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It is the first time so far as we know that two arrays of multi-channel soft x-ray detectors are used to generate two-

dimensional (2D) images of sawtooth oscillation on the HT-7 tokamak using the Fourier—Bessel harmonic reconstruction

method, and using the singular value decomposition to analyse the data from soft x-ray cameras. By these two arrays, 2D

image reconstruction of soft x-ray emissivity can be obtained without assumption of plasma rigid rotation. Tomographic

reconstruction of the m=1 mode structure is obtained during the precursor oscillation of the sawtooth crash. The

crescent-shaped mode structure appearing on the contour map of the soft x-ray emissivity is consistent with the quasi-

interchange mode. The characteristics of the m=1/n=1 mode structure observed in the soft x-ray tomography are

as follows: the magnetic surface is made up of the crescent-shaped “hot core” and the circular “cold bubble”. The

structure of the magnetic surface rotates in the direction of the electron diamagnetic drift and the rotation frequency

is the oscillation frequency of soft x-ray signals.
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1. Introduction

The sawtooth oscillation, the most typical form
of magnetohydrodynamic (MHD) activity, is a peri-
odic collapse of the pressure or internal disruption in
the plasma core. This regular periodic re-organization
phenomenon of the core plasma surrounding the mag-
netic axis was first observed by von Goeler et al on
the soft x-ray signals along a chord through the cen-
tral region of the plasma in the ST tokamak.[!] Since
then it has been observed on many diagnostics in all
tokamaks, under different operation conditions cor-
responding to a broad range of plasma parameters.
Experimental results in many tokamaks have convinc-
ingly shown that the sawtooth instability plays a cru-
cial role in the formation of the temperature, density
and current profiles in the centre of tokamak plasmas.
Thus, sawtooth oscillation is a universal character in

tokamak plasmas and is naturally supposed to affect

significantly the fusion burning plasmas.2! It has been
attracting much interest, and considerable experimen-
tal and theoretical effort has been carried out to ex-
plain the mechanism.[?! Kadomtsev’s full reconnection
model is a standard two-dimensional (2D) model,[*! in
which the hot core is a circle and the island is a cres-
cent, the sawtooth crash based on the magnetic recon-
nection are induced by the shift of the hot core onto
the g=1 surface due to the m=1/n=1 internal kink in-
stability, where m and n are the poloidal and toroidal
mode numbers, respectively. The model predicts that
the hot plasma inside the ¢g=1 surface is mixed with
the cooler plasma outside in the course of successive
reconnections of the helical magnetic flux inside and
outside the ¢g=1 surface. When the reconnection is
completed, the plasmas are completely mixed. How-
ever, for large tokamaks such as JET, the predictions

of Kadomtsev’s model have many deviations from
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some of the observed phenomena,®% such as much
shorter time to the sawtooth collapse and no precur-
sor oscillations preceding the collapse of the compound
sawtooth, etc. To solve these disagreements, Wesson’s
quasi-interchange mode was proposed,l” in which the
hot core is replaced by a cold bubble and the fast
sawtooth crash is attributed to the kink flow drawing
the cold bubble into the central region. The model
predicts that the cold bubble enters the core plasma
region and is surround by a closed surface. However,
no comprehensive model has yet been developed to
explain the experimental observations though much
knowledge has been accumulated.

The sawtooth collapse is often in phase with the
fall of the superimposed m=1 oscillation, but other
cases show that sawtooth collapse is independent of

018711 Therefore, it is

the phase of the m=1 oscillatio
very important that the amplitude and phase relation-
ships between the superimposed m=1 oscillations and
the m=0 sawtooth oscillations are studied in order to
better characterize the relationship between the saw-
tooth collapse and the observed m=1 activity. One of
the ways to confirm the theory of the sawtooth dis-
ruption is to compare the soft x-ray images obtained
by the experiment with those predicted by the the-
ory. This indirect method named cartography has
been proposed to obtain the m=1 mode structure.'?

