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ABSTRACT

Detailed observations are presented on the generation and loss of runaway
electrons following density limit disruptions in the JET tokamak with carbon
limited discharges. Direct observations are made of the runaways from detection
of the high energy bremsstrahlung radiation from the runaway - background
plasma interactions. The different stages of the disruption leading to the
runaway production are identified. It is shown that control of the current
channel is important in preventing damaging interactions between the
runaways and the vessel walls.

1. INTRODUCTION

The generation and loss of runaway electrons following disruptions have
potentially serious consequences in large tokamaks if the electrons are dumped
into the limiter or vessel walls. In JET, the generation of large runaway currents
in carbon limited discharges has been regularly observed!) and studies have been
made?2) of the subsequent neutron production from (y,n) reactions. A fairly
systematic study3) of these disruptions has been made for discharges with both C
and Be limiters. This has shown that runaway generation occurs principally in C
limited discharges, with reduced runaways in X-point configurations, and few in
Be limited discharges of any configuration. This paper will present detailed
observations and interpretations on the production and loss of the runaways in
C limited discharges.

Generally the effects of runaways have been observed when they strike the torus
walls and produce showers of gamma rays, and neutrons. The activation of the
wall by this process has been routinely observed in many tokamaks?). In some
tokamaks, measurements of the direct synchrotron radiation also exist for
discharges which contain runaways in the plasma flat-top®). In this paper direct
observations made of the runaways electrons within the torus are presented.
These measurements are due to the very high energy bremsstrahlung radiation
emitted by the runaways in collisions with the background plasma ions and are a

new way of studying the runaways.

Nearly all the observations reported in this paper have been made with a Si
diode camera arrays, with hard X-rays observed by detectors blanked off from the



plasma by thick metal plates. The details of the systems are given in Appendix 1
and their locations on the machine are shown in fig. 1.

2, RUNAWAY PRODUCTION

Plasma disruptions are complicated phenomena generally preceded by a large
variety of mhd phenomenal). In the case of density limit disruptions the first
precursor to a disruption is often a large increase in the plasma radiated power
(Prad) to a value greater than the input power (Pin). This leads to plasma
contraction and detachment from the limiter with the development of marfes3).
Growth of mhd modes follows, generally m=2, but occasionally m=3 also, and in
JET these modes generally lock when they become of large amplitude. Minor
disruptions are a general feature of this stage, but these often have relatively
small effects on the plasma current and the loop volts. The minor disruptions
cause considerable changes in plasma profiles, with a general flattening of the
central pressure. The major disruption is always preceded by one or two ms by a
profile erosion which is probably due to the interaction of many modes®). It has
been proposed?) that this erosion is the major disruption even though the effects
on the current and voltage do not become apparent until a few ms later when
the large negative voltage spike and changes to the plasma current are seen.

Other disruptions at low q or high current8) have different behaviour prior to
the erosion and the negative voltage spike, and many disruptions are found at
high current which are not preceded by Prad> Pin. In these disruptions, m=n=1
perturbations play an important role and it was found that there was a limiting
internal inductance which, when reached, produced a plasma which would
probably disrupt.

The processes preceding the major disruption have been presented in refs.1.8);
here the main interest is in the processes which occur during the major
disruption itself, which lead to the runaway production. These are illustrated in
fig. 2 where traces of the soft and hard X-rays, the loop volts and plasma current
are shown. The period preceding stage I is the predisruptive phase which
contains the varied mhd activity and mode growth and locking, the radiation
domination, marfes and other phenomena closely related to disruption
precursors. The major disruption itself is preceded by stage I, where an unusual
and characteristic profile erosion (fig. 3) is observed as has been previously
reported!). This phenomena is closely related to the "cold bubbles" observed on



other machines?/10). The processes which occur during and after the major

disruption leading to runaway production are summarised below.

2.1 Summary of processes leading to runaway production

Stage 1

Stage I

Stage 111

Stage 1V

Stage V

Either

Stage VIA

All major disruptions are preceded by an event seen on the soft
X-rays as a profile erosion which is probably due to the interactions of
many modes.

After 1-2 ms the negative voltage spike is observed at the plasma
edge and this is accompanied by a greatly increased soft X-ray
emission, principally in the plasma edge regions. This is partly due to
an increased plasma temperature in the edge region but is mainly
due to a substantial increase in the plasma density and impurity
concentration!).

