table (1). We can see from Fig.(l-b) that /(,, increases with increasing
Bt. Hence'we choose the highest Bt allowed by the power loss constraint. Table (2) shows
representative parameter sets for this regime. H-mode confinement is necessary for sets
# 2 and # 3 . The set with qa = 1.8 has been selected because it can permit purely ohmic
operation; hence, from the point of view of the energy balance, it could be realizable in the
short term. However, as we see later, this set is likely to be unstable.
3

T e m p o r a l evolution of d i s c h a r g e

Having determined the desired final state of the plasma, the next step is to check if it is
accessible. A zero-dimensional code with certain one-dimensional features has been used to
simulate the temporal evolution of the discharge. The code gives the evolution hi time of
electron and ion temperatures and densities, the distribution of impurity ions between different charge states, and the plasma inductance, after the breakdown and current penetration
phases are over.
The energy equations take into account transport losses, atomic processes involving
hydrogen and impurity atoms and ions and electrons, ohmic and EF heating, and changes
in the poloidal field energy due to variation in Lp and Ip. The electron energy confinement
time TEC is calculated bom empirical scalings [6], TEI from the ion thermal diffusivity [7]
and TP is taken as ZTEC. Perfect recycling is assumed at the periphery. Atomic processes
involving the impurity are based on the average ion model [8j. The loop voltage includes
both resistive and reactive components.
We assume that the current Ip(t) has a first order rise, with a time constant TVP. The
gas puff, SH(t), is taken as a gaussian, characterized by the time to reach the peak ttag (20
msec) and the full width at half ma^mnm t dur (10 msec). The amplitude of the puff, and
initial fill pressure Pfui must be such as to provide the desired density at flat-top. Oxygen
is assumed to be the only impurity. The RF power deposition PTf{t) is a step function,
starting at Unit, and having a value equal to that required at steady-state. Fe, the fraction
of RF power coupled to electrons, can be varied. In the first step we had assumed Z<.ff =
2. In this step, however, we have allowed Z e // to vary over some range, in order to see the
effect of impurity content on accessibility. This variation in Zr!S is produced by changes in
the impurity content Fih = (ni/Nf£o)fiattop, where subscript T denotes the impurity.
We now have lour free parameters - TVP, Fe, Fut and Fgh = fraction of final hydrogen
content of plasma that is provided by the initial gas fill. The code has been used to
determine the set of these parameters that allows access to the desired state with a nimimnm
consumption of volt-seconds. In all cases, evolution is followed up to the point where /?« =
0.8 Ptroym, since plasma parameters change slowly beyond this point.
We have studied discharge evolution for case # 3 of table (2). Fig. (2-a) shows that
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the flux swing is not very sensitive to Fe for these parameters at low values of Fah, for
Fih = 0.01. There is also little variation with np, for FK = 0.1 and Fgh = 0.1, as shown
fay Fig.(2-b). As a general rule, volt-second consumption is minimized by keeping the fill
pressure (and hence Fgh) as low as possible. The reason is as follows. In the early phase
of the discharge, most of the input power is spent in the ionization of hydrogen neutrals.
By the time hydrogen is fully ionized, atomic processes involving impurity ions become
the dominant energy loss mechanism. If the fill pressure is low, the temperature becomes
high before impurity radiation becomes dominant, so that the plasma can "burn through"
the radiation barrier. On the other hand, at a high fill pressure, the plasma temperature
remains low, and a steady-state is attained at a low temperature. There is a lower bound
on fill pressure, because a discharge will not form at very low pressures. It was found that
at higher impurity levels (Fih = 0.02), the final state is inaccessible except at the lowest fill
pressures. This is likely to pose a problem, since plasmas with (Zeff) flattop < 2 may be
difficult to achieve on Aditya. States with higher Fitl will be accessible only if the impurity
enters the plasma after the initial "burnthrough".
4

S t a b i l i t y analysis

A simplified stability analysis has been performed for the cases given in Table (2). We
consider the following instabilities: High-n ballooning modes, Merrier criterion for stability against localized interchange modes, low-n internal modes, low-n external modes
(kink-ballooning) and resistive modes. A numerical analysis has been performed for high-n
ballooning modes, while the other modes have been examined in a qualitative manner.
The ballooning mode equation is solved numerically in high-/? tokamak ordering. Equilibrium flux surfaces are modelled by shifted circles, with the shift given by an analytic
expression [9]. This is an approximation at the high /?p-values of interest. Figs. (3-a,b,c)
show q(r) and the maximum permissible 0(r) for the three cases considered. The actual
0(r) is significantly smaller than the computed profile in all cases, as can be seen from Table
(2).
For circular cross-section, large aspect ratio tokamaks, the Mercier criterion [10] is given
by:
[ r ^ ] 2 + 4r/?'(l-g 2 ) > 0

(1)

where prime denotes the radial derivative. For stability, this criterion should be satisfied
throughout the plasma. For cases # 2 and # 3 , we have q(r) > 1, hence the criterion is
always satisfied. For case # 1 , the criterion is satisfied in the region 9 < r < 25, and is
violated only marginally for r < 9.
Cases # 2 and # 3 have go > 1, hence they are stable to low-n internal modes (sawtoothing etc.). However, case # 1 will be subject to sawtoothing. This will mix the temperature
and density profiles in the central region, and tend to reduce the bootstrap current.
The most severe limit on admissible /? comes from low-n external ballooning modes [11].
The computation of the Troyon limit [11] takes into account the l-nv-n kink modes. In all
cases, we have taken average plasma 0 below the Troyon limit. The critical /) from low-n
modes is approximately half that from the high-n modes. Hence by keeping ft sufficiently
smaller than the value obtained from the numerical study, stability of the profiles to low-n
modes can be obtained. From this criterion, we see that low-n external modes should not
affect cases # 2 and # 3 , but could pose a problem for case # 1 .
Case # 3 has a slight hollow in q(r) near the axis, which could be unstable to double

-333-

tearing modes. However, since the hollow is weak, the effect of the instability on the plasma
is likely to be small. Case # 2 will have an m=2 resistive island. But since the q=2 surface
is deep within the plasma, it might not trigger a disruption.
It thus appears that cases # 2 and # 3 will be stable, while # 1 will be subject to various
instabilities. This indicates that pure ohmic operation with significant ft,, is not possible
on Aditya. A more detailed stability analysis will be performed in the future.
5

Conclusions

This numerical study has determined a regime of operation for Aditya where the bootstrap
current contributes up to 25% of the plasma current. The regime seems achievable with the
design parameters of Aditya and its RF system. The flux swing in the ohmic transformer
required to reach the desired state can be minimized by using a low fill pressure, followed by
a gas puff to increase the electron density to the required level. The flux swing requirement
is very sensitive to the impurity content in the initial phase of the discharge, but is robust
to changes in the fraction of RF power coupled to the electrons. It is necessary to have
H-mode confinement if transport losses are to be kept within supportable limits. Pure
ohmic operation is only possible at low values of <?o(~ 2), which will be unstable as well
as inaccessible. Instabilities driven by unusual q-profiles during the transient phase of the
discharge must be taken into account in determining the accessibility of the final states.
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Fig. la: Poloidal 0 at Trovon limit aa a function
of edge safety factor, for A-iitya parameters.

Fig. 1b: Ratio of bootstrap current to plasma current
at Troyon limit, for Aditya parameters
* . / , = 2, T,/T. = I, iV e /Jv; mA = 0.5.
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Fig. 1c: Ratio of transport losses (Neo-AIcator scaling)
to nlimir heating at Troyoa limit, for Aditya

parameters. Zttt = 2, Ti/T, = 1, ST/lv7,ra* = 0.5.

Fig. Id: RF power'(MW) required for steady-state auxiliary
heated operation at Troyon limit, for Aditya parameters.
E-mode confinement is assumed.
ita

1.0

Fig. 2a: Fhuc swing (volt-millisccondu) required to reach
80% of Troyuii limit, fur Aditya parameters.
FiH = O.lll. r ip = 111 msec.
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Fig. 2b: Flux awing (volt-milliseconda) required to reach
80% of TVoyon limit, for Aditya parameters.
F1H = 0 . 1 . FiH = 0.01. F, =11.1.
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Table 1: Upper limit on toroidal field from energy loss considerations
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Table 2: Representative parameter sets for bootstrap operation
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S. Kido, H. Nihei, J. Morikawa
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ABSTRACT. Recent experiments into the low q regime of toroidal discharges found an appreciable level of resistance anomaly, viz., the
toroidal loop voltage of a discharge is much larger than can be accounted
for by the kinematic resistivity and the mean current. The anomalous
resistance enhances the inductive power influx even in a higher electron
temperature regime, and a part of the excess of the energy input was
shown to go directly into ions, resulting in anomalous ion heating. The
ion heating mechanism is based on a viscous dissipation of fluctuations.

1. INTRODUCTION
Inductive drive of a plasma current is a simple method to heat a toroidal plasma.
In the high temperature regime where a fusion reactor should operate, however, low
collisionality of electrons seriously diminishes the electric resistivity, so that the
ohmic dissipation becomes too small. To heat a plasma up to the ignition temperature, it thus is argued that a tokamak should have an intense auxiliary heating system
such as a neutral beam injector. In a pinch-type discharge such as an RFP or a ultra
low q (ULQ; [1J), however, an appreciable resistance anomaly is observed, viz., the
toroidal loop voltage of a discharge is much larger than can be accounted for by the
kinematic resistivity and the mean current [2-6]. In a turbulent plasma, a viscous dissipation by fluctuations, as well as a resistive dissipation, can give a large amount of
additional energy dissipation, resulting in an anomalous heating of the plasma [7, 8].
Such an enhanced energy dissipation was studied for astrophysical and space
plasmas. For example, a current sheet generated in a reconnection layer is considered
to cause an intensive dissipation that results in anomalous heating of solar corona [9].
A turbulent plasma in a pinch device resembles a solar coronal loop [10,11].
The MHD relaxation is a spontaneous process thai dissipates an excess of electromagnetic energy through fluctuations [12], An interesting question is on the partition relation for the dissipation into electrons and ions. Recent experiments on RFP
and ULQ plasmas indicate the existence of a direct heating mechanism for ions [13-
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16]. Sometimes the ion temperature is observed to be higher than the electron temperature although the plasma is driven only by a toroidal electric field. An increase in
the ion temperature is faster than can be accounted for by the thermal equilibration of
the ions and the electrons, and the ion energy appears to be correlated with magnetic
fluctuations relevant to the relaxation process [16]. In the fluid dynamical model of
plasmas, such a direct ion heating can be expressed by a viscous dissipation of ion
motion in fluctuations; see Sec. 2. Observation of resistance anomaly is a direct indication of the enhanced dissipation in the MHD relaxation. In Sec. 3, we discuss the
power balance relations that explains the anomalous ion temperatures.
2. ENHANCED DISSIPATIONS THROUGH MHD RELAXATION
The dynamic relaxation process rapidly dissipates the magnetic free energy, while
the heliciry is approximately conserved [12]. Reconnection of magnetic field lines is
a key process to evolve the plasma into an relaxed state. In this section, we show that
the fluctuation dissipation in the reconnection process is dominated by the ion viscous
dissipation, resulting in direct heating of ions, when the reconnection process has a
short time scale that is typical in the driven reconnections [17].
The MHD relaxation is primarily caused by current driven MHD instabilities accompanied by reconnection of magnetic field lines. To estimate the relation between
the viscosity dissipation and the resistivity dissipation through the reconnection process, we first study the relation between the velocity field and the current density.
Both are self-consistently related by the MHD equations [8]. We denote the resonant
magnetic field by Bo and take local coordinates with BQ/BQ = Vz and Vx being perpendicular to the magnetic surfaces. The sheared component of the flux density is denoted by B*, i.e. B = BQVZ + #*Vy. The square root of the enstrophy associated with
a current driven instability is estimated as
y,

(i)

where v is the perturbed velocity, j \ is the perturbed current density, p is the mass
density, yis the linear growth rate of the instability, k is the wave number, _L and // respectively represents they and zdirections. The fluid motion is approximately incompressible, however, a slightly divergent component of the velocity plays an
essential role in the calculation of the viscous dissipation, because the parallel viscosity, which represents the gyro-relaxation associated with the magnetic compression
[18], is very large. We obtain, assuming low p,
&D =\ V- v | - (y/ ©A) 2 I e AJ"1 GR ,

(2)
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where 0)^ = £XVA> VA is the AlrVdn velocity and e is the thickens of the reconnection
layer. This relation implies that the motion of the plasma in the v direction, which
yields k^,

is primarily caused be the magnetic pressure relaxation (magnetosonic

relaxation) associated with the deformation in the x direction of the instability [8].
Let us estimate the resistive and viscous dissipations of the fluctuation. The perturbation current j \ t // is primarily carried by electrons; the Ohmic dissipation power
Pe = ^JudV

(3)

goes to the electrons, where VJI is the parallel resistivity, dVis the volume element.
On the other hand, the viscosity dissipation is dominated by the ion viscosity, which
gives an ion heating power
vrfV,

(4)

where Ef is the ion stress tensor. Using Braginskii's formula [18] with the resonant
condition d/dz = 0 and integrating by parts, we obtain

P'l={^- vf/3 +i]i[M Z +(V. vf]}dV.