In the HT-7 tokamak device, the sawtooth ac-
tivity and other observed phenomena related to the
plasma instability have been investigated experimen-
tally using magnetic pick-up probes and other diag-
nostics. In this paper, in order to study the relation-
ship between the sawtooth collapse and the observed
m=1 activity, and to study in detail the characteris-
tics of the sawtooth oscillations, tomography of the
soft x-ray signal using multi-channel soft x-ray diode
arrays is used to investigate sawtooth oscillations and
m=1 mode. After a brief description of the soft x-
ray system of the HT-7 tokamak in Section 2, the
experimental results are presented in Section 3, and

discussion is given in Section 4.
2.Experimental apparatus

HT-7 tokamak has major and minor radii of
Ry=122cm and a=27cm, respectively. The soft x-
ray diagnostic system, shown in Fig.1, consists of
two imaging cameras with slot-apertures, which hor-
izontally and vertically view a given toroidal cross-
section of the plasma from different poloidal chords,

each camera containing 37 Au—Si surface-barrier diode

detectors.['3 All detectors are mounted on the arc-
shaped stainless-steel pedestals with R=55cm in hori-
zontal array and R=60cm in vertical array. Their spa-
tial resolution, the radial distance between neighbour-
ing viewing chords of the detectors, is 1.5cm. They
view the plasma from —27cm to 27cm along given
chords through thin slot-apertures with an area of
5mm X 20mm in the vertical array and of 4mm x25mm
in the horizontal array. This allows the use of a to-
mographic reconstruction method to obtain the lo-
cal spatial distribution of the soft x-ray emission as
a function of time without assuming rigid plasma ro-
tation. The device operates normally at the follow-
ing parameters:['*15] plasma current 1,=100-250kA
with a duration of 3-5s, central chord-averaged elec-
tron density N,(0)=(0.8-5.0)x10"cm~3 central elec-
tron and ion temperatures T.(0)=0.5-1.0keV and
T;(0)=0.5keV, energy confinement time 7g=15ms and
effective charge Z.g=2-3, and its major research fields
focus on exploration of advanced steady-state opera-
tion, high-performance plasma discharge and plasma
fuelling study including studies of lower hybrid current
drive and lower hybrid wave (LHW) heating, and ion
cyclotron range of frequency heating. The coordinate
system which is used to designate the position and the
view of each detector is shown in Fig.2. The origin of
the coordinate system is placed at the centre of the
vacuum vessel. The chords are denoted by L(p, ).
From the line-integrated measurements, the plasma
image can be derived. This can provide much infor-
mation on the plasma structure and the evolution of
image with time, which is useful for studying the saw-
tooth oscillations and the MHD instabilities. The spa-
tial profile of the soft x-ray emissivity is reconstructed
by computer tomography based on the Fourier-Bessel

[16]

expansion technique,''®’ which is suitable for the cir-

cular plasma cross section in HT-7 tokamak.

. vertical array with
37 detectors of SBDs

Au-Si detector

slot-aperture with a movable
slider covered with Be foils

Au-Si detector

horizontal array with
37 detectors of SBDs

Fig.1. The soft x-ray imaging system on the HT-7

tokamak.
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Fig.2. Coordinate system, where p is the chord impact
parameter relative to the centre of the reconstruction, ¢
is the polar angle, and f(p, ¢) is the chord brightness.

3. Experimental results

We have observed the sawtooth crash with the
precursor oscillation on the intensity signal of the soft
x-ray in the LHW and ion Bernstein wave (IBW) syn-
ergetic discharges with following plasma parameters:
plasma currents I, ~127kA, central chord-averaged
electron density N,(0)~1.36x10'3cm 3,
magnetic field at the plasma centre of B;(0) ~1.83T,
Pruw ~141.5kW and Pigw ~151.5kW. Sawtooth os-
cillations of the soft x-ray signals near the centre for
shot 54929 are shown in Fig.3 from 684.5ms to 692ms.

a toroidal

Using the singular value decomposition (SVD)
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Fig.3. The discharge of the sawtooth waveforms of the shot 54929.

analysis,[!7~22] we have obtained the temporal and the
spatial structure of the sawtooth and the m=1/n=1
mode. Figure 4 shows the results of the SVD analysis.
The first temporal eigenvector gives the evolution of
the equilibrium emission, and its spatial eigenvector
reflects the spatial distribution of soft x-ray emission.
The sawtooth activity appears in the second compo-
nent whose spatial eigenvector gives its reversal ra-
dius r; ~11.25cm, as shown in Fig.4(b). It is clear
that the (1,1) mode perturbation is described by the
third eigenvector. The temporal eigenvector reflects
the m=1/n=1 mode repetition time about 0.217ms, as

shown in Fig.4(a), while the spatial eigenvectors point

to the characteristic radius r; ~4.50cm, as shown in
Fig.4(b). The spectrum in singular values from 1 to 37
is shown in Fig.4(c). The first three eigenvalues, whose
quality of filtering is A3 ~ 0.9896, which reveals ap-
proximately three significant components containing
almost all of the signal energy. The sawtooth com-
ponent gives about 4.47% and the (1,1) mode compo-
nent gives about 2.09% contribution to the raw signal.
Therefore, in order to improve the signal-to-noise ra-
tio by omitting the terms of small singular values, we
choose the first three terms as the spatial-temporal
signals in this paper. The contribution of the other

terms to the total signal is small and noisy.
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Fig.4. The results of the SVD analysis. (a) The first three temporal eigenvectors of the discharge #54929.

