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know about developments in ITER and the inter-
national cooperation among the four major blocks.
But this collaboration, totally leaves out programmes
in the rest of the world. I would like to bnefly
discuss about them. Programmes in many countries,
especially some of the developing ones, have now
started to mature and must establish linkages with
each other and with mainstream activities like ITER
etc. Considering the importance of fusion for
developing nations, it should be possible to raise
resources for a joint mature expériment which can
then address an important set of questions for the
mainstream fusion programme. This can also be
treated as an insurance so that at some point of
time in the future, if the developed nations feel that
they would prefer to wait, the developing nations
can take off on their own and solve their energy
problems themselves.

Finally, I cannot resist the temptation of quoting
Academecian L. A. Artsimovich. In response to a
query he is reported to have said, ‘The first fusion
system will be built when there is a great need for
it’. T believe that if Lev Artsimovich were alive today,

el

he would have been a rather unhappy man. Not
because we have not taken his technmical work
seriously. We have indeed adopted his baby and
taken it to new and brilliant heights. He would be
unhappy because we do not share his vision. He
would see a world in which there is great need for
fusion, a world where there is technical ability to
develop it but he would ask, ‘Where is the will?!’,

T—

. Zhou, D., Write, G. and Hu, C., JAEA Buil, 1990, 3, 24.

2. Flavin, C. and Durning, A., State of the World 1988 (A Worldwatch
Institute Report) (ed. Stanke, L), Prentice Hall of India 1989, p. 41;
Flavin, C., State of the World 1988 (A Worldwatch Institute Report)
(¢d. Stanke, L.), Prentice Hall of India 1989, p. 22,

. Jones, P. M. 8. and Write, G., IAEA Bull,, 1990, 3, 18,

4. Bhasin, J. K. and Srivastava, R. N., Proceedings of the National
Seminar on Electrical Energy and Environment, Indian National
Academy of Engineering, Institution of Engineers, New Delhi,
1989, p. {I-1,

5. Chand, 'B., Proceedings of the National Seminar on Electrical
Energy and Environment, Indian National Academy of Engineer-
ing, Institution of Engineers, New Delhi, 1989, p. I-1.

6. Conn, R, et al, Nuciear Fusion, 1990, 30, 1924.

Cad

Received 23 November 1992; accepted 30 November 1992

Tokamak experiments at Institute for Plasma

Research

A. Sen and Y. C. Saxena

Institute for Plasma Research, Bhat, Gandhinagar 382 424, India

Introduction

THE quest for attaining controlied fusion power in the
laboratory has been described as the most chalienging
scientific endeavour of the present century and the
ultimate solution to the growing energy needs of the
world. The notion that one is attempting to recreate the
conditions of the interior of stars on earth has also led
to such fanciful description of fusion energy as ‘a bid to
trap a star’, The imagery is quite apt, for one of the
necessary first steps in the quest for achieving
controlled thermonuclear fusion in the laboratory is the
creation of an efficient trap to hold the reacting
elements long enough for them to fuse. At the tempera-
tures necessary for fusion (around 80 to 100 million
degrees centigrade) the nuclear fuel is completely
ionized and is in the form of a hot plasma. A
convenient way to confine plasma is through the use of
magnetic fields. Since charged particles exccute tight
helical trajectories around magnetic ficld lines, their
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transverse excursion 1s naturally restricted and they
tend to stick to magnetic surfaces. Thus the basic idea
is to create suitable configurations of magnetic surfaces
that will confine the plasma most eflectively. The
tokamak 1s one of many such magnetic confinement
devices designed to hold a plasma in physical and
thermal isolation from the container walls. It is a
toroidal magnetic trap and its name 1s a Russian
acronym constructed from the words toroid, kamera
(chamber), magnit (magnet) and katushka (coil). The
concept was first proposed by Sakharov and Tamm
and the first experiments on this concept were carried
out at the Kurchatov Institute in Moscow by Artsi-
movich apd his colleagues®. The basic configuration,
illustrated in Figure 1, consists of a strong toroidal
magnetic field created by a set of external coils wound
around a toroidal vacuum vessel and a poloidal
magnetic field created by inducing a toroidal current in
the plasma itself with the help of another set of external
coils. The combination of the two fields creates a set of
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Figure 1. Schemalic diagram of a basic tokamak machine.

nested toroidal magnetic surfaces to which the particle
trajectories are confined. The toroidal current which
creates part of the confining field also helps to heat the
plasma by reststive Joule dissipation,

This simple configuration has several advantages
over linear devices such as pinches and mirror
machines which suffer from large end Josses and early
experiments ¢learly established this superiority. The T-3
device at Moscow showed a remarkable improvement
in plasma confinement (a factor of about thirty over
earlier results) and impressive electron temperatures.
These early successes stimulated wide interest 1n
tokamaks and soon they were built 1in many labora-
tories around the world. Today tokamaks are the most
successful of the various fusion devices and have
achieved the best experimental parameters to date. A
convenient figure of merit to measure this progress is
the quantity n,t T;, where n, is the number density of
the reactant ions, t is the confinement time and T is the
ion temperature. The condition for achieving scientific
breakeven, ie. when the amount of fusion reaction
power equals the input power, is for nz~ 104 cm™3 s
and T ~ 10 keV. As Figure 2 1llustrates, the progress in
parameters for tokamaks from the early T-3 to the
latest Joint European Torus (JET) is truly remarkable.
Based on this success there is great optimism about
building the first {usion test reactor as a tokamak
device and designs of the lnternational Thermonuclear
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Figure 2. Parameter range achieved by various tokamaks.