(5)

Substituting (1) and (2) into (5), and using (3) with the classical resistivity, we obtain

Pk I Ps = 0.3 ft fa / ntf* (coA / f (eXf

(6)

where P^ and P^ respectively represent the ion heating powers associated with £2R
and Q D , Pi is the ion beta ratio and X - po JOJII #0Since we assume the classical resistivity and viscosity, (6) and (7) are valid for
rather collisional plasmas. Let us consider numerical examples. Taking 7j= 100 eV,
ne = m= 10 20 m~3 and Bo = 0.3 T, which are typical parameters of the present experiments of pinches, and assuming y/ COA = 0.1, which is typical for the driven reconnection, we obtain Pp / Pe ~ 102. This result shows that the fluctuation dissipation in
the driven reconnection is dominated by the ion heating. On the other hand, when we
assume the usual tearing mode scaling of the growth rate, we obtain the reversed relation, i.e. the resistive electron heating dominates the dissipation.
3. RESISTANCE ANOMALY AND POWER BALANCE RELATION
The enhanced dissipation through the MHD relaxation yields appreciable resistance anomaly, i.e. the effective impedance of the discharge is much larger than can
be accounted for by the standard collisional resistivity. In this section we describe the
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discharge characteristics of ULQ and very low q (VLQ, where the surface safety factor qs is in the range of 1 < qs < 2; [19]) plasmas.
In REPUTE-1 (major radius R = 0.82 m, minor radius a = 0.22 m), a ULQ discharge with a plasma current /p = 200 kA has Te of the order of 102 eV. The corresponding classical resistivity is of the order of 1 \iDia, while the effective resistivity
r\* is of the order of 10 pOrn [6]. Here we define i]* = (VL/Ip)/

(2R/a2), where VL

is the loop voltage. Similar or larger magnitudes of the resistance anomaly were also
reported in other experiments [20,21]. The ions are heated up to several hundreds of
eV through a direct heating mechanism [13-16].
The REPUTE-1Q device (R = 0.55 m, a = 0.15 m), VLQ discharges withfr= 100
kA are obtained. In the case of a VLQ, we observe a similar magnitude of resistance
anomaly, while, instead of the ions, the electrons are strongly heated up to around 1
keV. This observation suggests that the anomalous heating behaves differently depending upon the discharge regime. Since the driven reconnection is a unique feature
of the relaxation accompanied by m= I driving instabilities, the ion heating in the
ULQ regime is considered to be correlated with the driven reconnection. The theoretical model of the dissipative power partition into the electrons and ions described in
Sec. 2 is supported by these experimental observations.
Let us study the power balance relations. Ignoring the work done by the thermal
pressure, the energy balance equation for a fluid-dynamical plasma reads

\dV+ I S-nda=-\ (V- n)- vdV- I Ty2dV,
'
h
Jo.
Jo.

(8)

where Z is the boundary of the total volume Q, S is the Poynting vector representing
the inductive driving energy influx. By (8) we see that either or both of the resistive
and viscous dissipation must be enhanced when the dynamo effect causes a resistance
anomaly, which is represented by an enhanced energy flux S. We may write the
fluctuation dissipation terms on the right hand side of (8) as

*MHD| (fii2/2Mo + pv?/2)dV = i ^ J

Bf/2\iodV,

(9)

where TMHD represents the characterisdc dme scale of the MHD relaxation, which we
assume is equivalent to the growth dme 1/yof the instability associated with the
driven reconnection. Here we may neglect the fluctuation energy of the velocity field
in comparison with that of the magnetic field, while the fluctuation dissipation
through the viscosity is dominant in a ULQ. When there is a large resistance anomaly
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so that the mean-field dissipation by TJJO2 is negligible, and if we assume a quasisteady state to neglect the first term on the left had side of (8), then the fluctuation dissipation term is balanced with the energy influx. We use (8) combined with (9) to estimate of the magnetic fluctuation level associated with the anomalous dissipation
power.
The relaxation process simultaneously affects the electron energy confinement.
One possible candidate of a theoretical model of enhanced transports associated with
magnetic fluctuations is the electron heat conduction through stochastic field lines
[22], which gives

X^v&Z^/ZJoJ 2 },

(10)

where v^th is the electron thermal velocity, If is the correlation length and Z?r,i is the
radial component of the perturbed magnetic field. Assuming that 5r>i is of the order
of Bi, which is estimated by the above argument and thus is related to the ion heating
power as discussed in Sec. 2, we obtain a model of the power balance including the
anomalous ion heating and anomalous electron heat loss effects. This model naturally
deduces a hot ion mode.
Taking the REPUTE-1 VLQ data for example, we see that the experimental values
of if = 10 liQm, ne = 10 19 n r 3 , Bt = 2.5 kG and fr = 200 kA give Bi/Bo = 5%, which
is in good agreement with the experiment. The corresponding electron energy confinement time estimated by the model (10) turns out to be of the order of 10 Msec,
which accounts well for the global non-radiative part of the heat loss. The ion power
balance model based on the thermal equilibration time of the order of 100 |Jsec explains the observed ion temperature anomaly; Cf. [16J.
4. SUMMARY
We have derived basic relations of viscous dissipation and resistive dissipation in
a reconnection process. For a reconnection with a large growth rate, the viscosity
heating of the ions is predominant in the total dissipation through fluctuations, while a
slower reconnection is dominated by the resistive dissipation. This result shows a
unique feature of the relaxation phenomena associated with the driven reconnection.
Together with the enhanced electron heat loss through perturbed magnetic fields, a hot
ion mode of a ULQ discharge is obtained. In a VLQ discharge, where the relaxation
is considered to be caused by slower reconnection, the electrons are heated through
fluctuations.
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Abstract
One of the puzzles of the nonlinear theory of low frequency
instabilities in a fusion plasma (such as drift instabilities, Kelvin Helmholtz instabilities etc.) is that the energy Lccumulates at the
long wavelength end where there are no obvious sinks of energy.
One is thus often left with large vortex flows which may also have
significant ellopticity. In this paper we have analysed the stability
of such flows to secondary perturbations with short parallel
wavelength. We demonstrate that the flow ellipticity can drive
secondary instabilities of shear Alfven waves provided certain
resonance conditions between the rotation speed and the Doppler
shifted secondary wave frequency are satisfied. Such secondary
processes can act as major sinks of energy and thereby help in our
understanding of the nonlinear saturation of low frequency
instabilities.
Low frequency instabilities ((o «(oci) in inhomogeneous plasmas (such as drift,
Kelvin - Helmholtz, Rayleigh - Taylor modes etc.) are widely believed to be major
contributors to anomalous transport in magnetically confined fusion plasmas. The
nonlinear theories of saturation of such instabilities often show that E x B and
polarization drift nonlinearities lead to accumulation of1energy
at the long wavelength
end in the form of nearly two dimensional structures -2. If" no appropriate sink of
energy is found at the long wavelength end, then the energy indefinitely accumulates
in these vortices and saturation of the instability may not occur. In many ways, the
problem is similar to the condesation of plasma wave energy at the long wavelength
end in the weak turbulence description of unmagnetized electron plasma oscillations.
In order to investigate new mechanisms of energy dissipation in large amplitude
vortices, we consider in this paper, the possible excitation of secondary instabilities
with a short parallel wavelength, the secondary waves may be ion-acoustic waves or
shear Alfven waves which on leaving the vortex region may lose their energy by
parallel Landau damping to ions or electrons. As a specific example, we study a
model equilibrium vortex with finite ellipticity at the core and study its stability to
dispersive ion - acoustic and shear-Alfven perturbations.
Our calculations
demonstrate that the ellipticity of the vortex acts as a source of instability and
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attempts to parametrically drive secondary waves when the Doppler shifted secondary
wave frequency matches the mean rotation frequency of the vortex or one of its
multiples. In the case of Alfven waves, instability is explicitly demonstrated and
estimates of the growth rate obtained. In the case of ion-acoustic waves with
dispersion due to polarization drift effects, detailled calculations show no instability.
This has been understood in term of certain symmetry and transformation properties
of the relevant Floquet operator. However this leaves open the possibility that other
forms of dispersion/dissipation in ion-acoustic waves may permit excitation of
ion-acoustic instabilities; investigation of this point is left for future work.
Nonlinear vortex like solutions have been written down for equations describing
drift waves (fluid35 or kinetic5), Kelvin - Helmholtz waves2 etc.. Any of these could
be regarded as the basic equilibrium. We are primarily interested in excitation in a
localized region around the vortex core. We therefore model an elliptically distorted
vortex core by the two dimensional E x B flow:
uo = n ( - e - yte )

(1)

where £1 = (c/B) <|)o" is the angular frequency of the vortex and e-1 is a measure of its
ellipticity. The following points may be emphasized for this model equilibrium:
(a) It is the simplest distorted equilibrium around the O-point of a vortex and
ignores higher
order distortions like triangularity of constant potential
surfaces (x2, y2 terms in (1)) and so on;
(b) The equilibrium may, in principle, have a variation along the field line such as
that for drift wave vortices; however, as long as the secondary waves are
much shorter in parallel wavelength, we may ignore the parallel variation of
equilibrium.
(c) The equilibrium vortex may in general be propagating with a finite uniform
velocity in the y (or 9 direction). We have written eqn (1) in a frame where
this velocity is taken as zero.
To get the basic equations for the perturbed quantities, we write the ion
continuity equation, ion equation of motion, the Ampere's law, parallel Ohm's law
and the quasi neutrality condition V • J_ = 0. Taking all perturbed quantities as fj =
f(t) exp( ik_« r_) where, folloing Bayly6 _k =_k( t ) is taken as an explicit function of
time to eliminate the equilibrium flow terms, we get the following basic equations:
(dn,/dt) + k • d (k <j>j )/dt + ik||um = 0
du||i/dt = -ik||c|(j>,
k • d ( k0! )/dt = -ik|un/eN
dA||/dt = -ik||c( <t>rn!)

(2a)
(2b)
(2c)
(2b)
(2e)

where $, = e<|>/Te, n, = n/N, AJJ = eA/T e , k = k ± s , as = c s /Qj, c s = (Te/mj)i/2, Q{ =
eB/mjC, CA = B/(4rcNmj)1/2 and d/dt = (9/9t + i j ^ • k). The Bayly technique6 consists
in eliminating all secular terms in x and y by separately equating them to zero,
leading to the equations
0/8t)k x + (Q/e)ky = 0,

@/3t)ky - (Q/e)kx = 0

(3a, b)
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giving the solutions
kx = koCosCQt + 8),

ky = EkoSin(Qt + 8)

(4)

where k 0 = kasSin(a), a is the angle between the wave vector and the z-axis. We are
now left with wave like equations for the perturbations <|>, n, A etc. in which the
perpendicular wave vectors k x , ky are periodic functions of time. The resultant
equations may be solved by standard methods of Floquet theory or its approximate
variants.
We first consider the excitation of shear Alfven waves. Eliminating j | | , A|| and nj
from equations (2a-e) in the 8/9t » k|| c s limit, where the ion parallel motion u||j
may be neglected, we get the equation

_4f}

_±r_^^I1^

.a2.

