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Rapid Collapse of a Plasma Sawtooth Oscillation in the JET Tokamak
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The rapid collapse of a sawtooth oscillation in the JET tokamak has been observed in detail on a
fast time scale. Tomographic reconstruction of data from two x-ray cameras and electron-
cyclotron-emission temperature profiles show that during the sawtooth collapse the central hot re-
gion is rapidly (in approximately 100 p, s) displaced off axis with an m = 1 component and is then
redistributed around a surface of constant minor radius. The theoretical implications of the mea-
surements are discussed.
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The sawtooth oscillation was first reported' on the
ST tokamak and the basic features of a slowly rising
central electron temperature followed by a rapid drop
in temperature have been subsequently observed on
many other tokamaks. The fast collapse was found to
be described by an m=n=0 mode. Kadomtsev' and
others proposed a generally accepted theoretical model
in which the rapid drop in central temperature was

seen as a consequence of a slowly growing m = 1 insta-
bility observed experimentally (see, e.g. , Pare ) as a
precursor oscillation to the sawtooth collapse. Recent-
ly, more complicated partial and giant or double
sawteeth have been observed" 5 on the larger
tokamaks. It has also been shown5 that the JET
tokamak sawtooth collapse can occur without precur-
sors and on a faster time scale than that expected from
Kadomtsev's model. However, the detailed behav-
ior of the plasma during the rapid collapse has
remained obscure and in this Letter we report results
of time-resolved tomographic x-ray reconstructions of
the plasma emission and electron-cyclotron-emission
(ECE) temperature-profile measurements, taken dur-
ing the sawtooth collapse. The measurements provide
important new information about the collapse mechan-
ism and clearly show that the initial part of the collapse
has an m =1 mode which grows rapidly (in 100 p, s)
followed by an equally rapid transition to a configura-
tion with poloidal symmetry. These results have fun-
damentally new implications for the theoretical under-
standing of the sawtooth mechanisms.
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FIG. 1. X-ray signal intensity as a function of time. The

lower two traces have thc same very expanded time scale.
The letters A to 6 indicate the reconstruction times for Figs.
3 and 4.
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FIG. 2. X-ray brightnesses plotted vs detector number at
t = 11.130225 s. The full line is the fit determined by the to-
mographic reconstruction.
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'Profile A is taken at t = 11.1299 s.

Measurement systems Tw.o—soft x-ray cameras6
view the plasma through Be filters from vertical and
horizontal ports with a total of 100 silicon-diode detec-
tors. The vertical camera contains 38 detectors and
the horizontal camera 62. The spatial resolution is 7

cm. The detectors are calibrated to 0.5% and, after
analog filtering with a bandwidth of less than 100 kHz,
the signals are digitized at frequencies up to 200 kHz.

In addition, the plasma electron temperature, T„ in
the central region is measured (with 10% absolute and
5% relative error) by a twelve-channel ECE grating po-
lychromator along a single midplane chord with a time
resolution of 10 p.s and spatial resolution of 8 cm. 7

Tomographic analysis The si.g—nal observed in each

TABLE I. Time scales and radiated power as a function of
height and major radius. See Figs. 3 and 4 for profile identi-
fication.

x-ray detector is a line integral of the emission
transmitted through a 140-p, m Be filter which has an
energy threshold of 2.8 keV. For rf-heated discharges
the observed intensity is mainly due to emission from
He-like nickel. The x-ray measurements were carried
out during a JET discharge with ion-cyclotron heating
with parameters R =2.93 m, a =1.23 m, b/a =1.42,
n, =1.6x 10'9 m, B= 2.9 T, I= 3.4 MA, and
P,r= 5.0 MW.

The structure of the central region is studied with a
tomographic method, s which allows reconstruction of
the x-ray emission without having to make assump-
tions about the symmetry or rotation of the plasma.
The x-ray emission is described by Zernicke polynomi-
als of order ml which determine the minor radial
dependence and angular harmonics sinm() and cosmic.
The detector configuration on JET allows for recon-
structions with i = 8 and the angular harmonics m = 0,
cos8, sin8, cos28. The inclusion of higher angular har-
monics could lead to the generation of spurious
features in the reconstructions. Data from 35
equispaced diodes in the vertical camera and nineteen
in the horizontal camera are used.

