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ABSTRACT

A multi-channel soft X-ray imaging system (29 channels for

viewing the plasma cross section, 3 channels for identifying

poloidal and toroidal mode numbers, m and nr respectively) was

installed on the JIPP T-II device to investigate external

disruptions. A high-performance digital data acquisition system

(12-bit resolution, 40 channels, 100 kHz/channel) was newly

developed for data processing.

A weak Di-=l/n=l mode which is locked \-;i ••.): an ;:,= /''n=i modi is

observed preceding an external disruption. Once the disruption

oocurt.J, the m~2/n=l mode is converted ., n t •-. .' strong in--i/n=l

r.-cA'i. The internal thermal energy is swtpt rut accop.panied by

vcticolly asymmetric collapse cf soft X-ray proliie due tc the

T..-1.•>.--! mode. A localized flash on the limiter is always

c' served cue to a major disruption (a hard external disruption).

These phenomena can be explained by the theory of asymmetric

rcconnections due to the interaction of the rn=2/n=l and m=l/n=l

irodes proposed by B.B. Kadomtsev. If the amplitude of the

m=2/n=l mode becomes sufficiently large, the resulting islands

begin to come closer and to produce a m=l/n=l shift at the

center. And eventually asymmetric reconnections will occur at

the place where the shifted inner region due to the m=l/n=l mode

touches the X-point of the separatrix of the m=2/n=l magnetic

island. Since the modes with different helicities can not exist

at the same place, the m=2/n=l islands approach with each other

and merge into an m=l/n=l island. During this process the



internal thermal energy is expelled in the same way as the usual

internal disruption. If the reconnections extend to the plasma

boundary, they may lead to a major diruption.

Although the overlapping of the m=2/n=l and m=3/n=2 islands

is experimentally observed, the resulting ergodization of the

magnetic surfaces only flatten the soft X-ray profile in the

region between q = 2 and q = 3/2 surfaces.
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CHAPTER I

INTRODUCTION

Steady progress has been made both on plasma confinement and

auxiliary heating in a toroidal magnetic confinement scheme known

as a tokamak. There is growing empirical certainty that a fusion

reactor can be achieved in the tokamak. A new generation of four

very large tokamak devices are under construction in the U.S.A.,

the U.S.S.R., Europe, and Japan. And preliminary experiments

have begun on TFTR. During the 1980s, those experiments on the

large tokamaks are expected to provide an actual demonstration of

the scientific feasibility of the tokamak.

As far as reactor plasma is concerned, it is indispensable

to confine a particle, which is the product of nuclear fusion.

It places a lower limit on plasma current to keep the shift of ex

particle drift motion from magnetic surfaces smaller than the

minor plasma radius [1].

Moreover the recent experiments on neutral beam heated

plasmas indicate that it is crucial to raise plasma current to

get high 3 plasmas [2-4] .

However the range of tokamak operation is limited by

instabilities and it places the upper limit on plasma current.

As the plasma current is raised, there is a deterioration in

confinement time accompanied by large helical magnetic field

fluctuations, and eventually it leads to a complete loss of
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plasma as the result of a violent phenomenon that has come to be

known as disruptive instability. As the plasma density is

raised, the discharge becomes increasingly vulnerable to

disruptive instabilities. This leads to an effective high

density limit, so-called Murakami limit, to the operating

parameters.

The basic features of the tokamak configuration are

illustrated in Fig.l. The tokamak plasma is confined by means of

a strong externally imposed toroidal field Bt, together with a

weaker poloidal field Bp created by a toroidal current It that

flows in the plasma itself. The configuration is axisymmetric

about the major axis of symmetry. The combination of toroidal

and poloidal magnetic fields produces field lines that transverse

the torus in a roughly helical manner. The safety factor, q-

value, is defined as the number of times a magnetic field line

winds the long way around the toroid divided by the number of

times it winds the short way around. Since field lines never

cross, the q-value is the same for all field lines on a magnetic

surface. Hence, the q-value is a surface quantity.

The configuration is greatly simplified if we neglect

toroidal effects completely and treat the tokamak as an

infinitely long straight cylinder (Fig.2). In the cylindrical

approximation, the poloidal field becomes the azimuthal field Bg,

and the toroidal field becomes the axial field Bz. Here, the

tokamak is axisymmetric about the minor axis r = 0, as well as

uniform in z. Thus, in analyzing stability, we may make a

Fourier decomposition in 6 and 2, considering perturbations that

- 2 -



Fig. 1 Tokamak plasma configuration.
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Fig. 2 Cylindrical approximation of tokamak plasma.
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vary like exp(im9+ikz), where m is an integer and called poloidal

mode number. Toroidal effects enter only by virtue of the

periodicity condition that quatizes permitted values of k, namely

k = n/R, where R is the major radius of the torus and n is an

integer which is called toroidal mode number. There is a special

interest in modes with low value of the integers m and n,

especially m = nq(r). For given values of m and n, a magnetic

surface at which this condition is satisfied is usually called a

resonant or singular magnetic surface.

The disruptive instabilities are usually classified into

two categories,

(i) Internal disruption

(ii) External disruption

a) minor disruption

b) major disruption

Internal disruption is characterized by sawtooth

oscillations in soft X-ray emissions (Fig.3). No negative spike

in a loop voltage is observed in the case of internal disruption

except in very low g discharges below two, since the phenomenon

is confined to the interior of the discharge.

Sawtooth oscillations consist of an m=0/n=0 axisymmetric

pulsation of the X-ray signal with m=l/n=l oscillation riding on

top of it. Near the center of the discharge the sawteeth consist

of a slow rise followed by an abrupt fall, recurring with a

period on the order of one millisecond. Outside what is believed

to be the q = 1 surface, the pattern is reversed; each sawtooth
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Fig. 3 Sawtooth oscillations of soft X-ray signal.
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has a steep rise follovred by an exponential decay, with the

steepness of the rise decreasing away from the q = 1 surface.

The onset of the rise in the outer sawteeth is exactly

synchronized with the fall in the interior sawteeth. The

amplitude of the m = 1 signal riding on top of the sawtooth

oscillations is strongest in the vicinity of the q = 1 surface.

The m = 1 mode grows during the rise time of the interior

sawtooth and nearly vanishes just after the fall.

The external disruption is an abrupt expansion in minor

radius and inward shift in major radius or the plasma column

accompanied by a negative voltage spike and a sudden loss of

internal thermal energy. The expansion occurs within a few

hundred micro-seconds. The external disruption can be further

divided into two types according to its severity;

a) Minor disruption is a soft external disruption accompanied

by a small negative voltage spike. The discharge is able to

recover afterwards and minor disruptions may occur repeatedly in

a given plasma discharge. This type of disruption is often

observed in a high density discharge.

b) Major disruption is a hard external disruption accompanied

by a large negative voltage spike up to a few hundred volt. The

plasma current decreases rapidly and the discharge is terminated

(Fig.4). The major disruption is the most dangerous instability

observed in tokamaks, since a disruption in a device of the size

of the International Tokamak Reactor (INTOR) could produce

vaporization of kilograms of wall material if the deposition were

spatially localized, in addition to serious thermal wall stresses

- 7 -
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and electromagnetic forces.

Growing m = 2 precursor oscillations have been observed

before a negative voltage spike in many tokamaks. And an m = 1

mode coupled with this m = 2 mode were oberved just before the

disruptions in Pulsator [16], TFR [19], T-4 [23], and PLT

[20,21]. During the disruption asymmetry in the soft X-ray

profile appeared in T-4 and PLT.

Minor diruptions may occur also due to m = 3 mode as

reported in Tosca [28] and PLT [20].

A measurement of the central temperature deduced from

cyclotron radiation in Alcator A [25] shows a fall in temperature

which begins simultaneously with the leading edge of the voltage

spike to take about 60 - 100 ps, while the time taken for the

current to reach zero is typically a few ms.

By activating the m=2/n=l widings with a DC current in

Pulsator, the current profile can be flattened locally on the

q = 2 surface. This results in a reduced amplitude of the m = 2

mode and postponing the disruption [16].

An m=3/n=2 mode was detected at about the twice the

frequency of the m=2/n=l mode just before disruptions using

saddle coils in Tosca [29]. When the m=2/n=l and m=3/n=2 saddle

coils are energized with large coil currents, a major disruption

occurs.

Although it is experimentally recognized that an m=2/n=l

tearing mode plays a fundamental role in disruption, the

mechanism of the major disruption is still an open question.

- 9 -



The earliest theoretical work on disruptions concerned MHD

kink modes [30-32]. In particular, for the special case where

the current density and g-value within the plasma are uniform, it

was found that an unstable mode with m = nq could nonlinearly

lead to the injection of a vacuum region, or bubble, into the

plasma. Since the plasma is incompressible due to the strong

toroidal field, the injection of a bubble into the plasma causes

a sudden expansion of the boundary of the discharge, as seen in

the external disruption. However, for realistic current and

safety factor profiles, bubble formation is impeded by the

bending of field lines. In addition, the precursor oscillations,

which seem to be an essential feature of the observed diruptions,

are more properly thought of as resistive tearing modes, not kink

modes. Thus, more recent work has concentrated on the nonlinear

theory of tearing modes, and processes involving resistive

reconnection of magnetic flux within the plasma.

A nonlinear m = 1 reconnection model was proposed by

Kadomtsev in order to explain the internal disruption [34]. This

model has been confirmed quantitatively by computer simulations

[35,26]. According to this model, sawtooth oscillations result

from the competition between two effects. First, the toroidal

current density tends to concentrate at the magnetic axis due to

the Joule heating. When the current concentrate so much that the

q-value drops below unity at the magnetic axis, an m=l/n=l

resistive tearing mode becomes unstable and it forms an m=l/n=l

magnetic island. When the amplitude becomes large, the mode can

grow exposively fast and the central hot region moves to the

- 10 -



X-point of the island, where the energy is transported toward the

outer half of the island created by the reconnection of a hot

inner and a cold outer flux surfaces. The complete reconnection

annihilates the hot central peak and the internal poloidal flux

is ejected. Then, returning to a slower time scale, the excess

temperature beyond the reconnection region diffuses away and the

center of the plasma heats up again, leading to another sawtooth

oscillation.

For the m = 2 mode the same complete reconnection could

occur to reduce the magnetic energy at the end of process.

However the p]asma has to climb the hill of the magnetic energy

along the way. Asymmetric reconnections due to the interaction

of the m = 1 and m = 2 mode were also proposed by Kadomtsev to

overcome this difficulty.

In recent years nonlinear numerical calculation of tearing

modes has received a considerable amount of attention in attempt

to understand the cause of the external disruption.