(I + /?COS(2T))

{1 +

JSCOS(2T)) 2

Cos(2z)

}

(1 + pCos{2t))

2

*

'

where B = (l-e 2 )/(l+e 2 ), x = £2t + 8, coA = k||CA/Q and the (*)refers to derivative widi
respect to x. For B = 0, this gives us the standard Alfven wave dispersion relation w2
= k||CA(l + ICQ); B = 0 corresponds to e = 1 viz. a circularly symmetric vortex. Thus
the possibility of an instability only exists with e is not equal to one i.e. with an
elliptic vortex. We next analyse eqn(5) in the limit when p is small using the method
of multiple time scales. The basic result is that <fi grows exponentially with a
growth rate^y = BQ (25/18 - k,,/ (1 + ko)) 1/2 , when the zeroth order frequency
k||C A (1 + ko) 1 / 2 resonantly matches the rotation frequency £1 Thus the vortex
ellipticity is responsible for the growth of shear Alfven waves at a rate determined by
the vortex frequency Q and the ellipticity parameter p.
A

2

If one ignores the dispersive effects associated with ICQ corrections to the Alfven
wave (equivalent to ignoring nj effects), the basic equation takes the standard Hill's
form
PCOS(2Z)
_ S/?2(l
)1
=
22
1 + 0CoS(2r)
pcosQx))
J '
(6)
8 (1 +

J '

where \|/j = <J>j(l + BCos^x))1'4. For small B, this again gives an exponential growth
rate proportional to BQ. For arbitrary B this equation may be analyzed by standard
methods of Floquet theory. Figure (1) gives a plot of domains of instability in the cojf
- e space. It is seen that bands of instability originate near coA = 1, 4,9 etc. when e =
1 and then broaden significantly as e increases and finally merge for large e.
We now turn to excitation of dispersive ion - acoustic waves. In this case, A|| = 0
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and u|| i eeffects are retained. The basic equations (2a), (2b) and (2d) (after removed
of UQ terms, as before) now take the form
kk<pt

= -ikuuln

(7a)

-ikuc1i<f>1

(7b)

The equations may again be transformed into a single equation of Hill's form:

r
vfr + [

a2 + 0(1 + s2)k2/2
0Cos(2-c))
y= o
+ k]/2(1

+ e)(\

(8)

+ pCos(2x))]

where ©s = kf|cf l€l2 and yoc <|> etc.. For p = 0, this gives the standard dispersive ion
acoustic wave with o>2 = kfjcf/(I + k<f). However, when we follow the Floquet
methods to solve for finite P numerically, we find that there is no instability;
similarly, the small B solutions show that there are exact cancellations to all order in 8
such that no instability results. We have finally traced this result to certain
symmetries in equations (7a, b) whereby if we introduce the variables C, = (1 + k(t)2)
<>
| l and tj by the equation dt/dtx = (1 + k(t)2), they may be put in the form

which clearly shows that no instability is possible. We do feel however, that other
sources of dispersion / dissipation in ion-acoustic waves may not have such symmetry
properties and may permit instability of ion acoustic waves. This will be investigated
separately.
We conclude that shear Alfven waves with short parallel wavelength may be driven
unstable by an elliptic vortex provided the vortex rotation frequency S2 = k|| VA.
Relating Q to the amplitude and scale size of the potentials associated with the vortex
we find this requires e<)>/Te _ pT-i/2 (ly/as)(lx/qR)n. Here l x . Iy are the radial and
poloidal scale lengths of the vortex, n is the toroidal mode number of the secondary
Alfven wave and B-r is the toroidal B of the plasma. This condition could be readily
satisfied at the tokamak edge where fluctuation levels as high as 50% are not
uncommon.
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Abstract
The nonlinear evolution of the magnetic island
is analyzed using the exact expression for the
magnetic island width. The v^^xBg term in the
first harmonic field diffusion equation is
shown to play the dominant role
in the
nonlinear growth of the magnetic island rather
than the resistive term T\ j1Z . rjhe island growth
is faster and takes different evolution form in
time comparing with that of the previous
theories. The saturation island width is
predicted to be smaller.

The tearing mode instability and the resulting magnetic
island may have an important influence on t v e properties of
plasma in the sheared magnetic field[1] . II. lay lead to the
disruption of Tokamak plasma. It is a inipo_-tant issue not
only in Tokamak plasma, but also in space plasma and
astro-plasma. The nonlinear behavior of the tearing mode
was first investigated by Rutherford[2]. He found that
when the magnetic island width is comparable to the
resistive singular layer width, the nonlinear force
resulting from the second-order eddy currents replaces
inertia as the dominant mechanism
in determining the
growth of the mode. The mode growth then changes from
exponential to algebraic, w= TjA't (w is the island width, Tl
is resistivity, &'=
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The n o n l i n e a r s a t u r a t i o n of the
i n v e s t i g a t e d by White et a l [ 3 ] .
dw/dt=l. 66il(A'-aw).

t e a r i n g mode was
who showed t h a t

There have also been many other studies on the nonlinear
tearing mode[4-6].
In this letter the nonlinear evolution of the magnetic
island is analyzed using the exact expression for the
magnetic island width. The v^XBo term in the first harmonic
field diffusion equation is shown to play the dominant role
in the nonlinear growth of the magnetic island rather than
the resistive term TJjlz[7].
Here we employ the conventiuial slab geometry in which
the
equilibrium
properties vary
along
in
the
x-direction[1,2]. The basic equations are the
field
diffusion equation and the equation of motion.
|±. + (v-Vy) = -T|jz

$

(1)

V2<{>= z- ( VyxVj z )

(2)

j z = - V2y
w h e r e \j/ is

the

(3)

flux

function,

B= V\|/xz

, <{> is

stream

function, v= V<()Xz, B, v and j z
denote the magnetic
field, velocity and the current density along z direction
respectively. For pure resistive tearing mode, \|/ and <j) can
be written as [2,3]
V = V 0 (x)

+

Vi(x,t

The s u b s c r i p t s
'0'
and ' 1 ' denote the
zero-order
and f i r s t - o r d e r q u a n t i t i e s respectively. j o z i s assumed t o
be a constant inside the singular layer, so t h a t Yo=\)/ox2/2
there[2] .
The fundamental harmonic field diffusion equation i s
M L + k y ^ = TiVV
St.
Here the prime denotes d/dx.

(6)
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From eq. (4) we know that the exact
magnetic island width is
W2

expression

= -8<\|/l(rx) + y l ( r w ) )/<

for

the

(7)

Where r x denotes the x-poir.t, r x =0 in slab geometry. r w
denotes the point where x=w/2, y^O, (hereafter we call this
point w-point).
In reference[3] Vl(rw) ^-s approximated by V i (ro) in
eq.(7),(r0 denotes the o-point) . Since \jf'0=^x-0 at o-point,
when ^Vi (rw)/^t is replaced by
dty\ (ro\ /3t
in eq. (6) in
analyzing the magnetic island growth, the contribution from
the vortex flow term ( k y ^ ) should be zero and the island
growth only depends on the resistive term i"IJizThe k y ^ in eq. (6) is the fundamental term of vxB in the
field diffusion equation which corresponds to the effect of
plasma flow on the change of the magnetic field, and
therefore, the growth of the magnetic island.
In reference [2] in analyzing the magnetic island growth, \\i1
and \j/ are taken to have the same time behavior, ie. \\r1 —
t2X¥\, \\f = t2XF However, from \^ = ^x2/2 + \j/1 (x t >cos(ky) we
know that this assumption is not generally adequate.
Another problem
in Ref.[2] is that j z is taken to be the
form Tljz= 3v|/-, /3t - B'yx3())1/3y + T|o j z 0 > the nonlinear current
from the V^-VXJ/^ is not included. However, the nonlinear
current is not smaller than j l z in the nonlinear stage and
needed to be considered, this approximation lead to the
absence of (j^ in analyze the island growth after taking
average along flux line[2].
Here we analyze the island growth with the exact expreoji^n
for the magnetic island width which includes
the
contribution from
the plasma vortex flow[7].
At the x-point and w-point, eq.(6) becomes
(8)
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where <t>s= <t>i ( w / 2 ) • BY adding the above two equations and
using e q . ( 7 ) , we get
[*. =T1( Jiz(rx)+Jlz(rw) ) + k V > s w / 2

(10)

If the k\|/g(j)sw/2 term in eq. (10) is neglected, the result
will be the same as that of the Rutherford's. <f>s is to be
determined here this way. In the nonlinear stage 8j z plays
an important role in the equation of motion and the inertia
term is negligible, Jz=Jz(w) inside the island[2], so that
j z is the same at x-point and w-point and
-Jlz(rx)

+

SJz(rx) = Jlz(rw)

+ 8

Jz(rw)

(11)

The minus sign before J i z ( r x ) i s due t o J i z = J i z ( x ) c o s ( k y ) .
Sjz i s the nonlinear current[2]
T]5jz =-k^ ( x ) (|) l ( x ) cos 2 (ky)-k\|/ l ( x ) <t)' l ( x ) sin 2 (ky)
Since sin(ky)=0 and <J>j=O a t x-point,
eq.(11) and (12) t o be

(12)

<[>S i s found

from

<i>s = TH J l z ( r x ) +
From e q . ( 1 1 ) and ( 1 3 ) , i t i s found t h a t
l o J L ^ =Tl(jlz(rx)+jlz(rw))(l+<w/2V;(rw
b e c a u s e \jf'J w / 2 i ( f ' 1 ( r w j
s i m p l i f i e d as

~ 8/(A'w)

»

1,

• g =2TKJlz(rx)+jl2(rw))/v;(rw )

j)

eq.(14)

(14)
can be

(15)

or in the form dw/dt=2kw(f»s. So we have proved that

the

kyg<j>sw/2 term in eq. (10) plays the dominant role in the
island growth rather than the resistive term (the first
term on the righthand) . The growth of the island is due to
<|>s>0, the saturration of the island is due to <|>s=0. The
reason for this is clear: In the nonlinear stage the island
width is larger than the width of the singular layer, the
resistive term becomes smaller than the ky"04>sw/2 term at
w-point, plasma behaves as ideal plasma there in the first
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harmonic f i e l d diffusion equation, the motion of magnetic
f i e l d l i n e s and the change of the island width are mainly
due to the plasma motion or v l x at w-point.
Now J l z ( r x ) a n c i Jlz(rw) a r e needed to determine
From r e f . [ 3 ] Jiz(rx) c a n ^ e approximated as

dw/dt.

= ~ A Vi(rw) /w

Where A' =
^ . At w-point
Ji Z ( r H ) and ¥1 (r«) i s
continuous and can be obtained from the solutions in the
region outside the island. In lowest order it is found[8]
Jlz(rw) =

)

Where <X = \f"/\fl

i s evaluated at rw_

The magnetic
eq. (15)-(17) :

island

growth

is

w2 = 4Tl(A'+2 a) t / p + w0*

finally

obtained

from

( 18 )

Where P = ~V| (rw)/V] (rw) is the order of A" and generally (3>
0 for Tokamak plasma
wg is the initial island width.
Comparing
above result with that of the previous
theories [3] it is found that it lead to quite different
result in analysis the growth of magnetic island with using
ch- which induing the vortex effect.
Now the whole t e x t i s summarized:
(1) The term k\|f'0<|)s in eq.(6) r e s u l t i n g from t h e plasma
v o r t e x flow i s g e n e r a l l y more important than the
r e s i s t i v e term Tlj^ z for determining the growth and
s a t u r a t i o n of magnetic island.
(2) The evolution of the width of magnetic i s l a n d i s w2 ~
T]t.
(3) Since dw/dt ~ Tj/w, the growth rate is much larger than
that of Rutherford's, when A'w - 1 0 " 1 and P ~A' it is
about a order of magnitude higher than Rutherford's
growth rate.
(4) T h e saturation width of magnetic island is determined
by A' + 2 a = 0.Since a ~ jJ z /j O z < ^ for Tokamak plasma,
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the saturation width is smaller than that predicted in
previous theories[2,3].
From the magnetic island structure and the vortex flow
pattern[2] we can understand the above result. The plasma
vortex flow is toward the outside of the island near the
w-point and toward the inside of the island near the
x-point. Since the plasma resistivity is
finite, the
function or the
vxB
term
in
the field diffusion
equation remains important, in particular, the plasma vertex
flow will tend to carry the magnetic lines of force with it
and help the lines of force to converge near the x-point
and diverge near the w-point. By this process the vortex
flow accelerates the magnetic island growth. Therefore,
even the magnetic lines of force are not
completely
frozen
in
the plasma due to the nonzero resistivity,
the influence of the plasma vortex flow on the magnetic
lines of force and the magnetic island growth could be
significant. The V X B term is much larger than the
resistive term especially near the w-point.
The authors would like to acknowledge useful discussions
with Prof. B. R. Shi, Y. Y. Li, H. C. Ding and W. X. QU.
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Abstract
The plasma anomalous transport is analyzed from the particles
transverse drift in the system of magnetic surfaces disrupted by a
stochastic perturbation of the magnetic field . In the ergodic region ,
the motion equation of particles can be written the form of Langevin
equation , and the diffusion coefficient D± can be obtained in the
Fokker-Planck model . The Dx obtained in this way have the similar
form and same order as comparison with that derived by the diffusion
of the field lines in the quasilinear approximation . The two D_L'S just
supplement each other and only when combine them into one the
final result is the complete one .

I. Introduction
It is well known, a slight perturbation of the magnetic field in equilibrious plasma
configuration can1 lead
to a disruption of the surfaces and can make the lines of
force stochastic' -2' . When the field becomes stochastic, there are important
consequences for transport processes . The quasilinear theory predicts the
diffusion of the magnetic field lines roughly as Dm = b 2 L n , where b = 5B/B is
the r component of the relative amplitude of magnetic field fluctuation and Ln is
the parallel correlation lengh . The diffusion coefficient D x for electron has been
evaluated in the collisionless limit by various authors'3"6' , it is generally
expressed as the product of the electron velocity ve along the field lines and the
diffusion coefficient Dm of the field lines : D± = D m v e .
The stochastic diffusion of the field lines must induce the particles
to diffusion
across the field lines(e.g. the electrical drift - v = ExB/B 2 , for example) .
Conversely , the stochastic diffusion.of the particles also influnce on the diffusion
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of the field lines strongly . In this article, we study the transport characteristics
due to the perpendicular drift of the particles .