Experimental Reactor (ITER) are in an advanced
stage?.

Physics issues

Although simple in concept the tokamak plasma is far
from being that and constitutes a very complex
nonlinear system which has continuously thrown up
challenging physics problems. One of the major
objectives of tokamak rescarch, right from the early
days, was gaining an understanding of the physics of
confinement, i.e. the physics of transport of particles,
heat and impurnities. The rate at which energy leaves the
tokamak 1s much faster than that predicted by classical
collisional transport theory calculated for the tokamak
magnetic field geometry {neoclassical transport theory).
These ‘anomalous’ losses particularly of electrons and
electron heat still remain a fundamental physics issue
apart from posing a2 major obstacle to tokamak fusion.
If these losses can be understood and therefore brought
under control, one can confine plasmas for longer
periods even in smaller devices and in principle build
reactors from present sized tokamaks. The confinement
problem is tied up with several other factors in a
tokamak. In order to achieve thermonuclear tempera-
tures, it is necessary to supplement the basic Ohmic
heating in a tokamak by auxiliary heating using elther
energetic neutral beams or high power radio frequency
waves. The additional heating however is found to lead
to degradation of confinement properties, Some impro-
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vement 1n confinement can be achieved by tailoring the
edge plasma whose properties seem to be deeply
coupled to the confinement properties of the bulk
plasma. The edge plasma is dominated by radiation
processes, atomic physics and various plasma wall
interactions. It 15 also the region where microscopic
{luctuations are prone te acquire large values and their
presence seems to have a direct influence on transport
properties. Thus ultimately the ‘anomalous losses’ have
to be understood in terms of the properties of the
ambient plasma microturbulence — the nonlinear satu-
rated spectrum of the various fine scaled collective
osctlations of the plasma.

The tokamak plasma also exhibits a host of
nonlinecar phenomena associated with larger scale
collective activities. These include Mirnov oscillations
(assoclated with tearing mode activities), sawteeth
osciflations {arising from thermal instability at the
plasma core), disruptive instability (a catastrophic
mantfestation of the sawteeth instability in which the
plasma discharge collapses)), MARFE (a thermal-
radiative instability occurring at the plasma edge), etc.
These instabilities ultimately limit the operating para-
meter space of tokamaks., The operational limits of the
tokamak, which have been empirically determined, are
schematically shown in Figure 3 —the so-called Hugill
diagram, in which the average current density (1/g,) is
plotted against the normalized electron density
(n. Ro/By). At a given plasma current there exist lower
and upper himits for the plasma density in a tokamak
discharge. At low densities, due to the lack of sufficient
coliisions, there 1s a tendency for the electrons to get
accelerated to very high energies (‘run-away’ effect) by
the inductive electric field and prevent a good discharge
from building up. At high densities, the atomic
processes (itke radiation, charge-exchange, and ioniza-
tion) at the edge become dominant leading to plasma
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Figure 3. A typical Hugill diagram of operating parameter regime.
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column contraction. Similarly for a given density, an
upper limit to the plasma current 1s set by the MHD
kink instability and a lower limit 1s set by the onset of
MARFES. Although the broad premises of these hmits
are understood, their detailed understanding continues
to remain a challenge. These limits severely constrain
the operating regime of a tokamak and thereby have a
serious mmpact on its suitability as a reactor device.
Two other important hmitations of the tokamak are
the pressure limit and its pulsed operating mode. The
pressure limit 1S due to the onset of the ballooning
instability —a ‘bulging’ of the magnetic surface in the
outer regions where the convex curvature of the
magnetic field lines tend to weaken the surface. The
pressure limit 1s expressed in terms of 3, the ratio of the
plasma pressure to the magnetic field pressure and
typically this ratio 1s hmited to about 3%. For the most
effective use of the magnetic field, it is necessary to raise
the critical f value as much as possible, There are
theoretical and some preliminary experimental evidence
that indicate that it might be possible to steer the
tokamak discharge into a high 8 regime which is stable
to ballooning instabilities. The DIII-D tokamak at
General Atomic in USA recently recorded the highest
maximum f valu¢ at the magnetic axis of 44% and also
the highest average f value of 10% (ref. 3). The pulsed
operating nature of the tokamak arises because the
plasma current in it is created and maintained with the
help of an inductive current drive mechanism. This
consists of varying the magnetic flux in a set of external
coils to which the plasma ring 1s coupled hike a
secondary coil in a transformer arrangement. A pulsed
operation would create severe mechanical problems in a
reactor environment and hence 1t is necessary to
develop noninductive current drive schemes that would
enable a continuous operation. Various such schemes
based on providing directed momentum to electrons
with the help of electromagnetic waves or energetic
neutral beams have been developed and appear
promising. The best experimental results*, obtained on
the Japanese tokamak JT-60, show a current of 2 MA
driven by electromagnetic waves at the lower hybrid
frequency (a natural plasma resonance {requency).