Three-dimensional codes have been developed and applied to

the case where modes of different helicities are present at the

same time [36-42]. In cases where m=2/n=l and m=3/n=2 modes are

both unstable, it is found that the presence of a sizable m=2

island can actually accelerate the growth of the m=3/n=2 mode

(t-ogether with other higher-order modes, such as m=5/n=3) . Due

to the development of islands of different helicities the

toroidal current density is severely deformed. These islands

overlap and field lines become stochastic in a sizeable plasma

volume, flattening the temperature profile in this region through

- 11 -



parallel transport. The current defortna •: ion produces a rap'd

decrease in the self inductance of the plasma and the voltage it

the limiter drops. The rapid destabilization of he m=3/n=2 mode

by the m=2/n=l starts when both magnetic islands touch.

Apparently the usual res^dtive flow effects that reduce the mode

growth from exponential to linear are not operative in this

explosive growth phase because the magnetic flux surfaces are

being destroyed.

The mode coupling calculations, although giving rise to

explosive growth of magnetic islands of different helicities, do

not produce a rapid drop of central plasma temperature. The

resulting ergodic region flattens the temperature between q = 3/2

and q = 2 surfaces, but some further mechanism is required to

destroy confinement in the central region (47].

Another explanation of disruption is the interaction of the

m=2/n=l magnetic islands with limiter [43]. According to this

model the disruption takes place in two phases. In the first

place, contact with limiter or an outer region of cold plasma

causes a sudden increase in the growth rate of the islands. This

causes a deformation of the central plasma between the two

islands untiL, in the second phase, this plasma becomes unstable

and is expelled to the wall. This expulsion results in a large

magnetically induced voltage and loss of plasma current.

Developement of the technique used for X-ray imaging systems

has revolutionalized the study of magnetohydrodynamic (MHD)

instabilities or fluctuations in tokamaks. Use of this technique

- 12 -



of measuring X-ray fluctuations in tokamaks has been actively

pursued at many laboratotries since about 1972 when sawtooth

oscillations were discovered in the intensity of X-ray emission

from the ST tokamak as measured by two-detector system [14].

This is because the characteristic radiation of plasmas at

tokamak temperature falls in the soft X-ray to UV part of the

spectrum. The term soft X-rays generally applies to those X-rays

with energies between 1 and 20 keV. The soft X-rays come from

bremsstrahlung and recombination radiation. Generally, the lower

energy X-rays are filtered out, since they usually come from

spectal line radiation that is too sensitive to the details of

the ionized states and composition of the plasma. Furthermore,

since the plasma is optically thin to its own X-ray emissions,

radiation from any part of the plasma will arrive at an external

detector essentially unaltered by intervening plasma.

As a consequence, temporally and spatially resolved

observation of X-ray emission provide a powerful method studying

the time evolution of internal structure related to the tearing

modes.

We have built a soft X-ray imaging system and installed it

on the JIP? T-II device at Institute of Plsma Physics, Nagoya

University to investigate the disruption. A digital data

acquisition system was newly developed for the data processing of

the soft X-ray signals.

By examinig MHD modes during external disruptions in detail,

we reached a conclusion that the major disruption is caused by

- 13 -



the asymmetric reconnection due to the interaction of the m=2/n=l

and m=l/n=l modes.

Although this coupling was also observed in the other

tokamaks, Pulsator[16], TFR[19], T-4[23], and PLT[20], the

relation between the two modes or evolutions of soft X-ray

emissivity profile has not been clarified because of their small

number of soft X-ray detectors. The m=2/n=l mode was observed

only in Mirnov oscillations except in PLT. The PLT device has 20

channels of the detector and they give relatively good spatial

resolution. However the mode structure was not clear partly

because they view mainly the upper half of the plasma and partly

because rotation of the modes nearly stops just before the major

disruption in PLT.

In our experiments, the structure of the locking of the two

mode was uniquely determined and the m=2/n=l mode was found to be

converted into the m=l/n=l mode when an external disruption

occurred. The resulting asymmetric collapse in soft X-ray

emissivity profile was observed.

Although recent numerical calculations on disruptions have

been actively carried out to produce the overlapping of m=2/n=l

and m=3/n=2 magnetic islands [36-42], the m=3/n=2 mode has not

been detected in soft X-ray signals in the other tokamaks

presumably due to their poor spatial resolution. It was only

detected in Mirnov oscillations in Tosca [29].

We have identified the m=3/n=2 mode in the soft X-ray

signals just before a minor disruption and resulting flattening

of profile between q = 3/2 and q =2 surfaces was observed.
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However the disruption due to the overlapping of the magnetic

islands of different helicities was found to be mild and not to

lead to a major disruption.

The author's contribution to this study is as follows;

designing and manufacturing the data acquisition system

(Sec.2.5), calibration of the detectors (Sec.2.4), computer

programs for data processing (Sees. 2.3, 2.6, 4.1, and 4.3,

Appendix A), and data analysis of the experiments (Chapter III),
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CHAPTER II

EXPERIMENTAL APPARATUS

In this chapter the soft X-ray imaging system operated on

JIPP T-II is described. We have built a 29 channel surface

barrier diode detector array and calibrated it making use of a

X-ray tube. We found it very effective to use a low voltage

X-ray tube to calibrate the detectors including the variation of

Be-foil thickness in the energy range of tokamak plasma.

A very high-performance data acquisition system based on a

microprocessor was also developed for data processing of the soft

X-ray imaging. Adopting direct memory access method, very fast

sampling time of 2.0345 ps with 12-bit resolution is

accomplished.

The multichannel soft X-ray imaging system together with the

digital data acquisition system enable us to reconstruct

two-dimensional image of the plasma section in certain

discharges,

First let us describe the JIPP T-II device.

2.1 JIPP T-II DEVICE

JIPP T-II is a hybrid device of tokamak and stellarator

[54,55]. Main parameters of the device are; toroidal field

Bt = 3 T, major radius Ro = 91 cm, £ = 2 helical windings with

four periods, the -laximum rotational transform angle due to the
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helical field is *-/2v = 0.25 at Bt = 2 T. The radius of a ring

limiter is 17 cm and position of rail limiters are at z = t15 cm

(see Fig.27, p.58). Thus plasma minor radius is regarded as 15

cm. The material of these limiters used in the experiments

described in this papaer is TiC.

The device adopts a feedback control of plasma equilibrium

in a resistive shell by a thyristor power supply regulated by a

digital computer [53]. A precise control of plasma position,

which reduces interaction of plasma with the limiter, for the

whole duration of discharge has been attained.

The diagnostic instruments (Fig.5) are as follows; Thomson

scattering for electron temperature and density, Fourier

spectroscopy of the second harmonic of electron cyclotron

emission for electron temperature profile, fast neutral energy

analyzer for ion temperature, 2-mm microwave interferometer for

electron line density, visible light spectroscopy for- Ha and

impurity line intensity. Si(Li) detector for electron temperature

and impurity concentration, surface barrier diode detector array

for MHD modes, vacuum ultraviolet (VUV) spectroscopy for

impurities, magnetic probes for olasma position and MHD

oscillations. The tangential view of the plasma at the limiter

is monitored by a TV camera through a Ha filter.

Typical parameters of ohmically heated plasma in tokamak

configuration are; Ip = 50 - 150 kA, safety factor at the plasma

boundary qa = 2 -. 5, line average electron density ne =

(1 ~ 8)xlO'3 cm"3, central electron and ion temperature, Te =

500 - 900 eV, and T^ = 200 - 500 eV, average effective ionic
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charge Zeff = 1 - 2.5, and energy confinment time T E = 4 ~15 ms.

2.2 SOFT X-RAY IMAGING SYSTEM ON JIPP T-II

The soft X-ray imaging system we have built and operated on

JIPP T-II device consists of an arrray of 29 detectors centered

on the outside equatorial plane as shown in Fig.6 - Fig.8. It is

essentially a slot hole X-ray camera. X-ray emissions from the

plasma are imaged on the detector array passing through 1.7 x 55

and 2.6 x 12 mm2 imaging slots. This X-ray intensity is

modulated from density and temperature variations which accompany

the propagation of waves or fluctuations. Since most of the

X-rays are emitted from the hottest and most dense part of the

plasma, each detector picks up most of its signal from that part

of the line of sight that passes nearest the center of the

plasma. The distance from this point to the plasma center is

called a "chord radius".

The detectors are arranged so that the chord radii step is

1-cm intervals and are collimated so that the spatial resolution

is about 0.6 cm and 14.5 cm in vertical and toroidal directions,

respectively. They view the whole plasma cross section down to

the plasma boundary (r = -15 cm) except at two chord radii (upper

r = 13 and 15 cm).

In front of each detector, 10-ym Be foil is placed to cut

off VUV photons, which are reflectable on the chamber wall and

which will blur collimated signals.

A filter assembly behind the slot can be rotated into the

optical path making use of a rotary feedthrough. It consists of
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Fig. 7 Array of 29-ch surface barrier diode detectors.
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Fig. 8 The detector chamber installed on the JIPP T-II

device. Boxes of pre-amplifiers are placed at

the flanges of the chamber. A He-Ne laser

at the top of the right tripod was used to adjust

the tilt of the chamber. The lead cylinder in

the foreground is the collimator and shield

of Nal detector to monitor hard X-ray.
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slots with 0, 10, 30, 100 ym Be foils. Thus we can change the

total thickness of the Be filters in four ways, 10, 20, 40 and

110 pin, to view the plasma in different energy range shot by

shot.

The detectors are located in a chamber which is pumped out

by a sub-vacuum pumping system. The slot with the filter

assembly is movable making use of a motion feedthrough with

bellows. It is pushed into the port beyond a gate-valve during

experiments.

Other three scannable detectors view plasma cross section so

that information on poloidal and toroidal structures of

perturbations can be obtained (Fig.9). Two of them are 90°

displaced with respect to the array in the same poloidal cross

section and one is 90° toroidally displaced in the equatorial

plane (Fig.10). These detectors are placed outside of the vacuum

chamber with use of 50-pm Be windows.

The detectors we used are ORTEC Model CR-019-50-100

partially depleted surface barrier detectors (SBD). They have an
o O

active detection area of 50 mn' and are covered with a 1500 A

aluminum rectifying contact (Fig.11). Photons must pass through
o

this aluminum layer and a silicon oxide layer, roughly 100 A

thick, before reaching the depletion layer, which is at least 100

pm thick (dependent on vies voltage) and which is essentially 100

percent absorptive in the soft X-ray energy range.

The other type of detector used in the same application is a

diffused PIN diode. However the PIN diode has an inherent dead

layer of P-type silicon of about 0.5 pm thickness. A surface
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Fig. 10 A scannable detector is used to investigate

toroidal mode numbers.
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barrier diode detector has negligible dead layer and it is

capable of detecting a few hundred eV photons, whereas X-ray

detection with a PIN device is limited to above 1 keV photon.