The first temporal eigenvector U; gives the evolution of the equilibrium emission. The second temporal

eigenvector Us gives the evolution of sawtooth activity.The temporal eigenvector Us corresponds to the
(1,1) mode. (b) The first three spatial eigenvectors of the discharge #54929. The first spatial eigenvector

V1 reflects the spatial distribution of soft x-ray emission.

The second eigenvector Vo shows the spatial

distribution of sawtooth activity. The spatial eigenvector V3 corresponds to the spatial structure of the (1,1)

mode. (c) Spectrum of the singular values from 1 to 37.

The main features of the crash in one sawtooth
period seen on the contour plot of the emissivity map
are illustrated in Fig.5, which are obtained by tomo-
graphic reconstruction of soft x-ray. Initially, the hot
core moves outward along minor radius. The shape
of the hot core changes from a circle to a crescent,
a cold bubble appears in the opposite direction and
grows gradually (from (c)—(f)). Here the region with
low soft x-ray emissivity is defined cold, and the re-
gion with high emissivity is defined hot. The shape of
the cold bubble becomes a circle when the cold bub-
ble moves from the g=1 surface to the centre. Then,
with the width of the cold bubble becoming wider and

wider, the shape of the hot core becomes narrower and
narrower (from (d)—(f)) during the ramp phase of the
sawtooth oscillations. Before the crash, the cold bub-
ble becomes largest and the crescent hot core moves
to the ¢ = 1 magnetic surface and its shape becomes
narrowest, and at this moment, the crash of the saw-
tooth takes place. After the crash, the cold bubble
is surrounded by a closed surface (Fig.5(g)). Finally,
with the increase of the temperature, the cold bubble
becomes a new hot core in the next period (Fig.5(h)),
and the soft x-ray emissivity profile returns to the ini-

tial state and enters the next period.
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{€) t=689.150ms (f) t=689.443ms

(g) t=689.540ms (h) t=691.948ms

Fig.5. Contour plot of the reconstructed x-ray image during a sawtooth period.

In order to study the relationship between precur-
sor oscillation on the sawtooth and the observed m=1
activity on soft x-ray intensity signals, more details on
the precursor oscillation of the sawtooth crash has also
been studied by the same tomography way, as shown
in Figs.6 and 7. The soft x-ray signals and the time
evolution of the tomographic image in one period of
the m = 1 oscillations (from (a) to (h)) are shown in
Fig.7. From the contour plot of the emissivity map,
it is very clear that the hot core does not in the cen-
tral region of the plasma, but moves outward to the
vicinity of the g=1 surface. The shape of the hot core
becomes crescent, and a circular cold bubble appears
in the opposite direction. Therefore, the magnetic sur-
face is made up of the crescent-shaped “hot core” and
the circular “cold bubble”. The structure of the mag-
netic surface rotates in the direction of the electron

diamagnetic drift, and the rotation frequency is the

oscillation frequency of soft x-ray signals. When the
amplitude of the m = 1 oscillation increases, the shape
of the hot core becomes narrower. After the crash of
the sawtooth, the shape of the hot core changes from
a crescent to a closed surface (Fig.5(g)).
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Fig.6. The m=1 oscillations near the centre soft x-ray
signals for the shot 54929.
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(e) t=689.067ms

(f) t=689.080ms

(g) t=689.106ms {h) t=689.150ms

Fig.7. The contour plot of the emissivity map in one period of the m=1 oscillation.

4. Discussion

The analysis of sawtooth activity has been given
in last section. But it is a pity that we did not know
some of the detailed parameter profiles, such as ¢(r).
Furthermore, it is difficult to completely explain the
sawtooth behaviour even today. Therefore, we can
give only a qualitative analysis of the sawtooth oscil-
lation.

