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High-resolution electron cyclotron emission and x-ray image reconstructions have been made simul-
taneously during the sawtooth crash in the fast rotating plasma with neutral beam injection heating on
TFTR. The measured x-ray emission is identified as metal impurity radiation. The results suggest that
the sawtooth crash is a full reconnection process for the TFTR sawteeth. The crescent-shaped *‘hot
spot” in the x-ray emissivity is found not to represent flux surfaces. New features are observed during
the sawtooth crash, such as an oval-shaped hot spot and a cooler region between the island and the hot

spot.

PACS numbers: 52.25.Fi, 42.30.Wb, 52.25.Nr, 52.55.Fa

Periodic crashes of the central electron temperature,
called sawtooth oscillations, are a common feature of
tokamak discharges. Kadomtsev explained the sawtooth
crash with a resistive reconnection model [1]1. The JET
experiment showed disagreements between this model
and fast sawtooth crash on big tokamaks [2]. In this pa-
per, we report the simultaneous measurements of electron
cyclotron emission (ECE) imaging and x-ray tomography
during sawtooth crash, which describe a fast full recon-
nection process on TFTR. The significant findings are as
follows: (1) The x rays are identified as metal impurity
emission; (2) the crescent-shaped *hot spot” in the x-ray
image does not show kink flow but describes that the im-
purity convection is slower than the electron heat conduc-
tion; (3) x-ray emission contours do not always represent
flux surfaces; and (4) the shrinking circular hot spot and
the growing crescent-shaped island appear in the electron
temperature contours, which are considered to be the best
representation of flux surfaces. New features of the
sawtooth crash are also revealed from the high-resolution
image reconstruction. For effective documentation, we
sample sawtooth crashes whose crash time is short in
terms of impurity transport but is longer than the plasma
rotation period. The features for the full reconnection
process are observed in other TFTR fast sawtooth
crashes. This fast reconnection has been of strong in-
terest in the plasma physics community [3].

We apply the ECE and x-ray image reconstruction
techniques to a typical TFTR fast sawtooth crash in a
plasma with major radius of 2.45 m, minor radius of 0.80
m, toroidal magnetic field of 4.8 T at R =2.45 m, plasma
current of 1.6 MA, heated by cotangential (in the direc-
tion of plasma current) neutral beam injection (NBI) of
12.5 MW, and countertangential NBI of 4.5 MW. This
plasma has a central ion temperature of 17 keV, central
electron temperature of 6.8 keV, volume averaged density
of (n,)=3.2%x10'"" m 3, density peakedness of n.o/{n.)
=1.9, and fast ion beam density of 20% of the electron
density at the center.

The electron temperature profile on the midplane of the
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plasma is measured with a twenty-channel grating
polychromator [4]. The polychromator data are cross-
calibrated to a Michelson interferometer [5]; although
the uncertainty of absolute temperature is (5-10)%, the
point-to-point relative error is less than 2%. The data are
collected with a 2-us time resolution covering R =2.2-3.4
m with a channel separation of 6 cm (each channel has a
radial resolution of 3 cm). The poloidal resolution of the
reconstructed image is 11°. The data from the inside and
outside major radii are used for a full rotation (66 us),
and an interpolation between both sides is carried out, so
that the time resolution is better than 33 us [6]. In addi-
tion, two soft-x-ray cameras separated by 75° view the
plasma, one vertically and the other horizontally, through
125-um-thick Be filters with twenty and sixty silicon-
diode detectors, respectively [7,8]. With this Be filter, the
sensitivity of x ray between 3 and 15 keV is higher than
50% of its maximum [7]. As described in Ref. [9], the
Xx-ray emission is characterized by a Fourier series of or-
der of 7 and Bessel function expansions of order of 10.
The data are taken in a quarter rotation using two cam-
eras, so the time resolution is 17 us. The effective radial
resolution is 9 cm and the poloidal resolution 13°. The
image reconstruction techniques using rotation have been
reported previously together with an analysis of the
reconstruction errors due to the noise and the rigid rota-
tion assumptions using numerical simulations [6].