Moreover the SBD has normally lower noise levels than the

commercially available PIN devices.

Photons create electron-hole pairs in the depletion layer

(one pair per 3.76 eV of photon energy), resulting in an

electrical current proportional to the incident radiated power.

The current is converted to a voltage and amplified by a

low-noise preamplifier (Fig.12). A capacitor coupling is used to

cut off DC component of dark current. Since the signal decreases

with chord radius, different current-to-voltage conversion gains,

which are determined by the registers R^ and RA in Fig.12, are

progressively used for peripheral chords. Noise levels in the

diode are less than 0.3 nA, and signals from the central chord

can be as large as a few micro-amperes. The detectors are

connected to vacuum feedthrough with coaxial rigid micro-cables.

The preamplifiers are located at two flanges with the feedthrough

to reduce the capacitance of the cable and to ensure the spectral

responce. The typical frequency responce of the detector and

preamplifier system extends from 0.3 Hz to 46 kHz, while at the

peripheral cl̂ ord radii (r > 12 cm) the high energy cutoff is

lower dun to the higher feedback registers.

2.3 DETECTION CHARACTERISTICS OF DETECTOR WITH BE FOILS

The charge output Q of each detector when irradiated with an

X-ray energy spectrum S(E) is given by the next equation.
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Q = AB/R(E)S(E)dE , (2-1)

where A is the detector area exposed to X-rays, B is the

detection sensivity of 1.6xlO~19 coulomb / 3.76 eV of energy

absorbed in the depletion region and R(E) is the response

function, which is given by,

R(E) =.n exp[-ni(E)pidi][l-exp(-ni(E)p4d4)], (2-2)

where n denotes mass attenuation coefficient, p mass density, and

d element thickness. The Be foil, Al rectifying contact, dead

layer, and depletion layer elements are identified by the

subscripts 1, 2, 3, and 4 respectively. Physically the first

product of exponential terms gives the fraction of the incident

energy through the elements. The final bracketed term gives the

fraction absorbed in the active region.

The mass attenuation coefficients can be calculated

according to an analytical representation which provides cross

sections for photons of energy greater than 10 eV [59].

Figure 13 shows calculated responce function of the detector

with Be foils. Note that high energy photons in the range of

hard X-ray are not so much detected, since most of them pass

through the depletion layer.

A continuous spectrum of X-rays is emitted frpm a hot plasma

due to bremstrahlung radiation from electron-ion collisions

(free-free) and recombination radiation (free-bound).

For a Maxwellian electron population of temperature Te and
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density rig with H-like ionic species of charge Z^, and density

n^, the bremsstrahlung emissivity can be expressed as energy per

unit frequency interval;

(2-3>

where C = 6.3X10""117 watt/cm and gff is the free-free Gaunt

factor representing the departure of a quantum mechanical

calculation from the classical one. The bar indicates an average

over the Maxwellian distribution. In general, the values of gff

are close to one, being a bit greater for hv > kTe.

The recombination radiation has an identical spectral

dependence,

where RJJ indicates Reydberg constant, n is a principal quantum

number, gf^ is the free-bound Gaunt factor, and C is as in

Eq.(2-3).

Since the both radiation have same spectral dependence.

X-ray enhancement parameter £, ratio of observed continuum

emissivity to hydrogen bremsstrahlung emission, is frequently

used to describe purity of plasma radiation. For typical tokamak

discharges E, can vary from nearly one up to several thousands.

Small anomaly factor are associated with high density discharges

with clean walls and the large ones by plasmas dominated by high

Z impurities.
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In addition to the free-free and free-bound spectrum there

is also line radiation. Although the lines of low 2 materials

such as oxgen and carbon will be below the lower energy cut-off

of the detectors, the K and L lines of high Z materials will

appear in the range of sensitivities.

If we assume the spectrum S(E) of Eq.(2-1) to be

bremsstrahlung radiation of pure hydrogen plasma putting ne = ni

= constant and gf£ = 1, we obtain the output of the detector as a

function of electron temperature and the thickness of the Be

foil. The result is illustrated in Fig.14. The output current

through a 10-pm Be foil is proportional to n e
2T e

2* 5 for Te in the

range of 400 to 600 eV. For thicker foils the exponent rises;

the variations are n e
2T e

2- 9 for 20 ym, n e
2T e

3- 5 for 40 ym, and

n e
2T e

H- 7 for 110 pm in the same energy range.

Thus Be foils cut off the transmission below a cetain energy

and give a responce like ne
2Te • The responce of a detector to

fluctuations in ne and Te caused by MHD activities is given by

61 _ ,<5ne . Y«Te (2-5)

where y c a n vary between 2 and 5.

2.4 INSTRUMENT CALIBRATION

Since our soft X-ray imaging system consists of many

channels of the detectors, it is of great importance to calibrate

each detector in order to investigate equilibrium X-ray profiles

and distributions of fluctuations.
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It is desirable to use monochromatic photons for such

calibrations. However strong X-ray source in the energy range of

interest is not available.

We used a low voltage X-ray tube (SOFTEX 1-0610, Fig.15) as

a soft X-ray source. The X-ray spectrum of a X-ray tube consists

of continuous spectrum which is the bremsstrahlung radiation due

to deceleration of a electron by the anode material upon which

the electron impinges and of spectral lines characteristic of the

target material.

The continuous spectrum can be approximated by the following

equation [60],

I(v) = d(vo-v) , (2-6)

where C\ is a constant proportional to the tube current i and the

atomic number of the targer material Z, and v0 is the high energy

limit expressed by the applied volatge Eo.

eE 0= h» 0 • ( 2 " 7 )

Integration of Eg. (2.6) yields a total intensity.

l± = |v* = kZiEo - (2-8)

If we denote the response function of a detector with Be

foil as a function of energy E and thickness of the foil as

R(E,d) and current-to-voltage conversion coefficient of the

pre-amplifier as G, the output voltage of the detector is

expressed as follows;
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v(Eo,d) = G/R(E,d)I(E/h)dE ,

= 2kGZi/Q°R(E,d) (Eo-E)dE ,

= 2kGZiI0(E0,d) . (2-9)

The target was a tungsten buttom sunk in copper. In the low

energy range we are concerned (E <; 2 kV) , the characteristic

radiation of tungsten (M series lines) are so weak that they can

be neglecteted. This is confirmed by a pulse height analysis

with a Si(Li) detector. Since commercially available X-ray tubes

have thick Be window (̂ 500 um), we took it off and a X-ray tube

and the detector were installed in a vacuum chamber.

There is a deviation of the continuous spectrum from

Eq.(2-6) in very low energy portion due to absorption of the

X-ray in the target itself. However this does not contribute to

the integration of Eq.(2-9) because of strong absorption by the

Be foil.

In the actual measurements we applied square voltage pulse

to the X-ray tube using a relay circuit and the output signals

were integrated by a BOXCAR integrator to raise the signal to

noise ratio.

Figure 16 shows the measured value of V(E0,d) divided by the

tube current and calculated value of Io (Eo,d) . Though the

thickness of the Be foils were intended to be 10, 20, 40, and 110

urn, the effective thickness are estimated to be 10, 21, 40, and

120 pm from the calibration. In order to examine the behavior in

lower energy range more clearly normalized values by those of
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10 pm are plotted in Fig.17. Below 3 kV the measured values

agree with the calculated ones quite well. The deviations at

higher energy are presumably due to the characteristic lines.

From these measurement it was confirmed that detectors with Be

foils can be calibrated accurately using a low voltage X-ray

tube.

The 29 detectors were calibrated based on measurements at

five different voltages; 1.4, 1.6, 2.0, 2.5, and 3.0 kV. The

resultant calibration factor include effective detection area and

variation of thickness of Vhe Be foils. The latter is estimated

by examining the energy dependence. Figure 18 is the logarithmic

plot of calculated value relative to 10 um case. The example of

this calibration data is given in Fig.19. The Be foil which is

placed in front of each detector varies about 10 %. This is not

surprising since it is difficult to obtain such thin foils with

uniform thickness. Incidentally these 10um-Be foils are made by

vacuum evaporation method by Pioneer Ltd.
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Fig.17 The output of the detector relative to that with

10-ym Be foil as a function of X-ray tube voltage.
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Fig.18 Logarithmic plot of the calculated output of the

detector relative to that with 10-um Be foil.
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2.5 DIGITAL DATA ACQUISITION SYSTEM

Since soft X-ray emission from plasma varies even in orders

of magnitude depending on discharge parameters, it is desirable

to use an analog-to-digital converter with high resolution to

reduce quantizing errors. On the other hand, the sampling rate

must be as high as possible to investigate fast transient

phenomena such as disruptions. However the fast sampling

conflicts with digitization with high accuracy.

The specification required for. ovir soft X-ray imaging is 40

channel input, 12-bit resolution, and sampling rate of about 100

kHz per channel. Since transient recorders which moet above

requirements were not i:oi.imercially available, we have newly

developed a data acquisition systeml. The block diagram of the

data acquisition system is illustrated in Fig.20. The system

consists of edgh-t ADC modules and-256 kwords (1 word = 12 bits)

buffer memory' (Fig.21). We have adopted very fast ADCs (DMC

2851, conversion time 1.7-vrfe) in combination with analog

multiplexers and reduced the cost per channel. Though five

channels of each multiplexer are normally used for the data

acquisition of soft X-ray imaging, we use 16-channel multiplexers

(TELEDYNE PHIBRICK 4551) for application to other purposes.

Data are output to a 16-bit input gate of CAMAC through

parallel lines and eventually transferred to magnetic disks of a

FACOH M200 system for data processing. Obtained data can be

monitored on an oscilloscope with four 12-bit digital-to-analog

converters (BURR BROWN DAC 80).

Although a 12-bit or a 16-bit microprocessor is suitable for
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Fig. 21 Modules of the digital data acquisition system.

The upper left is the Z-80 CPU board. The upper

two rows are 256-kword buffer memory. The down

right eight boards are the ADC modules.
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12-bit data manipulation, a 8-bit CPU, Z-80 is used for data

control. The Z-80 and 8080 family have wide variety of

peripherals and software. Among Z-80 peripheral devices, there

is a powerful and versatile DMA (direct memory access)

controller, Z-80 DMA. It is indispensable to adopt the DMA

method to achieve very fast data sampling, and the Z-80 DMA is

capable of data transfer up to 1.25 Mbytes per second. This

attractive feature of the Z-80 DMA outweighs requirements of some

contrivance to manipulate 12-bit data.

