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In this paper, the singular value decomposition (SVD) method as a filter is applied before the tomographic inversion

of soft-X-ray emission. Series of ‘filtered’ signals including specific chronos and topos are obtained. (Here, chronos and

topos are the decomposed spatial vectors and the decomposed temporal vectors, respectively). Given specific magnetic

flux function with coupling m = 1 and m = 2 modes, the line-integrated soft-X-ray signals at all chords have been

obtained . Then m = 1 and m = 2 modes have been identified by tomography of simulated ‘filtered’ signals extracted by

the SVD method. Finaly, using the experimental line-integrated soft-X-ray signals, m = 2 competent mode of complex

magnetohydrodynamics( MHD) activities during internal soft disruption is observed. This result demonstrates that

m = 2 mode plays an important role in internal disruption (Here, m is the poloidal mode number).
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1. Introduction

Major disruption is a serious problem for toka-
mak operation.[' =6/ The major disruption can be due
to several reasons, for example, the low-q discharge,
the MHD instability and mode locking, the vertical
displacement events (VDEs), and the high density op-
erations. When the major disruption occurs, it can
not only generate great heat loads on the first wall
and divertor plates, but also leads to the large elec-
tromagnetic force because of the halo current. In
HT-7 discharges, complex magnetohydrodynamics is
always followed by major disruption or internal soft
disruption.[7—11

MHD instabilities, known as a variety of per-
turbation modes, play an important role in tokamak
plasmas.['2] One class of the most dangerous modes is
tearing-like, consisting of classic and neoclassic, which
manifest themselves as island structures at low or-

(13]

der rational surfaces. The magnetic reconnection,
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which bridges two adjacent rational surfaces, proba-
bly leads to stochastic magnetic field transports, re-
sulting in severe confinement deterioration.'4 That
could cause disruptions in some circumstances.'%:16!
Thus, understanding MHD instabilities is essential to
control them.

For island structures at low order rational sur-
faces, especially in the case of different modes cou-
pling, it is difficult to identify MHD mode numbers
using Mirnov signals.l'”] With the multiple soft-X-ray
(SXR) arrays imaging system,['8=2% one can easily
identify the MHD single mode number, but it is also
difficult to identify MHD mode numbers in the mode
coupling case by tomography of soft-X-ray emission.

SVD is a well-known mathematical tool,[21:22:25]
which has been successfully used in plasma physics
to investigate the spatial-temporal behavior of fluc-
tuating quantities such as the magnetic field or SXR
line-integrated data. It was used to deal with the mag-

neto hydrodynamic data of SXR first in JET, 3! then
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in HL-1M[24 and HT-7.178:10:21] T this paper m = 1
and m = 2 coupling mode has been identified by to-
mography of “filtered” signals extracted by the SVD
method.

The rest of this paper is organized as follows. In
Section 2, application of singular value decomposition
in SXR signals. In Section 3, identified m = 1 and
m = 2 mode numbers using the simulated data. In
Section 4, observation of m = 2 competent mode of
complex MHD activities during internal soft disrup-
tion. Finally, the summary is given in Section 5.

2. Application of singular value

decomposition in SXR signals

In the recent HT-7 experimental campaign, there
are three SXR cameras on the machine. Each cam-
era array consists of a slit and 46 channels of SXR
detector, which is sensitive to photon energies from
1 to 13 keV. The thickness of the beryllium filter is
about 12.5 um. For each camera, the distance from
the geometric center of the plasma to the center of the
beryllium filter is 400 mm. The maximum sampling
rate of this diagnostic system is 250 kHz, correspond-
ing to the temporal resolution 4 us. Moreover, their
spatial resolution is changed from 0.6 to 1.5 cm.

