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vide fresh stimulus for theoretical development.
Experimental work is continuing on alkali and
rare- gas systems.
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The major disruption has been studied in detail on the TOSCA tokamak with the use of
approximate helical coils. The m =3, n =2 and m =5, n =3 modes have been clearly ob-
served for the first time before a major disruption. The amplitude of the m=2, n=1
mode at the rational surface is about 4'4 and the m =3, n =2 mode amplitude -4.6fo before
a major disruption. When the m =2, n =1 and m =3, n =2 approximate helical coils are
energized with large coil currents, a major disruption occurs.

PACS numbers: 52.55.Gb

Further improvements of plasma parameters in
present-day tokamak devices are limited by the
major disruption. ' In the next generation of toka-
maks, the major disruption can be a severe prob-
lem because large forces and voltages are gen-
erated by the sudden decrease in plasma current
following the disruption. An understanding and a
means of controlling this dangerous instability is
therefore very important for the future of the toka-
mak device.

TOSCA is a small air-core tokamak, which can
produce noncircular plasmas. ' The major radius
of the vacuum vessel is 30 cm and the minor radi-
us 10 cm. Central electron temperatures of 300
eV and central electron densities of 3x10" cm '
are routinely obtained, with a plasma current of
12 kA, a loop voltage of 2.5 V and a safety factor
at the edge of the plasma, q„of 3.5.

A series of large saddle coils were used to de-
tect the helical radial field perturbations produced
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by different instabilities. For the perturbations
with poloidal mode number m=3 and toroidal mode
number n = 2 each quadrant of the torus was fitted
with six windings which are positioned to produce
an accurate hexapole field in the torus with an as-
pect ratio of 3. Each pair of windings is then con-
nected to form a loop or saddle coil which is then
connected to the saddle coil on the next quadrant
at a poloidal angle of 60' to the first. Twelve sad-
dle coils are connected in this way so that they
have no net helicity and an effective coil area of
-1 m'. Four such saddle coils on two halves of
the torus suffice to detect and generate a perturb-
ing field with m=2 and n =1. The coils were used
in two ways, first as passive coils to detect par-
ticular mode structures and second, as active
coils to produce a helical radial field which re-
sults in the formation of magnetic islands with the
same toroidal structure as the coil.

The winding performance was checked by meas-
uring the azimuthal variation of the poloidal field
generated by the coils and comparing this with 3D
magnetic field computations: The agreement was
good. The helical fields penetrate through the
vacuum vessel and into the plasma in a few 100

ps for the plasma parameters in this experiment.
With use of the approximate m =3, n =2, n =1

coils, the major disruption was studied in detail.
A high-frequency mode was detected on the 2

coil' with large amplitude just before the major
disruption. This mode is shown in Fig. 1 along
with the -', mode. The amplitude of the -', mode
reaches a value with B„/Be =4/o before the dis-
ruption, (assuming q =2 at 6 cm, and B„ is the
perturbed radial field). It has previously been
established from probe measurements that the

~ mode is a resistive tearing mode. 4 During the
last 40 ps the -', mode grows rapidly in amplitude
and reaches a level with B„/Be = 4.5/o (assuming
q= 2 at 4 cm). The H„ light emission is shown,
and it is clear that the level does not change be-
fore the disruption provided the plasma is well
centered. The central channel of a soft x-ray ar-
ray is also shown in the figure. The x-ray emis-
sivity starts to fall when the m=2 amplitude reach-
es 2% (B„/Be-2'), and the m =2 mode is clearly
observed. This soft x-ray signal is filtered to
give frequencies between 10-100 kHz only. De-
tailed investigation of the soft x-ray signals also
reveals the presence of the ~3 mode.

The general characteristics of the ~ mode are
demonstrated in Fig. 1. The frequency of the ~
mode is about twice the frequency of the -', mode
(this has a frequency of about 50 kHz which is
close to the electron diamagnetic drift frequency).
The growth rate of the ~ mode is approximately
three times faster than the -', mode. The ampli-
tude of the -', mode decreases about 10 ps before
the disruption which appears to be correlated
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FIG. 1. Evolution of the m=2, n =1 and m=3, n =2
modes at a major disruption, together with the Ho, light
and the soft x-ray central channel emission. The arrow
indicates the time of disruption.
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and 2 modes neces-
sary for a major disruption.
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with the presence of other modes. Further inves-
tigations have shown that modes with I= 5 and n
=3 and also m=8, n =3 are present in the last 10
ps before the major disruption. The strength of
the disruption is correlated with the higher mode
number activity. No doubt other modes may be
present seeming to indicate that the plasma is
turbulent for a short time before disruption. Such
activity will permit free magnetic reconnection to
occur and the configuration to relax towards a
lower or minimum magnetic energy state.

Figure 2 indicates the size of the -', and -', radi-
al field perturbations associated with a major dis-
ruption. This figure can be used to calculate the
size of the magnetic islands present at disruption
but care must be exercised because different dis-
charges may possess different current profiles.
It is clear from the experiments that when the -',

mode exceeds a certain amplitude, a -', mode is
generated and this may lead to a major disrup-
tion. For a major disruption the critical ampli-
tude of the -', mode is B„/Be = 4% and of the —,

'
mode is B„/Bq =4.5%. For any reasonable cur-
rent profile these values of B„/Be imply that the
resultant magnetic islands have overlapped.