While the Z-80 DMA is capable of 64-kword data transfer in

continuous mode, we assign 32-kword memory to each ADC module at

present and all the modules are controlled by a timing control

circuit at the same time. Since the address bus of the Z-80 is

16 bits, a kind of bank selecting cir<~ui-t- is necessary to access

to the 256-kword buffer memory. The second half of the 64-kword

address space is assigned to the buffer memory, whereas the first

half to programs and this portion is designed to be always

selected whatever the bank select is. The 4-bit outputs of a

Z-80 PIO parallel input/output controller are used as additional

address lines so as to select buffer memory.

Three 16-kbyte memory boards are assigned to each ADC

module. The memory chip used is 4-kbit static RAM 2114. The

data lines of each memory module are connected to the data bus

through 3-state bus drivers (Intel 8216, Fig.22). The upper 4

bits data lines are normally connected to auxiliary data bus

which is not accessible by the Z-80 CPU. However they can be

connected to the data bus of the CPU by commands. During DMA
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transfer all the memory are disconnected from the data bus lines

to avoid data conflicts.

The procedure of the data acquisition is as follows; analog

signals which are low-pass filtered to prevent aliasing are

time-multiplexed by eight 16-ch multiplexers. The instantaneous

value of each signal is frozen during data conversion by

ultra-fast sample and hold amplifiers (TELEDYNE PHYBRICK 4855) .

The acquisition time for 12-bit accuracy is 250 ns. The input is

high impedance buffered to minimize errors. Digitized data are

latched to 3-state registers (74173) and transferred to the

buffer memory by DMA.

Each ADC module digitizes every 2.0345 us (which is

determined by the clock supplied to the Z-80 DMA and the commands

by CPU), ensuring the conversion time of the ADC and the

acquisition time of the sample and hold amplifiers. With

32-kword memory we can store data of 66.7 ms duration. Although

it does not cover the time span of the entire discharge of JIPP

T-II, it is possible to investigate physically interesting

duration with a triger from a delay pulser.

2.6 SOFT X-RAY TOMOGRAPHY

Since soft X-ray signals detected by the surface barrier

diode detector are inherently line-integral, it is indispensable

to invert them into local emissivities to investigate internal

mode structures. Tomographic methods [61,62] have allowed'the

reconstruction of 2-dimensional images from line-integrated data.

In the field of medicine, the X-ray scanner is well established
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for the production of 2-dimensional images of human organs by

computerized tomography. In radio astronomy, Bracewell developed

a technique for producing a 2-dimensional map of celestial

sources of radio emissions using an antenna with resolution in

only one direction [63].

In principle, it is possible to obtain image of any shapes

if chord signals in all directions are available as J. Radon

proved as early as in 1917 [64]. In experiments on toroidal

devices, however, the directions of observation are limited by

port accessibility and we must make use of plasma column rotation

to obtain a 2-dimensicnal image. It is straightforward to apply

tomography to a circular tokamak, neglecting toroidal effects and

assuming rigid rotation [20,70].

First we briefly review Cormack's inversion procedure [65],

which is one of the tomographic algorithms based on poloidal

harmonic expansion. The geometry of calculation is indicated in

Fig.23. Let g(r,6) be the soft X-ray emissivity, which is

defined in the unit circle and is zero everywhere outside it.

Let f(p,<})) be the line integral of g(r,9) along a line of sight

L, where p is the chord radius and <j> the angle between the normal

to the line L and the x-axis.

f(P'*> = /Lg(r,8)ds . (2-10^

The function g(r,8) and f(p,<J>) may be expanded in poloidal

harmonics,
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Fig. 23 Co-ordinate system for reconstruction of

two-dimensional image.
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g ( r , 6 ) = [ g m ( r ) e i i n e , (2-11)
m=-°°

fra(P)eim* , ( 2_ 1 2 )

where

ra 2TT'O ' ( 2 -13 )

From E q . ( 2 - 1 0 ) f r m ( p ) i s r e d u c e d t o

fm(P) = 2/1 2^1^L<£Z£l£ d r

This integral equation has a solution,

where Tm(z) = coE(mcos"'z) is the Chebyshev polynomial of order

m. Tnis solution for m = 0 is equivalent to an Abel inversion,

if fo (r) is a well behaved function. The reconstruction based on

direct calculation of Eq.(2-16) is not successful, since it

reguires numerical integration and differentiation, which are

very sensitive to noise.

The integral Eq.(2-15) can be solved analytically by an
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expansion method. If fm(p) is expanded in the following form,

fm<P) = 2 [ am sin[(m+2j+l)eos"
!p] , (2-17)

then the function gm(r) corresponding to Eq.(2-17) is,

CO

9m(r) = I (m+2j+l)am Rm(r) , (2-H
j = Q

where R^(r) is a Zernicke polynomial defined as

- V (-D-S(m+2j-S)! r^2j-2s
~ s £ 0 s! (m+j-s)! (j-s)i * u

This method has the advantage of minimizing errors by a least

squares fit in the orthogonal expansion.

The PLT group utilized solutions similar to Eq.(2-16) which

are a little bit different for each mode [66]. Their numerical

procedure is an extension of Barr's numerical Abel inversion

method [67] , which is not suitable for a high m mode. Though

Cormack's method reproduces source function at central part very

well, it tends to give some humps at periphery. Several null

data points beyond the limiter radius are added to reduce this

humps. On the other hand, while the PLT group's method gives

good result at periphery, it is not good at peaked profiles and

it sometimes gives divergences at the origin. The ISX-B group

presented another method based on polynomial expansions both of

gm(r) and fm(p) [69]. This method yields almost the same result
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as Cormack's except that it has some numerical vias to u = 1

component depending on the number of expansion terms.

The determination of fm (r) can be made by Fourier analysis

in time if the source is assumed to be rigidly rotating in

poloidal direction, since the Doppler shift gives a temporal

frequency proportional to the spatial wavenumber m. Our

tomog: '^hic processing necessitates quasi-stationary oscillation

patterns which Co not vary within a few cycles. Thus this method

is not applicable to transient phenomena such as disruptions.

Figure 24 is an example of reconstructed image of m = 2

magnetic island due to tearing mode observed in our experiment in

tokamak configuration. The outermost line indicates the plasma

boundary of r = 15 cm. In this case q. = 3.0 and strong m = 2

mode which did not lead to a disruption was detected.

Concerning m = 2 magnetic islands, care must be exercised

because they exist at periphery where soft X-ray emission is so

weak that it is very sensitive to the accuracy of the numerical

inversion.

We often obtain recontructed images which show only

elliptical deformation of the plasma and which have no island.

This is not surprising because che emissivity is not necessarily

constant on the same magnetic surface. Radial transport across

magnetic field lines will blur the island structure in the X-ray

emissivity.

In general if the slope of gmj(r) is gentler than that of

equilibrium profile go(r), we can not get m = mi island image

[71]. On the other hand if inverted equilibrium profile
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Fig.24 Contour map of two-dimensional soft X-ray emission,

which shows m = 2 magnetic island of tokamak piasma.



undulates due to numerical errors, it produces false islands.

Another result of our tomographic processing is given in

Fig.25. This is the case of a discharge dominated by sawtooth

activities. The inverted equilibrium profile clearly show the

release of thermal energy due to the internal disruption. The

reconstructed 2-dimensional images do not show m = 1 islands and

only show the shifts of central hot region due to the m = 1 mode.

Since JIPP T-II is a hybrid device of tokamak and

stellarator, it is of great interest to investigate the actual

internal structure of MHD modes of stellarator discharges. In

stellarator configuration, the plasma is no longer circular. The

magnetic surface of a straight & = 2 stellarator is elliptical

near the magnetic axis [72]. Since the aspect ratio of the JIPP

T-II device is about seven, toroidal effects are small and the

cross-section is approximated by an ellipse. This is confirmed

by the numerical calculation of vacuum magnetic fields. The

elliptical plasma at the observing poloidal section is inclined

to the central chord by 45° and up-and-down detectors do not view

the symmetrical positions. Since the elliptical equilibrium

cross-section does not rotate, we cannot get chord signals in all

directions with one set of a fan-like detector array. To apply

tomography to the I = 2 stellarator configuration, we assume that

the plasma rotates along concentric similar elliptical flux

surfaces. We have modified Cormack's method to be applicable to

the elliptical source [73].

For the elliptical case, we take the co-ordinate system as
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structed two-dimensional image of soft X-ray emis-

sivity during sawtooth activities.
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shown in Fig.26.

x2 + y 2 A 2 = r'2 , (2-20)

where K denotes the elongation ratio of the long and short

semi-axis of the ellipse.

If we contract the y-axis by a factor of (y'=y/K), the

ellipse is reduced to a circle. Since this is a linear

transformation, the line of sight L is tranformed to another

straight line L1. We denote the variables in the new co-ordinate

system by primes. Since the line elements ds and ds1 have the

following ralation,

ds = ds'/ / cos2£ + sin*£A 2 > (2-21)

where £ = 7t/2 - <J>, the line-integrated signal in the new

co-ordinate system is expressed as

f(p ',<f>'} = J sin2<)> + C O S ^ / K 2 f(p,<t>) , (2-22)

We apply Cormack's method to f(p',<f>') and obtain 2-dimensional

image of the elliptical source. If f (P ',<$>') has no ()>'-

dependence, Eq.(2-22) is reduced to the equation for the Abel

inversion of an elliptical source [74].

Figure 27 shows an example of m - 2 magnetic island image in

the stellarator configuration (^/2v = 0.09). This shot was

relatively unstable and strong m=2/n=l mode was detected. The

tomographic method will clarify the mechanism of the stellarator

field stabilization of tearing modes in actual plasmas.
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Fig. 26 Co-ordinate system for an elliptical source. The

ellipse is reduced to a circle by contracting the

y-axis. The line of sight L is transformed to an

imaginary one denoted by L'.
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The tomographic processig basing on the data from one

fan-like detector array is not always successful. To be

successful it is required that quasi-stationary oscillations of

MHD modes are detected and that we can assume that the plasma

column is uniformly rotating purely in the poloidal direction.

In experiments, however, non-uniform rotations are often observed

and for the coupled two modes of different helicities it is more

reasonable to regard the rotation in the toroidal direction as

described in chapter III.

Since the signals are detected as Doppler shifts of rotating

helical structures, toroidal rotation is, for only one helicity,

equivalent to the poloidal one. Thus it is possible to carry out

the tomographic processing concerning only one pure helical mode

provided that the mode structure does not vary significantly

within a few cycles of the oscillation.



CHAPTER III

EXPERIMENTAL FINDINGS

The experimental setup is schematically illustrated in Fig.9

(p.24), which also indicates the symbols of the signals recorded

by the data acquisition system. The soft X-ray detector array is

situated on the opposite side of the torus from the main limiters

(a ring limiter with 17 cm radius, rail limiters at z = ±15 cm).