One can construct the matrix from N channels
SXR signals such as

a11 ai2 s aiN
a21 a2 ce asN
Xnmxn = : L : (D
ap—11 apm—12 *°° GM—1IN
ap1 anr2 aMN

The column vectors of the matrix represent the
sampling data of different channels during one shot
while the row vectors correspond to different sampling
time-slices.?!] Equation (1) means m-fold sampling in
one discharge. Then the matrix Xp;«n can be de-

composed by SVD as follows:
XyuxN =Upmxn X Snxn X VNxn- (2)

Both U and V are unitary, the columns of U represent
spatial “eigenvectors” or topos whereas the columns
of V' can be considered as temporal “eigenvectors”
or chronos.?%27 Due to the descending order of the
singular values, X is decomposed into different com-
ponents of descending relative importance. The first

topos/chronos pairs contain most of the information of
X, which is called the balanceable signal of the total
SXR signal. The sum of the rest of the topos/chronos
pairs is the perturbed signal of the total SXR sig-
nal. The components with the smallest singular values
merely contain noise, i.e. it is possible to use SVD for
filtering. If we are only interested in the n-th compo-
nent we obtain a “filtered” matrix X;!!7 by

Xi =u; X Sl X U;r, (3)

where u; and v; stand for the n-th topos and chronos,
i.e. the n-th columns of U and V, respectively, and
S; is the corresponding singular value.

In order to identify the MHD mode structures,
we only use the perturbed signals. We will discuss
more about this in Section 3. In this paper, “filtered”

matrix X; is only under the condition that i > 2.

3. Identified " = 1 and m = 2

mode numbers using simulated
data

The contour plot of the reconstructed local emis-
sion profile, by using SXR tomography, mainly reflects
the pressure profile, hence the magnetic flux surface.
This is the reason why using SXR tomography can
obtain the magnetic flux surface. Spatial distribution
of the so-called emissivity g(r,0) can be obtained by
SXR tomography, and then the magnetic flux surface
is also obtained by the contour plot of g(r,8). This
is also why magnetic flux function ¢ (r, ) can be ob-
tained by SXR tomography.

As mentioned in Section 2, balanced signals and
perturbation signals can be separated by the SVD
method. In order to get the mode structure of cou-
pling MHD modes, we extracted perturbation signals
from the SXR raw signals by the SVD method. Then
perturbation of the local emission intensities can be
obtained by using the perturbation signals for tomog-
raphy. Finally, mode structures will be clearly shown
by the contour plot of the reconstructed perturbation
of the local emission intensities. In all, the pertur-
bation magnetic surfaces can be obtained by using
tomography of the high-resolution SXR emission to-
gether with the SVD technique.

In order to corroborate the different “filtered”
signals indicated different spatial structures of MHD

modes, one can use a specific magnetic flux function
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¥(r,0), to futher obtain line-integrated SXR signals % 2 cos(mé +wt)}
of all channels. Then using the method mentioned in 1+ exp [10 (1 — i)}
: : “ 9 : .
Se.zctlon 2,.0ne can get a se-rles filtered matrl).( ).(Z. W2 pl-m P (1 — )
Finally using a “filtered” signal for tomographic in- 2“2 1=
version, one can separate a different single mode from 02 ® °
a coupling mode. More details of the method will be X ) (1~
shown with a specific sample below. +exp [ 0 ( - 7)}
' The fo.rm of the specific magnetic flux function x cos((m +1)8 + 2wt)}, (4)
with coupling of m = 1 and m = 2 MHD modes are
given as!?®!
r2 4 2 r2 11 1 g2 where W is the width of the island, r is the radius of
_To 0
P(r,0) = 9 : < 2+ r2> 2 the rational suface, rg is an effective current channel
W2 r2—m rm (1 —7) radius, w is the frequency of the MHD mode. In this
S
{2 X rZ 472 X 1—ry paper, m =1, W = 0.3, ry = 0.3, and rg = 0.9.
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Fig. 1. (colour online) The results of SVD analysis of the simulation data. (al)—(a4) topo2 and topo3 correspond to the spatial
structure of the m = 2 mode. Topo4 and topo5 correspond to the spatial structure of the m = 1 mode. (b1)—(b4) chrono2 and

chrono3 correspond to the m = 2 mode. Chrono4 and chrono5 give the evolution of the m = 1 mode.
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Using Eq. (4) and the SXR imaging system of
the HT-7 tokamak, one can calculate X, n. Then
according to Eq. (2), the matrix X/« n can be de-
composed by SVD. The results of SVD analysis are
presented in Fig. 1. Focusing on topo2 to topob, it is
obvious that topo2 and topo3 (Figs. 1(al) and 1(a3))
correspond to the spatial structure of the m = 2 mode
and topo4 and topob (Figs. 1(a2) and 1(ad)) corre-
spond to the spatial structure of the m = 1 mode.
According to Eq. (3), one can calculate the “filtered”
signal of matrix X; (i = 2, 3, 4, 5). Since both topo2
and topo3 correspond to the spatial structure of the
m = 2 mode and both topo4 and topo5 correspond to
the spatial structure of the m = 1 mode, one can ob-
tain the following relationship by combining Xs with
X3, and X, with X5,

