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Abstract

Spatiotemporal signal analysis is essential in investigating o‘@» {uations of tokamak

ecoposifion (BD) can reveal the

tive modes with and without applying a
L=2 and L=3 are applied independently, the
an when the resonant helical field is absent. In
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1. IntrodycCti
Nuclear fu is a gignificant energy source that is actively pursued by scientists. For stable
operaigy, the required for fusion in the tokamak machine must reach temperatures over 50

1]. However, the increase in plasma density and current results in a series of

critical limit, perturbation instability develops in the tokamak plasma. As a result, the
plasma expands, collides with the tokamak's wall, and eventually cools down. The underlying
cause of such perturbations is nonlinear growth in tearing modes [2]. The perturbations cause
plasma radius expansion and reduced plasma confinement time [3].

Magnetohydrodynamic (MHD) fluid modeling is commonly used to characterize the most severe
instabilities, in which changes in the magnetic topological configuration at surfaces with a rational
safety factor cause MHD instabilities in the tokamak plasma. Magnetic field lines break in rational
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surfaces, and their reconstructions produce magnetic islands with resistance instabilities such as
tearing modes.

The ultimate effects of tearing modes comprise both large and small perturbations. Small
perturbations destabilize the plasma and diminish particle confinement, whereas large
perturbations are highly dangerous and terminate plasma discharge [4, 5]. In tokamaks with
circular cross-sections and high aspect ratios, these modes oscillate per equation exp!(™mf-n®),
where m denotes the number of poloidal modes, and n represents the toroidal mode ber [6].

instabilities in a tokamak machine so that the required measures
stable performance of the tokamak plasma [9-13].

Is method is comparable to SVD ('singular
] applled BD to FTU and IR- T1 tokamaks,

employed by [18] and [19] G T tokamak, and the SUPRE TORE Mirnov coil,
respectively. Refs. [20] a gmprehensively analyzed Mirnov coils in the ASDX tokamak

characteristics are described in Section 2. BD and singular value
decom VD) are discussed in Section 3. The results from experimental data of Mirnov
coils in ®e IR-T1 tokamak are provided in Section 4. Section 5 summarizes the paper with a
conclusiofi and provides additional remarks.

2. Experimental setup

A small tokamak, IR-T1, was constructed of stainless steel and lacked a first wall. The device was
installed at the Plasma Physics Research Center of the Science and Research Branch of Islamic
Azad University and operated under a hydrogen atmosphere. The tokamak had a circular cross-
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section and a high aspect ratio, comprised of an inner radius of 12.5 cm, a minor radius of a=12.5
cm, and a major radius of R=45 cm. Furthermore, it was outfitted with a poloidal array of 12
discrete Mirnov coils separated by the same distance from the poloid. The characteristics of IR-T1
are summarized in Table 1.

Table 1. IR-T1 tokamak parameters

Parameters Value
Toroidal field <09T
Plasma current
Discharge time

Electron density 0.7-1.5x 1013
Electron temperature 150 — 23
Pressure before discharge 2.5-2.9%

Additionally, the tokamak possessed a resonant helical field (RHF)
confinement via an external magnetic field generated by two cto
chamber with a specified helicity. The minor radius for heligal wi as estimated to be 21
cm (I =2) and 22 cm (I = 3), whereas the major radius vy

3. Methods

3.1. The biorthogonal decomposition

In the present study, the BD techniq
Topos (orthogonal spatial modes)
space symmetry provides acc
considered a deterministic
perspective, it is importa

Chronos (temporal orthogonal modes) and
ce-time evolution of a complex signal. Time-
structure and deterministic dynamics and is
developed complex signal [17&19]. From this
hat the dynamics produced signals in certain spatial phases.
erent structure with temporal evolution. Assume a scalar

i=1,...,N and j=1,...,M Q)
into a set of orthogonal modes through BD expansion as:

Ay @i (x5 Vi (L) @)

e @) = XL, o (%) o1(xj) = 6 (3)
The decomposition can also be calculated via SVD as follows:
() =vsuT (4)

where V and U denote Nx M (VTV = I)and M x M (UT U=1) matrixes, respectively, and I is a
unitary matrix. In addition, the diagonal M x M matrix S comprises elements S;; = s;6;; with
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s; =0, which are singular values of (Y);; placed in descending order. Furthermore, the singular
values in S are square roots of the eigenvalues of (Y)l-j(Y)l-Tj or (Y)l-Tj(Y)l-j and are always real
numbers. The eigenvectors of (Y)l-j(Y)l-Tj, which are the column vectors of V, are the signal's
temporal evolution known as components (PCs) that are equal to the projection of (Y);; along U.