A sub-limiter with 17.3 cm radius is also installed at the left

side of the detector array port. Hard X-rays are emitted by the

runaway electrons bombarding the limiter. Although the surface

barrier diode detectors does not detect hard X-rays so much as

shown in Fig.13, once a hard X-ray photon is absorbed in the

depletion layer, it produces large output current due to the high

energy. Since the hard X-rays can penetrate the thick metals of

the chamber wall, they impair the collimated soft X-ray signals.

Thus the hard X-rays are monitored from back side of the soft

X-ray detector array as shown in Fig.8.

The signals sampled by the data acquisition system are; 32

channels for soft X-rays (29 channels for the detector array,

three channels for identifying poloidal and toroidal mode

numbers), one channel for hard X-rays, four channels for poloidal

magnetic field fluctuations (Mirnov oscillations), one channel

for the loop voltage, and two channels for the inner and outer

poloidal magnetic field to check the shift of the plasma column.
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It should be noted that the one-turn loop and the magnetic probes

are located outside of bellows. The inner radius and the

thickness of the bellows are 20 cm and 1.2 mm, respectively. The

magnetic probes are placed at r = 23.6 cm. The one-turn loop is

placed on the inner surface (r = 24.5 cm) of the toroidal tube

supporting the helical coils, which acts as a resistive shell.

The signal of the loop voltage is recorded using an isolation

amplifier. Thus the depth of a large negative voltage spike is

not grasped due to the instrumental saturation.

We are going to concentrate on disruptive discharges of the

JIPP T-II device in the tokamak configuration. Figure 28 shows

occurrence points of external disruption in operating parameter

space. The abscissa is normalised density, that is coefficient

of Murakami scaling. The closed and open circles represent major

and minor disruptions, respectively. The left upper points

correspond to disruptions in low q discharges, while the right

middle points correspomd to those in high density discharges.

The upper limit of the density cin be raised by neutral beam

injections, which affect the distribution of plasma current, as

indicated by triangular points. In this case the NBI is

co-injection and net power is about 60 kW.

We have investigated over 50 shots in which these

disruptions occurred. An m=l/n=l mode which is coupled with the

dominant m=2/n=l mode was found to be responsible for the major

disruption.
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3.1 EXTERNAL DISRUPTION IN HIGH DENSITY DISCHARGE

The external disruption in a high density discharge is mild

and reproducible compared with the one in a low q discharge. The

plasma often survives and subsequent disruptions are triggered.

Some peculiarities in the soft X-ray emissivity are observed

prior to the disruption.

3.1.1 ANOMALOUS PEAKING IN SOFT X-RAY PROFILE

In a normal discharge the waveform of the soft X-ray signal

varies roughly proportional to the square of the electron density

after plasma current is established, whereas in high density

discharges the central chord signals exhibit anomalous

enhancements as shown in Fig.29. When the density is raised

above a certain value, which is dependent on the toroidal

magnetic field, this anomaly always sets in. This critical value

is about 3,5x10'3 cm"3 for B t = 2.1 T and 5x10'3 cm"3 for B t =

2.4 T. This critical density is accidentally coincides with the

threshold for anomalous reduction of the tangential fast neutral

flux produced by charge exchange in JIPP T-II [76]. The

mechanism of the reduction is not certain at present. It may be

related with MHD modes or impurities.

As for the soft X-ray profile, let's see Fig.30. While the

central signals (r = 0, -2 cm) show the enhancement, the

peripheral chord signals decrease. Thus the profile becomes

sharp near the center.

This type of strong emission of soft X-ray coming from the

center of the plasma was reported by the Pulsator group [75] and
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it was ascribed to an accumulation of impurities. The

theoretical interpretation is as follows; according to the

neoclassical theory the density of impurity with ion charge z

should be proportional to n^z, where n^ is the proton density.

When the electron density is low, .momalous diffusion prevails

the neoclassical inward diffusion and the impurities do not

accumulate so much. If the anomalous diffusion obeys the law of

Alcator scaling like 1/n^, then the anomalous diffusion becomes

relatively weak as the density is increased, and finally the

neoclassical inward diffusion becomes dominant.

Increments of impurity ion influx (0 and Fe ions) were

studied by spectral method and numerical simulation on JIPP T-II

[77]. In our case, however, redistributions of impurities,

mainly Fe ions, within the plasma may be enough to explain the

enhancement of the central emissivity not resorting to the

increase of the impurity influx from the wall.

The high resistance of the central plasma due to the

enhanced cooling and/or high Z of the accumulated impurities

might affect the MHD stability of the plasma.

Figure 31 shows the fluctuations of the soft X-ray signals

at indicated chord radii. The broken lines signifies the

location of the phase inversion of the sawteeth, which is

considered to be the q = 1 surface. As the density is raised

with time, the location of the phase inversion approaches to the

center, and at last the sawtooth activities disappear. Thus the

central q-value presumably becomes above unity. The emissivity

profiles obtained by Abel inversion from the data with different
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Be thickness at the time of the peaking are given in Fig.32. The

central peak values are normalized to compare the shape of the

profiles. It should be noted that these profiles are almost the

same with each other except the 10 jam case. Thus if we plot the

emissivity at each radius as a function of the Be thickness

(Fig.33), the slope of the each curve within 4 cm is almost the

same, which suggests flat temperature profile near the center.

The curves behave like Fig.3J, if the eraissivity is assumed to be

due to brernsstrahlung radiation. The slope of the curve in

Fig.33 coincides with the 0.3 keV case in Fig.34 except at lower

thickness around 10 pm. This discrepancy is presumably due to

line radiations of light impurities. Nonetheless the estimated

value of temperature agrees with central temperature obtained by

Thomson scattering within 20 %.

Within about ten milli-seconds after the disappearance of

the sawtooth activities, a minor diruption is triggered and

redistributions of profiles occur. Therefore it is deduced that

the accumulation of the impurity at the center modifies the

current profile to a flat shape with steep gradient at the q = 2

resonant surface. Such a profile is susceptible to unstable

tearing modes that finally trigger the disruption [46].
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Fig.33 Variation of emissivity at each radius as a

function of Be thickness.
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3.1.2 MHD MODES AT ONSET TIME OF DSIRUPTION

Figures 35.1 - 35.6 show the typical minor disruptions in a

high density discharge with Bt = 2.1 T. The last sawtooth

activities are seen at 143 ms. From 150 ms some activities

appear in the central chords and the first weak disruption

occurred at 155 3 ms, the second at 157.1 ms, and the third at

164.4 ms (Fig.35.2). The q-value at the limiter during these

periods is about 3.4. The negative voltage spike associated with

the second disruption is about one volt.

Figure 35.3 shows the MHD oscillations relating to the first

disruption. The central soft X-ray signals during the disruption

show an cid poloidal mode, since the oscillations change sign

near the center (r = -0.5 cm). However more phase reversals are

discerned at r = 4.5, 2, -3, and -5.5 cm. This pattern is

apparently different from that of the usual m=l/n=l oscillations

related to the sawtooth oscillation.

Although chordal observations hinder us from identifying the

poloidal mode numbers definitely, line-integrated signals convey

some information besides the parity, even or odd, of the mode.

As Cormack proved [65], fm(p) of Eq.(2-15)(p.50) changes sign at

least k times for m = 2k or 2k+l in p > 0. The exact number of

the zero points depends on the function of gra(r), in our case on

the distribution of the emissivity perturbed by the MHD modes.

The line-integrated soft X-ray signals show one phase reversal

at the rational radius and another at the inner radius due to the

nature of the integration of Eq.(2-15) [13]. An example of an

m = 2 mode ia shown in Fig.36. The oscillations from the center
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Fig.35.3 An m=3/n=2 mode appears during the minor

disruption.
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Fig.35.4 After the disruption an m=l/n=l mode

is excited.
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to the boundary chords change sign twice. The oscillations are

produced because the plasma column which is perturbed by the

helical mode rotates in poloidai and/or toroidal directions.

Now be back to Fig.35.3, it is reasonable to consider the

mode which appears at the onset time of the diruption to be m = 3

upon above consideration. This is confirmed by a simulation

described in Sec.4.1. From the toroidally displaced detector

(XTg0 in Fig.9), the toroidal mode number is identified as n = 2

(See Fig.37.3b).

Therefore m=3/n=2 mode is clearly detected in the soft X-ray

signals for the tirst time. The mode detected by the magnetic

probes is an m=2/n=l mode. The frequency of the m=3/n=2

oscillations is about twice of the m=2/n=l mode. Hence, it is

reasonable to regard the rotation of the plasma column in

toroidal direction since observed frequency is roughly

proportional to the toroidal mode number. In this case the

direction is opposite to plasma current, that is the direction of

electron drift. If the plasma rotates rigidly in poloidal

direction, the frequency should be proportional to the poloidal

mode number.

Before the first and the second disruptions, both m=3/n=2 and

m=2/n=l modes are detected. The disruption is presumably caused

by overlapping of the magnetic islands of different helicities.

The soft X-ray signals at r = ±4 cm fall heavi?y due to these

disruptions, whereas the central signals do not drop so much.

The inverted profiles (Figs. 35.5, 35.6) clearly show the

decrease in the emission around r = ±5 cm. The inversion is
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performed by the asymmetric Abel inversion described in Appendix

A. Three data points of each chord signal are averaged to get

the profile. Thus time resolution is about 30 ys. The

flattening of the profile around r = ±5 cm is presumably due to

the ergodization of the magnetic field. It should be noted that

this type of minor disruption (type A) is mild and it does not

affect the central region. An m=l/n=l mode is excited near the

center after these minor disruptions. This is probably because

the plasma current is concentrated around the center due to the

cooling of the ergodized region. The redistribution of the

current profile may stabilize the m=2/n=l mode and prevent

magnetic stochastic region frora spreading over the whole region

in contrast to the computer simulations [36-42].

The m=3/n=2 mode has not been identified in soft X-ray

signals in the other tokamaks. This is presumably becasue of

their poor spatial resolution of the X-ray imaging systems or

lack of high-performance data acquisition systems. The m=3/n=2

mode was detected only in Mirnov oscillations in Tosca using

saddle coils [29].

The third disruption is different from the previous ones.

The central signal also drops abruptly (Fig.35.2) . This type of

minor disruption (type B) is observed preceding a major

diruption. The mode strucure is different from type A

disruption. An m=2/n=l mode is modulated by an m=l/n=l component

in the central region as we will see below.
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Figures 37.1 - 37.9 show another discharge which is

terminated by a major disruption after several minor disruptions.

In this case Bt = 2.4 T and qL = 4.0 when the major disruption is

triggered. The plasma column jumps inward about 2 cm, and then

the current begins to fall down (see B^n, Bgy-̂  signals in

Fig.26.2). The inward jumps due to the preceding minor

disruptions are about 0.5 cm.