The signal from a central x-ray detector (Fig. 1) of
the vertical camera shows large-amplitude sawtooth os-
cillations without precursors. The expanded trace
from the central detector shows the very rapid collapse
occurring in —100 iu, s, with no evidence of any plas-
ma perturbation earlier than 100 p, s before the start of
the collapse. The trace from the noncentral channel
shows much more complicated behavior as a result of
the complex motion of the central region of the plas-
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FIG. 3. Tomographically reconstructed 2D x-ray emission profiles. The first three frames (A-C) show the initial move-
ment of the hot plasma center; the last five (D-H) show the collapse to a final poloidally symmetric state. Profile A is at
t = 11.129900 s.
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FIG. 4. Contour plots (with 100k contour intervals) of the tomographically reconstructed x-ray emission showing the initial
plasma motion and the collapse to the final symmetric state (crosshatching indicates hollow profiles).

ma. In Fig. 2 the detector brightnesses are shown for
both cameras during the sawtooth collapse together
with the best fit to the data determined by the tomo-
graphic analysis. The plots of reconstructed x-ray
emission made at the times shown in Table I and

showing the radiated power, P, as a function of height
and major radius (Figs. 3 and 4) clearly determine the
topology of the sawtooth collapse and show that it oc-
curs in essentially two phases. Initially the region of
maximum emission, or hot spot, moves rapidly out-
ward in minor radius until it reaches r/a =0.3. A
maximum velocity of up to 2.6X 103 m s ' is reached
(Figs. 3 and 4, profiles A, B, and C). The volume of
the moving hot spot and the maximum level of emis-
sion remain aproximately constant. This phase has a
very clear rn = 1 character. ECE measurements made
at separate toroidal locations show that the collapse has
n= 1. For other sawteeth the initial plasma motion
occurs with a variety of poloidal angles as expected for
this mode.

In the second phase of the collapse (profiles D to
H), the emission from the hot spot rapidly decreases
with a time constant of 100 p, s, while the emission in
the rest of the central region increases leaving a final

poloidally symmetric profile H. Because the x-ray
emission occurs from the hottest, densest parts of the
plasma, these observations imply either rapid mixing
of hot and cooler plasma or rapid conduction of heat
from the hot regions. The final hollow profile of x-ray
emission then becomes gradually more peaked as the
plasma is heated until the next sawtooth collapse oc-

curs after 150 ms. Viewed overall, the effect of the
sawtooth collapse is to change the initial peaked profile
A with P(max) =3.7 mW cm to a final hollow pro-
file Hwith P(max) = 2.2 mW cm

Electron-temperature measurements in similar
discharges also show the two phases of the collapse. A
contour plot of T, as a function of major radius and
time (Fig. 5) shows a rapid inward movement of the
plasma center followed by a rapid temperature collapse
from T, =4.3 keV to T, =3.0 keV. This is consistent
with an m = 1 mode and shows that the change ln x-
ray emission is mainly caused by a change in tempera-
ture. Other sawtooth collapses in discharges both with
and without ion-cyclotron resonance heating (ICRH)
show very similar behavior independent of the pres-
ence or absence of any precursor oscillations.

Our observations can be compared with different
theoretical models. In the Kadomtsev model, 2 the
magnetic flux inside and outside the q=1 surface is
reconnected in a narrow layer with a thickness which
in JET would be much less than 1'/'o of the plasma ra-
dius. This layer is formed on the part of the q =1 sur-
face towards which the central plasma is displaced. On
the opposite side the reconnected flux forms a mag-
netic island which grows outward from the q =1 sur-
face. The experimental observations are not con-
sistent with this description. The time scale of the
sawtooth collapse in the Kadomtsev model is some-
what uncertain but for the present case is the order of
a few milliseconds which is very much longer than the
observed collapse time of 100 iM, s.
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served x-ray emission but further investigations are re-
quired to confirm the details of this model.

It is a pleasure to acknowledge the considerable as-
sistance we have received from our scientific and en-
gineering colleagues at both IPP, Garching, and JET.
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In some models the collapse takes place with an al-

ready existing magnetic island. 9'0 The emission pro-
files shown above give no indication of such a preex-
isting perturbation. Another model" assumes that an
m =1 tearing mode grows until the associated island
covers the central region. The precursor oscillations
often observed in other tokamaks might then be attrib-
uted to the early phase of this growth. Our observa-
tions on sawteeth without precursors do not support
this model.

The initial coherent displacement of the plasma on
the observed short time scale suggests an ideal magne-

tohydrodynamic m= 1 instability. It was earlier be-
lieved that this mode would be stable but recent calcu-
lations'z indicate that instability is possible provided q
is close to unity across the central region. In this
model a convective flow is triggered when q reaches
unity and the hot core is replaced by a colder "bub-
ble. " This is quite similar to the behavior of the ob-

FIG. 5. (a) Central electron temperature. (b) Contour
plot of 7; (ECE) vs major radius and time. The inward

motion of the plasma and fast temperature collapse can be

clearly seen.
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