Thus tokamak experiments, despite several areas of
darkness, have shown remarkable all round progress—
high temperatures, long confinement times and high
densities. The large experimental data base has enabled
the formulation of fairly detailed scaling laws which are
being used to design the first experimental test reactor.
Meanwhile, the quest for understanding the physics
issues, which have the potential of providing major
breakthroughs, continucs worldwide on a host of
machines, both big and small. It s against this
background that the decision to start a tokamak-based
experimental programme in India was taken. The aim is
two-fold. The primary goal is to pursue a vigorous
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basic research programme that will address the many
physics issues of high temperature magnetically con-
fined plasmas in general and those of tokamaks in
particular. An additional mandate is technological
development —to create indigenous expertise in the
construction of experimental devices for hot plasmas
and to build an infrastructure within the country that
will anticipate, critically evaluate and implement fusion
technology if and when it 13 proven viable. Tokamak
rescarch is carried out at two laboratories in the
country—the Institute for Plasma Research near
Ahmedabad and the Saha Institute of Nuclear Physics,
Calcutta.

Tokamak ADITYA

ADITYA s a medmum-sized tokamak conceived,
designed. and largely indigenously fabricated. It is
commissioned and operational at the Institute for
Plasma Resecarch, Bhat, Gandhinagar. The chief
scientific objectives of ADITYA are (a) mvestigation
and control of edge phenomena for improving
confinement properties; (b) investigation of density and
current limits of a tokamak with special emphasis on
interesting phenomena like MARFES, detached plasma,
disruptive instabilities and their control, and (¢} study
of novel regimes of operation, e.g. H-mode obtained
using bulk/localized heating by RF.

The derice

The choice of machine parameters has been guided to a
large extent by the desire to allow maximum flexibility
to accommodate various needs of the proposed
experiments as well as future experiments relevant to
the physics of magnetically confined fusion plasma. A
large number of sophisticated diagnostics have been
deployed to meet the scientific objectives and one of the
prime consid¢rations was to provide ample access for
these diagnostics and have a plasma with reasonable
density, temperature and size for good confinement
times. The preference was therefore towards a large
volume Jow field design rather than towards a high field
tokamak. The toroidal ficld at major radius was thus
fixed at 1.5 T and the plasma minor radius chosen to be
25 cm. To optimize energy usage, a tight aspect ratio
(major radius/minor radius)=3 was chosen, This then
leads to plasma currents =025 MA. The basic
parameters of the plasma created n the device can be
deduced with the help of avalable empirical scaling
laws. Some of these estimated parameters are hsted in
Table 1 along with the basic machine parameters,
Figure 4 shows the top view of ADITYA. Detailed
technical description of various subsystems of ADITYA
has been given by Bhatt et al.®
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Table 1. ADITYA design parameters

Plasma major racius R {m) 0.75
Plasma minor radus a{m) 0.25
Toroidal field at plasma B (tesla) LS
Safety factor g{a) 2.5
Plasma current J{(MA) 0.25
Electron temperature T{keV) 0.5
Ion temperatuse TikeV) 02
Energy confinement time t {ms) x
Pulse duration time t(s) 03

Figure 4. Top view of tokamak ADITYA.

The vacuum system of ADITYA includes one of the
largest ultra high vacuum (UHY) vessel (capable of
reaching an ultimate vacuum of better than 1077 torr),
designed and built in India. The vacuum vessel 1s a
torus of major radius 75 cm with 2 square cross-section
of side 60 cm. An inside view of a section of the vessel 1s
given in Figure 5. The vacuum vessel 18 mainly pumped
by two turbo-molecular pumps each having a pumping
capacity of 2000 litres per second for air and backed by
two rotary pumps of 60 cubic meters per hour pumping
speed and two cryopumps, each having a pumping
capacity of 10,000 liters/s for water vapour and
condensible hydrocarbon. A view of one of the
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Figure 5.

Inside view of a section of ADITYA vacuum vessel

pumping lines of the vacuum system 1s given in Figure
6. To ensure clean surface conditions of the vacuum
vessel as required for reproducible plasma discharges, a
large number of techniques, developed in-house, have
been used. In ADITYA, a combmation of glow
discharge cleaning and low temperature pulsed discharge
cleaning is used between the shots to maintain clean
conditions. Based on the considerations of impurity
generation and heat withstanding capability graphite
has been chosen as the Limiter material for ADITYA
which has two Safety Limiters, a Poloidal Limiter and
four segmented Movable Limiters. Figure 7 shows a
segment of the safety limiter of ADITYA.