The minor disruption (type A) at 171 ms is casused by the

overlapping of the m=3/n=2 and in=2/n=l islands, since these modes

are detected at the onset time of the disruption (Fig.37.3a,b).

The resulting flattening of the profile around r = '5 cm is seen

in Fig.37.4 just the same as in Figs. 35.5, 35.6.

It should be noted that for the type B minor disruption,

strong m = 2 oscillations are detected around r = ±7 cm before

the minor disruption at 182.7 ms, whereas the signals at r = ±3

cm are out of phase (Fig.37.5a). Then a strong m = 1 mode is

excited in the center after the disruption. And the central

thermal energy is transported to the periphery as shown in

Fig.37.8.

Mode conversion from m = 2 to m = 1 is seen before 187 ms

(Fig.37.6a). While the signals at r = 19 cm are in phase at

first, they become out of phase at the disruption.

Before the major disruption at 191 ms the dominat m = 2 mode

is modulated by an m = 1 mode at the central chords (Fig.37.7a).

Note that the phase of the upper chord signal is advanced from

that of the lower one due to the m=l/n=l modulation and that the

same phase shift is always obseved when the m=2/n=l mode becomes
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Fig.37.3a An m=3 mode is detected at the first disruption,

- 85 -



SHflTNO; 4922*

170

Fig. 37.3b Mirnov oscillations detected by the

probes of B T 9 0, Bpi95,Bp75, and Bpl5(Fig.9)

and soft X-ray signals by the center channel

of the array and Xipgg. From the two chord

signals toroidal mode number is identified

as n = 2.
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- 87 -



5H0THH= 49214

2

0

•2

-4

- 6

- 8

-12

VAAAAAAAAAA/V

out of phase

181 182 183
t(ms)

Fig. 37.5a Strong m=2 mode is detected around r= 7cm,

whereas signals at r= 3cm are out of phase.

- 88 -



HHBTNBz 4922*

Mcop

Be

X

S
o

li

CD
j

e
G =
G =

C D :
j

CD:

r=

= 90°
= 1953

= 75'
= 153

i rdX
= 180°
= 90°
3cm

181 183

Fig.37.5b Toroidal mode numer is one Be/B6=0.61%.

- 89 -



-10

-12

1 86 187
t(ms)
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large. (See Appendix B for other disruptions.) Since the

oscillations do not change sign at the center, the m=l/n=l

component is weak compared with the dominant m=2/n=l mode.

Although this coupling was also observed in the other

tokamaks, Pulsator[16], TFR[19], T-4[23], and PLT[20], the

relation between the two modes or evolutions of soft X-ray

emissivity profile has not been clarified because of their small

number of soft X-ray detectors. The m=2/n=l mode was observed

only in Mirnov oscillations except in PLT. The PLT device has 20

channels of the detector and they give relatively good spatial

resolution. However the mode structure was not clear partly

because they view mainly the upper half of the plsama and partly

because rotation of the modes nearly stops before the major

disruption in PLT.

The mode conversion from m=2/n=l to m=l/n=l due to a minor

disruption is a new finding. The mode structure before the

disruption will be discussed in Sec . 4 .1.
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3.1.3 ASYMMETRIC COLLAPSE OF SOFT X-RAY PROFILE

Asymmetry is often seen in the soft X-ray profile after

external disruptions as shown in Fig.37.9. Once the disruption

occurred the central hot plasma shifts upwards in 50 us. Note

that the abscissa of the figure corresponds to the vertical

direction. Figure 38 is a case of the minor disruption in

Fig.56.2 (Appendix B). The central hot plasma shifts upwars in

50 ps as the previous case. In further 50 us the shifted hot

plasma rotates into the lower region. The rotation of vertically

asymmetric profile implies the presence of an odd m mode. Due to

this mode the central thermal energy is expelled as we have seen

in Fig.37.8 in longer time scale. In a case of a major

disruption (Fig.57.1 in Appendix B), the thermal energy is almost

lost in 100 us owing to the asymmetric collapse as shown in

Fig.39.

As described in the previous section, the weak m=l/n=l mode

which is coupled with the m=2/n=l mode becomes strong after

disruptions. Thus it is natural to think that the m=l/n=l mode

is responsible for asymmetry in the soft X-ray profile. Once the

disruption occurred, internal thermal energy is transported to

the periphery abruptly and the waveform of the soft X-ray signals

looks like a giant sawtooth (Figs. 35.2, 37.2). There are

similarities between the external disruption and the internal

disruption in this connection. These observations suggest the

same mechanism of the occurrence of the external disruption with

the internal disruption.
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3.2 MAJOR DISRUPTION IN LOW Q DISCHARGE

An example of the major disruption in low q discharge is

given in Fig.40.1 - 40.6. (See Appendix B for other

disruptions.) In the low q discharge the rate of rotation of the

m=2/n=l mode decreases especially just before a disruption. When

the oscillations become almost stopping, another type of

high-frequency oscillations are detected by the magnetic probes.

These oscillations are identified as m=3/n=2 mode (Fig.40.4).

The explosive growth of the m=3/n=2 mode leads to a rearrangement

of the profile or very soft disruption (the negative voltage

spike is less than one volt) . The rearrangement i.s associated

with a strong m = 1 mode and a flat profile is formed (Fig.40.5).

Then the rate of rotation of the m=2/n=l mode is accelerated and

gets slowed down in the mean time., and another rearrangement is

repeated until the discharge is terminated by a major disruption.

The m=3/n=2 mode is sometimes observed before a major

disruption. However it is presumably not the direct cause of the

major disruption, since the mode detected by the magnetic probes

changes into the m=2/n=l mode at the last cycle of the

oscillations (Fig.40.3b). Although it is difficult to identify

the mode of the soft X-ray signal since the oscillations are

stopping, in some shots an m=l mode is detected like in

Fig.40.3a. This suggests the same mechanism of the major

disruption as in a high density discharge.
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3.3 BURSTS OF HARD X-RAY

In figures 35.2, 37.2, and 40.2 hard X-ray signals are also

shown. (The polarity is reversed in the second rigurc.) Before

an external disruption, hard X-ray bursts which are synehrcnized

with the m=2/n=l mode are always detected (Ficj.37.3b in Appendix

B) . Strong hard X-rays are emitted during the disruption.

However they abruptly disappear after the first or t lie second

disruption and arc not seen aqain during the discharge. This is

probably because runaway electrons are lost due ir tin

d i sruplion.

Since the hard X-rays .ire also detected by t lie ;;.i<t X-ray

detector array and they are superposed on the <-M! liu.itod signal;;,

they impair the soft X-ray oscillation patterns and make it

difficult to investigate mode structure during the disruption.

An example is the oscillation signals around 17 3 ms in Fig.56.2

(Appendix B). Such signals were excluded from our data analysis.

The bursts of hard X-rays synchronized with the m = 2 is

presumably due to the leakage of runaway electrons in the

presence of helical magnetic perturbations [7<3] .
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3.4 LOCALIZED FLASH ON THE LIMITER DUE TO MAJOR DISRUPTION

The JIPP T-II is equipped with a TV camera which view the

plasma crosss section at the main limiter through a tangential

port. The camera mainly detects the emission of Ha line and its

image shows the interaction of plasma with the limiter.

In the images of plasma which is terminated by a major

disruption, a localized flash on the limiter is always seen

(Figs. 41a, 41b). The location of the flash varies from shot to

shot, frequently on the upper rail limiter, less frequently on

the outer portion of the ring limiter and the lower rail limiter,

and rarely on the inner side.

The scanning speed of the TV camera is one frame per 16.7 ms.

With this coarse time resolution, it is not apparent whether the

flash is the cause or result of the disruption. However the

intensive flash is presumably due to the localized deposition of

the internal thermal energy of the plasma.
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Fig.4ia TV images of localized flash on the limiter

after major disruptions. The left side corresponds

to the outer side of torus. The upper and

lower images correspond to the discharges

in Fig. 37.1 and 56.1, respectively.
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CHAPTER IV

DISCUSSION

In this chapter a numerical simulation of the soft X-ray

signals to estimate the island structure is described. Then the

mechanism of the major disruption is discussed based on the

experimental observations and the simulation. Lastly comparison

with the quasi-linear tearing theory is made.

4.1 SIMULATION OF SOFT X-RAY SIGNAL BY ISLAND MODEL

Since the soft X-ray signals are line-integral, it is not

so easy to identify the poloidal mode numbers. When two modes

are present at the same time, the situation becomes more

complicated. Although the two detectors (XpQQ, and XpQg in

Fig.9) are also installed to examine the poloidal modes, they are

not always operative since they view the plasma through 50-um Be

windows.

We have tried to reproduce the signals by a numerical

simulation based on a magnetic island model to check the poloidal

mode number, and location and the width of the island. The

parameters are adjusted on trial and error basis to give

agreement with experimental data.

The island model is a simplification and extension of

Dubois" m=l/n=l island model [82-84]. Three kinds of island,

m=l/n=l, m=3/n=2, and m=2/n=l, are taken into account. The
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shapes of the magnetic surfaces are expressed as follows;

u<rtl r = ( ^ J

r -i W 2jcos
26 W 3 jcos

2 (38/2) • , . ,*
X I X - ^"^ • — J / {'i—XJ

<u<r32 r = u[l-
 W " c o s 9 _ W3icosM3e/2)]

r 2 i r3 2

+

,, w2icoS
ze,

r32<u<r21 r = u(l- r ^ )

+
 r " • " U 23^
I2i - r32

i' " U W.ncos26- , (4-2)

(4-3)

r2i<u<l r = u + x " r — W2ocos
29 , (4-4)

where rmn is the radius of the rational surface of q = m/n, u is

the label of the surfaces, and Wm^ and Wmo is the island half

width from the original rational surface (Fig.42). If Wmi = Wmo

the average rational surface is a circle, whereas if they do not

coincide with each other, it is deformed due to the mode. If

there is no m/n island, these widths are put equal to zero.

The emissivity is given by the following simple and

analytical expression.

5

g(u) = g o t 1 - f-f-r)01]6 > (4-5)
uc

where uc represents the cut-off at the periphery, and a and S

specify the flatness and peaking of the emissivity profile,

respectively. These parameters are firstly adjusted to give the
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Abel inverted equilibrium profile.

Then the emission is integrated along the line of sight of

each detector rotating the island in the poloidal direction. The

divergence of the line of sight (roughly 6 ram at the plasma

center) is taken into account. The emissivity within the island

(hatced region of Fig.43) is assumed to be constant. The

parameters rmn, Wmi/ and Wmo
 ars adjusted to give the

experimentally observed phase reversal location and amplitude of

the perturbation relative to the equilibrium profile. If these

parameters are varied as functions of time, we can simulate the

evolution of the magnetic islands. However such a procedure

widens the parameter space and it is not so successful at present

because of the trial and error adjustments. Thus only

quasi-stationary mode is simulated to give the maximum amplitude.

