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Multi-channel soft x-ray (SX) detectors are applied to generate images of magnetohydrodynamic (MHD) oscillation

on the HT-7 tokamak, and the data from SX cameras are analysed by using the Fourier—Bessel harmonic reconstruction

method and the singular value decomposition. The image reconstruction of SX emissivity is obtained on the assumption

of plasma rigid rotation. One of the important phenomena in the HT-7 discharge is the transition from the sawtooth

oscillations to the MHD oscillations when the plasma density grows higher. The MHD structure observed in the SX

tomography is featured as follows: the magnetic surface of MHD structure is made up of the crescent-shaped “hot core”

and the circular “cold bubble”. The structure of the magnetic surface is relatively stable. It rotates in the direction of

the electron diamagnetic drift at a frequency being the oscillation frequency of the MHD oscillations.
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1. Introduction

Magnetohydrodynamic (MHD) instabilities are
the prevalent and important phenomena in tokamaks.
They are responsible for lowering energy confinement
and limiting the achievable beta values in tokamaks.
Moreover, they can cause major disruptions in the
plasma to destroy the plasma.l!~#! Therefore, in order
to obtain a high confinement and high beta plasma,
it is very important to investigate the mechanism of
the MHD instabilities. Various diagnostics have been
developed to study perturbations caused by the MHD
instabilities in fusion plasmas. The soft x-ray tomog-
raphy diagnostics®®! plays a key role in the study of
MHD instabilities, since the two-dimensional (2D) im-
ages allow the detailed study of the spatial structure
of the instabilities. Another important diagnostic sys-
tem of investigating the MHD instabilities is a grat-

ing polychromator system,!”) which measures electron

temperature perturbations by detecting the electron
cyclotron emission. Recently, the singular value de-
composition (SVD), a new tool of spectrum analysis
for multi-channel diagnostic systems, has been applied
to Mirnov coil signals to identify the mode numbers of
MHD instability[®?! and to SX signals to investigate
the structure of MHD instability.[1°~13 Additionally,
the technique can be used to improve the signal-to-
noise ratio by omitting the terms of small singular

values.

In this paper, we present the SX tomography of
the MHD oscillations to better study the characteris-
tics of the MHD structure by using SX multi-channel
diode arrays. And we use the SVD technique to anal-
yse the structure and the mode numbers of the MHD
oscillations. Furthermore, we also employ the SVD
technique to improve the signal-to-noise ratio with a
special filtering of rapid time evolution. After a brief

description of the SX system of the HT-7 tokamak in
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Section 2, the experimental results are presented in
Section 3. The discussion is given in Section 4, and

conclusion in Section 5.

2.Experimental apparatus

HT-7 tokamak has major and minor radii of
Ro=122cm and a=27cm, respectively.'¥] The SX di-
agnostic system, shown in Fig.l, consists of two
imaging cameras with slot-apertures, which hori-
zontally and vertically view a given toroidal cross-
section of the plasma from different poloidal chords,
each camera containing 37 Au-Si surface-barrier diode

15-17 A1l detectors are mounted on the arc-

detectors.!
shaped stainless-steel pedestals with R=55cm in hor-
izontal array and R=60cm in vertical array. Their
spatial resolution, the radial distance between neigh-
bouring viewing chords of the detectors, is 1.5cm.
They view the plasma from —27cm to 27cm along the
given chords through thin slot-apertures with an area
of 5x20mm? in the vertical array and 4x25mm? in
the horizontal array. The time resolution ranges from
about 4us to 12.8us. The spatial profile of the SX
emissivity is reconstructed by computer tomography
based on the Fourier-Bessel expansion technique,!®!
which is suited to describing the circular plasma cross

section in HT-7 tokamak.
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Fig.1. The SX imaging system on the HT-7 tokamak.

3. Experimental results

We have observed the MHD oscillations on the
intensity signals of the SX in the lower hybrid wave
(LHW) and ion Bernstein wave (IBW) synergetic
discharges with the following plasma parameters:
plasma current I, ~122kA, central chord-averaged
electron density N.(0)~1.97x10'3cm ™3, a toroidal
magnetic field B;(0)~1.82T at the plasma centre,
Pruw ~250kW and Pipw =155kW. The discharge
waveforms of Shot 54936 are shown in Fig.2.
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Fig.2. The discharge waveforms of Shot 54936.
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When the LHW and IBW are applied, the in-
tensity of SX rises and the sawtooth period increases
gradually. Eventually, the sawtooth oscillations tran-
sits to the MHD oscillations at about 900ms. The
profile of electron density derived from the Abel in-
version is shown in Fig.3. It is very clear that ne(r)
grows higher and its spatial profile becomes more and
more peaked during LHW and IBW synergetic heat-
ing. Variations of the electron density roughly reflect
the changes of the pressure. Hence, it seems that the
pressure-gradient in the central area grows steep, and
the characteristics of the central MHD activities are
strongly affected. The MHD oscillations on the SX
signals near the centre for Shot 54936 are shown in
Fig.4.
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Fig.3. The electron density profiles for Shot 54936.
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Fig.4. The SX signals near the centre of the (1,1)
MHD-mode oscillations for Shot 54936.