As the impurity influx continues the plasma becomes cooled leading
to a very rapid drop in Te and soft X-ray emission, and a large
increase in the loop volts. This marks the beginning of the
generation of runaways. As T falls there is also evidence from the X-
rays for a small (~15%) non-thermal component in the plasma with a
temperature of about 15 keV.

The bulk plasma becomes cold and the runaways build-up as can be
seen from the hard X-ray signal. The runaway current makes a large
contribution to the total current and causes a drop in the loop volts.

The runaways acquire MeV energies and are sometimes measured to
be situated at small major radius well inside the original plasma
centre. The loop volts drop to nearly zero and the runaway current
becomes a substantial fraction of the original plasma current.

If the control of the position of the runaways is inadequate then they
are dumped onto the vessel walls and the current drops to zero. This
is seen as large bursts of hard X-rays and is the moment at which



damage occurs to the vessel or limiters. This is the most probable
sequence of events in JET.
or

Stage VIB The runaways are stabilised and the hard X-ray signal shows a
smooth decay. A substantial plasma current remains for several
seconds.

A more detailed description of each of these stages follows.
2.2 Detailed description of processes leading to runaway production
Stage 1

All major disruptions are initiated by an event seen by the soft X-ray profiles as
an erosion (Fig. 3). The erosion starts typically on one side of the profile at r/a =
0.3 and gradually spreads in ~ 1 ms to encompass a large volume of the plasma
centre. An unusual feature is that the profile on the opposite side to the erosion
seem largely unaffected by the process. An inversion radius is seen at large radius
(r/a~ 0.5) outside of which increased X-ray emission is seen. Tomographic
analysis of this erosion shows that it is not a simple mhd mode but looks rather
like the invasion of the central region of the plasma with a cold bubble (fig. 4), as
has also been subsequently observed on other machines,?/10).

The erosion is probably due to the interaction of many mhd modes and although
it has an m=n=1 character the time dependence of the profiles shows that it is not
a single mhd mode. This erosion leads to a flattening of the X-ray profile (and the
pressure also). It has been suggested in ref.?) that the erosion is the disruption
process and that substantial changes in the current take place at this time.
Neither these nor the associated loop voltage changes are seen outside the
plasma as the plasma in the edge regions is initially unaffected by the changes
and can therefore act as a high conductivity screen with a long resistive time
scale which prevents any electromagnetic disturbance from propagating outside
the plasma. It would be desirable to check this supposed sequence of events by
measuring the changes to the current distribution during this time.



Stage 11

This is initiated when the loop volts start to drop, the plasma current increases
and the soft X-ray emission increases rapidly, particularly at the plasma edge. A
careful examination of the contour plot of the soft X-ray emission clearly shows
that at this time the edge regions of the plasma start to emit X-radiation
copiously on a rapid time scale. Before the stage II these regions of the plasma
were far too cold to emit observable radiation and it therefore follows that
mixing of the central plasma into the edge plasma must occur at this stage. The
profiles of the X-ray emission rapidly become broader and flatter. However, the
large overall increase in X-ray emission (fig. 5) cannot be understood simply by
mixing and another mechanism must be involved. As the X-ray power, Py,
depends on Xnen; f (Te) either Te must increase - for which there is no evidence
- or the electron and/or impurity density must increase. A model based on this
ideall) will give the necessary increase in Py but it is not immediately obvious
how the impurities can enter the plasma on the required time scale of ~100 psec
as diffusive time scales are far too long. The explosive neutral cloud model
proposed in ref.12) may provide an explanation.

To illustrate the probable causes of the X-ray spike a model will be considered in
which a plasma with an initial temperature, density and Zeff, neo Teo Zeo,
containing impurity ions of initial density nzo, and atomic number Z is subject to
an inward impurity flux of the same impurity ions.

The X-ray power is
Px = A ne nzf(Te)

where A is a constant and with Be X-ray filters placed in front of the detectors
f(Te) >« Te. The electron energy content per unit volume is

Wezg'nekTe

The impurity influx is given by

Ny = Nzg (1+at)
where a is a constant and

Ne =Ny + Zny,

where ny is the hydrogen density.



The energy balance will be affected by losses and gains from radiation, ohmic
heating and diffusion. The influx of impurity ions will also cause a cooling on a
rapid time scale due both to their ionisation and due to the introduction of cold
electrons into the plasma which are subsequently heated to Te. For influx of low
Z ions both of these processes are sufficiently rapid to be of importance over the
duration of the X-ray spike although the ionisation of the inner shells will be
rather too slow. This will lead to an over estimate of calculated values of n,.

dw,
dt

Hence

=-aZ n,,E, =P, +Po-P,

where E; is the mean ionization energy per electron and the terms on the right
represent the energy required to ionise the impurity ions and heat the cold
electrons, the radiation and conduction losses (P;, P.), and the ohmic heating
(P@). On rapid time scales all the terms except the first may be neglected. The
radiated X-ray power is then

Py = Pxo (1+at) (1-at/B)

where B = Weo/nz Zi Ej. B is large so that Py initially increases, but later
decreases in agreement with experiment.