Xo3 = Xy + X3, (5)

X4’5 =X4+ X5. (6)

Finally, use X5 3 and X} 5 for tomographic inver-
X3
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Fig. 2. (colour online) The tomographic results of per-
turbation of the simulated SXR signals at time point
t = 2 ms.(a) X3 corresponds to the spatial structure
of the m = 2 mode, (b) X4 ;5 corresponds to the spatial
structure of the m = 1 mode. Here, a = 27 cm is the
minor radius of the HT-7 tokamak.

sion, respectively. The results of tomography at time
point ¢t = 2 ms are given in Fig. 2. The results clearly
show that X 3 (Fig. 2(a)) corresponds to the spatial
structure of the m = 2 mode and X, 5 (Fig. 2(b)) cor-
responds to the spatial structure of the m = 1 mode.

4. Observation of m = 2 com-

petent mode of complex MHD
activities during internal soft

disruption

Complex MHD activities are observed under a
wide range of operating conditions in HT-7 tokamaks.
Plasma discharges #111635 on the HT-7 with the fol-
lowing plasma parameters are analyzed: plasma cur-
rent I, ~ 150 kA, toroidal magnetic field B;(0) ~
1.85 T at the plasma center, the central chord-
averaged electron density No(0) ~ 2.5 x 10 cm 3.
Figure 3 shows the typical complex MHD activities
during internal soft disruption in shot #111635. The
SXR signals are treated using the same method as
The results of SVD anal-
ysis are displayed in Fig. 4. Focusing on topo2 to

described in Section 3.

topob, it is clear that topo2 (Fig. 4(al)) corresponds
to the spatial structure of the m = 1 mode and topo8
(Fig. 4(a2)) corresponds to the spatial structure of the
m = 2 mode. Topo3 (Fig. 4(a3)) almost corresponds
to the spatial structure of the m = 1 mode, Topob
(Fig. 4(ad)) by and large corresponds to the spatial

structure of the m = 2 mode.
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Fig. 3. (colour online) Typical complex MHD activities
during internal soft disruption of the line-integrated SXR
signals at three chords in shot #111635.
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Fig. 4. (colour online) The results of SVD analysis of the MHD mode. (al)—(a4) topo2 corresponds to the
spatial structure of the m = 1 mode, topo8 corresponds to the spatial structure of the m = 2 mode. (b1)—(b4)
Chrono2 corresponds to the m = 1 mode, chrono8 gives the evolution of the m = 2 mode.
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Fig. 5. (colour online) The tomographic results of MHD mode of shot #111635 at time point ¢t = 537.5 ms. (a) X2 3
corresponds to the spatial structure of the m = 1/n = 1 mode, (b) X5 8 corresponds to the spatial structure of the
m = 2/n =1 mode.
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Tomographic inversion are performed for Xj 3
(X2 + X3) and X555 (X5 + Xg), respectively. The
results of tomography at time point ¢ = 537.5 ms
are shown in Fig. 5. The results clearly show X5 3
(Fig. 5(a)) corresponds to the spatial structure of the
m = 1 mode and X5 g (Fig. 5(b)) corresponds to the
spatial structure of the m = 2 mode.

5. Summary

SVD as an effective instrument of filter is ap-
plied to analyze the data of SXR. The temporalvectors
chronos of SVD can indicate the period of sawtooth,
and the vectors topos can give spacial properties of
sawtooth, e.g., the mode structure of precursor of saw-
tooth.

Together with SVD and tomography of the high-
resolution SXR emission, MHD coupling mode struc-
ture can be separated. On HT-7 discharges, m = 2
competent mode of complex MHD activities during
internal soft disruption has been identified. It shows
that m = 2 mode must have played an important role
in the progress of plasma disruption. However, sup-
pressing m = 2 mode is beyond the scope of this paper.
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