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ABSTRACT

Runaways generated during disruptions in tokamaks may have damaging consequences in large
machines because of the high power generated by their localized deposition on the vessel walls.
In an investigation of the runaways generated in disruptions in JET, detailed time and space
resolved X-ray images of the runaway beam in flight have been obtained for the first time and
these allow a detailed diagnosis and analysis of the production and movement of the runaways.
These measurements are now possible because of the development, for the JET D-T campaign,
of radiation protected soft X-ray cameras. The measurements show that the runaways are gener-
ated at the vessel centre in a region with small minor radius and they then move to interact with
a small area of the wall. The observed radiation power both in detectors installed in the torus and
in the radiation protected cameras shows reasonable agreement with values calculated from the
runaway current and energy. The current density profile and g-profile of the runaway beam are
also determined. After the start of the disruption there is a delay before the onset of runaway
generation and this may offer control possibilities.

1. INTRODUCTION

Tokamak discharges that disrupt often generate a runaway beam of electrons with a current
which is a significant fraction of the total ohmic curfgnThis beam contains electrons with
energies of many MeV and, because of its high total energy content, it can cause substantial
damage when it hits the limiters or wall. There are serious concerns in the design of larger
machines, such as ITER, of the possible consequences of this damage, and different schemes
have been suggested to control or reduce these effects. The generation of runaways has received
considerable theoretical attention and the general principles are well understood although there
has been rather little detailed comparison with experimental measurements, especially for runa-
ways generated in disruptions. Early theoretical work by Dlzeieetablished the conditions for
runaway production, while more recent vv%%as emphasized the possibly important role of
cascade processes. A model of the runaway production in disruptions has been development by
Russd) who found that the runaways should be preferentially generated at the plasma edge. In
contrast the model of Jasp6e7r)spredicts runaway generation in a small central region. However
these models are critically dependent on the assumed plasma parameters during the disruption,
and these are usually very poorly known.

The lack of confrontation between experiment and theory is due in considerable part to the
absence of good diagnostic measurements of the properties of the runaway beams. In many
tokamaks they only make themselves apparent when they hit the walls or limiters, producing
copious gamma ray showers, and neutrons followingiuclear reactions. However there are
some measurements, of limited usefulness, of radiation from the runaways in flight. At JET the
forward bremsstrahlung has been dete8¢tbyl indirect means and at Textor the synchrotron
radiation emitted in the infrared has been used to determine the number, energy, pitch angle and



other features of the runaway besgpnThe latter measurements have shown that the runaway
beam is confined to a region of small minor radial extent. It has also been found that magnetic
islands play a role in determining the structure and time development of the beam when runa-
way snakes have been obseP\)ed

In this paper we wish to report new results which come from direct X-ray images of the
runaway beam. These measurements provide detailed information on the time development of
the runaways and the size, position and stability of the runaway beam. The current density and
g-profile have also been determined. It has been found that there is a delay between the disrup-
tion and the start of the runaway generation. This delay offers a possibility of instigating runa-
way control methods.

In sect. 2 an overview of the runaway production process is given; the principal diagnos-
tics are described in sect. 3; the experimental observations are presented in sect. 4; the electro-
magnetic radiation production mechanisms and the properties of runaway beam are discussed in
sect. 5; conclusions follow in sect. 6.

2. OVERVIEW OF RUNAWAY PRODUCTION.

A variety of different limiter and wall materials have been used in JET: the machine was first
operated without a divertor with plasmas formed in either a limiter, single or double null con-
figuration. In the original configuration, with carbon wall tiles, disruptions were frequently fol-
lowed by the generation of large runaway currents of more than 1MA which persisted some-
times up to several seconds. This was identified as corresponding to the plateau which devel-
oped on the current trace, and bursts of hard radiation, including neutrons, were observed when
the current terminated as the runaways hit the torus wall. Around shot number 20000, the carbon
tiles were changed for beryllium. This virtually eliminated disruptions with long runaway tails,
reduced the total number of photo-neutrons produced, and decreased the rate of current decay in
the post disruptive phase. These differences were attributed to different properties of the re-
sidual plasma following disruptions in the C and Be éﬁ}sd\ﬂore recently, with the divertor
configurations, very few disruptions with pronounced runaway tails have been found in surveys
of the JET data covering more than 10000 shots. However, completely systematic surveys of
this more recent data have not yet been carried out. The results in this paper were all taken with
the Mark IIA divertor configuration.