A more detailed examination of the X-ray emission during the first spike reveals
more complicated behaviour than predicted by the simple model. The
temperature along a central chord may be determined on a rapid time scale by
the two foil technique. The product of the density squared and the X-ray anomaly
factor, {, is also determined. These show that the temperature remains
approximately constant, but then falls rapidly to levels below 200 eV (the
minimum determinable by this technique). n{ rises steadily, doubling in 60
usec. These observations give general support to the model even though the
temperature does not decline as soon as would be expected. Towards the end of
the spike the X-ray spectrum becomes non-thermal. A high energy tail appears
which suggests that ~15% of the plasma electrons have an energy of ~ 16 keV.
This could be the first stage of the runaway process.

Stage 111

During this stage of the disruption the plasma becomes cold following the influx
of impurities and the X-ray emission profiles are no longer smooth (fig. 5). A



very large loop volts develops which leads directly to the generation of the
runaways. The physics of the runaway production has been discussed in many
papers 13, 14,15, 16): the acceleration of the electrons occurs due to the imbalance
between the friction force and the applied electric field, E. The ratio of E to the
Dricer field, Ep, determines that runaways are generated if E>Ep or equivalently,
electrons will runaway if their velocity is greater than the critical velocity given

by

3
vi= Annge” énA _ 7.8x103 De.
m.E E

e
For thermal plasmas in JET, values of v. greater than the velocity of light are
obtained and so few runaways can be produced. However, following the
impurity influx and fall in Te, E increases substantially due to the 100 fold
increase in loop volts, reducing v so that runaways can then be generated.
Typical values of ve = 6.7x10% cm.s1 are obtained corresponding to Te = 127 eV.
As this is much larger than the temperature of 25-50eV which would be inferred
from the change in plasma resistivity it is clear that the plasma has entered a
regime where strong runaway generation is possible. To calculate the fraction of
the electrons which runaway with any degree of accuracy is difficult as it is an
extremely sensitive function of the plasma parameters during the disruption and
these are not well known. However, it is clear that the basic conditions for
runaway generation are satisfied during this phase.

Calculations in ref. 15) show the same behaviour as in observed: the loop volts
increases rapidly and the current falls - both effects due to the very much reduced
plasma conductivity. The electric field at the plasma centre is shown by the
calculation to be very much higher than at the edge - perhaps up to 100 v.m-!
although the bulk of the runaway production was found to be produced nearer
the edge in the lower density region. As the runaways begin to carry a large
fraction of the current the loop volts start to fall eventually reaching a fraction of
a volt. The calculations of Russo show that at this time the current is carried
entirely by the electrons.

An estimate may be made of the runaway energy, assuming the runaways
accelerate in free fall in an electric field, §. The equation of motion of the

runaway electrons is

dp
— =
dt E"



If the experimentally measured valve of £ is used then it is found that runaway
energies of up to ER = 35 MeV are obtained. This energy is achieved over 10-15ms
and this time scale probably accounts for the slow rise seen in the hard X-ray
signal (Fig. 2c). The hard X-ray signal also has a delayed onset after the loop volts
start to rise substantially and this time delay is probably due to a threshold effect
as it will be shown later that the efficiency of the hard X-ray detectors falls rapidly
for energies below ~350 keV. The calculation shows that the time for the
runaways to reach this energy is about 2 ms which is comparable to the observed
delay in the hard X-ray signal. The time dependence of the runaway energy is
shown in fig. 6 for acceleration in a uniform loop voltage of 100v.

It is thought that the hard X-ray signal originates either from runaway electrons
which strike the vessel walls or from bremsstrahlung interactions between the
runaways and the impurity ions in the torus. These both produce gamma rays at
MeV energies. The runaways also lose energy by the synchrotron radiation at
quanta energies well below the X-ray region. The efficiency for the hard X-ray
detectors for gamma rays produced by relativistic electrons is calculated in
Appendix B.