Tokamak ADITYA employs three principal sets of
magnetic field coils, the toroidal field (TF) coils, the
ohmic transformer (TR) coils, and the vertical field (BV)
coils. The TF coils produce the main toroidal field, the
Ohmic transformer formed by TR coils produces the
transformer flux required to produce the plasma and
dnive current through it, and the BV coils provide the
vertical or equilibrium ficld that maintains plasma in
equilibrium position during the course of a discharge.

Figure 7. A limiter section with carbon tiles mounted on it.

In addition, a set of feedback coils are used to control
the plasma position. These large area, high field coils,
have been designed and fabricated indigenously.
Enormous e¢lectromagnetic forces appear on the
magnetic field coils because of the large currents
flowing through them and the plasma. The coils are
therefore restrained by a carefully designed mechantcal
structure, which also provides an independent support
for the vacuum vessel. Figure 8 gives a view of the
magnetic hield coils and the supporting structures.
Pulsed power is required to energize the magnetic
ficld coils of ADITYA. Due to the high peak power and
energy requirements of cach of the coils per pulse, the
overall demand for all loads exceeds a peak power level
of S0 MW per pulse, drawing more than 60 MJ per
pulse when run to full capacity. Two types of pulsed
power systems are provided : (1) a triggered D.C. power
supply cum capacitor based power system® for low
parameter regime operations where plasma durations of
about 25 ms, and peak plasma currents 1in the range of
25-60 kAmp can be obtained at a toroidal magnetic
hield of 0.25 tesla, and (1) a controlled rectihers cum

Figure 6. A view of ADITYA pumping system.
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Figure 8. A view of cois and structure.
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waveshaping circurts system drawing energy from the
mains gnd for full operational parameters.

Diagnostics and data acquisition

Since the purpose of Aditya is to provide fundamental
information on plasma equilibrium, stability and
confinement, a moderately high emphasis is placed on
diagnostics of the plasma. The plasma performance is
diagnosed by a number of passive and active probes.
All these diagnostics are based on advanced physics
and technology concepts. Various diagnostics deployed
on ADITYA and parameters measured by each
diagnostics are listed below.

A. Electromagnetic measurements:
1. Rogowskt coils for measurement of plasma
current [ .
2. Voltage loops for measurement of loop voltage
V-
3. Magnetic probes for measurement of magnetic
fluctuations B.
4. Posttion probes for plasma position measure-
ments.
B. Langmuir probe diagnostic for measurement of n,_,
1., ¢, in edge region.
C. Visible detector for monitoring of impurity and
1onization level.
D. p-wave interferometry:
1. Multichannel interferometer for measurement of
density profile n_(r).
2. Single channel interferometer for measurement
of chord-averaged density n_,
E. Laser-induced fluorescence for measurement of
density and temperature fluctuations #,, T,
F. UV and visible spectroscopy for measurement of
impurity line intensities,
1. Visible (VIS) spectrometer {1/2 m focal length,
resolution 0.2 A, 3000-7000 A).
2. Normal incidence monochromator (NIM) (1 m
focal length, resolution 0.1 A, 1100-3500 A).
3. Graang incidence monochromator (GIM) (1/2m
focal length, resolution 0.3 A, 50-700 A).
G. X-ray tomography for estimation of 7, and
monitoring of MHD activity,
Hard X-rays: Energetic electron flux.
1. Bolometer camera for estimation of radiation loss
(2-5000 A).
J. Charge exchange reutrals for measurement of ion
temperature T,
K. Thomson scatiering for measurement of electron
temperature 7.

Future developments include Faraday rotation mea-
surements, pulse height analysis (PHA) of hard X-rays,
crystal spectrometery, fibre-optics current probes, vis-
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ible light tomography and electrocyclotron emission
(ECE} spectroscopy. The diagnostics deployed and
proposed to be deployed on ADITYA are very
sophisticated in nature requiring very careful design
and 1mplementation. These diagnostics have been
designed in-house and include sophisticated signal
handling electronics and instrumentation. Figuge 9
shows a view of the seven channel microwave intet-
ferometer diagnostics for measuring plasma density
profile in ADITYA.

The entire experiment of plasma production, confine-
ment and heating 1s a pulsed experiment lasting a few
seconds only. In order to establish a systematic, reliable
and safe operation for such experiment, complete
automation of control, protection and data logging is
essential, ADITYA, therefore, operates under the
control of ADITYA data acquisition and control
system (ADACS). Computer-automated measurements
and control (CAMAC) concept has been adopted to
meet requiretents of reliability, expandability, inter-
changeability and different speeds of acquisition for
different diagnostics. ADACS acquires real-time data

R a0

Figure 9. A wview of seven channel microwave interferometer for
measuring plasma density profile 1n ADITYA.