The column vectors of the U matrix, also known as principal axes, resemble the signal's fixed
image and can estimate the spatial composition of the signal. In addition, the spatial eigenmodes
Y (t;) and @i (x;) are termed Chronos and Topos, respectively. The Ax (weighige 0 is the

diagonal values S matrix in Eq. (2). The signal's spatiotemporal properties are g d via BD
from Eq. (2). This section will define energy and entropy among the t Bmsjeal
parameters (dimension, energy, and entropy). Global space and time functj mployed

to extract temporal and spatial information. Additionally, BD can be_gdgri singular
value decomposition.

An important advantage of biorthogonal is its weight distrigytion arf@lysis, which provides
valuable information about linear combinations and spatiotempor . As demonstrated
below, SVD factorization estimates the energy of signals su quared Ax:

E=3%Y, 29/1:1(1/)12] = Al ()

YK _ipk = 1, and is considered a useful
following section.

Each Mirnov coil has a signal due
2mot), where 6, (phase shift) is e topology (mode number) and position of the
f mode rotation. For M Mirnov coils in a poloidal
cross-section and equally cpasitions,’d,, = 2mm/M (k — 1) holds, where m is the poloidal

mode number.

We consider Mirn
Mirnov channels
sensitive to n ions. A theoretical mode (n,m), where n and m represent toroidal
and poloi mod rs sampled by M coils at (¢,0) (toroidal and poloidal angles),
respectively@and a rogating frequency of sampled N times, yields the following expression:

2TtV

(Yt);; = Acos (me; + nd; — f—) (6)

Notably\due to the spatial symmetry and dimensions of the IR-T1 tokamak, we use n=1 and ignore
the toroid®l effects. If the matrix Yt is factorized and trigonometric sum formulas are applied, Eq.
(6) can be rewritten as follows:

2Tv 2TV . . 2TV
(Yt);; = cos (mej - ?) = CoS (mej)cos (?) + sin(me; ) sin (?) (7)
PAlt,,, and PAZ2t,,, are the first two principal axes obtained by factorization of the (Yt);;
matrix. At this point, m is calculated by drawing the principal axes, counting their zero-crossings,
and dividing by 2. Due to noise, plasma's principal axes and their theoretical counterparts are not



identical. Considering the nature of principal axes and a single SVD principal axis, it is determined
that the signal is generated over orthogonal basis vectors. Consequently, a mode likelihood is
computed as follows:

Ly = (PAlty . PAley |+ |PA2t, . PA2ep ) 12 8)

where . is the scalar multiplication between vectors of experimental and theoretical principal axes,
and the experimental principal axes are projected on their theoretical ones. In addition, the mode
likelihood is estimated as the absolute projection value of the first and second coupleggesulting in
a limited likelihood. According to Eqg. (8), the likelihood value ranges from zero4@
case is orthogonally complete, and the second represents the identity
experimental and theoretical principal.

3.2. MHD instability indicators

coils are assumed to have the same sensitivity to magnetic pertu g improve theoretical
principal axes. Thus, the theoretical principal axes are co ; ing A=1in Eq. (6), and
RMS normalization is performed. The results must be po after signal normalization

The first post-processing is presented in Eq. elihoot of each mode is calculated and
categorized using mode topology. They ca to couples by SV factorization if they
have more than one active mode, whereasgnguhar va hich are valid in the case of equispaced

parameter, it is essential to speci
entropy. The complete space- ignal
global entropy) as follows;

nding entropy, also known as singular values
ture is described by the global signal quantity (the

_ Zkiprlog(i)
log(M) ©)

Iternatively, H becomes 1 if all eigenvalues are equal (when energy is
in all structures). Singular entropy is suitable for having a Boolean instability
ther markers are the relative squared magnitude of the first two pairs of principal

SVZ+SVE

P, = Z’iailsvizz (10)
2 2

p, = SVZ+SV] (11)

- M 2
Xi=3SV;



Both quantities are limited between 0 and 1. If the value of Eq. (10) is closer to 1, the first mode
of the signal is dominant; if the value of Eq. (11) is closer to 1, the second mode of the signal is
dominant; and if either value is closer to 1, plasma performance is reduced.

4. Experimental results

time range of 24-26 ms.

The results show that the first pair of singular values h;
other pairs, indicating that singular values have low entropy®e significant variation between the
first pair of singular values and the remaining ones.suggestsat, the first pair of principal axes

intersection and dividing by 2. This
number of the IR-T1 tokamak due t

tive for determining the poloidal mode
HD activities.