As is known, the hot core includes the largest den-
sities, and its temperature increases more rapidly than
other parts. So, the pressure becomes higher in the
core part than other due to the LHW and IBW syn-
ergetic heating, which may drive the hot core to move

outward. Figure 8 shows the spatial profiles of the soft

shot 54929
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Fig.8. The spatial profile of the soft x-ray signals be-
fore and after the sawtooth crash.

x-ray emission intensity during one period of the saw-
tooth oscillation. Variations of the soft x-ray emis-
sion intensity roughly reflect the changes of the pres-
sure. The spatial profile of soft x-ray emission at time
689.150ms is more peaked than at time 684.579ms,
and the gradient at the sawtooth reversal surface at
time 689.150ms is larger than at time 684.579ms. It is
suggested that the pressure gradient at the sawtooth
reversal surface at time 689.150ms is larger than that
at time 684.579ms. The peaked soft x-ray profile is
broadened after the sawtooth crash at time 689.540ms.
Hence, it is possible that the pressure-driven instabil-
ity can be induced by the shift of the hot core.

We have assumed implicitly that the high soft x-
ray emission region has a high electron temperature.
However, the local soft x-ray emissivity is generally a
function of the electron temperature and the electron
impurity densities. It is quite difficult to determine
accurately how much each factor contributes to the
local soft x-ray emissivity. This has been an unre-
solved question regarding soft x-ray images in previ-
ous studies also. For example, in a very high temper-
ature plasma heated by powerful neutral beam injec-
tion in the TFTR tokamak, high-Z metallic impurity
emissions dominated in soft x-ray emissions and soft
x-ray images did not reflect the electron temperature
contours.[23] That is, the core soft x-ray emissivity de-
creased by 75% during the crash, while the electron
temperature and density decreased by only 10%. This
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result is ascribed to a strong accumulation of metallic
impurities in the plasma core due to the high-Z ion
pinch effect. Furthermore, one of the main reasons
is that the strong accumulation of metallic impuri-
ties, such as ferrum, nickel etc, which could not be
excluded, would induce the core plasma cold after the
crashes (Fig.5(g)).

Finally, as described in Ref.[24], where the au-
thors pointed out that artifacts can appear in soft
x-ray images based on the Fourier—Bessel expansion
technique when the angular mode numbers used for
computer tomography imaging are not sufficient. Es-
pecially, an off-centred circular hot core pushed on
the inversion radius in the case of Kadomtsev type of
crash looks like a crescent shape if numbers used for
the angular expansion are restricted to m=0 and 1.
Angular mode numbers up to m=3 are sufficient to
distinguish the crescent shape from the circular one.
Therefore, in all soft x-ray images in this paper, mode
numbers up to m=2 and [=7 have been used for the
angular and radial expansions, respectively, which is
determined with the help of the Akaike information
criterion. 2]

Perhaps, these results might correspond to the
That is,

magnetic reconnection proceeds gradually in the first

two-step model for the sawtooth crash.

phase in the manner suggested by Kadomtsev. In the
second phase, the fast sawtooth crash is attributed to
the kink flow drawing the cold bubble into the central
region, as suggested by Wesson. But, it is quite clear
that the Wesson’s model process is a domain effect in
the sawtooth process, i.e. the convective flow of colder
plasma into the centre core causes the sawtooth crash.

In conclusion, using 74 soft x-ray detectors at

one toroidal location, we have obtained tomographic
reconstructions of the soft x-ray emissivity without
assuming any rigid rotation of the plasma, and ap-
plied pre-processing and post-processing SVD tech-
nique, which is a powerful tool well suited to the study
of spatial-temporal signals, and to the tomography
reconstructed image in order to obtain clearer pro-
file. During the ramp phase of the sawtooth, the hot
core deviates from the centre of plasma to the vicin-
ity of the g=1 surface, and the shape changes from
a circle to a crescent gradually. Meanwhile, a circu-
lar cold bubble appears in the opposite direction and
grows gradually. Before the crash, the cold bubble
becomes largest and the crescent hot core is moved
to the g=1 magnetic surface and its shape becomes
narrowest. After the crash, the shape of the hot core
changes from a crescent to a closed surface and with
the increase of the temperature in the centre plasma,
the cold bubble becomes a new hot core in the next
period. The crescent-shaped mode structure appear-
ing on the contour map of the soft x-ray emissivity is
consistent with the Wesson’s quasi-interchange mode.
In one period of the m = 1 oscillations, the magnetic
surface structure is made up of the crescent-shaped
“hot core” and the circular “cold bubble”. The struc-
ture of the magnetic surface rotates in the direction
of the electron diamagnetic drift, and the rotation fre-
quency is the oscillation frequency of the m=1, n=1

mode.
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