The circumstances leading to plasma disruptions in JET have been discussed in detail in previ-
ous papers™'j where it has been shown they are a consequence of operating the plasma too
close to a boundary of density, inductance, pressure or safety factor. The details of the sequence
of events before the current quench are well understddii and an overview of the effect of

the disruption on some of the main plasma parameters is shown in fig 1. Previou§)s*.tadiaes

shown that the plasma energy is lost in two stages; firstly at about two milliseconds before the
negative loop voltage spike and again at the spike, itself a consequence of the changes in the



plasma current profile. Following this, the  PulseNo:42155
plasma currentl) decays quickly at a rate;" r
= R/L, whereR, andL are the plasma resist- ;:Plasma current (MA)
ance and inductance respectively. The Iooﬁigg:
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gated plasmas. In fig 1, the position signals show that the current carrying column moves rap-
idly inwards and downwards and then hits the wall. In other shots the current channel sometimes
moves inwards and upwards. The plateau which develops on the current decay trace about 10ms
after the disruption is caused by the presence of runaways. The commencement time of the
development of this current can be found from the departure of the current trace from a simple
exponential decay. The runaways have a low electrical resistance and this makes the loop volt-
age start to fall about 6ms after the disruption. This delay, together with the delay seen on the
current trace, confirms the suggestion made on other grounds b{\taatithe runaways are
generated only after a significant flux swing has taken place. It will be shown later in this paper
that there is good further evidence for the delay from the soft and hard X-ray measurements. As
noted by Ward, this will lead to a significant reduction in the maximum energy of the runaways
that are generated. When the runaways hit the vessel walls, copious hard X-rays, gamma rays
and neutrons are seen. The largest hard radiation spikes are found to be clearly correlated with
large values odll/dt.

The toroidal electric fieldi., applied at the plasma centre will be substantially higher
than that observed at the plasma edge because of the poloidal flux between centre and edge. An
estimate oE. has been made with the simplifying assumption that the current has a uniform
distribution after the negative voltage spike. It is found Eaises to more than 4 times the
edge value to 45 V/m and then fallsdd&lt drops to zero.



The properties of the residual plasma following a disruption are not well determined.
Interferometer measurements show that the electron density can rise substantially at a disruption
to a maximum value of 5x¥tm™, but nothing is known about the composition of this plasma,
although the pre-disruption values are a possible guide. Typical pre-disruption values for the
discharges considered in this paper are, = 5x10°m>, Zey = 2.2 mainly due to lo impu-
rities, andn(Ni)/n, = 2x10°. In addition the torus gas pressure 200ms after the disruption is
measured to be 0.0026mBar, corresponding to a uniform density of Paxio

3. DIAGNOSTICS

3.1 Radiation protected cameras

Most of the measurements reported in this pa-  Pulse No:42205
per were made with the JET radiation protected >/ stike .38~
soft X-ray camerdd). These consist of a pair

(to be called R4 and R8) of radiation protected 1,
cameras mounted at toroidally opposite posi-
tions in the median plane in octants 4 andg
respectively. These cameras were built to d%— 0
tect X-rays during the D-T campaign of JET

and each consists of 17 detector assemblies?l-or
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. Pplotted before
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shielded by about 0.8m of barytes concrete and
steel. These view the plasma at an angle to the, | L
plasma current of P@hrough a common pin- 15 55 35 25 =5
hole and a vacuum tight 25t Be window. Major radius (m)

The ||nes Of Slght Of the detectors are Shown I-_HQZ Cross-section of JET Sh0W|ng the lines of S|ght of
the detectors of the radiation protected camera. The

fig 2. These are not quite straight lines as thﬁovement of the current channel following a disruption

cameras do not view the plasma in a radial dé shown by the dots, timed from the negative voltage
Pike at 2ms intervals. The strike zone on the upper in-

] ] er wall is marked.
cross-section at a common toroidal angle. Each

assembly (see fig 3a) in R8 has a stack of

detectors and absorbers facing the plasma as follows:

. a 14x14mm Si diode detector (called S1) to measure X-rays in the region 2 to 14keV;

. a stainless steel plate 2 mm thick to absorb all X-rays with an energy less than 50 keV;

. a second identical Si detector (S2) to measure the hard radiation component of the signal
in the first detector produced by neutrons and gamma rays;

. a further stainless steel shield 19mm thick;

. a 20 cm long plastic scintillator - this plays no active role in the present experiments;

. a final identical Si detector (S3), which we shall refer to as the gamma ray detector, again
detects hard radiation, but with reduced sensitivity compared with de{&2pr
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rection and a projection is shown onto a radi%
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Fig.3:(a) The detector assemblies in the radiation protected camera are shown. Each assembly is shielded from
hard radiation by at least 0.8m of barytes concrete and steel. (b) The efficiencies of the detectors are plotted as a
function of gamma ray energy. The efficiency of detector S2 has been reduced by a factor of 10 before plotting.

The detector’s relative efficiencies are shown in fig 3b. The latter have been calculated
from the known photon cross-sections for the interaction of photons with Si and stainless steel
as detailed in the appendix. The detector S2 has an energy threshold of about 50keV; S3 has a
140 keV threshold. Detector S2 is considerably more sensitive than S3. The detector assemblies
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in the R4 camera have only the first four items including detectors S1 and S2.

3.2 In torus detectors

In addition, measurements have been taken
with a set of compact soft X-ray caméLPaas
(labeled A to J, and V) which are mounted in
the torus in enclosed Inconel pipes (see fig 4).

In normal discharges from D-D plasmas these 2
detectors are used to measure the soft X-ray
power per unit area from the plasma througha ;
pinhole and thin Be window. This power is g
calculated from the measured detector current,
the known Si power conversion factor of 3.6
WI/A, and the detector etendue. However, if
high energy gamma radiation is produced by

runaway electrons, the detectors will also reg-

-2
ister a current generated by the gamma rays

which penetrate the 5 mm thick Inconel pipes
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and camera cases. Thls current |S processed’:@/‘l Fans of view and pOSitionS of the compact soft X-

our software in the same way as for the soft X-
ray signal to produce an apparent power. The

ray cameras V and A to J.



relative efficiency of these detectors is also shown in fig 3b. Data from all of these systems, and
other diagnostics, has been taken with high time resolutjg) @d good synchronization by
the CAT§7) data acquisition system.

4.0 OBSERVATIONS

A summary of the observations is first given for the runaways in flight from the time of the
negative voltage spike to when they hit the wall. Two distinct effects have been seen: forward
peaked bremsstrahlung gamma rays and line radiation produced by excitation of impurities.
This is followed by details of some new features of the runaway-wall interaction.

4.1 Runaways in flight

The runaways in flight will produce
Pulse No: 42205

bremmstrahlung with energy up to that of the  soof- | |

runaways from interactions with the residual :88: M
plasma. In earlier measurements this was oh= 200

served by detectors outside the torus as 54388: : ‘ ‘
smooth background signal which was attrib-é iggg: : /
uted to Compton scattering of the primary ra—g 1000 //
diatior’) from the port plates. The in-vessel & O ; ; —
detectors offer the opportunity of a much more< 80
direct observation of this bremsstrahlung. The 4o
signals from detector elements in cameras Ato  Offivuhseatmsghimtmnst ‘ ‘ ‘
J typically show a very high intensity in one or o004 0005 6‘°°fime (56)‘007 6008 6009
sometimes two cameras with much smaller sigg 5: Apparent power observed in detectors of cam-

nals in all other cameras (fig 5). This is causetfias E,H and J. The power in camera H is seen to be

by the pronounced forward peaking o?ubstantially larger than in its neighbours.

bremsstrahlung at relativistic energies which

then illuminates only a restricted area of the wall. This immediately shows that the runaways
must be confined into a region of restricted height. When the current channel moves up or down
the signal of highest intensity moves from camera to camera allowing the approximate determi-
nation of the height of the illuminated area. If a more complete set of shielded detectors were to
be installed around the outer side of the torus at intervals of a few cm, they could provide a
detailed measurement of the size and movement of the runaway beam. Pairs of detectors, each
with different radiation shields, could provide some information on the energy spectrum of the
hard radiation.