CURRENT SCIENCE, VOL. 65, NO. 1, 10 JULY 1993
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for various plasma and machim¢ parameters, achieves
the data along with other essential information and
provides for retneval, analysis and display of the
discharge (shot) data on demand.

The design, fabrication, erection, and commissioning
of ADITYA posed a major technological challenge to
Indian scientists and the Indian industry. The successful
completion of the project was achieved with the invol-
vement of various agencies and organizations. The
basic conceptual design was carried out by the IPR
scientists and engineers in close collaboration with Tata
Consulting Engineers, Bombay. Special advice was also
provided by scientists from BARC, VSSC and SAC.
The various subsystems were fabricated at IPR and at
various industries including BHEL, Bhopal; Larsen &
Toubro, Bombay; Godrej, Bombay; NGEF, Bangalore;
and Hindustan Brown Baovery, Baroda.

Experimental results

Tokamak ADITYA was commissioned in September
1989 and several physics experiments have been carried
out. At present, ADITYA i1s operated with DC power
supply for TF coils and a capaciter bank for TR and
BV coils®. After optimization of operating parameters
like gas pressure, loop voltage, etc. and synchronization
of the vertical magnetic field to the current rise, a
plasma duration of 22 ms with a peak plasma current of
60 kA has been achieved. With appropriate shaping of
the vertical field time profile, discharges lasting for 20-
25 ms, with flat top currents in the range of 20-25 kA
for durations of 10-15ms have also been obtained.
Initial results on conditions of gas breakdown, optimi-
zation of various discharge parameters and, measure-
ments of average plasma density and temperature have
been reported by Atrey er al.’.

As mentioned earlier the study of the edge plasma
forms one of the main objectives of ADITYA. We have
carried out detailed study of the fluctuations in edge
parameters. In the following we summarize some
important results obtained from these experiments.

Characteristics of tokamak edge turbulence

Theoretical and experimental studies of turbulent edge
region of tokamak plasma have received considerable
attention in recent years because of a growing
consensus that the edge turbulence affects the overall
particle and energy confinement®. Detailed studies on
the charactenistics of the fluctuations of density and
potential in the edge plasma of ADITYA have been
carnied out.

For these experiments, ADITYA is operated at the
following parameters: toroidal field By =2.5 kG; plasma
current .‘ﬁ.’!ﬂ KA; major radius R=75cm; minor
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radius a=25cm; average density n,=5x10"*cm™?
and e¢lectron temperature T,100eV. The plasma
density and temperature as measured by Langmuir
probes in the scrape-offi-layer (SOL) are 5% 10'! cm™?
and =x15eV respectively. The fluctuations in the
plasma density and floating potential arec measured
using molybdenum Langmuir probes in SOL and rake
probes in the edge region of main plasma. Figure 10
shows plasma current, loop voltage, ion saturation
current and the SOL floating potential. The discharges
typically last for 20-25 ms, out of which 10-15ms 1s flat-
top 1in plasma current,

The wavenumber (k) and frequency (w) spectra, S(k)
and S({w) respectively, for the density and potential
fluctuations are obtained following the procedures
involving estimation of wavenumber-frequency spectrum
using fixed probe pair® and standard spectral analysis
techniques. The spectra for density and potential
fluctuations in the SOL plasma are shown in Figure
11 a. The S(w) spectrum has nearly constant power at
smaller frequencies and follows a power-law with index
of & —1.9 in the frequency range 20-125 kHz. The S(k)
spectrum also follows a power-law with an index —2 in
the range 2<k<6cm™' Figure 1lc¢ shows contour
plots of S(k,w) spectrum for the density fluctuation,
illustrating the broadband nature of the spectrum. The
spectral characteristics for the potential fluctuations are
shawn in Figure 115, The spectral index of S(k)
spectrum for potential fluctuation is ~ —5. Both S (k)
and S(w) spectra are broadband in nature similar to the
ones for plasma density and indicate turbulence.

Fluctuation-induced particle transport

The spectral charactenstics of fluctuation-induced
particle transport in the scrape-off layer (SOL) region of
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ADITYA tokamak has been estimated from the
observed fluctuations. For this purpose the density
(Ai_=dn/n) and potential (¢=34¢) are measured
simultaneously using three Langmuir probes, arranged
in A configuration, and located in the SOL plasma.
Two of these probes, separated poloidally by 5 mm and
at the same toroidal and radial locations, were used to
monitor floating potential fluctuations (¢, and ¢,)
while a third probe, located poloidally midway between
the other two probes at the same radial location but
shifted toroidally by =5Smm was used to momior
density fluctuations (#,). The data are segmented into
large number of ensembles (over 800), each containing
128 samples, and the ensemble-averaged power spectra
and wavenumbers are obtained with a frequency
resolution of 2 kHz. This enabled us to obtamn
frequency resolved particle transport with improved
frequency resolution compared to previous measure-
ments of particle flux'®.