Stage IV

In the final stage the runaway electrons are, in some cases, situated at a small
major radius with loop volts close to zero (fig. 7). The hard X-ray signal exhibits a
smooth decay punctuated by prominent spikes (fig. 8). It is found that the smooth
background, as measured in the set of detectors D is toroidally isotropic as it also
is in detectors B (fig. 9), although at a lower intensity by a factor of 5.5. Further,
the smooth background is seen only very weakly in the vertical camera whereas
the spikes are quite strong. In contrast, the spikes are highly anisotropic (fig. 10)
but the signals in both sets of detectors form a continuous distribution. The
position of maximum emission varies from spike to spike. These facts support
the idea that the smooth hard X-radiation is produced by bremsstrahlung
interactions between the plasma and the background plasma. It will be shown
later that the intensity difference between B and D is due to the highly anisotopic
production of yrays by relativistic electrons. The spikes are certainly due to loss
of some of the relativistic electrons onto the vessel walls where they produce
gamma radiation and neutrons as they slow down. The position of maximum
emission of the spike then varies with the point of impact of the electrons. They
have relative amplitude compared with the smooth background of ~2-8 and



have a duration of less than 300us. The actual duration is probably determined by
the characteristic slowing down time of ~ 30 MeV electrons in carbon limiters
which is ~0.7 ns, well beyond our measurement capability.

3. CALCULATION OF OBSERVED HARD X-RAY SIGNAL IN RELATIVISTIC
LIMIT

The observed hard X-ray signal from the bremsstrahlung may be calculated from

the Heitler-Bethe cross-section, which, in the case of screening by the plasma for
distances greater than Ap, the Debye length, for relativistic electrons in a

2.2 2
o(F) < 322 argh 1+(&j _g_p_f_}gn 27»0]
E Pi 3p; oa,

where p;j is the initial momentum and py, the final electron momentum, is

plasmal?).

>> mecC. o is the fine structure constant, ag the Bohr radius, and r, the classical
electron radius, h Planck's constant. The bremsstrahlung radiation is emitted
into a forward cone within an angle 6 ~1/y = mec2/ER. At high values of y the
electrons will emit their radiation in a narrow forward cone and for relativistic
electrons moving in the median plane a small vertical band on the outside of the
torus only will be illuminated. If the length of the horizontal port which can be
illuminated in this way is £ then the fraction of the total power falling onto the
plate is just £/2 Ry, where Rp, is the major radius of the port.

Now the runaway current is Ig=ngrecf with B = v/c and the actual number of

runaways in the plasma is
27RIg

ecf

2TCRHR =

The total radiated power deposited onto the port plate in the energy range dEy is

Rlg n,cE dE

ap=_t
Rp eh

The results in the appendix show that the power in detector D may be related to
the power deposited onto the port plate, Pg, by

P, = 8.75x10-10 Pg/(1+E/3.2x10-13)2



where E is the gamma ray energy in ergs. Hence the power generated from
X-rays in the energy range dE may be written as

_{RIgn,cE dE 8.75x1071°
o R,eh (1+E/3.2x1077)?

where ¢ is the Heitler-Bethe cross-section. The total power may be found by
integrating this expression from a cut off energy, E(, to the energy of the
electrons. An approximate value of Py may be found when ERr >>E. given by

P, = 1.19x102

| Rign, Z*or? ( 21}

2 ¢n
eR, a,0o

which may be rewritten by introducing Z.ff as

2
P, = 1.19x1021 RIgne Zegr OFp 4y 2hp
eR, a,o

Evaluation of this expression with values £=30, R=300, Zf=5, ne=6x1013, Ig=106,

{n ( 27‘(‘;)=17, Rp = 400 gives Px ~ 7.0x107 W compared with measured values for
aO

a typical observation with IMA of runaways of 5.4x10-7W. This represents
extremely good agreement and provides confirmation of the mechanism
proposed. A similar calculation for detector B shows that the relative signals
expected are in the ratio B:D of 1:4.5 which compares well with the observed ratio
of 1:5.5.

An interesting feature of the expression for Py is that it is proportional to
nz Zef IR. As IR is nearly constant in the post disruptive period, the fall in Py
must be due to a reduction of n; and does not reflect the synchrotron loss time as
has been previously thought29). The earlier conclusions were based on a much
less exact representation of the efficiency of the detecting system which did not
properly represent the data at low photon energies. This turns out to be very
important due to the shape of the bremsstrahlung spectrum.
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4. VARIABILITY OF BEHAVIOUR AND POSITION OF RUNAWAY CURRENT

There is a considerable variation in the behaviour of the plasma current and
hard X-ray emission after the disruption as may be seen from Fig. 11. These
differences seem to be closely related to the position control after the disruption.
The position in major radius for the cases in Fig. 11 are shown in Fig. 12.