II. Langevin Equation
"Particles".

and

Transfer

Probability

of

the

Assumed the plasma is consist of electron and one sample of ion and in local
thermodynamic equilibrious state. The linearized momentum equation is
pdV/dt = - V p , + j , x Bo + j Q x B, ,

(1)

where subrcript "O"and " 1 " represent equilibrious and perturbation quantities,
respectively From Ohmic law,
J, = <E,+VXB0)/TI, J

u

=VXB0/TI, JI|(=E,(|/TI,

(2)

in which v = v(i +v_L, in the low-8 plasma, V x is drived mainly by transverse
perturbation electrical field E x (assumed v ± 0 = 0). Substiluting (2) into (1), we
get,
dv/dt + Tv = F
where v = v f , r = (T/t a ) 2 » x r . ^

(3)
aie t n e

resistive and Alfven times , respectively.

F = C Z m n n o (r-)b m n 0 (r) expdlm^+dnco-rOcOut]),

(4)

where b m n £ is the 8 component of the relative amplitude of magnetic field
fluctuation of (m,n) harmonic , co = 1/q , q is the safety facter , co.. = vf/R is the
frequency of the particles running around the major circumference of the torus
along the field lines. We have leted £ = 0-O)<J>, 8, 0 are the poloidal and
toroidal angles, respectively, <(> = co..t + §Q ,we take <t>0 = 0 and so £0 is the
randomly choosen angle between 0 and

2K.

C = CO .

T.V,,, CO

is the ion

gyrofrequency , we have taken j 0 = -en0V|,, V,, is the electron parallel velocity
normalized to resistive velocity a/t r . no(r) is the panicle density normalized to the
average density .
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In the eq.(3), we have neglected the term dpl/dr, because it only drived a slow
velocity. Its role is equivalent to add a constant velocity to the fast variable
velocity approximatly or to provide an initial velocity as can be seen later.
The eq.(3) has the form of Langevin equation , if F is the fast variable function of
time t and has statistical characteristic only , then the eq.(3) can govern the motion
of Brown particles . First, F(t) varies rapidly as t varies due to the exponent
factor with the quatity to , » 1 ; Second, in the ergodic region, the field lines diffuse
irregularly, the distribution of the field lines is governed by statistical law. Thus,
the eq.(3) can be used for the Brown particles if we regard the elements of
the fluid as Brown particles-huge moleculars. Because the v x is induced by the
electrical field mainly , there is not the charge separation, the velocity is identity
of electrons and ions. So that each huge molecular is a group of many electrons
and ions . Utilized eq.(3) , we can obtained the transfer propability of the
particles in the Fokker-Planck model, that is the Gaussian distribution,

W(r,t;ro,vo) = 1//2iD"exp(-x 2 /2D),

(5)

the W(r,t;ro,vo) dr means the propability of particle localizing between r and r +
dr at time t from its initial location r0 with the initial velocity v 0 at tQ = 0. The
variable x and constant D are , respectvely

D = x 2 = \ x 2 W(x)dx .

III.

(7)

Diffusion Coefficient D ±

Now, the diffusion coefficient D x can be obtained from the definition:
D ± ="x T /2t ,

(8)

as long as the D or x2 was computed. From eq.(3),
x = Jl F ( f ) A ( f ) d f .

(9)

where

l>) = ( 1 - e m ' " ° > / r .

(10)

Let x is the total distance walked in the interval of t . Divided the time t into N
portions each of them is x (| , x(| = 27t/co(| is the time in which particle goes a circuit
of the major circumference of the torus along the field lines. Let the quantity Arj

-356-

Wang Maoquan

corresponding the j-th going around the major circumference , its sign and value
are completely random, then x can be written
X = Z, Ar.= Zj A.Bj

(11)

where
Jill

A, • A(JT | ( ) .

B- do not relate to j if F is fast variable function of t and A- is a constant in the
interval of x.. and also do not relate to j approximately if T»\ .Thus x 2 can be
written
x 2 = (XArJ2 = Zj Ar* +2X.<k At-j Ark

(13)

Because of A? = 3r k = 0 due to their values are completely random, therefore the
? can be written

!?=

N^

(14)

The A: and B: can be regard as constants A, B , respectively. A; = 1/T because of
r»l(seeeq.(10)),
Bj=CZ mn n o b mn9 exp[i(mC o + (m(o-n)(o || jx || )J(1-ei(mci>-n)(B | jT || )/i(rn<a-n)a) ||/
(15)

In the eq.(15) the integration is over the fast variable factor only . Because of
(o | | »l and (l-exptUmco-nJcOn]) < l.we may take approximately ,
(1-exp{-i(mci)-n)to 1| T 1 |} )/(i(mto-n)co||) KXnemto.n,
in which

(16)
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1,

when mco = n ,

6mco,n = f

.

(17)

' 0, when moo * n.
i.e. 5m co, n does not vanish only at the resonant surface , rmn of the (m,n)
harmonic, so that eq.(15) becomes,
B

=C

Substituting A and B into (14), we get (noted NxH = t , T(|V|| =

where
2
Dc = <oj
oc1 1} 2nR/r .

(20)

Finally we obtain the D^
2

|

(21)

The D l derived in this way has similar form with that obtained previously by
various authors[3-6].

IV. The Numerical Results and Conclussion.
It is obviously the diffusion coefficient T>L given by (21) is proportional to
(8B 9 /B) 2 and (a/R)2 . We have calculated Dj^ for different parameters . The
equilibrious parameters used are :
q(r) = q o (1+r 2 X Q) 1 / x ,

(22)

q0 = 0.9 ,qa = 3.2 ,1 = 4 ,Q = (qjq^-l
.The density n0 is taken (1 +
The perturbation field b
was taken ,
(23)

where Amn is the island width . We take £ = A2mn/16, this is equivalent to assume
the island width has same value for all modes, the e is a small parameter
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representing the order of the relative amplitude of the magnetic field fluctuation.
The variations of D ± with e and a/R were given in Figs.l and 2 . It is obvious that
the other parameters of plasma such as the temerature, equilibrious magnetic
field and average density etc. also have influnce on the D±(see Figs.3-5). In these
calculations we take generally temperature T o = 1 Kev , density n o = 3xl0 19 nr 3 ,
magnetic field B o = 20 kG. The maximum poloidal mode number , Max, was taken
150 usually, but there is a limit value for Max , it is about 250 (see Fig.6) .
In comparison with the results in quasilinear approximation , we surprisedly find
that i/Dth results just supplement each other . This is can be seen from the
equation in the guiding centre approximation
dr/dt = V,, B/B +V±

(24)

the velocity of the particles corresponds to a motion along the field lines and a
perpendicular drift with velocity Vj_ = ExB/B 2 . In deriving the D± ,the
quasilinear approximation neglectes the perpendicular drift ,we just consider the
contribution of theis term to the diffusion coefficient Dj^. Our result and that of
quasilinear approximation can be combined into a complete result. Becaused of
the resulte
quasilinear : D± k V|( L c Z mn (5Bmnr/B) 2 5(r-rmn) ,
ours:

D±

s

V,,LC Z mn (5Bmne/B) 2 5(r-rmn) ,

It is obvious if we combine them into one and write as
D J _3V || L c Z mn (8B/B) 2 8(r-rinn).
the final result is a complete one.
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Abstract
A new ergodic divertor is proposed. It utilizes a system of external (n = 3) coils arranged
to generate overlapping magnetic islands in the edge region of a diverted tokamak and connect the
randomized field lines to the external (cold) divertor plate. The novel feature in the configuration is
the placement of the external coils close to the X-point. A realistic design of the external coil set is
studied by using the field line tracing method for a low aspect ratio (A ~ 3) tokamak.
Two types of effects are observed. First, by placing the coils close to the X-point, where the
poloidal magnetic field is weak and the rational surfaces are closely packed, only a moderate amount
of current in the external coils is needed to ergodize the edge region. This ergodized edge enhances
the edge transport in the X-point region and leads to the potential of edge profile control and the
avoidance of edge localized modes (ELMs). Furthermore, the trajectories of the field lines close to the
X-point are modified by the external coil set, causing the hit points on the external divertor plates
to be randomized and spread out in the major radius direction. A time-dependent modulation of
the currents in the external (n = 3) coils can potentially spread the heat flux more uniformly on the
divertor plate avoiding high concentration of the heat flux.

1. Introduction
The edge and divertor plasma behavior has long been recognized as major issues of the thermonuclear research. In present day tokamaks, sharp edge gradients result from enhanced edge confinement
in H-mode and lead to the occurrence of edge localized modes (ELMs) [1]. One of the difficulties in
future fusion reactors is the prolonged concentration of heat flux along the divertor channel to the
divertor plates [2]. It will lead to copious impurity production at the divertor plate and the subsequent
impurity backflow into the main plasma. It is therefore desirable to have a method to allow us provide
control to the edge and divertor region of the magnetic configuration.
Up to now various innovative ideas have been proposed to alleviate the problems of a hot plasma
edge interfacing with the external cold wall. These include the ergodic divertor [3] and the axisymmetric X-point sweep [4]. In the ergodic divertor, a system of external coils are arranged to generate
overlapping islands in the edge region of the plasma and connect the stochastic field lines to the external wall. Rapid parallel transport along field lines in this stochastic layer will enhance the effective
perpendicular diffusion, leading to a cooled plasma edge with increased radiated power. The increased
particle flux to the walls produces a larger neutral influx which, if ionized within the stochastic layer,
increases the local density. Since the penetration probability falls exponentially with density, an increase in the neutral screening factor is triggered and impurity neutrals are ionized closer to the vessel
walls. Thus, the radiation profiles move radially outward and increase in the stochastic layer. The
enhanced outflux of the plasma further entrains the impurity ions and prevent them from entering
the plasma. In the axisymmetric X—point sweep, the X—point location is swept in time to prevent
the sustained heat flux at a fixed location on the divertor floor. This is expected to circumvent the
concentrated heat load problem of the divertor plates.
Ergodic boundary layers have already been implemented on various tokamaks, notably TEXT [5],
Tore Supra [6], and JFT-2M [7]. Both TEXT and Tore Supra are circular tokamaks. Activation of the
ergodic perturbation coils has been observed to lower the edge temperature and temperature gradient
in the stochastic layer and reduce the carbon impurity concentration in the core plasma. JFT-2M
is a noncircirlar tokamak. During its H—mode operation, activation of the ergodic divertor has been
observed to enlarge its operational space of the ELMy discharges. Therefore, the ergodic boundary
layer provides an important method of impurity and ELM control. The axisymmetric X-point sweep
has been proposed and tested in DIII-D [8]. Up to a factor of two reduction in the peak surface
temperatures on the divertor floor have been observed.
In all the previous ergodic layer experiments, the helical fields are produced either by full poloidal
coils with a cos 6 modulation or Ijy coils p'aced on the large major radius side of the plasma crosssection. This could be the optimal design for the circular tokamak. In the circular tokamak, the shear
of the safety factor q profile LJ weaker than that of a noncircular tokamak. The resonant surfaces are
therefore further apart. The magnetic islands needed to obtain overlap are therefore larger in radial
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deeper into the confinement (q < 2) region.
In a noncircular diverted tokamak, the q value near the separatrix varies as ^n(i/i — ip,), where
ip, is the poloidal flux function value at the separatrix. The trajectory of the magnetic field in a flux
surface based coordinate system satisfies the equation
dif>

Mp

where quantities with a tilde are the perturbed quantities. If, as a first approximation, we ignore the
perturbed quantities relative to the unperturbed ones, the perturbation in ip of a flux line is then given
by

= I
unperturbed trajectory
It is observed that near the X-point, where the poloidal length is elongated, the same amount
of By will produce a larger perturbation in the excursion of the field line trajectory than in a circular
tokamak.
The hit poir.es of the lost field lines from the edge of the plasma depend mostly on their trajectory
when they pass through the X-point region. Over this region, the equilibrium poloidal field is weak.
An n ^ 0 perturbation field of moderate size can easily produce a non-axisymmetric modulation.
In this paper, we propose an improved arrangement of the the ergodic divertor coils for a diverted
tokamak. In Section 2, we show an example of such an arrangement for Dili—D. A system of n = 3
external coils is designed to be placed around the X-point of a lower single null equilibrium. The
resultant field line topology is studied with different coil currents. We show that the coil currents
could have a rich harmonic content and will resonate with flux lines at the plasma edge. With 5 kA
turns of current in the ergodic coils, a thin layer ~ 4 cm in width around the separatrix is ergodized
for a plasma with ~ 1 MA of plasma current. The hit points on the divertor floor are also broadened
to 8 cm in width on the outboard side and 4 cm in width on the inboard side. In Section 3, the effect
of one special unit in the above coil set, which takes the shape of a set of "window pane" coils placed
on the divertor floor, is studied. It is found that exciting this set alone, generates a very peaked,
low harmonic content and localized magnetic field perturbation at the separatrix. It thus generates
negligible ergodic effect for field lines around the separatrix. With 37.5 kA current in the coils, a
sizable excursion of the hit points on the divertor floor is generated. In Section 4, a combination of
the effect of currents in the first and second sets is used to show that a reasonable range of field lines
around the separatrix may be ergodized and at the same time the hit points on the divertor floor can
have a large excursion. Thus, a proper combination of currents in the helical and the window pane
coils will allow us to control the edge field line diffusivity and their hit points on the floor can have a
large excursion. A brief conclusion with discussions is given in Section 5.