The BD analysis method is recommended due to the simultaneous operation of multiple MHD
modes (degenerate modes) in the magnetohydrodynamics activities of the IR-T1 tokamak plasma.
The MHD instabilities are studied using a helpful index called the entropy of singular values, and
an effective relatiod§hippbefWgen the amplitude of the poloidal magnetic field
fluctuations and the entropy value is described. For instance, entropy rises with increasing
magnetic field fluctuations between 24.4 and 24.6 ms (as shown in Fig. 3(a, b)) and falls to zero
between 25.2 and 25.7 ms (when no magnetic field fluctuations occur). Fig. 3(c) illustrates two
instability ifldicatorSRmaned’P-, i.e., the relative energy value for the first two PA pairs between 24
and 26 ms. )

The energy value of the first PA pair P1 is greater than that of the second PA pair P> when
instabilities occur in a range of times, such as between 24.4 and 24.6 ms. Multiple positive and
negative peaks are depicted on the graphs for P1 and P2 to represent the two active modes operating
concurrently. In addition, the dominant modes can be identified using Ln,, ,,,. Fig. 3(e, d) depicts
the probability of the presence of two active modes (n=1, m=2) and (n=1, m=3) that are active
with energy close to one another. Fig. 3(f) shows the normalized probability-weighted quantity P1
obtained by multiplying Ln,, ,, by P1, as well as the simultaneous activity for two (n=1, m=2) and
(n=1, m=3) modes.

The probability-weighted value P1 can be introduced as a weighted factor to search the mode
presence probability, which can classify the modes according to their activity rate. The mode



n=1/m=2 is the primary mode, and the mode n=1/m=3 is the secondary mode, as shown in Fig.
3(f). Moreover, Figs. 4 and 5 illustrate the magnetic field fluctuations dB/dt, entropy indicators H,
P1, P2, Ln, ,»3n1, Ln, ,2n1, and Ln, o, (t)*P1(t) for the 9611011-11-1 and 9611011-8 shots,
respectively. For 9611011-11-1 and 9611011-8, the resonance helical magnetic fields (RHF) are
(I=2, n=1) and (=3, n=1), respectively. In addition, the results reveal the magnetic field
fluctuations, the entropy of singular values, and relative energy values for the initial two PA pairs.
In addition, using RHF, the probability of the present modes is modified in accordance with the
normal case.

Figs. 4 and 5 depict the data graphs for shots N0. 9611011-11-1 and 9610
Comparing Fig. 4(a, b) and Fig. 5(a, b) with Fig. 3(a, b) in the time inte
reveals that magnetic fluctuations and the entropy of singular values increas
of RHF magnetic fields.

The comparison of Figs. 4(f) and 5(f) to Fig. 3(f) in the time interval from 25 to 25. 2 demonstrates
that the weighted probability of the P1 index increases with the application of RHF, as does the
simultaneous presence of two active modes m=2 n=1 and m=3 n=1. However, the likelihood of
the presence of mode m=2 n =1 is greater than the probability of the presence of mode m=3 n =1,
indicating that mode m=2 n =1 is the dominant mode. The results indicate that applying a resonant
helical field improves the presence of active modes. This is evident when comparing Fig. 3(d, e),

Fig. 4(d, ), and 5(d, e). n Yy

Shot No. 9611011-11-2 (Fig 6 )continues Shot No. 9611011-11-1. In this shot, the combination of
1=2&3 fields was applied between a time interval of 30 and 35 ms. The constant P2 index (Fig.
6(c)) indicates the absence of MHD modes, and the presence probability of the modes is almost
zero in Fig. 6 (d, e) for the time interval 30 ms to 34 ms. In Fig. 6(c), the increase in P1 (Eq. (10))
indicates the onset of plasma instability. The Pz indicator remains relatively high between 34 and
34.5 ms, resulting in a more robust mode indicator. Notably, several negative and positive peaks
in P1 and P2 confirm the continuous development and disappearance of the two modes. However,
Fig. 6(d, e, f) indicate that the probability of mode presence is low when combined RHF (I=2&3,
n=1) is applied. ¢

5. Conclu€ion

The present§tudy usgd the BD technique to examine data collected from an array of 12 Mirnov
i tokamak plasma. MHD instabilities were then investigated, and the
ode number was assigned. The magnetic fluctuations corresponding to the

The results revealed a strong correlation between the entropy of singular values (H), the relative
square value for the first two PA pairs (P1 and P,), and plasma instabilities. In addition, the
presence of two active (m=2, n=1) and (m=3, n=1) modes was determined, with the (m=2, n=1)
mode being superior, by calculating the probability of the modes' presence in the tokamak. The
activities of MHD modes were then evaluated with and without RHF. As a result, it was observed
that the magnetic field fluctuations in the first case were lower than in the second, whereas the
entropy of singular values increased. Using RHF (I=2, n=1) and RHF (I=3, n=1), the likelihoods
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(Lny ) of the (n=1, m=2) and (n=1, m=3) modes increased, while utilizing RHF (I=2&3, n=1)
decreased the likelihoods of both modes.
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