The spectral particle flux 1s determined from the
ensemble-averaged cross-power spectrum, P, {w), and
the phase difference «,,(w), between the density and the
potential fluctuations, and the wavenumber, k,, for the
potential fluctuations. Usual procedures of ensemble
averaging of the co-spectrum and the quad-spectrum, to
obtain the averaged cross power and the wavenumber,
have been followed. The estimated differential flux,
dI (w)/dw, and the frequency integrated flux, I' (w), are
shown in Figure 12. It is found that the dI (w)/dw is
inward at frequency less than 10 kHz and outward at
higher {requency. Thus the overall transport due to
fluctuations at frequencies < 20 kHz is inward.

32
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Figure 12, Spectrally resolved fluctuation-induced particle transport.

However, the net frequency-integrated flux, due to all
the fluctuations together, is found to be outward.
Further, we find that the phase «,,(w) undergoes a
change of sign'! at w/2r<10kHz. The maximum
negative phase at w/2r=x10 kHz is —60°, whereas
positive phases at higher frequencies are in the range of
+60° to +120°. Such phase reversal appears to be the
root-causc of the observed inward particle flux at lower
frequencies.

Recent theoretical studies have shown that the dnft
wave fluctuations driven by ionization effects’? are
excellent candidates for generating inward particle
transport. The wavelength regime for excitation of the
ionization driven instability has been recently re-

CURRENT SCIENCE. YOL. 65, NO. 1, [0 JULY 1993
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examined!? and it has been shown that when one takes
account of the perpendicular diffusion-induced damping
of the excited modes, only long wavelength modes f{or
which &k, L_<1 can be driven unstable. For ADITYA
parameters, this restricts the ionization instability to
m<13 and to w/2rn <10 kHz. Thus, the inward directed
transport observed at low frequency and long wavelength
end is consistent with the properties of the dnit
ionization instability. The shorter wavelength fluctua-
tions {m> 13) must be ascribed to some other instability
driven mechanisms associated with drift waves. Most of
these instabilities lead to outward particle transport as
observed in the experiments.

Intermittency in edge turbulence

In addition to the spectral analysis, a further analysis of
the amplitudes of the fluctuations revealed a surprising
phenomenon. The probability distribution functions
(PDFs) of the amplitudes displayed marked non-
Gaussian features indicating the presence of intermittency
in the turbulent fluctuations!4. Figure 13 shows the
estimated PDF for the density and the potential
fluctuations. The skewness and kurtosis of the PDFs
are 0.9 and 6 respectively for the density fluctuations
and, 0.5 and 5 for the potential fluctuations indicating
strong deviation from a Gaussian. The density PDFs
are asymmetric indicating preponderance of 1on deple-
tion regions. The asymmetry tn the potential fluctua-
tions may indicate stretching of streamlines. These
non-Gaussian characteristics are seen to be similar in
the scrape-off layer as well as in the plasma edge, a few
centimetres inside the limiter. Our measurements also
demonstrate that the intermittency evolves during the
discharge, perhaps, due to evolution of critical para-
meters such as T,, Z; even in the flat-top current
phase.

ADITYA SHOT = 1192-1214  ADITYA SHOT # 1369~-1390
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Figure 13. PDFs of SOL density and floating potentia) fluctuations.
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These are the first ever measurements of inter-
mittency in a tokamak edge plasma and can have far-
reaching consequences in terms of our understanding of
plasma turbulence and the nature of transport in
tokamak plasmas. Intermittency implies the creation
and destruction of spatially coherent structures over
short periods. The short-lived coherent structures can
arise through nonlinear processes, and then collapse
due to secondary instability, ileading to a new
intermittent mechanism of energy dissipation which
supplements direct coupling of unstable modes to the
damped modes!>. Another possible consequence of the
intermittency is its influence on the dissipation mechan-
ism of fluctuations and on the anomalous transport,
both of which could acquire a ‘bursty’ behaviour.
These and other exciting possibilities have triggered
further experiments, not only on ADITYA, but on
several other tokamaks in the world.

Current-termination in low-q discharges

The disruption—a sudden termination of plasma
current in a short span of time, typically few hundred
microseconds —is known to limit the operating regime
of a tokamak. With a view to understand the physics of
disruption, we have carried out a systemetic study of
the physics of current termination scenario in ADITYA!®.