2. A "Helical Coil Set" in DIII-D Geometry
To show the effect of an X-point ergodic divertor coil set on a realistic diverted tokamak, we use
as example its implementation on DIII-D. In the following, all the physical dimensions used are for
the DIII-D geometry and it could be easily scaled or modified for other similar diverted configurations.
Shown in Fig. 1 is the physical layout of the DIII-D tokamak in the poloidal cross-section. The
helical coil is shown and marked as circles with connected current carrying segments. Starting from
the bottom floor, it is placed along the vacuum vessel upward toward the outboard midplane. It is
noted that this placement of the co'1., although being close to, is not symmetric with respect to the
X-point and has been adjusted to be compatible with the existent DIII-D hardware. The geometric
center of the plasma chamber is shown and the largest inscribed circle which fits into the chamber is
marked as heavy dotted lines. A standard DIII-D single null configuration with its flux surfaces close
to the separatrices are also traced by various symbols. These flux surfaces have g values of 2, 3, and 4,
respectively. On the outboard midplane of the torus which goes through the magnetic axis, they are at
a distance of 13.8, 5.3, and 2.8 cm from the separatrix, which is located at minor radius r = 0.668 m.
The X-point location is at height Z = - 1.23 m.
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Fig. 1. Physical layout of the DIII-D tol.amak in the poloidal cross-section. The location of the
helical coil is shown and marked as circles with connected current-carrying elements. Starting
from the bottom floor, it is placed along the vacuum vessel upw&rd toward the outboard midpiane.
Shown are also on inscribed circle and standard DQI-D flux surfaces with q = 2,3,4.

Shown in Fig. 2 are the Fourier amplitudes of the perturbation magnetic field on the inscribed
circle shown in Fig. 1 for 5 kA-tums in the "helical coil." It is seen that on this circle the iadial magnetic
field has an n = 3 component with a broad maximum peaked around m = 7. The maximum Fouiier
amplitude is around 2 G. The n = 9 component is smaller by a factor of 3 with a similar spectral shape.
For a more detailed study, the Fourier amplitudes on the actual unperturbed flux surfaces should be
analyzed for their harmonic content. For noncircular cross-sectional shapes, the peak amplitude is
expected to be higher for flux surfaces close to the separatrix. The harmonic content is also expected
to be shifted in m number. For instance, the actual magnetic field strength along an unperturbed flux
surface close to the separatrix is shown in Fig. 3 as a function of the poloidal angle 8. 180 deg is at
the inboard (in major radius direction) mid-plane and 360 deg is on the outboard midpiane. Both
the perturbing radial and poloidal magnetic fields undergo large oscillations along the flux surface and
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Fig. 2. Fourier amplitudes of the perturbation magnetic field produced by the helical coil on the
circle ihown in Fig. l a i (unction of poloidal mode number for n = 3 and n s 9.

it reaches SO G at the maximum. Therefore, the main feature of this coil set is that it has a broad
spectrum with a large perturbation field at the X-point region.
With the inclusion of the magnetic field due to the ergodic coils, the magnetic configuration
becomes three dimensional in nature. Although there exist many good analytic theories based on
perturbation of a axisymmetric equilibria or renormaliied flux functions, in the truly stochastic field
regime, only the field line tracing method [9] can give us a clear picture of the new configuration. The
axisymmetric part of the equilibrium magnetic field has both a toroidal and a poloidal component.
For simplicity, the toroidal field is assumed to have a vacuum field l/R dependence. The poloidal field
is generated by using plasma current filaments and external vertical field coils to produce the desired
plasma shape of a single null discharge. The toroidal current carried by the plasma is chosen to be
950 kA. The toroidal field strength of 1.3 T is adjusted to have q = 2 and 3 surface locations that
match a known DIII-D discharge. The total magnetic field used in the field line tracing consists of
the axisymmetric equilibrium field together with magnetic field generated by currents in the ergodic
divertor coils.
In the field line tracing picture, the volume of the plasma turns into a volume filled with interconnecting magnetic lines. Deep inside the plasma, the perturbation effect is small and the magnetic field
lines are observed to trace out almost intact flux surfaces (some times with small islands). However,
at the edge, due to the density of the resonant surfaces, there will be a stochastic region which is
eventually connected to the external cold divertor plate. From the KAM theorem, it is known that
there is a clear separation between the external 'stochastic lossy' region and the internal 'confined'
region. Our objective here is to characterize this lossy region.
Details of the field line tracing results for 5 kA currents in the ergodic coils and with a maximum
tracing of 100 toroidal circuits around the torus are shown in the following. One hundred toroidal turns
is chosen because it corresponds to tens of collision mean free paths of the particles at the edge in the
H-mode mode operation. Shown in Fig. 4 is the puncture plot of a collection of field lines starting
from the outside midplane at toroidal angle <p — 0 and equally spaced in radius from 0.631 to 0.705.
Plotted are three types of lines, the first is the solid lines which are the axisymmetric flux surfaces.
The second type is the flux surface traced out by the unperturbed field lines. And, the third type is
the field line trajectories traced out by the perturbed field lines. Approximately an equal number of
field lines are started outside of the separatrix as are from inside. Trajectories of field lines started

Pig. 3. Perturbation radial and poloidal magnetic field •trength along an unperturbed llux turface
dear to the separatrix a> a function of the poloidal angle 0. ISO deg u at the inboaitl (in major
radius direction) midplane and 360 deg ii on the outboard midplane.

from outside of the separatrix are sparsely populated, showing they are promptly lost. The tilting
of their radial extent shows the difference in their rotational transform angle. For field lines started
from within the separatrix, the field lines generally would deviate from the original unperturbed flux
surface. Although undiscernible from the figure due to the density of the lines tiraccd, some of the
lines will eventually cross the separatrix and enter the lossy region. This effect of the gradual loss of
the field lines is best observed from Fig. 5. Plotted in this figure is the length of the field line as a
function of their starting position on the outboard midplane shown on a logarithmic scale. The fit-Id
lines are traced in the outboard going (shorter or clockwise as seen in Fig. 4) direction. Tracing of
a line is stopped after it hit the divertor plate located at a location of Z = -1.33 m. The field line
length in 0 is the increment in toroidal angle at hit from its starting raidplane location. The prompt
loss lines would register as 0 or 1 in the figure. Thi scale increment is approximately 1.6, i.e., a field
line registered as 2 would be 1.6 times longer than lines registered as 1. The field lines that are longer
than 100 turns in length are registered as *. It is seen that there is a trend for the field line length to
gradually increase as its starting position moves from close to the separatrix toward the plasma center.
This trend is not monotonic but with certain imbedded randomness. The sinusoidal shaped locus of
points marked as 1 may be regarded as the new plasma boundary. This is the plasma shape under the
influence of the perturbation field. This pattern repeats every 120 deg in <f> for n = 3. The amplitude
of this sinusoidal variation is proportional to the strength of the perturbation field. When we increase
the maximum length of the field line that is traced, some of the field lines that are registered as * will
be lost. An increase of the field line length to four times as that shown in Fig. 5 indicates that none
of the field lines deeper than 5 cm from the separatrix are lost.
The same group of field lines are also traced in the inboard going (longer) direction. A similar
behavior is observed.
The length of the lost field lines can also be plotted as a function of the toroidal and poloidal
angle of their hit points, as shown in Fig. 6. There are two patterns in the figure. The prompt loss
group and the group of numbers determined by the longer field lines. The prompt lots lines (those
marked by 0) have a wider spread in the poloidal angle. Its extent is essentially determined by the
radial extent of the starting locations. The spread in poloidal angle of the longer lines is intrinsic in
nature and is proportional to the strength of the ergodic coils. It is interesting to note from more
detailed examination reveals that there are no similarities between the hit point patterns left by the
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Fig. 4. Puncture plot of a collection of field lines starting from the outside midplane at a toraidal
angle <p = 0 and equally cpaced in radius from 0.631 to 0.705. The solid lines are axisymmetric
flux surface* not used in the tracing. As a refuence, trajectories of field lines without the external
perturbation fields are shown together with those with the perturbation* from the external n = 3
coils.

different length groups (6, 7, 8, or 9). The extent of their span in poloidal angle is nearly identical. As
shown in the figure, this width is 4 deg poloidal angle or 8 cm in real space. This should be compared
with 1 to 2 cm of the width of the heat load spread observed in axisymmetric H-mode plasma discharge
in DIII-D. 8 cm is the additional width that the heat load from inside of the plasma can be expected
to spread over. We note that the pattern in Fig. 6 has an n = 3 toroidal sinusoidal variation. This
sinusoidal pattern may be swept toroidally by a slow periodic time variation of a phased arrangement
of the currents in a set of ergodic coils. In the inboard going direction, the pattern has a much narrower
spread. It is approximately half of the outboard going spread. It is easy to deduce that the pattern
on the floor is essentially determined by the magnetic field of the local X-point region. However, the
entrance of a flux line into the loss region is random. This effect may be utilized to enhance the spread
out of the heat flux on the divcrtor floor.

3. The "Window Pane" Coil
From the results of Section 2, we realized that the spread of the hit points on the divertor plate
is mainly determined by the strength of the local perturbation magnetic field. We may enhance this
effect by exciting currents in a set of "window pane" coils. The placement of the coil is only on the
floor of the vessel. Their location being directly underneath the hit points and would then have a large
effect on them. On the inscribed circle shown in Pig. 1, this set of coils give the harmonic content as
shown in Fig. 7. The n = 3 component is concentrated at m = 1 with a narrow peak. The higher
harmonic contents are small. With 37.5 kA in the coil, it has a 7.5 G, m = 1 component on the
inscribed circle. But since these mode numbers are not resonant with the q values near the separatrix,
it has negligible effect in ergodizing the edge flux surfaces. It could, however, cause a large spread in
the poloidal extent of the hit points on the divertor floor. Shown in Fig. 8 is the pattern of the length
of the field lines as a function of the poloidal and toroidal angles of their hit points. Note that these are
all prompt loss lines. The outer sinusoidal pattern is produced by trajectories with starting locations
further from the scparatrix. This sinusoidal spread increases as the starting locations move toward the
separatrix from the outside. It is seen that this spread increases to 8 cm on the outboard side of the
divertor floor for the field lines starting at the separatrix. This pattern is not random and it attests
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Fig. 5. Length of the field lines an a function of their starting position on the outboard midplane is
shown on a logarithmic scale. The field lines are traced in the outboard going (shorter or clockwise
as seen in Fig. 4) direction. The prompt lou Una are registered a* 0 or 1. The field line* that are
longer than 100 turns in length ore marked as *. The scale increment it approximately a factor of
1.6.

to the nearly non-ergodic nature of the plasma edge. The corresponding spread on the inboard side of
the divetor floor is ~ 6 cm, still substantial. Therefore, if we are interested mainly in moving the hit
points on the floors alone, we could excite only these window pane coils.
4. A C o m b i n a t i o n o f t h e C o i l s
From the above sections we recognized that we may perform two different kinds of perturbation
to the plasma by placing coils around the X-point of a diverted plasma. We may ergodize the edge
with very little effect on the inside by utilizing the helical coils and we may spread the heat out on
the divertor plate by utilizing a large local field perturbation near the X-point. These two effects may
be superimposed. Shown in Fig. 9 is the resultant midplane length plot of the field lines for 5 kA in
the helical coils and 37.5 kA currents in the window pane coil. It is seen from this midplane pattern
that the field lines are randomized. Examination of the hit point pattern on the floor reveals that it is
made up of the composite effect from the two sets of coils. It has a large extent in its radial spread.