The contour plots of SX signals shown in Fig.5
reflect the even stronger MHD activity. The tempo-

ral evolution and spatial localization of the m=1, n=1
((1,1)) mode are clearly visualized, where m and n are
the poloidal and toroidal mode numbers. The letters
P and N denote the positive and negative perturba-
tions respectively in the figure. Phase inversion at
r/a ~ 0.3, which is one of the distinctive features of

the (1,1) mode, is also revealed.
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Fig.5. Contour plot SX signals reflecting the (1,1)
MHD-mode activity.

Using the SVD analysis, we have obtained the
temporal and the spatial structures of this mode. Fig-
ure 6 shows the results of the SVD analysis. The first
temporal eigenvector gives the evolution of the equi-
librium emission, and its spatial eigenvector reflects
the spatial distribution of SX emission. It is clear
that the (1,1) MHD perturbation is described by the
second eigenvector. The temporal eigenvector reflects
the repetition time about 0.18ms, as shown in Fig.6
(a), while the spatial eigenvectors point to the charac-
teristic radius r; ~3.73cm, as shown in Fig.6(b). The
spectrum in singular values from 1 to 37 is shown in
Fig.6(c).
filtering is Ay &~ 0.9913, which reveals approximately

The first two eigenvalues, whose quality of

two significant components containing almost all of
the signal energies. Therefore, in order to improve
the signal-to-noise ratio by omitting the terms of small
singular values, we choose the first two terms as the
spatial-temporal signals in this paper. The contribu-
tion of the other terms to the total signal is small, or

noisy.
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Fig.6. The results of the SVD analysis. (a) is for the first two temporal eigenvectors of the discharge
#54936. The first temporal eigenvector U; gives the evolution of the equilibrium emission. The second

temporal eigenvector Us indicates the evolution of the (1,1) MHD oscillation. (b) is for the first two spatial
eigenvectors of the discharge #54936. The first spatial eigenvector V; reflects the spatial distribution of SX

emission. The second eigenvector V2 shows the spatial structure of the (1,1) MHD-mode activity. (c) is for

spectrum of the singular values from 1 to 37.

Because the amplitude of the (1,1) MHD-mode
does not change significantly (Fig.4), we take only
The
contour maps of the SX emissivity in one period of
the (1,1) MHD-mode oscillations (from 990.304ms to
990.460ms) are shown in Fig.7. From the 2D image
reconstruction of SX emissivity, we can conclude that
the characteristics of the (1,1) MHD-mode structure
as follows: the magnetic surface of (1,1) MHD-mode

one period of these oscillations into account.

structure is made up of the crescent-shaped “hot core”
and the circular “cold bubble”. The “hot core” does
not stay in the central region of the plasma, but moves
outward to the vicinity of the ¢g=1 surface. The cir-
cular “cold bubble” is located at the opposite of the
hot core. The structure of the magnetic surface is rela-
tively stable. It rotates in the direction of the electron
diamagnetic drift at a frequency being the oscillation
frequency of the (1,1) MHD-mode.



No.3

Tomographic analysis of the central magnetohydrodynamic ...

597

-0.5 0.0 0.5
t=990.304ms

-0.5 0.0 0.5

1.0
t=990.356ms

16

14
12

S N O

05 00 05 1.0

t=990.382ms

0.0 0.5
t=990.408ms

-
[}

0.0 0.5
t=990.343ms

t=990.421ms



598 Ma Tian-Peng et al Vol. 15
m—— 16 "
0.8 - ‘ -
e )
0.4t [/
0.0 8
6
-0.4 4
-0.8 e 2
Somee 0 .
-1.0 -0.5 0.0 0.5 1.0 -1.0 -0.5 0.0 0.5 1.0

t=990.447ms

t=990.460ms

Fig.7. The contour plots of the emissivity maps in one period of the (1,1) MHD oscillations.

4. Discussion

From Fig.7 above, the whole magnetic surface is
relatively stable. Which could be understood as fol-
lows: the stable configuration is maintained by the
stable bubble with a second magnetic axis and a high
rotation speed.

As described in Ref.[19], the authors pointed out
that artefacts appeared in SX images based on the
Fourier—Bessel expansion technique when the angular
mode numbers used for computer tomography imaging
were not sufficient. Especially, an off-centred circular
hot core pushed at 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 shape.29-21 Therefore, in all the SX im-
ages in this paper, mode numbers up to m=4 and =7
have been used for the angular and radial expansions,
respectively, which are determined with the help of

the Akaike information criterion.2?

Furthermore, in
this paper, all the data are measured by the horizontal

array; the plasma rigid rotation is assumed.

5. Conclusion

We have obtained tomographic reconstructions of
the SX emissivity on the assumption of plasma rigid
rotation, and applied the pre-processing and post-
processing SVD technique, which is a powerful tool
well suited to the study of spatial-temporal signals, to
the tomography reconstructed image in order to ob-
tain clearer profile. One of the important phenomena
in the HT-7 discharge is the transition from the saw-
tooth oscillations to the MHD oscillations when the
plasma density goes higher. The MHD structure ob-
served in the SX tomography is featured as follows:
the magnetic surface of MHD structure is made up of
the crescent-shaped “hot core” and the circular “cold
bubble”. The structure of the magnetic surface is rela-
tively stable. It rotates in the direction of the electron
diamagnetic drift at a frequency being the oscillation

frequency of SX signals.
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