In some cases the plasma current channel is stabilised at small major radius, but
in other cases the current channel moves inwards until it hits the inner wall. In
these cases the runaways are generated while the plasma is moving and are
dumped onto the walls at the same time as the current channel. In other cases,
the position control system regains control of the plasma which then becomes
centred within the vessel. In this case the runaways are not dumped onto the
walls and the current decays gradually on a time scale of ~ 2 s. In this case the
damaging effects of the runaways are avoided. The exact configuration of the
runaway current after the disruption must be the subject of some speculation.
The magnitude of this current is sufficient to generate a large poloidal field. The
fact that the centre of the current distribution is sometimes quite close to the
inner wall at major radius R (e.g. in discharge no. 11050 shown in fig. 7) suggests
that the current must be carried in a tube with cross-sectional radius (R-Ry,)
where Ry, is the inner wall radius. The poloidal field produced at the surface of
this tube would be 0.3T producing q=1.9. When the runaways are stabilised at the
plasma centre (e.g. for discharge 13340) the q value is not constrained to such a
low value. However, it is clear that the electrons in both cases move around the
torus in helical orbits.

5. LOSS PROCESSES
It is generally assumed that once the runaways are established that they lose
energy principally by synchrotron radiation due to their motion around the torus

in an orbit with radius = R. This is a very slow process with an energy loss time

of
1= 177 R2/ B33

which gives 1=73 sec for typical JET parameters. Because the runaway current
depends on the velocity rather than the energy, the current decay time is very

11



much longer. This mechanism can clearly not account for the observed current
decay times of about 1.9s.

Another possible effect which would reduce the runaway current is the small

angle scattering of the runaway electrons on residual ions in the vessel. This has

the effect of redirecting the runaways and thereby reducing the current flowing

around the torus. The mean square scattering of a beam of relativistic electrons is

given by

22¢*
pc

2
<92>z2nN( ] /nA ct

where N is the number of atoms per unit volume, Z their charge and 4n A is the
Coulomb logarithm.

The plasma current may be written as

j = ne viip = Ne Vi1 <cos 6>

This current will be reduced by half by the scattering in a time

_ p’c?
167 n, Z g e‘c A

where a summation has been carried out over the impurity species of the
plasma.

There is considerable uncertainty about the density but the hard X-ray signal
shows that this decays quite rapidly on a time scale of <<1 s to a value of less

than Ilb- of the post disruption value which the soft X-ray measurements suggest
is two to three times the predisruption value. Using ne = 2x1013 and plausible

values for the other quantities gives t~15 sec, again longer than the observed
decay time of 2s.

An alternative explanation may be that the toroidal field ripple scatters the

runaways as suggested by Laurent!?) or that a small fraction of the runaways are
continuously dumped on the vessel walls. It is difficult to imagine that this

12



would produce the very smooth hand X-ray signal seen in the discharges with a
runaway current which persists for a very long period.

It should also be noted that when the electrons are scattered that they can lose
their energy by synchrotron radiation very much more rapidly as the
characteristic loss time may be written for electrons moving at an angle o

to a parallel magnetic field as

1Es = 3 x 108/yB2 B2 sin2a,

which for y=70, B=27kG gives tgs =5.87x10-3/ sinZ o which gives quite short times
for very modest angles of scattering.

6. CONCLUSIONS

Detailed observations have been made of the hard X-radiation produced in
discharges which have a large number of runaways following disruptions. The
bremsstrahlung radiation due to runaway interactions with the residual plasma
has been clearly observed at the expected intensity and this would offer a good
way to diagnose the runaways if a more suitable set of hard X-ray detectors were
installed. In addition very fast instabilities have been observed which appear as
fast spikes in the hard X-ray emission.

The decay time of the runaway current is too short to be accounted for by
synchrotron losses or by scattering of the runaways from residual plasma ions. It
is possible that another mechanism is at work such as the proposed toroidal field
ripple scattering.

It would appear that the damaging effects of the runaways could be avoided by
properly controlling their position and preventing them from interacting with
the vessel walls. The decay time of the current could be reduced if a high density
of high Z gas (eg Neon) was introduced into the torus to increase the scattering of
the runaways.
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APPENDIX - SOFT AND HARD X-RAY DETECTORS.