5. Conclusions
At the plasma edge, the plasma temperature is ~ 100 eV. We have shown that relatively low
current ergodic coils can be used to control the magnetic topology near the separatrix of DIII-D. This
will provide a broadened scrape-off layer and reduce the peak heat deposition on the divertor targets
by spreading out field line intersections with the target plates in DIII-D. In addition, it is known
that relatively large toroidal and poloidal heat deposition asymmetries exist in tokamak because of
small intrinsic magnetic perturbations [10]. Since toroidal asymmetries are particularly dangerous for
divertor failures, it is reasonable to expect (as proposed in Ref. 10) that the ergodic layer can be used
to reduce the effects of toroidal and poloidal asymmetries and to provide a greater degree of control
and flexibility in the operation of the divertor. As an example, we calculate below the effect of the
magnetic diffusion induced by our DIII-D coil design on the electron thermal diffusivity x e a n d particle

TQTAl-lEN-BQTH

Toroidal Angle

•

Fig. 6. The length of the lost field lines shown in Fig. S are replotted as a function of the toroidal
and poloidal angle of their hit points on the floor at y = -1.33 m. The heavy superposition of
longer length lines shows the intrinsic spread of the hit spot by the external perturbation field. It
covers approximately 8 cm in width.

diffusion coefficient Dn. For a plasma temperature of 100 eV, the Bohm cross-field diffusion in a 30 kG
toroidal magnetic field is 2 m 2 /sec. In the example shown, the average migration of the field line after
1000 m in length is around 3 cm, which translates into a diffusivity of the magnetic field DM as 10~6 m.
At 100 eV, the electrons would have a thermal speed of 4.3 x 106 m/sec and the hydrogen ion thermal
speed is at 10B m/sec for Te = 71. By using the estimation of D = £>Mfth, w e obtain x. ^ 4-3 m 2 /sec
and Dn ~ Xi - 0.1 m2/sec by employing the test particle diffusion formula with the electron and
ion thermal speeds at 100 eV, respectively. We would therefore expect the ergodic magnetic field to
have an ability to cool the electron temperature at the edge and provide control to the edge plasma
density for ELM control. Since the heat load on the divertor floor is expected to be spread out by the
time-dependent modulation of the currents in the ergodic coils, the impurity production and backward
migration problems into the main plasma will also be alleviated.
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Fig. 8. The length of the lost field lines due to the effect of the window pane coils plotted as a
function of the toroidal and poloidal angle of their hit points on the floor. Although the pattern is
not stochastic, it has a large spread in the major radius direction.
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Fig. 9. Length of the field lines as a function of their starting position on the outboard midplane
shown on a logarithmic scale. 5 kA of currents in the hdical coil and 37.E kA in the window pane
coils are used. It is comparable to that shown in Fig. 5.
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Abstract
In many small tokamak devices, the capacitor banks is used as a
poloidal field power supply without chopper for the financial reason
and the little difference between the magnitude of the plasma duration
time and the chopper switching time. Thus, the voltage and the current
waveforms must be formed by several phases of different LRC
discharge waveforms. The variation of Ip, VL and other parameters is
still large even in the plateau stage.
The idea of plateau improved with ZnO varistor (voltage sensitive
resistor) is presented in this paper. Also, the result of tailoring VL
and Ip experiment on HT-6M tokamak is introduced. A improved tens
millisecond plateau was achieved (AV L /V L <5%, AIp/Ip<5%,
ANe/Ne<10%). Obviously, it is of great importance for many
diagnostic measurements and futher physics experiments to have the
constant distribution of temperature and density.
In this paper, a simplified analysis of the actual poloidal circuit of
HT-6M is given. The numerical simulation and the result of
experiment are compared. The operating principle of the varistor and
its application on iron corn transformer tokamak in plateau and rising
phase a-e mentioned.
We believe that the ZnO varistor would be used widely in small
tokamak for its short response time (less than 100 ns), low price and
convenience.

1. Introduction
The first important task is the plasma equilibrium or how to make the match
between the plasma current Ip and the vertical field current Iv after built up a
tokamak. An increased linearly Ip and Iv is used widely and effectually in
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rising stage ( Fiji. 1 ) because of " '
Bv= kvlv = n« |ln(8R/a)+A-0.5Jlp/(4jtR).
The change of plasma equilibrium paramcter.in the heating process, is adjusted
by the ratio of Iv/Jp in the heating process. In the large and middle size tokamak
device, a reverse or a chopper control system is usually equipped with an opened
or closed loop. In the small tokamak, the capasitor bank is often used as a
poloidal field power supply without chopper for financial reasons and the little
difference between the magnitute of the plasma duration time and the chopper
switch time. Thus, the voltage and current waveforms must be formed by several
phases of different LRC discharge waveforms (Fig.2). The variation of Ip, Vi.
and other parameters is still large even in the plateau phase. It will be difficult
for further physics experiments.
The experiment of tailoring VL and Ip with ZnO varistor on HT-6M is
introduced in this paper. A tens millisecond perfect plateau for Ip, VL and Ne has
been achieved.

2. The Distinguish Feature of HT-6M Poloidal Field
The HT-6M is a small tokamak with an air core transformer without the thick
conducting shell (Fig 3). The transformer is formed by a central solenoid and
two pairs of compensating coils, which offers + 0.35 vs magnetic flux. There is a
region less than 5G stray field in the center of the vacuum chamber when the
maximum bias current is reached (Ih =17 ka). The displace feedback coil
mounted on the outside of the chamber is seldom used because of the serious
disturbance to diagnostics. The vertical field is produced by a pair of huge
solenoids (Lv = 8.43 mh), which provided a 0.09 vs poloidal flux for ohmage
heating at the same time. So, it is a semi-mix poloidal field system, which has a
pure ohmage heating field but no independent pure vertical coils. The capasitor
bank is used without the chopper. It has been operated in bias with these
parameters for five years
R = 65 cm
a = 18- 20 cm
Bt= 7-11 KG
Ip= 60-100KA

( 15 KG designed )
( 150 KA desinged )

3. The Characteristics of ZnO Varistor and Its Life Test for
Temporal Pulse Current
The ZnO varistor is a voltage-sensitive resistor which is composed of ZnO and a
little oxide of Co, Mo, Bi, Sb and Ti. Its volt-ampere function is described as
follows: I = C V a . The a is a noi linear coefficient which is over 20. The C is
a constant. Its switch voltage Vs is the voltage when 1=10mA. When V>Vs, the
value of resistor is less than 10° Q. When V<0.5Vs, It is more than 106 Q.
(Fig.4). The switch time is very short (10°-10 1 ns). Here is the parameter of
MYN1 ZnO varistor:

The Experiment and Analysis, vj'Tailoring 1/. A lp*nth'/j)t)

swiich voltage
leakage current
energy capacity
ratio of voltage
shot life
normal life

V<»lMse<SrmMnv ftemtt*r on IIT<ti*

Vs = 2CK1-1 (KX) v
I < 0.02 mA
(V<0.5 Vs)
10, 15. 20. 30 KJ
^200A^' s '' < '-*1
>5000 times
>80 years
(V<0.7 Vs)

We chose the 230 v/15 KJ MYN1 varistor which was made by the Electric
Equipment Factory in our institute, and tested its temporal feature with a
rectanglar current generator every minute a shot. The rising time was 5MS,
duration time 5|Js (Fig.5). According this test, the current rising rate must be
lower than 107A/s.
The varistor stack Rl, shown in Fig.7, was in parallel with 7 pairs of 230 v/15 kJ
varistor and in series with the inductor Lh 1, avoid being damaged by local over
hot caused by the inhomogeneous current and too high rising rate. Its equivalent
circuit is shown in Fig. 6, V = 460+0.091. The current in the stack was a 2
KA/50 ms pulse every discharge. The energy dissipation was 35 KJ in normal
shot. It would be 200 KJ in a failure discharge. This stack was used for 6
monthes and damaged by the 4 failure shots in series last year. Now, a new more
powerful stack composed of 100 pairs of 230 v/10 KJ varistor is operated. It will
work in any condition.' *-'

4. The Poloidal Field Analysis and Experiment Result
The poloidal field circuit of HT-6M is shown in Fig. 7. The charged voltage of
capacitor is signed. When 1# ignitron and SCR Kl are turned on at the same
time, the charge on the Chi is discharged to Lh through the 1#, Kl, Lh3 and
Lhl. If the resistors of coils, wires and switches were omited, the discharge must
be a pure LC discharge shown in Fig 8(1). The sign on the left shoulder of Chi
is the initial voltage, on the right is the final voltage. When the negative Ih reachs
the maximum value, the vacuum gap switch VS is turn on that makes Kl turn
off. The Chi charged by the current in Lhl through resistors Rhl and Rh2
shown in Fig 8(2). Since the value of Rhl and Rh2 is large (400 mQ),Ih is
decayed quickly, a large loop voltage ( Mph dlh/dt) is produced, gas brokendown
and plasma formed. It is responded to" Ip rising phase I. When 3# is turned on,
Rh2 short out thai is the rising phase II (Fig.8(3)). The VL is very low, about 3v
in the plateau when the 5# ignitron is turned on, and the Chi is charged to the
maximum volue (Fig.8(4)) then discarged to Lh through Dl (Fig.8(5)). If the 6#
is turned on , the varistor is operated, the voltage on Lh and the VI will be
constants. A perfect plateau waveform is got in dotted line Fig.8.
When the biase current Ih is -12 KA, the maximum positive Ih is only 3 KA
because of the ohmage dissipation of circuit. The Ih will be increased to a given
value when the Ch3, 7#, 8# and the transformer T are operated. They are not
usually runned since the plateau time is enough for us.
There are two operated modes for the equilibrium field. The one is operated
without the right part of the dotted line in Fig.7. The 4# is switched on as soon as
the gas is brokendown, the decayed Ih is flown into Rvl, Lv and R2 partly. The

K2 is turned on at the same time with JW. »nd K3 with 5#. The Iv was
with lp in rising phase I, II iind plateau phase by Rvl, Rv3 and Rv4, The
capasitor bank Cv is saved. But the resistor can not be change smoothly and
easily. The other is ihe practical mode. The 2# is turned on ju«i after breakdown
Fig.8(2)(3). The charge voltage of Cv and (he value of Rv2 are changed for the
rising phase 1 and II. The 4# and 5tf are switched on at the same time. The Rvl is
changed for the plateau Fig.8(4)(5).
In above analysis, the mutual inductance among Ih, Ev and Ip are omitted. There
is no dramatic change in the waveforms because of the weakly coulptng factor (K
= 0.2-0.3). The mutual inductance, the resistor of coils, switches and varistor
and the voltage on the leads of switch must be computed in the simulation. The
wuvform of numerical calculation and experiment measurement are compared in
Fig.9.
The results of experiment is shiwn in Fig. 10. A 40ms perfect plateau has been got
since the varistors were used. The relative variation is reduced from 20% to 5%
for Ip and VL, from 30% to 10% for Ne. Obviously, It is great important for
further physics work'3!.

5. The Application in Iron Core Tokamak
The varistor could be applicated in an iron core tokamak easily shown in Fig. 11.
The primary current Ih would be only 100A, Voltage 2kv in the plateau stage.
One or two pieces of varistor would be enough. One or one series of varistor
was also good enough for the rising phase because the biase magnetic flux was
provided by an independent coil.
In HT-6M, the biase current was 12--17 kA at the start of rising phase. If Rhl
and Rh2 were replaced by a stack of varistor. It should be composed by hundreds
pieces of it because the rising rate of current in the computating process was so
high.
Using varistor on Ip rising phase, the waveform of VL would be composed by
several stages of plateau like a stair. A linearly rising Ip would be got, that was
not only easy to match with Iv but also avoided runaway and discontrolling by
too high VL and too much dIp/dt'4J.

6. Summary
(1) The advantage of a mix poloidal field in small tokamak is beyond compare
in the flexibility and the price of coils and power supply according to the 5
years biase operation on HT-6M.
(2) We believe that the ZnO varistor would be used widely in small tokamak
(Td = 10°—lO'ms) for its short response time ( <100ns), low price and
convenience. The application region will be expanded for the iron core
tokamaks.
(3) The ZnO varistor has been used limited in an opened loop yet. One stack of
varistor only offers one voltage. It could be operated also in a closed loop
combined with a chopper contral system.
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Abstract
The 2.45 GHz lower hybrid current drive systems have been
established at two output microwave power levels, 100 KW and 500
KW, for the LHCD experiments in HT-6B and HT-6M tokamaks
respectively.
Two kinds of cross field microwave tubes,magnetron and CFA
amplifier,were adopted as the long pulse microwave sources for 100
KW system and 500 KW system respectively.The pulse duration of
these tubes can reach about 0.1 second.These microwave tubes can
operate at much lower anode voltage than that of klystrons.
The slow wave antennas in these two LHCD systems both are the
multijunction grills,of which one is 1 x 8 multijunction grill with
fixed phase shifts between adjacent subwaveguides,another is 2 units of
1x12 multijunction grills with changeable phase shifters and
bidirectional couplers in every subwaveguides. The informations
about wave coupling and wave reflection can be get from these
couplers.The Nil spectrum of the grill can be chosen arbitrarily using
these phase shifters.
The 100 KW LHCD system has been used for HT-6B tokamak
experiment and the effects of current drive with and without the
assistance of Ohmic heating are both obvious.The setting up of 500
KW system will be fulfiled at the end of this year.
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1. Introduction
In order to realize the steady state operation of fusion devices,it is necessary to
find the non-inductive current drive methods to drive plasma current
continuously. It was shown that the lower hybrid current drive (LHCD) is one of
the most effective methods to drive plasma current continuously in tokamaks.
LHCD depends on the interaction between wave and electrons.so in principle.the
plasma current can be driven continuously as long as the pumping wave can
operate continuously. At present the effectivenees of LHCD have been
demonstrated by some experiments [1-4]. In addition.LHCD can change the plasma
current profile so as to suppress some MHD instabilities [5-6], and in the initial
stage of plasma current set-up LH wave can accelerate the current rise and save
the volt-second number of the heating field [7-8], this effect is important for the
fusion reactor. At present, in the plans of the next near ignition tokamaks, LHCD
has been adopted to drive plasma current steadly and to improve the MHD
behaviours of the plasma [9-10]. So it is very important to investigate the LHCD
continuously.
In order to carry out LHCD experiment in the HT-6B and HT-6M tokamaks in
ASIPP we set-up two kinds of S-band LHCD system for the two devices in recent
years. The wave frequency of the two systems both are 2.45 GHz and the output
microwave power levels are 100 KW and 500 KW respectively. In these two
systems, the cross field microwave tubes, the magnetron and the CFA chain(cross
field amplifier chain), were adopted as the microwave sources. These two kinds
of microwave tube can provide several hundred kilowatts output power in
subsecond pulse duration. In the two LHCD systems, the multifunction grill was
adopted as the slow wave antennas. The phase shifts between the adjacent
subwaveguides are fixed and changeable in 100 KW and 500 KW systems
respectively.
At present,the 100 KW system has been used in HT-6B experiment and the
effectivenees of current drive and suppress some MHD modes is obvious[ 11,12]
and the 500 KW system will be completed at the end of this year.
The section 2 of this paper describes the 100 KW system simply. In section 3 the
500 KW LHCD system is been described and section 4 gives the discussion and
conclusion.