The ECE and x-ray signals for sawtooth oscillations
are shown in Fig. 1. The ECE and x-ray images with the
inversion surface superimposed are shown in Figs. 2 and
3, at the times indicated by the letters in Fig. 1. Here,
the inversion surface is obtained from the electron tem-
perature profile as in the previous report [10]. The time
evolution of the ECE image, which is considered to repre-
sent the evolution of flux surfaces, is shown in Fig. 2.
The sawtooth crash starts at time D and finishes at time
K in Fig. 1, so that the crash time is about 400 us, which
is longer than the central temperature decay time of 200
us (from D to G in Fig. 1). The crash time is 10 times
faster than the Kadomtsev time [1]. Figure 2 clearly

3527



VOLUME 67, NUMBER 25

PHYSICAL REVIEW LETTERS

16 DECEMBER 1991

5.1
(10" m%)

22
(a.u.) N

ok T T !

R 45
X-ray jﬁWh‘PNW% Ll -lcm
(a.u) N I L | e

® v)s.s
(J
4.0

[ I
I Y
4.168 A 4.170 B 4.174
L B ey B B S B B
X-ray] 22cm 4
hot t
(au) MWW&U ot spo
ECE -lcm
(au) /\J\ j\ZOC 1 region|
T 36cm | A
. - L
4.172¢ D EFGH IUK 4.173
time (sec)

FIG. 1. The ECE signal from the grating polychromator and
the x-ray signals from the horizontal camera during a sawtooth
oscillation. Here, minor radii are measured from the magnetic
axis, and the negative sign indicates the high-field side on the
ECE signals. The parameter of the x-ray channel indicates the
height of the x-ray chord. The sharp positive spike corresponds
to the ““hot spot,” the flat region between the spikes to the “is-
land,” and the negative dip to the “cool region.” The pulse
width corresponds to the width in the poloidal direction in the
2D tomographic image.

shows a growing crescent-shaped island and a shrinking
hot spot, as expected from a full reconnection process [1].
The same process is also observed for a faster sawtooth
crash having the central temperature decay time of 37 us.
The crash time is 180 us, which is 20 times faster than
the Kadomtsev time. A correlation between the crash
time and the resistivity is not found for sawteeth on
TFTR.

We now compare images from ECE and x-ray recon-
structions (Fig. 3). In Fig. 3, the “ECE (perturbation)”
is the residual of the averaged signal over one cycle of the
rotation subtracted from the raw signal, and it is more
sensitive to the presence of perturbations. We also com-
pare the images when the hot spot is on the weak-field
side (larger-major-radius side) (Fig. 2, frames E and G)
and on the strong-field side (smaller-major-radius side)
(Fig. 3, frame F). Here, we note that the fine structure
in the x-ray image is an artifact introduced by the limited
number of Fourier components.

Three important features can be identified in the high-
resolution image reconstructions: (1) The hot spot
pushes out more on the weak-field side; (2) a “cool re-
gion” between the hot spot and the island grows gradual-
ly; and (3) the shape of the hot spot is oval and radially
elongated before the crash phase. Theoretically, the
pushing out of the hot spot on the weak-field side can be
explained as a combination of finite pressure and toroidal
effects [10,11]. The cool region, which also can be seen
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FIG. 2. Series of ECE images during the sawtooth crash.
The number on the center indicates peak electron temperature
in keV. The contour step size is 300 eV. The bold circular line
indicates the inversion radius which is obtained from the ECE
signals. The numbers on the right of the figures indicate the
reconstruction time in seconds.

in the raw data traces (Fig. 1), is not due to the heating
of the island, because the temperature of the island does
not change (Fig. 1). The cool region becomes an m =1,
n=1 ‘“cold bubble” after the crash, which sometimes
generates successor oscillations on TFTR. An oval-
shaped hot spot is commonly seen in NBI heated plasmas

ECE (total) ECE perturbation)
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FIG. 3. Reconstructions of the x ray, the ECE, and the per-
turbation of ECE. The contour step size is 300 eV on ECE (to-
tal), and is 60 eV in frames F and I and 30 eV in frame J on
ECE (perturbation), respectively. The plasma makes a half ro-
tation from I to J.
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and rf heated plasmas, but it has not been theoretically
predicted [11].