A typical signature of current termination in
tokamak discharges i1s a sharp positive spike in plasma
current [, followed by a negative spike in loop voltage
V.. In ADITYA, for discharges with peak current
values in the range of 30-60 kA, we have observed
multiple disruption-like features (Figure 14). It is seen
that these spikes are repeated 2—4 times each separated
by about 1 ms. The delay in the positive current spikes
and corresponding negative voltage spikes is 100-30Q us.
The optical signals also show increase corresponding to
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these times. Hard X-ray bursts, synchronous with the
current increase during these events are also observed.
The sequence of events is repeated till the currcnt
channel crashes due to overcompensation of hoop force
by the vertical magnetic ficld. The Langmuir probe
signals show large vertical electric field across the
plasma column, synchronous with the final current
crash, indicating crashing of the current channel to the
inboard side of the vacuum vessel. The appearance of
the positive current spihe s an indication of the
flattening of the current profile. The subsequent
appearance of the negative spike in loop voltage
indicates the ejection of the poloidal flux. ADITYA
current termination shows a sequence of profile
flattening. The electrical field measurements indicate the
movement of plasma to the outboard side of the vessel
during this phase. The plasma resistivity increases as
indicated by the rise in the average level of the loop
voltage. The plasma current decreases until the external
vertical field overcompensates the hoop force and
causes the crashing of the current channel towards the
inboard side of the vessel as indicated by the reversal
and increase of the measured electnic field.

A possible scenario for these multiple disruptions is
as follows!®: At plasma currents in the range of 30—
50 kA the g-value at the limiter 1s in the range of 3-2.
Hence in these discharges, the magnetic 1sland width at
g=2 surface grows and the island touches the limiter,
leading to the loss of current and consequent
redistribution of the current profile. The g=2 surface
then moves in and the growth of 1sland restarts. This
sequence of events continues till the plasma current
channel crashes due to the over-compensation of the
hoop force by the external vertical ficld. Measurements
using magnetic probes are in progress to verify the
proposed scenerio,

Future experiments

In the next couple of years, a large number of
experiments will be carried out on ADITYA to achieve
the scientific objectives listed earber. They can be
broadly classified as edge plasma studies, disruption
studies and RF heating experiments.

Edge plasma studies

Edge plasma studies are currently being pursuved in
order to gain an understanding of the driving
mechanisms of fluctuations in the edge plasma and
ultimately to suppress/control them through external
means and achieve better confinement.

The observation of inward particle flux at low
frequency (w/2n <20 kHz) indicates that probably the
fluctuations at low frequencies are caused by ionization

34

driven drift-wave instabilities. On the other hand,
fluctuations at higher frequencies may be caused by
some other instability mechanisms which lead to an
outward directed particle flux. A clear understanding of
these separate instability mechanisms is necessary for
they suggest a very interesting method of controlling
particle confinement time by partial control of the long
wavelength ionization instability. At present, detailed
measurements of fluctuations in plasma density, tem-
perature and potential are being carried out to
delineate instability mechanisms in different regions of
the edge plasma (e.g. SOL or inside the himiter) as well
as in different ranges of frequencies and wavelengths.

Using fluctuation measurements feedback experi-
ments to modify the edge plasma have been planned.
ADITYA poloidal limiter has fourteen discrete carbon
tiles, some of which will be used for the {eedback
modification of the edge region. This is proposed to be
done by picking up fluctuation signals, filtering them
appropriately, phase-shifting them and applying the
same through suitable power amplifiers to the discrete
tiles. Use of such methods has been found to reduce
core fluctuations in mirror machine’’. Recent expen-
ments at IPR in a toroidal plasma device BETA bave
indicated interesting modifications in charactenistics of
the fluctuations using similar feedback method. This
type of experiment has achieved additional significance
in view of our observation of the inward directed
transport due o low frequency fluctuations. If one
could selectively suppress the higher frequency fluctua-
tions and sustain low frequency component, a signifi-
cant improvement of the particle confinement time
could be achieved.

The observed intermittency in ADITYA edge plasma
indicates the existence of shortlived spatial structures.
Experiments are currently on to observe these short-
lived coherent structures in the edge plasma turbulence.
At present, fluctuation measurements are being made
on a section (50 mm X 30 mm) of the poloidal cross-
section in the edge plasma to determine these
structures. Conditional averaging techniques!'® will be
applied to determine the size and the lifetime of these
structures. Another consequence of the intermittency
effect is that the dissipation of plasma fluctuations and
associated anomalous transport will also exhibit an
intermittent behaviour. Wavelength dependence of the
intermittency will be investigated together with the
nature of the ‘bursty’ transport.

Disruption studies

Our preliminary study!® indicates a certain scenario of
current termination in which growth of MHD activity
acts as a precursor. Experimental investigation of the
role of MHD activity in causing disruption is being
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carried out at present. For this purpose, a poloidal
array of magnetic probes has been installed on
ADITYA which will allow determination of mode
structure etc.

Recent experiments have shown that disruption has a
longtime precursor (more than 10 times the energy
confinement time) in the form of deterioration of
particle confinement time'?. A detailed study of this
phenomenon is being carried out on ADITYA by
measuring the short wavelength microturbulence, its
spectral characteristics and its role as a precursor to
both density limit and current limit disruptions.