2. The S-band, 100 MW LHCD Systems[13]
This S-band, 100 KW LHCD system consisted of long pules microwave
source,microwave transmission and slow wave atitenna. Fig.l gave the framwork
diagram of this RF system.
(1) Microwave Source
ND4883 magnetron(produced in Nanjing Electron Tube Co. Nanjing China) was
adopted LS the microwave source of the 100 KW LHCD system.
Tab.l showed the main parameters of ND4883 magnetron.
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Tab.l The Operation Parameters Of ND4883 Magnetron
Frequency
2.45 GHz
Bandwidth
50 MHz
Output Power
120 KW.
Pulse Duration
60 ms.
20 KV.
Beam Voltage
Beam Current
14 A.
Power of Filament
30 W.
Magnetic F ield
<2 KG.
50-55 %
Efficiency
Cooling
Air.Water
The advantages of this kind of microwave tube is its low beam voltage, its good
stability and repeatability and its low price compared with that of the klystrons,
though its flexibility and adjustability in output power and frequency is less than
klystrons.
(2) Transmission Line
The microwave transmission line is consisted of BJ-22 rectangle waveguide (109
X 55 mm^) and some other large power microwave components such as the 90°
bands of H-plane and E-plane, bidirectional coupler,circulator, DC breaker and so
on. The parameters of the waves transmited in the main waveguide was measured
by a coaxial system. The length of the transmission line is about 3 mitres.
(3) Slow Wave Antenna
The multijunction grill[14,15] was adopted as the slow wave antenna. The main
parameters of the grill was given in Tab.2.
Tab.2 The Parameters Of The Multijunction Grill
Used In 100KW System
Number Of Waveguides In Toroidal
Number Of Waveguides In Poloidal
Period Of Grill
Phase Shift
< N|| >
A N||

8
1
9.5 mm.
90°
3.22
2.0

The N|| spectrum of the multijunction grill is showen in Fig.2. The antenna was
made of stainlees steel and the AL2O3 ceramic window was adopted.
The waves transmited in the main waveguide were divided equally into the 8
subwaveguides using two steps of power divider. The phase shifts between
adjacent subwaveguides were produced by changing the width of H-planes.[15]
The bellows was used to adjust the radial position of grill
Fig.3 showed the transmission line and antenna system.
(4) The Operation Behavious Of This System
ND4883 magnetron can provide about 100 KW power output during 60 ms pulse
length. The frequency of the wave is 2450+50 MHz.Until now, this system has
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operated more than 5,000 shots and its operation property is still stable.
The standing wave ratio of the antenna system is about 1.2 with match load and
about 3 without load.
Grill conditioning was been completed using chemical cleaning and RF glow
discharge. The 100 KW long pulse microwave can pass the antenna smoothly and
the power density in the grill has reached larger than 2 KW/cm .
At present, this 100 KW system has been used in HT-6B tokamak for its LHCD
experiments. The effects of current drive and the improve of plasma performance
were obvious both in the cases of LHCD+OH and LHCD only.fl 1,12,16]

3. The S-Band,500 KW LHCD System
The 500 KW system is for the LHCD experiments in HT-6M tokamak. The
HT-6M device is a small tokamak, its main parameters are: major plasma radius
65cm, minor plasma radius 20 cm, toroidal field on axis is 1.5 Tesl. In OH
discharges, the plasma current can reach 150 KA, the average line density can
change from 0.3 to 3.0x10 19 m" 3 , the electron temperature Te(0) is 600-800 ev
and the ion temperature Tj(O) is 200-300 ev. The LHCD experiments will be
carried out in the density range of l.OxlO^m'-', so the accessibility condition is
about N||(acc.) -1.5.
The HT-6M device will provide two circlar windows(O200) in outside equator
plane. Tow units of 1 x 12 multifunction grills are installed in the two windows.
(1) The CFA Chain.
A CFA chain (made in Naniin Electron Tube Co.) is adopted as the microwave
source of the 500 KW system.This chain is composed by two classes, the ND4883
magnetron as the first stage and the ND1891 CFA amplifier as the second stage.
Tab.3 gives the main parametrs of ND1891 CFA amplifier.
Tab.3 The Operation Parameters Of ND1891 CFA Amplifier
Beam Voltage
Beam Current
Cathod
Magnetic Field
Frequency
Band Width
Output Power
Power Gain
Pulse Duration
Efficiency
Cooling

35 KV.
33 A.
Cold.Without Filament
<3 KG.(Permanent Magnet)
2.45 GHz
50 MHz
500 KW.
13-14 db.
0.1 Second.
55 %
Water

As same as the magnetron, CFA is also the cross field tube, so its anode voltage is
much lower than that of the klystron. The high voltage power supply(HVPS) for
CFA can be much simpler compared with the HVPS for klystrons. At the same
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time, in CFA the cold cathod and the permanent magnets are used so the power
supplies for these two parts can be cancelled. At other hand, CFA's ability to bear
the heat shock is worse than the klystron. At present,the pulse duration of several
hundred power output CFA is limited in the subsecond range. It is noteworthy
that the price of CFA is much lower than that of klystron.So for small or medium
tokamaks, the CFA chain is vary suitable for LHFR experiments.
Fig.4 gives the framwork diagram of the CFA chain.
(2) Transmission Line.
As same as the transmission line used in 100 KW system, this one in the 500 KW
system is also composed by BJ-22 waveguides (total length 30 m.) and some large
power components. Except those used in 100 KW system, twisting waveguides
and flexible waveguides are used in this system. All waveguides and components
can connect sealed and can bear the shock of 500 KW wave power with one
second pulse duration.
(3) Slow Wave Antenna System.
Multifunction gill is adopted as the slow wave antenna of the 500 KW system.
Two grill antennas of 1 x 1 2 multijunction grill will installed in the two LHCD
windows. The main parameters of the 1x12 multijunction grill is shown in Tab.4.
Tab.4 The Parameters Of The 1x12 Multijunction Grill
Number Of Waveguides In Toroidal
Number Of Waveguides In Poloidal
Size Of Each Subwaveguide
Thickness Of Subwaveguide Wall
Period Of The Grill
Wave Pass Ratio

12
i
12.0 x 86.4 mm2
2.0 mm
14.0 mm
81 %

N|| spectrum ( f = 2.45 GHz, A<P = 90° )
< N||>
2.19
A N||(half power)
0.73
The N|| spectrum and the coupling characters of the grill are shown in Fig.5.
Fig.5(a) gives the NJJ spectrum in the case of A<& = 90°. It is shown that the
spectrum is more narrow than that of the 100 KW system. From Fig.5(b) we see
that there exists a phase shift window, in the range the reflection ratio is relatively
small.
The antenna system can be divided into five parts.they are:
(a) Power dividers.
The microwave power in the main waveguide is divided into the 12
subwaveguides using two steps of power dividing. One is a 4.8 db divider which
divide the wave into three waveguides. Another are three 6 db dividers, past
through which the wave is devided equally into the 12 subwaveguides.In this
procese,the section of the main waveguide changes from 109x55 mm2 to
86.4x166 mm2.
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The power dividers are made of brass.
(b) 12 channells of changeable shifter.
12 channells of dielectric phase shifter with narrow section are installed in the
antenna system. The changing range of these phase shifters is 0-360°. The
dielectric used in these shifters is compound ceramic which is machinable. Each
shifter can bear about 50 KW wave power for one second long. The shifter is
made of brass.
(c) 12 channells of bidirectional coupler.
12 channells of bidirectional couplers with narrow section are installed in the
antenna system after the phase shifters to measure the wave transmition and
reflection in every subwaveguides. The coupling ratio of them is 55 db.These
couplers are made of brass.
(d) 12 channells of ceramic windows.
12 rectangle narrow waveguide ceramic windows are installed after the
bidirectional couplers in the antenna system. The dielectric is AL2O3 and the
base waveguides are made of stainlees steel. The sealt window can bear 1.5
atomsphere and its leak rate is less than 10~^rl/s. The thicknees of the ceramic
window is about the half wavelength to get good match condition.
(e) Wave couplers.
1x12 grill couplers launch the wave into the plasma in designed NJJ spectrum. The
couplers are made of stainlees steel and in order to prevent the plasma
bombardment, the graphite guide limiters (3 mm thicknees) are installed in the
two sides of the launcher.
The antenna system can move in axial to find the best position for wave-plasma
coupling.
The transmission line and antenna system are shown in Fig.6.

4. Discussion and Conclusion
(1) Both in 100 KW and 500 KW systems, we adopted the cross field microwave
tubes as the large power, long pulse microwave source. Compared with the
klystrons,the cross field tubes can operate at much lower anode voltage and its
operation is very stable and simple with good repeatability. But because of its
structure, the ability to bear heat shock is less than that of klystrons. At present,
the pulse duration of this CF tubes with several hundred KW output
power is limited at subsecond range. Of course it is possible that the CF tube's
pulse duration can extent longer with the improving of its structure in near
future.Because of its lower price and relatively simple operation conditions,this
kind of microwave tubes is suitable for LHRF research in small or medium
tokamaks.
(2) In 500 KW LHCD system, the changeable shifter multifunction grills were
adopted. Compared with the geometric shifter multifunction grill, this kind
antenna is more flexibile to choice the NJJ spectrum and can be used in not only
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LHCD but also LHH research.
(3) Compared with the 100 KW system.in 500 KW system the 12 channells
rectangle narrow waveguide sealed windows are used.T his choise can reduce the
length of the grill section in vancuum chamber and so can reduce the posibility to
appear breakdown in this section.
(4) We have set-up two kinds of S-band LHCD system for the LHCD research in
HT-6B and HT-6M tokamaks. The 100 KW system had been used in HT-6B
experiments and the typical LHCD experiment results have been got. Several
thousands discharges demonstrated the reliability of this system. The 500 KW
system will be fulfiled in the end of this year.

Acknowledgement
The authors acknowledge gratefully to Drs. Hu Maolain, Xie Jikang, Pan Yuan,
Yue Xiufu and the staff of HT-6B, HT-6M and AC Generator for their assistance
to our reaearch. Thanks are also due to Drs. Huo Yuping and Wan Yuanxi for
their encouragement and support.

References
[11
[21
[31
[41
[51
[61
[7]
[81
[9]
|101
[Ill

T. Imai, et al. Nucl. Fusion 28(1988) 1341
F.X. Soldner, et al. IAEA-CN-53IE-1-1 ,1-6 Oct.1990, Washington D.C.
M. Porkolab, et al. / AEA-CN-47IF-2-2 , 13-20 Nov.3986, Kyoto
S. Itoh, et al. IAEA-CN-53/E-2-6 , 1-6 Oct.1990, Washington D.C
S. Bernabei, et al. 1AEA-CN-47IF-2-1 , 13-20 Nov. 1986, Kyoto
S. Knowlton, et al. Nucl. Fusion 28(1988) 99
K.Toi, et al. Nucl.Fusion 28(1988) 147
O. Naito, et al. Nucl.Fusion 30(1990)1137
C.Gormezano, Report JET-P(90) 64
G.Tonon, et al. 16th SOFT Meeting, 3-7 Sept. 1990, London.
LHCD and HT-6B Group, IAEA TCM Meeting On Researching Using
Small Tokamaks, Sept. 1990, Washington D. C.
[121 XeiJ.K., Li, N.Z., Fang, Y.D., He, Y.X., et al. IAEA-CN-53/A-6-1 ,
1-6 Oct. 1990, Washington D.C.
[131 Fang, Y. D., Liu, Y.S., Lliu, D.S., et al. 16th SOFT Meeting, 3-7 Sept.
1990, London.
[141 T. Nguyen and D. Moreau, Fusion Technol. 2(1982) 1381
[151 C. Gormezano, et al. Nucl.Fusion 25(1985)419
[161 Xei, J.K., Fang, Y. D., LI, L.Z., et al. In This Meeting.

power supply

cooUnt; system

t l,,\mcU<>!i

transmittor Isolator

Fig. 1

cau(u«r

The Framwork Diagram of the 100 KW System

.U)
100

A

50

A
-10

Fig. 2

A
0

3.2

10

N|| Spectrum of the Multijunction Grill in
100 KW System

-3b7-

Itl

1

2

5

-JWV

Magnetron
(KD HOQ3)

1025

Fig.3

sa.