Before the runaways hit the wall, the intensity of hard radiation observed in the radiation
protected cameras is very small, as to be expected. The bremsstrahlung produced by interaction
of the runaways with the plasma or residual gas is concentrated into the forward direction and
the intensity at the camera angle of % id the runaway electron direction is expected to be

1
i
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extremely small, and orders of magnitude bulse No: 42155

below our detectable limit. However, to | i 1
our great surprise, there is a weak but clee Start of downward
image formed in the soft X-ray detectors - motien
S1(fig 6) and the movement of this im- \ /

age is always very clearly correlated with ,\ |
movement of the current channel deter o

17.114f

17.112§ Hot spots
£

S
mined from the position signals. Detailed ~ Lraop
examination of the data from many dis- :
charges has led to the inescapable cor 17108 S S o)
clusion that what is being seen, for the generation
first time, is a direct image of the runa- 1o = Il = - - =
way beam. It is suggested that this image H (m)

is formed by the runaways producing K-

hell . . tallic | iti . Fig.6: Soft X-ray image of runaways in flight. The pronounced
shell vacancies in metallic Impurities In 4., nward motion is clearly seen. The runaways are first gen-
the residual plasma as will be discussedrated 4ms after the start of the disruption.

in sect. 5.2. This radiation would be emit-

ted in all directions and not be confined to a narrow forward cone like the bremsstrahlung and
would be detected with high efficiency. This image offers the possibility of determining several
new properties of the runaway beam, and the vertical height can be immediately determined as
a function of time. The measurements shows that the runaway beam starts in a small volume at
the plasma centre and grows in diameter as it moves towards the wall but it never occupies more
than a small fraction of the total volume. The vertical height of the beam is seen to increase from
30cm just after it first becomes visible to 80cm before it strikes the wall. The calculated height

of the beam is rather insensitive to its major radius because of the rather large distance between
the beam and the detector pinhole( 3.2m ). A delay between the negative voltage spike and the
start of runaway generation is also seen. The smoothness of the emission suggests that the runa-
way beam is in a stable configuration until it hits the wall. Isolated toroidally symmetric hot
spots (fig 6) are also sometimes seen. These have a harder component to their X-ray spectrum as
they are also observed in detectors S2 which have an energy threshold of 50 keV. It is possible
that they are caused by enhanced scattering of the runaways caused by small solid particles (
UFQ’s) entering the runaway beam zone.

4.2 Runaway-wall interaction

The most pronounced effect of the runaway generation, seen on all tokamaks, is the generation
of high power levels of hard radiation, gamma rays and some neutrons, when the runaways hit
the vessel walls (see fig 1). Because detectors in cameras R4 and R8 are shielded from radiation
not in their direct line of sight, it is possible to localize the interaction zone of the runaways as a
small region with a poloidal width of less than 10cm of the upper or lower vessel depending on
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Fig.7: Runaway-wall interaction at the termination of theFig.8: Time dependence of soft X-ray channel which

runaway beam. Large signals are generally observed directly views runaway strike zone. It is seen that there

only one channel. is a series of very fast spikes within an overall time
window of 3ms.

the direction of the vertical movement of the beam. In fig 7 data from detectors S3 of camera R8
clearly show the extremely localized interaction zone, in this case in the upper inside of the
vessel, in agreement with the position signals. The signals in the detectors S1 and S2 become
overloaded by the high intensities at these times and do not therefore usually provide useful
data. The runaway-wall interaction varies very rapidly with time (fig 8) and shows a series of
very fast spikes, some less thamugd ®alf-width, within an overall time envelope of a few ms.