The soft X-rays are observed with horizontal and vertical cameras!?) almost in a
single plane (fig. 13). These contain 100 detectors in total and provide detailed
measurements of X-ray emission. Various Be filters may be put in front of the
detectors to provide coarse energy resolution and, in addition, a few detectors are
shielded by a very thick sheets of stainless steel and are sensitive only to high
energy (~MeV) radiation which can penetrate the camera structures.

In addition, a set of toroidal cameras, each with 4 detectors, view the plasma
20-40 cm above the median plane. These have fixed Be filters of 250um. The
location of all of these detectors is shown schematically in fig. 1.

When runaways are present in the plasma it is observed that the relative hard
X ray signal intensity in detectors D and B are in the ratio 5:1. Both detectors are
shielded from the direct bremmstrahlung radiation from runaway-impurity ion
interactions as can be seen in the diagram. It is therefore probable that the
observed X-ray hard signals are a consequence of the bremsstrahlung radiation
striking the outer plate of a main horizontal port: this then produces secondary
radiation which is detected in either the B or D toroidal detectors with relative
efficiency determined by the squares of the different distances between the point
of impact and the detectors. The square of the ratio of these distances is ~5 in
good agreement with the observed values.

In order to make of use of the measured intensities it is necessary to know the
absolute detector's efficiency. It is assumed that N bremsstrahlung quanta/sec of
energy E strike the port plate of density p and thickness t at an angle from the
normal y. For relativistic energies the main interactions of these quanta will be
Compton scattering and pair production. For high energy quanta E >> mec? the
pair production processes will produce a shower which is predominantly in the
forward direction and will not be seen by the detectors. At low E, pair production
is unimportant and it would therefore seem that the effects Compton scattering
through angles 6~90° only need be considered.

The Compton scattered flux of gamma rays is

dN;  Npt do,
dQ  Amjcosy dQ

14



where A is the atomic weight of the port plate atoms and mp the mass of 1 mu.
The Compton polarisation averaged cross-section do¢/dQ is1?)

2 2
%:r_o(gi) E.}.B_ Sin26
dQ2 2\ E E. E

S

with r, the classical electron radius. The scattered quanta have energy

Es = E/(1+(1-cos0)E/mec2). For 8 ~ 90 and E >>mec?, Eg = mec?, i.e. 511 keV. If
there is an absorber (with transmission T) between the point of scatter and the
detector, situated at a distance, d, then the power at the detector is

T ptE; do. Pg
d* Amp,cosy dQ E

where Pf is the power striking the flange. This will produce power in a detector
given by

where p and mgq are the density and mass of the detector and A is the main
absorption coefficient for Si. The expression for Px may be then written

P, = _231d_pt____ (Esx ngi)P_F = E(E)P_F
pd” Amcosy dQ / E E

The first term is a constant for a particular detector (9.5x1017 for detector D) and
the term in brackets depends only on the incident photon energy, E. The
efficiency €(E) is shown in Fig. 14. The efficiency of detector D may be
conveniently written as

€ = 1.4x1022 Ep/ (140.5 Ep)2

where Ey is the gamma ray energy in units of MeV.
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Fig. 1 Plan of JET showing the position of the Si diode detection systems, the
coils, ports and mechanical structure. The direction of the current is also shown.
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Fig. 2 A plasma disruption is shown which leads to a state with a IMA runaway
current (a) on the slowest timescale the rapid drop in plasma energy content may
be seen together with a short negative voltage spike followed by the current
decay down to its plateau value of IMA. (b) On a fastertimescale more detail may
be seen on the current and loop voltage traces. The pronounced spike on the soft
X-rays may be seen and also the delayed onset of the hard X-rays (c) or the fastest
timescale the profile erosion stage I may be seen in relation to the V, I traces.
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Fig. 3 The profiles of line integrated soft X-ray emission are shown at various
times during the profile erosion for the same shot as shown in fig. 2. Initially the
erosion affects only a small volume of the plasma at R=2.9m but the volume
affected gradually spreads to the whole of the central region. There are 100usec
intervals between successive profiles.
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development of the cold bubble, which has an m=1 character, is clearly seen.
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Fig. 7 The plasma position and current are shown. It can be seen that the current

channel moves from the plasma centre before disruption to near the inner wall
at R=225 cm.
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Fig. 8 The X-ray signal after disruption is due to hard radiation and exhibits a
build up followed by a smooth decay with both stages punctuated by a series of
sharp spikes due to instabilities.
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Fig. 11 Three disruptions showing quite different behaviour after the
disruptionhas taken place.
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Fig.13 Schematic of the vertical and horizontal soft X-ray cameras.
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