Figure 44 is an example of the calculation of an m = 1

mode. The vertical scale of each detector is normalized to show

only the oscillating part. Thus we should pay attention on the

waveforms and phase inversions. The estimated parameters are;

rll = 0-28, W n = 0.025, and Wio = 0.001. Since oscillations of

the m=l/n=l mode which leads to the internal disruption are

restricted within the phase inversion of the sawtooth

oscillation, the outer half width of the island is estimated very

small. The doubling of frequency at the central chord is

reproduced. This doubling arises because the hot central region

comes into the view twice per rotation of the island.

The simulations to confirm the m=3/n=2 mode before minor

disruptions (Fig.35.3) are shown in Fig.45. An m = 1 mode does
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Fig.43 Example of coexistence of two modes.

In this case, r2^=0.8, W2i=W2o=0.1, ̂ 2=0.6,
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not produce such phase inversions. The esiinated parameters are;

r32 = 0-33, W3^ = W3O = 0.04. The m=3/n=2 mode coexisting with

the m=2/n=l mode prior to a minor disruption (Fig.35.4) was

simulated as Fig.46. Since the former mode has twice the

frequency of the latter, the plasma column is assumed to rotate

in the toroidal direction. The direction is opposite to the

plasma current, i.e. the direction of the electron drift. In

calculation the m = 2 island is rotated with one and a half of

the frequency of the m = 3 island in the poloidal direction.

The estimated parameters are; r-^ = 0.2, V ^ = W3O - 0.03, rjy =

0.7, W2i = W20 = 0.05.

Now move on to the m=l/n=l mode coupled with the dominant

m=2/n=l mode prior to a major disruption. The in = 1 mode is so

weak that we consider only small shift of the central plasma due

to the m=l/n=l mode. Since the two modes have the same

oscillation frequency, the plasma column is assumed to rotate in

the toroidal direction. In calculation the m = 1 island is

rotated with twice the frequency of the m = 2 island in the

poloidal direction.

The phase relation between the two modes affects the phase

shifts of the central chord signals as shown in Fig.47. Since

experimentally observed phase shifts are always the same; the

upper chord signal is advanced than that of the lower one, the

locking of the two modes is uniquely determined; the third

relation is the case. The uniqueness is probably due to the

toroidal effect. If the detector array views the plasma in

vertical direction, a phase inversion of the signal at the center
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will appear even with the small shift, since in this case the

relative relation between the two modes corresponds to the second

or fourth relation of Fig.47.

Schematic cross-sectional views of the magnectic surfaces at

four equally spaced toroidal positions are shown in Fiy.48. The

validity of such a mode structure is confirmed by the evolution

Of the soft X-ray profile. Figure 49 shows a pu..->alion as well

as a central precession of the profile just boforo Lhc iajor

disruption in the discharge of Fig.56.1 (Appendix B ) . The

pulsation is produced by the elliptical deformation ot the

central plasma due to the m : 2 mode. If the ellipse is upright

(position 1 of Fig.48), we obtain bioad profile, whereas if it is

leaning, the profile becomes peaked. The central precession is

caused by the m=l/n=l mode. Thus the profile expressed by the

broken line corresponds to the period when position 4 of Fig. 48

comes into view; the solid line, position 1; and the broken dot

line, position 2.

The simulated signals just before a major disruption are

shown in Fig.50, which corresponds to Fag.57.3a (Appendix B ) .

The shift of the central region is estimated small, ^ n =

0.006. The other parameters are; r2i= 0.85, W2i = W20 = 0.04.

4.2 MECHANISM OF MAJOR DISRUPTION

As we have seen in the previous section, an m=l/n=l mode is

coupled with the dominant m=2/n=l mode. The former mode is

presumably nonlinearly induced internal mode by the elliptical
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Fig.48 An m=l/n=l internal mode induced by the

dominant m=2/n=l mode.

The locking of the two modes is unique and

the plasma column with such a structure rotates

in the toroidal direction.
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elliptical deformation of the plasma. Precession

of the center is seen due to m=l mode.

(broken line, t=179.79; solid line, t=179.85;

broken dot line, t=179.90 of Fig.56.3a)
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deformation due to the m=2/n=l mode [79,80] and/or by troidal

coupling [81,40]. When the disruption occured, the internal

thermal energy is abruptly transported to the peripheral

surfaces. And the m=l/n=l mode becomes strong, whereas the

m=2/n=l mode is only seen in the magnetic fluctuations. The soft

X-ray profile collapses asymmetrically due to the m = 1 mode.

From these observations, a mechanism of major disruption

emerges. It is asymmetric reconnections due to the couplling of

the m=l/n=l and m=2/n=l mode proposed by K.B. Kadomtsev [34].

When the amplitude of the m=2/n=l mode becomes sufficiently

large, the resulting two islands tend to attract with each other

to reduce magnetic energy. This deformation produce m=l/n=l

shift at the center. Such a deformed island structure could

explain the waveform of the poloidal magnetic fluctuations. When

the amplitude becomes large, the oscillations become sawtooth

like rather than sine wave. The phase shift between the two

magnetic probes (Bp-jc and Bp-j$) should be 120° for a pure m = 2

mode, whereas the experimentally observed phase shift takes on a

value around 150°. This value also could be explained.

When the deformation of the islands becomes large, a

catastrophic phenomenon, that is asymmetric reconnections will

occur where shifted inner region due to the m=l/n=l mode touches

the Xpiont of the separatrix of the m=2/n=l magnetic island as

illustrated in Fig.51. Since the coupling of the two modes is

unique, the reconnections will begin from the outer side of the

torus (position 3 of Fig.48). The helicities of the two modes

are different. Thus the reconnections break helical symmetry.
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Therefore once such reconnections occurred, the m=2/n=l islands

are accelarated to approach with each other and merge into an

m=l/n=l island. If we explain the reconnections in

three-dimensional perspective, a strap helically stranded around

the torus (representing the m=2/n=l island) streches at inner

side of torus, whereas it shrinks at outer side (Fig.52). If we

see the cross section of such a structure, two cuts of the strap

are approached with each other. Since this deformation is

energetically favored, it is accelerated until the strap breaks

and merges into a new stranded structure (m=l/n=l island) due to

the reconnections. The resulintg m=l/n=l island structure

naturally explains the strong m=l/n=l mode after the disruption.

The asymmetric profile expressed by the solid line in Fig.39 must

be a vertical view of the plasma in presence of a large m=l/n=l

island as schematically illustrated in Fig.51.

During this process, the inner hot plasma is expelled to the

periphery. If the reconnections extend to the plasma boundary,

it may lead to a major disruption. When the reconnecting region

scratches the limiter, it leads to a localized thermal deposition

on the limiter. And the plasma equilibrium may be destroyed. If

the reconnections are restricted within the plasma, the m=l/n=l

island decays out in the end and a new flat current profile is

formed as the usual internal disruption. During the process, the

poloidal flux is expelled and it is detected as the negative

voltage spike.

Kadomtsev estimated the total time of the reconnections as.
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Fig.52 Three-dimensional illustration of the

asymmetric rpconnection. The m=2 island at

inner side of torus stretches in the toroidal

direction, and eventually it breaks and the

helix shrinkr and merges into an m=l/n=l helix.
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t . r s
3/2(uoa/c*) 1 / 2, ( 4_ 6 )

where rs is the radius of the singular surface, >" is the

electrical conductivity of the plasma, and c^ is the Alfven

velocity of the auxiliary field [34] . If we calculate tht. value

basing on the JIPP T-II parameters, the time is estimated about

several hundred micro-seconds. The value does not contradict

with the experiments.

Although it is about five years since Kadomtsev proposed

such a mechanism, numerical calculations to confirm the

asymmetric reconnections are not undertaken. This is because the

loss of the helical symmetry prevents the usual calculation based

on Fourier decomposition. Since it requires infinite numbers of

coefficients, such situation may look like a turbulent state

[42]. However three dimensional graphics of the result of the

calculation like the simulation of spheromak formation [85] may

reveal the asymmetric reconnections.

Although the overlapping of the m=2/n=l and m=3/n=2 islands

is experimentally observed, the resulting ergodizatio;i of the

magnetic surfaces only flatten the soft X-ray profile in the

region between q = 2 and q = 3/2 surfaces. Thus the overlapping

of the two island is not the direct cause of the major

disruption. However resulting narrowed current profile may

excite the m=2/n-l mode or internal m=l/n=l mode explosively.

- 130 -



4.3 COMPARISON WITH QUASI-LINEAR TEARING THEORY

We are going to examine the magnetic islands observed in

the experiments theoretically based on the so-called nonlinear

delta-prime analysis. At marginal stability, the radial magnetic

field, Br(r) , obey the following equation [33].

where

H = r'
m2 + k^r2 ' (4-8)

- _ m (4-9)
c = - B9o - k B2o '

- DrF 2. + k2r2
 ( 2 d_p + r F2 F 2(krB2D +

(4-10)

Since

the k2r2 terms can be neglected. Then Eq.(4-7) is simplified and

it is expressed by putting ip = rBr,

djZo

_ _ .. d r i, . (4-12)
r diK L dr ' r^ y n __ 1

m q(r)

When a singular surface exists in the plasma, the linear

stability of the tearing mode is determined by A1, which is
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estimated as,

a A1 = lim ( f (ro + t) - ip' (r 0 —£) ) / <Mr 0). (4-13)

The magnetic energy of a small island state is proportional to

the quatity A' in cylindrical geometry. It is determined by

solving Eq. (4-7) or (4-12) subject to boundary conditions at the

wall and at the center of the plasma. Thus the form of the

current profile plays an important role in the stability of

resistive tearing modes.

According to While et a ] . [45], the growth of the magnetic

island width W saturates when the island becomes wide enough

according to the equation,

^ = 1.66 n(rs)[ A
1(W) - aW ] , (4-14)

where n (rs) is the resistivity at the rational surface, A' (W) is

the discontinuity in the derivative of \p from one edge of the

island to the other, and a is a numerical constant which is

obtained by matching the flux and current density across the

separatrix of the island. For typical current profiles a is

practically negligible and the mode thus saturates approximately

when A1(W) vanishes and the saturated island width can be

determined by a numerical calculation of A'(W) [44,48,86,87].

Inclusion of finite larmor radius effects does not change

the saturation width but causes a mode rotation at the

diamagnetic frequency [88,89]. The resulting m = 2 oscillations
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give a theoretical interpretation of the experimentally observed

Mirnov oscillations [22].