The Structure of Transmitter and Multifunction
Grill in 100 KW System

•'•":• S

arrs

-I >\" rp

•i

. ' •

. .

for

25KV 25/,

J /i /• A ,'

I;D I r= i

1.
2.
3.
4.
5.

'•'ar.s^.i

Kl lie'

The Gramwork Diagram of tf

feedback controll system;
controll system for HVPS;
crowbar;
PS for filament;
PS for magnet;

j=s>
•'-0

0
Fig. 4

^ . ^ d ~Z

"FA Chain

6. cooling system;
7. flexible waveguide
8. circulator;
9. bidirectional coupler;
10. coaxial measurement system.

phase shift A<I>
-o.C

5(a) N|| spectrum of the grill
( f = 2.45 GHz, AtD = 90°)

5(b) reflection rate of the grill
( f = 2.45 GHz, Ne(m) = 0.5x10 12 cnr*)
Ne(m): the electron density at the mouth
of the grill

Fig. 5 N|| Spectrum and Coupling Characters of the Grill in 500 KW System

": brea'.er
ceraraio windows

va~.

Fig. 6 The Transmission Line and Antenna System of 500 KW System

-389-

RF-SYSTEM FOR HT-6M TOKAMAK
ICRH EXPERIMENT

ZS.Wang, J.Wang, Y.M.Wang, J.Y.Ding, D.Z. Xu,
Y.G.Shao, C.Z.Wu, X.Deng,
D.Y.Xue
W.CShen, Q.E.Wu, Y.Z.Mao
Institute of Plasma Physics, Academia Sinica,
P.O. Box 1126 Hefei, Anhui 230031, PJt. China

Abstract
The main technical features of rf-system developed for HT-6M
tokamak 2MW ICRH experiment are described . The whole system
consisted of
generator, transmission line, impedance matching
network, antenna & feedthrough, rf-assisted vacuum carbonization
system, rf-leakage detection system, 15kw cw rf generator for antenna
baking. The recent activities on expanding our rf designing
capabilities and further improving the system performance are also
outlined.

1. Main Technical

Feature

1 MW rf Amplifier
frequency: 15-30 MHz
maximum pulse width: 30 ms
maximum rf power: 1 MW
The rf amplifier chain consists of four stages: semiconductor wide-band rf
amplifier(50 W), FU-100F(l,7 kw), 4048(150 kw), TH-537(1 MW).
The power supply of the rf amplifier is a non-conventional one. It uses inductive
energy storage coil, forced commutating circuit and non-linear resister to produce
flat high voltage pulse.
The system are controlled by a micro-computer MC-35 with photoelectric coupled
interface.
To meet the requirement of ICRH experiment rf output could be amplitude
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modulated by arbitrary time function and there are fast response protection
circuit to against antenna transient mismatch.
Coaxial Transmission Line System
The transmission line system consists of straight line sections, directional couplers,
if probes, two stub tuners, coaxial switchs, cone transition, dc-isolation section, 90
bender, gas pressurized section.etc. The total length is 75 m.
The rf probe array gives the information of antenna input impedance during
tokamak discharge and the data are used to adjust impedance match through two
stub tuners.
To reduce the transmission loss of the system the distance between antenna and
matching stub has reduced to minimum acceptable value.
To have highest power transmission capability, the voltage profile along the
transmission line was optimized through coaxial impedance transform section.
Antenna & Feedthrough
Phase 1: antenna: 1/4 turn loop, width 89 mm, thickness 47 mm;
feedthrough : 070 mm.
Phase 2: antenna : 1/3 turn loop, width 140 mm, thickness 47mm;
feedthrough : 0200 mm.
Antenna & feedthrough of phase 1 have been operated for tow years, the
maximum launched
rf power was 6oo kw. The antenna power density has reached
1.7 kw/cm2.The breakdown voltage of the feedthrough has reached 32 kv in a
seperate dc test.
Antenna & feedthrough of phase 2 have been designed and will be put into
operation at the end of this year.
RF-Assisted Carbonization System
The vacuum chamber carbonization under low wall temperature( <150 °C) has
been studied. The deposited carbon films are quite uniform on a large surface
area. The work was done on a test bench which includes vacuum chamber,
vacuum pumping & measuring system, rf & dc discharge power supply, mass
spectrometer and plasma diagnostic equipments.
Main carbonization results:
carbon film deposition rate: 300-2000 A/H
carbon film cleaning rate: 200 A/H
oxygen impurity content: < 10 %, other impurities are negligible.
hydrogen content: =10%
dense, amorphous structure; chemical property stable.
Two sets of carbonization system particularly designed for HT-6M tokamak have
been fabricated and tested. They will be installed into HT-6M at the end of this
year.
RF Leakage Detecting and Blocking
The rf leakage detecting system consists of several pick-up antennas, wide band rf
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amplifies, a data acquisition unit, a radiation field calibration unit. The system is
triggered by tokamak discharge and it automatically records and processes the
leakage signal.
Filters, shieldings, cut-off waveguide have been used to block the rf leakage. The
maximum leakage level observed is around 10 v/m.

2. Recent Activities on RF System Study
We are continuously developing and modifying our computer codes built for rf
system design. The available codes will be further improved including codes for
loop & slot antenna analysis, transmission line match analysis, transmission line
voltage distribution calculation, transmission line voltage distribution
optimization, antenna input impedance calculation and error analysis, etc.We are
developing codes for high power rf-amp. design, differential and finite element
code for antenna & feedthrough electric field analysis. A SPICE code was
introduced to assist rf electronic circuit.filter and transmission line components
design.
As rf hardware, several projects are in progress including gas pressurized coaxial
transmission line and its gas feed control system, fast response impedance match,
wide band rf phase discriminater. To overcome the breakdown happened in
vacuum region of feedthrough during ICRH experiment, the breakdown process is
going to be studied more seriously.
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Applicationa of Optical Fiber in Spectroscopic
Plasma Diagnostics
Li Zan-liang, Wang Wen-shu
Institute of Physics, Academic Sinica, Beijing 100080, China
Two kinds of opticalfibersystem have been developed to relay the plasma light to a remote
location for protecting Vie sensitive components from the hostile radiation environment of hot
plasma devices and to make the spectroscopic measurements flexible.

I. Introduction
High-transmission optical fibers are extensively used in spectroscopic plasma diagnostics. One of
the most important applications is to relay plasma radiation from magnetic confinement plasma to
detection systems. The inherent compactness and flexibility of the fibers make it feasible to view not
only several chords across the bulk plasma, but also areas with important light emitting, such as the
plasma vessel wall and the limiters.
In this paper, we present some optical fiber systems used in visible and even vacuum ultraviolet(VUV) radiation measurements. These systems were developed in the past few years and now
are being used on CT-6B tokamak.
I . Description of the Optical Fiber Systems
1. Scintillator-Optical Fiber System(SOFS)
For the measurements of VUV line radiation, the vacuum spectrometer should be connected
fixedly to the vacuum vessel of tokamak device via a vacuum channel. Normally, strong hard X-ray
emitted from tokarcak plasma can directly reach the detector. It cannot be eliminated entirely with
a bulky lead shield and so makes the measurements rather difficult.
In order to overcome this difficulty, it is necessary to remove the detector far from the spectrometer. This can be done by using the SOFS which was developed, for the first time, in our laboratory1,
as shown in Fig.l, where the scintillator of sodium salicylate acts as a wavelength convertor to convert
the VUV radiation to visible one, and the high-purity fused silica fibers then relay the latter to the
detector outside the biological shield.
The characteristics of a single fiber are as follows:
Core diameter:
Numerical aperture:
Passband:
Attenuation:
Resistance to ionizing radiation:

-

0.3 or 0.4mm
~ 0.24
~ 2800-9000A
~ 20 dB/km
good

38

The SOFS has been in use on CT-6B tokamak ' since 1987. As an example, Fig.2 shows the
time evolution of impurity line emission OVI 1302A under ECRH, no hard X-ray signal is observed.
The surface density of sodium salicylate used here is approximately 2mg/cm2, which gives the
optimum fluorescent efficiency. The system is applicable down to near 10A, which depends on the
scintillator material chosen.4
2. Optical Fiber-Monochromator System(OFMS)
For visible and UV spectroscopic measurements, a simple and low cost spectroscopy system using
monochromator and fiber optic coupling, called OFMS, has been in use on CT-6B tokamak since
1986.
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Fig.l Schematic diagram of
SOF system.
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It consists of a telescope (optical head), a fiber optic cable and a grating monochromator equipped
with a detector. Plasma light along the selected chord is focused on to one end of the optic cable
by lens and then relayed to the monochromator outside the biological shield, as shown in Fig.3. In
order to obtain a high optical throughput (etendue), making good couplings of fibers with the lens
and the entrance slit need some efforts. Since the fibers have a numerical aperture corresponding
approximately to an f/2 light cone, then relative aperture of the lens is designed to be f/2, a great
part cf the light collected by the lens will, therefore, enter one end of the optic cable. This yields a
throughput, or etendue, of 4xlO~ 3 cm 2 steradian. The other end of the optic cable contains fibers in
a tight linear array in order to couple it with rectangular slit directly. With such a coupling; no lens
is needed. Therefore, the reflective losses decrease greatly, and thus alignment is not necessary.
The features of the system are: high optical throughput, variable wavelength, high flexibility for
location measurement and absolute calibration, good radiation resistance and high noise immunity.
The OFMS has been used to measure neutral hydrogen atom density and particle confinement time 5 , effective ion charge Zfyy, and to study microwave preionization and heating in CT-6B
tokamak 2 ' 7 and impurity radiation in FRP-1B field reversed pinch machine. As examples, Fig.4 and
Fig.5 show the typical light signals measured.
1988/06/02-PM-ll SHOT-25

Fig.2 Time evolution of line emissions and plasma parameters during microwave preionization and heating on CT-6B tokamak.
From top to bottom: OVI1032A(0.625V/div.);
VL (3.125V/div.); lp (6.25kA/Div.);
Aarxlp (25kA-cm/div.); H« 6563A(0.0313V/div.);
microwave pulses (l.2SV/div.).
1.6

3.2

4.6

6.4

9.6

11.2

(MS)

IE. Summary
Two kinds of optical fiber systems have been developed for spectroscopic plasma diagnostics in
VUV and visible wavelength regions. The use of optical fibers makes it possible to transmit light
signals to a remote location. This merit is very valuable especially for a diagnosing plasma under
conditions approaching those needed in a fusion reactor, where the hostile radiations, such as hard

-394-

X-ray, gamma ray and thermonuclear neutrons are severe, and cause many new problems, including
radiation-induced background noise, permanent damage of components, such as detectors, electronics,
etc. The fiber used is of high-purity fused silica, which is the best optical material to resist the ionizing
radiation8. By transmitting the optical signal in fibers to a remote place, all sensitive components can
be well protected.
Biological
shield
Telescope

Monochrotnator
]PMT

iPlasmaj
Fiber optic
cable
Torus axis
Fig.3 Schematic diagram of the OFMS.

• Fig.4 Hydrogen H a line emission of
CT-6B tokamak plasma,
a- plasma current (3.125 lA/div.);
b- loop voltage (3.125V/div.);
c- plasma displacement (3.125cm/div.);
d- H a line emission (1.5625mV/div.);
Time (2.4ms/div.).

Fig.5 Cffl line emission of FRP-1B Field Reversed Pinch.
Upper— line emission; Bottom— plasma current;
Base pressure: (a) 5XlO~ s Torr; (b) (l-2)xlO~ s Torr;

Time (2/w/div.).
Moreover, a plasma diagnostic tool should be flexible. The configuration of the plasma is frequently changed, and the physics concerned changes as the program develops, different plasma regions
and variable wavelength will become important. By using the OFMS, it is easy to change the viewing
location on the machine only by moving the telescope and re-aiming it, while the desired wavelength
can easily be obtained on the monochromator.
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