The -', and ~ modes are always observed before
a soft or major disruption for circular, triangu-
lar, and elliptical plasmas. For triangular and
elliptical plasmas the amplitude of the -', and —,

'
modes are somewhat different from those shown
in Fig. 2, but the general pattern of the -', and ~
mode production and interaction is the same as
for circular plasmas.

A recent theory' suggests that the -', and ~
modes may play an important part in the disrup-
tive process. The disruptive instability is thought
to be produced by a large ~2 magnetic island,
which may interact with the ~ island or with the
limiter (or cold gas).' '

Because of the possible importance of the —,
'

mode in the disruptive process on the TOSCA de-
vice, it was considered essential to test whether
a major disruption could be produced by activat-
ing the external saddle coils. When both the -',

and ~3 coils are activated, at different times to
allow for the different field penetration times,
with large coil currents, (I„,=3 kA, I, = 4 kA,
I~ =12 kA), a major disruption occurs depending
on the position of the plasma. The quadrupole
and hexapole fields are only accurate if the plas-
ma is well centered in the vacuum vessel, so the
resultant island sizes are sensitive to plasma po-
sition. A feature of these artificially produced
disruptions is that they occur very rapidly and

the larger the growth rate of the modes the more
severe the disruption. Growth times down to 25
ps for the -', mode have been measured. When
both the ~ and —,

' coils are activated together they
are 70% effective in producing a major disruption,
the remaining 30% are soft disruptions. The —,

'
coil alone is 50% effective.

From the attempts to produce a major disrup-
tion, a stabilization of the -', mode was observed
when the —,

' coil alone was activated with low coil
current. ' The major disruption on the TOSCA de-
vice can also be delayed by activation of this -',

coil.' Production of major disruptions with these
helical coils shows that it is easier to obtain a
major disruption with both the —, and ~ coils ac-
tivated together. Field line tracing calculations
for the actual equilibria with the appropriate heli-
cal windings show large distorted magnetic is-
lands with large ergodic regions.

A study of disruptions caused by interaction of
the plasma with the vacuum vessel wall either as-
sociated with incorrect vertical field control or
positional instabilities has been made. It was ob-
served that the effect of the plasma touching the
walls was to increase the -', and -,'mode activity
promoting the tendency to disrupt. The H and

0
3845-A impurity light did not increase dramatical-
ly until after the negative voltage spike occurred.
A double Langmuir probe was also used to detect
activity at the plasma boundary. The probe did
not detect any significant change until after the
disruption. From these experiments, it appears
that the major disruption is due to mode interac-
tion or overlap of mangetic islands.

These experiments show that the soft or major
disruption is associated with a growing no=2, n
=1 mode which, at a critical amplitude, leads to
the rapid growth of anm=3, n =2 mode. This oc-

)

curs for circular, elliptical and triangular cross-
sectioned plasmas. The production of a rapid,
more severe major disruption is possible by the
creation of magnetic islands with mode numbers
-', and -', . A study of the interaction of the plasma
with the wall shows that the disruption is due to
an internal interaction in the plasma. The detec-
tion of the ~, -', and the observation of —,

' and 3
modes just before disruption indicates that the in-
ternal interaction involves many modes of differ-
ent helicity.
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X-ray emission spectra, produced by irradiation of neon-filled aluminum-coated glass
microballoon and plane aluminum targets, with 100-ps Nd-glass laser pulses, have
been time resolved with an x-ray streak camera. The time evolution of the Ne x L ~ and
SixIII 1 Sp 3 Pl linewidths has been recorded. The implosion delay time of microbal-
loon targets and the emission histories of the Al xIII 1'~0-2'Pl line and its satellites from
plane 'targets have been measured.

PACS numbers: 52.70.-m, 32.30.Rj, 52.50.Jm

Analysis of x-ray emission spectra from laser-
produced plasmas has been widely used in diag-
nosing the plasma parameters. ' ' Spectra have
been either time and space integrated or, more
recently, space resolved, e.g. , down to a scale
of 10 pm. Development of x-ray streak cameras
has made time resolution of spectra possible, in
principle, with a resolution down to' ps and x-ray
continua have been studied in this way. ' In prac-
tice sensitivity restricted the study of dispersed
spectra until a high-sensitivity CsI photocathode
became available. '

We report here results which show the time-
resolved line shapes of NexLp and Nax?Ln in
glass microballoon implosions and the time-
resolved line shapes and intensities of SiXIII 1'$,—

and its sat el lite s in surface ablation plas ma s.
Experiments were performed with a Nd-glass

laser and focusing was by f/1 lenses. ' Spectra
were recorded with the apparatus shown in Fig. 1
with typically L = 20 cm. ' Temporal resolution
in each case was limited by instrumental sensi-

tivity. Table I lists the laser pulse and instru-
mental parameters for the three cases discussed

t

v

FIG. 1. Experimental arrangement for recording
streaked spectra: (1) crystal of thallium-acid-phtha-
late (TlAP) or pentaerythritol (PET), (2) adjustable
entrance slit, (3) beryllium filter, (4) baffle, and
{5}CsI photocathode.
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