In a disruption examined in detail, the emission in flight measurements determine the
diameter of the runaway beam at the moment of impact with the wall, as 0.8m. The centre of the
beam has a minor radial velocity of 190 m/s and the runaways would therefore all hit the wall in
2.1ms, in good agreement with the value measured in this case of 2ms. It is therefore apparent
that the runaway wall interaction is a simple consequence of the beam being driven into the wall
at a uniform speed. The most probable explanation for the fast spikes is that the runaways have
a very uneven spatial distribution on a series of concentric tori. This could be understood as a
consequence of the extreme sensitivity of the production process to the ratio of the applied
electric field to the Dreicer field. One could imagine that in the disruption, minor variations of
E/Ep on different flux surfaces would lead to huge variations in the number of runaways pro-
duced. In addition if avalanche effects are important in the runaway generation process, it is
possible that there are enhancements in the production rate on rational g-surfaces. In addition,
the structure of the spikes is not toroidally symmetric, suggesting poloidal runaway current
density variations on each flux surface. The runaway beam therefore appears to have a complex
ribbon structure associated with the underlying poloidal field structure.

5. X-RAY AND GAMMA RAY PRODUCTION BY RUNAWAYS

Electromagnetic radiation is produced by runaway electrons when they are in flight, in colli-
sions with the residual plasma, and also when they collide with the vessel walls. Very high
power levels are produced in the wall interactions because of the high wall density compared



with the plasma. In both cases the predominant radiation production mechanism is bremsstrahlung
and this will produce gamma radiation very strongly peaked in the forward direction of the
runaways in a cone with half anglg/,MWherey is the energy of the electron in units of its rest
mass energy. Some of the radiation interacting with the wall will Compton scatter into other
directions and will produce a weaker source of radiation which will be visible at angles outside
the narrow cone.

Because the residual plasma contains many recombined impurity ions, there is also the
possibility of K-shell vacancy production by the runaways. Metallic impurities such as nickel
are known to be present in JET plasmas from spectroscopic measurements and their K-lines
with energies in the soft X-ray range 5 to 8 keV will be detected with high efficiency.

5.1 forward Bremsstrahlung in flight

The bremsstrahlung is produced by runaway Radiation all emitted
interaction with the residual plasma as has beeTrgroidal I within this area
discussed in ré¥. In the absence of a poloidal

field, runaway electrons moving in a circular
orbit with major radiusR, would illuminate a
restricted area of a wall at radigg ( see fig 9)
over a heighth =21 /y=(R,,” - )%y wherel -

is the distance from the point of production t@ig.9: The forward cone of the bremsstrahlung and the

the wall. However, the effect of the poloidatunaway orbit are shown in schematic form.

field on the runaway orbit will be spread the

radiation over a larger area. We consider a runaway beam on a toroidal surface with minor radius
r where the poloidal field iBg . This beam will move around the toroidal surface in a direction
tangential to that surface at a pitch angle Bo/B,= 2x10’ I/ r B, with respect to the toroidal

field. The bremsstrahlung from this beam of runaways will be within a cone with halflapgle

but the spot produced on the wall will move up and down both because of the position of the
runaways on the toroidal surface and also because of the value of the pitch angle. These two
effects will spread the radiation into a band on the vessel wall with a maximum height given by

H =2 (1By/B,+l/y+r). In subsequent calculations the total power emitted in bremsstrahlung

will be assumed to be uniformly distributed over this bdins will allow for a good approxi-

mate calculation of the wall power without the need for a knowledge of the details of the distri-
bution functions of the runaways apart from the average valyedaiculated values ¢f show

that it is fairly independent of, strongly dependent arat small values and strongly dependent

on the total plasma current (figs 10a and 10b). Because there are several detectors mounted on
the wall of the vessel it is possible, particularly in discharges where the runaway column moves
smoothly up or down, to deduce an experimental value of H of 2m, in reasonable agreement
with the calculation for values forgreater than 0.3ny,>10 andl=0.5 MA.
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Runaway beam radius (cm) tectors on the vessel walls may be found by
Fig.10: Values of the illuminated height on the OUtefntegrating over the photon energy and sum-

vessel wall for different electron energies and currents. | . )
ming over the ion species