RF heating experiments

Auxiliary heating 1s necessary to heat further the
ohmically heated (OH) plasmas to achieve fusion
temperature. Among various such heating schemes
realized in tokamaks, radiofrequency (RF) heating
methods around the ion cyclotron frequency appear to
be quite attractive from the point of view of both
physics and technology. Ton Bernstein wave (IBW) near
the second harmonic of the 1on cyclotron frequency has
been effectively used to heat the OH plasmas in recent
times?°,

Experiments have been designed to use IBW to heat
the OH plasma in ADITYA. Ion heating at higher
power is capable of providing plasma with improved
particle and energy confinement times, reduced recycl-
ing of neutrals from the vessel wall, and suppression of
low frequency fluctuations from the edge. Detailed
comparative studies of IBW heated plasmas with the H-
mode plasmas will be carried out.

Keeping in view the above experiments, a 200 kW
RF heating system in the frequency range of 2040
MHz is being fabricated. The RF power will be
delivered to the antenna placed in the shadow of the
Imiter through a transmission line and an interface
with matching impedance. The RF system has the
capability to accommodate the conventional fast-wave
heating scheme by changing the antenna.

Recent experiments using biased e¢lectrode have
shown that a significant improvement in particle
confinement time can be achieved by inducing radial
current at the edge which results in a poloidal
rotation®!. An experiment is planned on ADITYA to
achieve this H-mode like discharge by selective ion
cyclotron resonance heating of minority species in the
edge plasma. A stnipline toroidal antenna will be used
to launch an evanescent mode at the plasma edge. This
wave will generate a radial current by preferentially
accelerating the resonant minority ions and ejecting
them on to unconfined orbits. Thus, a non-invasive
technique of inducing poloidal rotation and H-mode
like behaviour in high grade tokamak plasmas will be
tested.
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Future direction

As the first experimental device of the country,
ADITYA has been a rich source of learning experience
—both technological and scientific. With its first novel
results on edge turbulence it has already made its
scientific impact in the world fusion research programme.
If the present experiments are any indication, there 1s
good reason to hope that ADITYA will continue to
provide a happy hunting ground f{or exploring new
ideas and gleaning new insights into the behaviour of
tokamak plasmas.

However, what of the future? In the long term, as we
look at future fusion reactors, we have to look at long-
pulse or steady state machines in which currents are
maintained by RF waves, impurities are kept under
conirol by the use of divertor or pumped lmmiter
systems, magnetic fields are produced by liquid nitrogen
cooled copper or superconducting coils, power systems
are supplemented by rotating machines, fueling is done
by pellet injectors, and power exhaust is controlled by
gas flow near divertor plates and so on. This will lead
us to the development of a host of new technologies
which can be brought to a focus only by designing and
fabricating our own next generation device. The
investments required will be high but the challenges it
offers and the capabilities it develops for our scientific
and industrial infrastructure will be well worth it
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Fundamental plasma studies at IPR
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Introduction

A plasma is a classical many body system with a large
number of degrees of freedom. Its behaviour is
dominated by collective phenomena arising due to long
range Coulomb force which urges groups of particles to
move cooperatively. Furthermore, a plasma is typically
born when violence is done to matter in some form,
and is therefore characterized by large dewviations from
thermodynamic equilibrium. It may thus have enormous
reservoirs of free energy in the form of pressure
gradients (‘confined’ plasmas), magnetic ficld gradients
(plasma currents), distribution function anisotropies,
etc. The plasma often gets rid of excess free energy by
driving up collective oscillations and waves to high
amplitudes. These waves then typically drive the plasma
into a highly nonlinear state—sometimes a very
coherent one with nonlinear structures like solitons,
vortices, double layers, periodic waves, etc. and
sometimes (more often) a stochastic one with seething
turbulence and chaos. Most fundamental studies In
plasma physics are therefore devoted to an exploration
of nonhnear collective phenomena. The research
programmes at JPR are thus also primarily directed to
these studies. We classify all the activities under four
heads, viz. (A) Studies of chaos and turbulence, (B)
Coherent nonlinear phenomena, (C) Studies of some
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exotic plasma systems, and (D) Modelling of fusion
phenomena. A number of new experimental facilities
have been set up to explore the above phenomena. We
shall now present an overview of the research activities
in the above areas— highlighting both the expenmental
facilities and the physics results that have already been
obtained over the past few years.

Studies on chaos and turbulence

We first describe the BETA device which has been set
up to conduct experiments on a variety of fundamental
plasma problems, especially those connected with
physics of chaos and turbulence.

BETA is an acronym for Basic Experiments in
Toroidal Assembly and is shown in Figure 1. This
device has a number of special features in comparison
to conventional basic plasma research machines'. It is a
toroidal system, hence it is endless along the direction
of the magnetic field. The effect of end plates present in
the linear devices with magnetic fields 15 thus excluded.
It has only a toroidal magnetic field and hence is simple
compared to tokamaks. The vertical electric field
arising due to the gradient and curvature drifts is partly
short circuited with the help of the annular conducting
aperture, thus providing a partial equilibnum to the
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