The x-ray emission at the center decreases 75% during
the sawtooth crash (the line integrated emission drops by
30%), which cannot be explained by the drop of the cen-
tral electron temperature (10%) and density (10%). The
detected x-ray spectrum is shown in Fig. 4(d). Before the
sawtooth crash, the total Z.r is 2.8 with a contribution
from metals of ~0.7. X-ray pulse-height analysis [12],
which looks horizontally in the midplane, shows that the
line averaged AZ.y, the contribution from the metal im-
purities (iron, nickel, and chromium) to the Z., de-
creases 27%, as shown in Fig. 4(a). Time histories of the
AZ .r and the x-ray emission correlate very well. The in-
tensity of the Ka resonance line of the heliumlike iron
ion, Fexxv, which is measured by a bent-crystal spec-
trometer [13], decreases 47%, as shown in Fig. 4(b). The
observed drop of the electron temperature and density
should reduce the Fe XXV line emission by 11%, as calcu-
lated by the MIST code [14]. Thus, the line averaged iron
ion density must decrease ~36%. The ratio of measured
x-ray emission to calculated bremsstrahlung, based on
measured temperature and density, is called the enhance-
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FIG. 4. (a) Time evolution of Z.r due to the metal impuri-
ties (iron, nickel, and chromium), which is measured by the
pulse-height analysis (PHA) x-ray spectrometer. The PHA
data are averaged for 50 ms. The solid line is the x-ray emis-
sion from the central chord. (b) Time evolution of Fexxv
(0.185 nm) line emission which is measured by the crystal spec-
trometer. (c) Time evolution of the enhancement factor profile
between the first sawtooth crash (1 =3.9 s) and the second saw-
tooth crash (r=4.2 s). (d) X-ray spectrum measured by the
PHA. The unit of the intensity is 3x10'' keV/keVcm?s [12].
The three peaks are Ka lines of metal impurities. The mea-
sured continuum (dotted line) is about 4 times higher than the
calculated bremsstrahlung from a pure deuterium plasma.

ment factor [15], and is an indicator of impurity content.
In Fig. 4(c), it is observed that the enhancement factor
profile becomes peaked between sawtooth crashes (r =4.1
s), and flattens after the sawtooth crash (r=4.2 s).
These results show that the drastic x-ray drop at the
sawtooth crash is due to the escape of the metal impuri-
ties, which have accumulated in the central region be-
tween crashes. The accumulation mechanism may be the
high-Z ion pinch effect [16]. Just before the end of the
sawtooth crash (Fig. 3, frame 1), the x-ray emission in
the hot spot is higher than in the island, although the
electron temperature at the hot spot is equal to that at
the island. These results indicate that the high x-ray
emission in the hot spot is mainly due to the metal impur-
ities.

Just after the crash (Fig. 3, frame J), a crescent-
shaped ‘““hot spot” remains in the x-ray image. This
feature is also seen as a widely spread positive spike on
the x-ray signal in the raw data traces (Fig. 1, 22 cm).
This was also observed in the JIPP T-II tokamak, where
it was interpreted as a kink flow along the g =1 surface
[17]. On TFTR, however, the ECE electron temperature
contours, which represent flux surfaces better than the
Xx-ray emission contours, show a cool region. Therefore,
this crescent-shaped x-ray contour does not show the kink
flow; rather, it implies that the impurity transport time
from the broken flux surface (X point) is much longer
than the electron heat conduction time. Time scales can
be estimated as follows: Particles and heat escape
through the X point along the field line, at the electron
thermal velocity v, for the conduction and at the ambipo-
lar velocity v; for the convection; and each time scale is
described by t,= (#R/v,)q/8q (a=e,i), where &q is the
change in g across the width of the reconnection layer
and the suffices e and i indicate the electron heat conduc-
tion and the ion convection, respectively. For 8q/q =0.1,
we have t,=1 us and 7;= 100 us, which explains the
time lag of impurity contours related to the temperature
contours.

The present experimental results lead to the following
physical picture of the sawtooth crash. Since particles
are frozen to the field line, the result that both impurities
and heat escape through the X point from the inside to
the outside of the inversion surface implies that field lines
from inside and outside of the ¢ =1 surface are recon-
nected during the sawtooth crash. The hot electrons es-
cape to the outside and the cold electrons are drawn to
the inside as a result of charge neutrality. Thus, the tem-
perature of the reconnection region inside the original
g =1 surface can be lower than the island, as is observed
experimentally. The existence of the cool region implies
that the island is not completely stochastic but that it has
established flux surfaces.

In summary, simultaneous high-resolution ECE and x-
ray image reconstructions have been made during the
sawtooth crash in a fast rotating plasma with NBI heat-
ing on TFTR. The results suggest that the x-ray emission
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describes the behavior of the metal impurities, the impur-
ity convection is slow in comparison with the electron
heat conduction, and the x-ray contours, such as the cres-
cent hot spot at the end of the sawtooth crash, are there-
fore not representative of flux surfaces. The evolution of
the electron temperature contours and the impurities be-
havior suggests that the sawtooth crash in the NBI heat-
ed TFTR plasma is a full reconnection process.
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