Po=2 n ] EG(E) v, &(E) dE /2TR H

wherey, is the electron velocity), andn, are the runaway and ion particle densit&g) is the
detector efficiencyfig 3b) given in the appendix. The calculated apparent detector power as a
function of initial electron energy is shown (fig 11) for a set of sample parameters with a runa-
way current of 1 MA, a plasma density of 181673 and Z« = 4.4. These latter parameters are
simply twice the pre-disruption values as there are no reliably measurements at these times. In
the calculation the ion density is required and

it is probable that some recombination mayloooooi
have taken place so that the experimentally de-
terminedn, no longer reflects the density of >
the ions. The observed power is of the same

order of magnitude as calculated for electrorg

1000 “—Bethe-Heitler

energies of 1 to 20 MeV. This essentially con£ | =

& 100¢ 5 .
firms the mechanisms proposed in thisand the F”\ Non-relativistic
earlier papé). R

For non-relativistic energies a similar cal-
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culation has been carried out using the expres- |

. . . 0.1 10 iO
sions given by Tuck&, except it has been as- Eneray (MeV)

sumed that the bremsstrahlung is isotropicallyig.11: Calculated apparent detector power as a func-
distributed. It can be seen from fig 11 that thefiton of electron energy for selected plasma parameters.
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is a reasonably smooth transition from the low energy to the high energy calculation. The figure
also shows that the power is approximately linear with energy above about 1 MeV.

The observed radiated power can be calculated in more detail for detectors falling within
the band of heighitl if the runaway current and energy are known as a function of time. The
current may be taken from the departure of the current trace from a simple exponential decay.
The runaway energy may be estimated from a free-fall calculation for an electron in the electric
field E; at the vessel centre assuming that the generation of runaways commences at the time
when the runaways become visible on the current trace. By this time the electric field has al-
ready reached a large value for several ms and the maximum calculated runaway energy will be
reduced because of this delay. Maximum energies of 35MeV are found. Without the delay this
would be at least doubled. Using the linear curve of fig 11, the estimated values of the runaway
current and electron energy, the time depend-
ence of the signal in detector E has been de- 12
rived. A comparison with the experimental
values shown in fig 12 shows good agreemen
for a electron density of 2x10 It should be
emphasized that there is an overall arbitrary
factor in this calculation because of the un- ¢
certainty in the density and impurity content. & 400
However the low value of the density needed
for agreement suggests that the runaway en-

Detector E

'75‘

rent power (W/m

800

Experimental values

ergy is overestimated. Detectors outside this 0 Z 8 12

band of heighH would be expected to record _ _ Tme ,

. Fig.12: Comparison of experimental measurements with
a only small signal caused by Compton SCalfe calculated apparent power as a function of time us-
tered radiation and the observed signals arieg estimated values of the number of runaways and their
typically smaller by a factor of 20. energy-

The detectors of the R4 and R8 cameras are at angles ofoltt® direction of the
runaways and the bremsstrahlung will therefore have very low intensity. Because of the heavy
radiation shield, the direct radiation component from the runaways only needs to be consid-
ered. This has been calculated to be only T0m* , well below the detection threshold of
1W/n¥. It would therefore be concluded that no signal would be seen in these cameras from
this source before the runaways hit the vessel walls.

The runaway energy spectrum may also be obtained fréymtegre an avalanche mecha-
nism is proposed for the production of runaways in large tokamaks. The spectrum is quite
different from that expected in free-fall calculations and has a exponential dependence on en-
ergy with an effective “temperature” of (17+2)AMeV which is 25.5 MeV for Z=2.2. If the
calculations shown on fig 12 were repeated with this value reasonable agreement would with

O JG8.576/4c
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the measurements would be found for a slightly higher density of é.QBR]EQ4) also gives an
expression for the runaway growth time which is about 3ms for these particular JET discharges,
and which compares reasonably with the experimental value of 2ms.

5.2 K - shell vacancy production

It is interesting and important to try to understand the other possible production processes lead-
ing to the emission of X-rays and in particular the processes leading to the formation of the
image of the runaway beam seen in fig 6. The only plausible process is that of K-shell vacancy
production by the runaways in the metallic impurity ions of the plasma remnants. The cross-
sections (g ) for this process are Ia@a approximately 2-3xI¢ m?, and rather independent

of energy over a very wide range. In addition the X-rays produced by de-excitation into the K-
shell have an energhy,, at which the camera detectors have almost 100% efficiency. We shall
assume thato, can be treated as a constant and mhatoes not vary appreciably over the
diameter of the runaway beam. If the runaway current dengjtshisn the power produced by

this process per unit volume is

P«<=2 nn,n; 0, Ve Ex, :jrz n.n;o; Ex./ e

wheren, is the K-shell fluorescence yield (approximately 0.4 for nickel). The line integral sig-
nal observed by our detectors is