Therefore calculating the nonlinear a.\' (W) as follows,

a A' (W) = ( 1>' (ro+ | ) - V' lr0- f ) ) / *(r0) , (4-15)

the saturated island width is estimated from ,\ ' (W) = 0. With the

saturated island width of the m/n mode, we can estimate the

relative amplitude of the Mirnov oscillations on the plasma

boundary by the next equation [44].

n2 W2 . dq 0»' (a) ( 4_ 1 6 )

p " I 6 ( d ? ) r s U d )) a

In solving Eq.(4-7), we used Matsuoka's linear stability

code [90]. It was extended to calculate the nonliner delta-prime

and the relative amplitude of Mirnov oscillations. It was

confirmed that this code reproduces Carreras's results [44].

Although it is desirable to carry out the calculation based

on the real current profile, we have no reliable data concerning

current profile of the disruptive discharges. Even though exact

electron temperature profile is given and electron conductivity

follows Spitzer's formula, it is not so easy to estimate the

current profile since we must also take inf<~i acount the profile

of Z-ef f .

Thus we have examined the following simple and analytic

current profile,
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- (r
2)°t

(4-17)

where a specifies a flatness near the center and K the peaking of

the profile. An examples are given in Fig.53.

To compare with the experiments, rw/a = 1.63, where rw is

the radius of the shell, is assumed. Figure 54 show the radial

extent of the 2/1, 3/2, and 3/1 islands in a given profile

(a = 1.5 and is = 3.0) as a function of qa. The overlapping of

the islands occurs below qa = 3.5. Such a current profile may be

realized in the high density discharge. When the crgodization of

the magnetic surfaces occured due to the overlapping [36-41], the

plasma current must be concentrated at the center. Then the

unstable internal m=l/n=l mode produces a flat current profile at

the center (with large a) and large m=2/n=l islands will be

formed. In this case, the islands do not touch with the limiter

nor the m=3/n=2 islands, which are not produced in such a current

profile unless the q-value is lowered. The isolated m=2/n=l

islands attract with each other and eventually a disruption will

be triggered by the mechanism discussed in the previous section.
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CHAPTER V

CONCLUSION

The principal results obtained in this study may be

summarized in Fig.55 and be stated as follows:

(1) The broad current profile with q0 > 1 due to the

accumulation of impurities brings about the overlapping of the

m=2/n=l and m=3/n=2 magnetic islands and results in the

ergodization of the magnetic surfaces. This phenomenon is

detected as a weak minor disruption, and the soft X-ray profile

between g = 2 and q = 3/2 surfaces becomes flattened.

(2) The overlapping of the islands of different helicities does

not produce a major disruption in contrast to the computer

calculations. However the resulting narrowed current profile

excites an internal m=l/n=l mode, and a flat current profile with

steep gradient at the q = 2 rational surface is formed.

(3) The flat current profile is capable of driving a strong

m=2/n=l mode. If the amplitude of the in=2/n=l mode becomes

sufficiently large, the resulting islands begin to come closer

and to produce a m=l/n=l shift at the center. And eventually

asymmetric reconnections will occur at the place where the

shifted inner region due to the m=l/n=l mode touches the X-point

of the separatrix of the m=2/n=l. magnetic island.

(4) Since the modes of different helicities can not exist at the

same place, the m=2/n=l islands approach with each other and
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Fig. 55 Physical process to lead to disruptions

in a high density discharge.
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merge into an m=l/n=l island. During this process the internal

thermal energy is expelled in the same way as the usual internal

disruption. If the reconnections extend to the plasma boundary,

they may lead to a major diruption.

(5) In low q discharges, an m=3/n=2 mode is also detected even

by the magnetic probes, and it acts as a catalyst to produce a

flat current profile due to the m=l/n=l mode. The discharge is

terminated by a major disruption which is presumably caused by

the same mechanism as in the high density discharges.

The soft X-ray imaging study on external disruptions in the

JIPP T-II tokamak has thrown light on the physical mechanism of

occurrence of the external disruption in the tokamak plasma.

Although experiments on the disruption have been carried out in

the other tokamaks, their observations are not systematic and the

results are only fragmentary descriptions of the phenomena.

The technical breakthrough concerning the data acquisition

system has made it possible to investigate the disruption in

detail with high spatial and temporal resolutions.

The problem remained unsolved is to ascertain whether the

lower energy state as a result of the asymmetric reconnection is

physically accessible or not. A three-dimensional calculation

which incorporates finite resistivity of plasma is required.
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APPENDIX A

ASYMMETRIC ABEL INVERSION

Although we have described soft X-ray tomography in Sec.

2.6, the tomographic processing is not successful when two or

more modes of different helicities exist at the same time. Or

it is not applicable to those periods of discharges when the

signals vary significantly within a few cycle of the

oscillations.

In the case of disruptive discharges, the amplitude and

frequency of the signals change whithin one cycle. Thus we have

to give up tomographic analysis.

It is possible to utilize usual Abel inversion method to

investigate equilibrium profile, whereas observed signals

sometimes exhibit small asymmetry due to the shift, of the plasma

column and strong asymmetry is often observed during the collapse

of X-ray profile due to a disruption.

Therefore we have adopted a numerical method of asymmetric

Abel inversion [94] to investigate asymmetric collapse of the

X-ray profile during the disruption.

In the axisymmetric case we get the integral equation for

equilibrium profile by putting m = 0 to Eq.(2-15),

f0(p) = 2/l g.(r)r d r _
P / r" - p*
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If g0 (r) is zero for all r > 1, then Eq.(A-l) is analytically

inverted into,

go (r) = - i l
x
r , 2

0/
 2 dP • <A-2)

If f0 (p) is a well behaved function, this solution is equivalent

to

1 d fl fo(p)p ,
go(r) = " 7F dF 'r / p 2 _ f2

 dp ' (A-3)

In the asymmetric case we assume that the plasma is

symmetric in the direction of the line of sight, x-axis, but

asymmetric in the direction of the y-axis- Then the asymmetric

local emissivity g(r,y) is expressed by the next equation

g(r,y) = h(y)g0(r), (A-4)

where h(y) is a weight function which describe the degree of

asymmetry. Substituting g(r,y) into Eq.(2-10), the line-integral

is expressed as

f(y) = 2//1"y2 g(r,y)dx ,

= 2h(y)/ ~y go(r)dx ,

= h(y)fo(y) - (A-5)

If we separate f(y) into the even and odd components, fo (y) and

f! (y), respectively
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f (y) = f o (y) + f i (y) -

fo(y) = ( f(y) + f(-y) ) / 2 , (A-6)

f I (y) = ( f (y) - f (-y) ) / 2 ,

then the function h(y) is written as follows,

h(y) = 1 + fv (y) / fu(y),

= 1 + u(y) , (A-7)

where u(y) is an odd function determined from the observed value

directly. Since experimental data contain random errors, the

function u(y) is smoothed by a least squares method.

I
u(y) = I aL y2i+l , ( A_ g )

1=0

where the variable £ specifies a degree of smoothing.

The symmetric component g0 (r) can be calculated by one of

the usual numerical method of Abel inversion. Among them Barr's

method [67] is relatively insensitive to noise. It takes the

form
1 N

go (rk) = -r [ e k i f 0 (rj_) , (A-9)
i=l

where rk (=Ak) is the k-th radius when the plasma is divided into

equal increment A, and number N is the total number of data

points. The coefficient £5^ incorporates the integration,

smoothing, and differentiation of Eq.(A-3).

Although Barr's method generally gives good results for
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broad profiles, it is not so efficient for peaked profiles or

hollow profiles. This is because Barr's method approximates

f0(r) by a parabola using five points, which obscure sharp

profiles.

On the other hand expansion methods like Corraack's (putting

m = 0 to Eqs.(2-17) and (2-18)) produce central value very well.

Thus we usually connects the both results to acquire both merits.

If we put goc(r) and gob(r) obtained from Cormack's and Barr's

method, respectively, go(r) can be calculated as

go(r) = (1 - r
2)goc(r) + r

2gob(r)

If we use more simple linear coeficients, (1-r) and r as proposed

by Sauthoff [95], the dirivative of g0(r) at the center does not

vanish when gOc(O) and go^O) do not coincide with each other.
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APPENDIX B

SEVERAL OTHER EXTERNAL DISRUPTIONS

Several other examples of external disruptions are given in

this appendix. The first two shots are high density discharges

and the other two shots are low q discharge.

Figures 56.1 - 56.4 is a shot in which second rise of the

plasma current induced a major diruption. Again the m = 2 mode

is coupled with an m = 1 mode prior to the major disruption.

Figures 57.1 - 57.4 indicate a discharge which is terminated

by a single major disruption when qL = 3.7 and Bt = 2.4 T. The

soft x-ray signals shows the coupling of the dominant m=2/n=l

mode and m=l/n=l mode. The precessions of the soft X-ray profile

are seen in Fig.57.4.

Major disruptions in low q discharges are shown in Figs.

58.1 - 59.5. Note that the frequency of rotation of m=2/n=l mode

decreases before the major disruption.
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Pig. 56.1 Waveforms of a discharge which is terminated

after the second current rise. Bt - 2.1 T.
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hard X-rays. (brokenline, t=179.95; solid line,

t=179.85; broken dot line, t=180.5).
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Fig. 57.1 Waveforms of a discharge which is terminated

by a single major disruption. Bt = 2.4 T.
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Fig. 57.3b Bursts of hard X-ray are synchronized

with the m=2 mode. Bo/Bo=0.74%.

- 153 -



DC
O

z
LU

3

CO
DC
UJ

1 i

j
if \

j

V
1

suatno- 49236

•

-10

Fig-57.4 Precession of the soft X-ray profile before

the major disruption. (broken line, t=176.81;

solid line, t=177.02; broken dot line, t=177.22)
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Fig 58.3a The rate of rotation of the m=2 mode

decreases before the disruption. Modulation

by an m=l mode is seen.
- 157 -



SHBTHBz 49530

x cp=i80° i

135 137
t(ms)

Fig. 58.3b A m o c } e with high frequency appears in

the Mirnov oscillations. EQ / B Q = 2 . 2 % .

139

- 158 -



SHOtNO: <953O

cc
o
LU

z
LU

z

03*

CO
DC
LJJ

-10
r (cm)

Fig.58.4 Rearangement of the profile due to an

m=l mode. The inverted profile is flat

within r= 5cm. (broken line, t=129.43; solid

line, t=129.53; broken dot line, t=129.63)
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Fig. 58.5 Collapse of X-ray profile due to the

Major disruption. (broken line, t=138.08;

solid line, t=138.23; broken dot line,

t=138.38)
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Fig.59.3b An m=3/n=2 mode is clearly detected in the

Mirnov oscillations at t=91.2. E 6/BQ=1.7%.
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