S =jrdlZn,n, 0B, /€

which shows that these are a direct determination of the line integrated runaway current density.
In some cases the runaway beam moves very rapidly downwards, crossing an individual line of
sight without substantial change and therefore allowing the determination of the emission pro-
file. An example is shown in fig 13 where the profile is seen to be approximately gaussian. The
abscissa has been changed from time to vertical distance using the measured vertical velocity of
the runaway beam. It is seen that the beam has a full width at half maximum of 37cm, consider-
ably larger than the instrumental resolution of 10cm. Inversion of this profile, assuming it to be
circularly symmetric, determines the localized emission which is proportional to the current
density profile. If the total runaway current is taken from the plateau value of the current trace,
a g-profile can be calculated (fig 14) which shows that g rises from about 0.5 at the centre to 3 at
the edge of the runaway beam. This distribution is similar to that found in a normal tokamak
discharge and may account for the stability of the beam. An estimate may also be made of the
edge g-value at the moment the runaways begin to hit the wall. The size of the beam can be
estimated both from the soft X-ray image and the position signals. The total plasma current is
assumed to flow within this region. This method gives reasonably consistent g-values of 3 at the
edge of the runaway beam in several different discharges.
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Fig.13: Emission profile determined from the signal from Fig.14: Safety factor profile of the runaway beam.
a single channel as the runaway beam passes rapidly
across its line of sight. The fit to the data is also shown

An approximate estimate of the observed line integrated X-ray power may be made as-
suming the runaway current density is uniform over a circular region of minor edilite
signal intensity for a central view of the runaway beam is

Sc: 2 IrZ n;N;0; EKZ/T[ear-

wherel, is the runaway current. As typical JET discharges contain almost equal concentrations
of Ni, Fe and Cr this formula may be approximately evaluated just by considering the Ni compo-
nent and setting, =1. A set of sample parametérs 1 MA, ne= 1°m?, n/n = 4x10° anda,

= 0.4m then give§= 0.8 W/ni’. Observed values are typically much larger at 30¥(rggest-

ing that the metallic concentrations in the post disruptive phase are considerably higher than our
estimate from before the disruption. It is quite plausible that there is a large impurity influx in
the early stages of the disruption.

6.CONCLUSIONS

The measurements reported in this paper give a detailed picture of the runaway beam generated
in a disruption. The beam dimensions, its movement and stability have been determined and the
localized nature of the interaction with the wall, in both time and position, is established. The
measurements come mainly from the soft X-ray images which result from line radiation excited
by the beam. The moment of onset of runaway generation, measured both from the plasma
current and the X-ray image, is seen to be delayed after the negative voltage spike by about 5ms
and this gives a possibility of preventing the generation of a large runaway current by acting
during this time by the introduction of either killer pelfdtor liquid jet$?) of H,. The rapid
fluctuations in the runaway-wall interaction has led to the conclusion that the beam is filamented.
In addition, information has been obtained on the current profile of the runaway beam and its g-
profile has been determined.
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APPENDIX |

Calculation of the efficiency of the detectors for gamma rays.

Detectors installed in the cameras A to G and V in the torus detect gamma radiation after
it has penetrated the Inconel, steel and copper detector housing. The penetration through this
layer is estimated from the appropriate mass absorption coefficigntar(d the known thick-
ness of the housing. However only an average value of this quantity can be derived because of
the different thickness of material traversed according to the route of penetration and the angle
of incidence. This effect, investigated by repeating the calculation and allowing the material
thickness to vary by 50%, makes only relatively minor changes to the threshold where the effi-
ciency drops to zero. The energy absorbed in the detector is determingdanointhe detector
mass. The results are plotted in fig 3b where a plot versus gamma ray energy of the ratio of
power deposited in the detector to the incident power of the photons per unit area.

The efficiencies of the detectors in the detector assemblies of R4 and R8 have been calcu-
lated in the same way and are also shown in fig 3b.
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