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The influence of the toroidal geometry, and the plasma column displacement, over the usual toka-
mak poloidal magnetic field configuration was investigated for circular plasmas through a series of
simulations. The results obtained clearly showed the existence of a change in phase modulation of
the Mirnov signals, which are not usually considered when the magnetic signals are Fourier ana-
lyzed in the frame of cylindrical approximation, that is, by neglecting any possible toroidal effect.
Furthermore, if the occasional displacements of the plasma column in tokamaks are considered,
some differences on the mode composition are also observed. These discrepancies, however, do not
seem to affect the analysis of the magnetic signals as strongly as in the former case, when toroidal

effects are neglected.

I Introduction

For decades the experimental magnetic signals mea-
sured by Mirnov coils have been intensively investigated
with the objective of observing the phase modulation
and changes in amplitude of the perturbed poloidal
magnetic field, during normal tokamak discharges [1-
6]. Almost as a common practice, the pick-up coils are
chosen to be installed internally to the tokamak vacuum
chamber, equally distributed along the poloidal direc-
tion, in a given toroidal cross-section. Thus, when the
experimental magnetic signals are Fourier analyzed the
influence of the toroidal geometry on these signals are
simply ignored. This practice, most of the time, leads to
conclusions that are not very accurate, as for example,
when one tries to identify the contribution of different
precursor MHD modes to the triggering mechanism of
plasma instabilities [7-10].

One possible alternative to overcome this problem,
which has been proposed elsewhere and that might be
used in already existing pick-up coils systems, is to
collect the experimental signals from the Mirnov coils,
equally spaced along the poloidal direction, and to in-
troduce, thereafter, the necessary toroidal effect correc-
tions [11].

A better approach, however, which appears much
more appropriate to us, because it considerably fa-
cilitates the analysis of the Mirnov oscillations, is to
rebuild the entire magnetic pick-up coils system but
now with different angular spacing between neighbor-

ing magnetic coils, in such a way the influence of the
toroidal geometry on the measured magnetic signals
would already be naturally included.

In this article we describe a series of simulations
which was carried out in order to demonstrate that, if
the Mirnov coils are distributed along a circular cross
section of a tokamak, in a convenient way, the measured
experimental magnetic signals would already incorpo-
rate the toroidal geometry effects, making the correct
Fourier analysis of these signals a straightforward task.

In general, the plasma current within a rational sur-
face 1y, which is usually associated to the develop-
ment of resistive MHD modes, can be expressed in the
form [11,12]:

j = Jmn cos(f) 6(r — rmm) (1)

where ¢ is defined by [11,13]:

E=mb* +no+ d —wt (2)

and the “Merezhkin“ phase correction, due to the
toroidal effect, is given by [11,13]:

6" =6 — Asinf (3)
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In equation (4), 8, is the ratio between the kinetic
and the magnetic poloidal pressures, 1; is the plasma
internal inductance and R, 5, is the major radius asso-
ciated to the resonant magnetic surface at ¢ = m/n.

In relation to the above equations, if the cylindri-
cal geometry is assumed then the parameter A = 0,
and the geometrical phase asymmetry of the magnetic
oscillations disappears. However, by gradually intro-
ducing corrections related to the toroidal geometry of
the system, the center of the resistive modes (that is,
the center of the resonant magnetic surfaces) will not
coincide anymore with the geometric center of the vac-
uum camera due to the Shafranov shift. Therefore, the
magnetic flux surfaces as a whole are moved towards
to the outside (region of lower toroidal field) and the
disturbance currents within the rational magnetic sur-
faces generate more intense magnetic field within this
region. For this reason, the pick up coils that monitor
the inner area (region of higher By) must have a higher
sensitivity than the outer ones, located in the region of
lower Bo.

In this work, the effect of the toroidal geometry on
the Mirnov oscillations was studied by considering a
simplified model, in which the “Merezhkin“ correction
(0 — 6*) is written in terms of the toroidicity param-
eter )\ expressed only as a function of the inverse of
the tokamak aspect ratio (calculated at the position of
interest), that is:

r

Ar)=¢(r) = R_O

()
Finally, another effect (of second order) was also in-
vestigated, which is related to the change in amplitude
and phase modulation of the magnetic signals due to
plasma column displacements that are commonly ob-
served during a normal tokamak plasma discharge.

IT Simulations

The quantitative evaluation of how the toroidal geom-
etry influences the Fourier analysis of the Mirnov os-
cillations was carried out by considering the tokamak
toroidicity parameter (¢ = r/Rg) varying from zero to
0.4. While for ¢ = 0 the toroidal effect is totally ne-
glected, for values larger than that the toroidal effect
can be gradually introduced. The method employed
in this evaluation consisted, initially, in simulating a
magnetic field signal formed only by the m = 8 com-
ponent. The reason for this choice is that we intended
to apply the results of these simulations, afterwards, to
the newly constructed Mirnov coils system for the small
TBR tokamak (Ry = 30 cm, a = 10 cm, B, = 0.4 T,
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I, = 12 kA and 7p 10 ms) running circular plasmas,
which is composed of 16 magnetic pick-up coils and
distributed along the poloidal direction accordingly to
equation 3. Therefore, the position related to each coil
would automatically correspond to a null point of the
simulated profile.

The spatial configuration of the poloidal perturbed
magnetic field, as a function of the equilibrium coordi-
nates (6*, ¢), was calculated at one instant of time (for
a given value of the parameter ) accordingly to [14]:

B = By cos(80" + ng) (6)

where 0* was already defined in equation 3. There-
fore, the poloidal configuration of a simulated magnetic
field formed exclusively by the m = 8 component us-
ing e = 0.32, for example (as for the TBR tokamak), is
shown in Fig. 1. As it can be readily noticed, when the
toroidal geometry effect is introduced a strong poloidal
phase asymmetry is observed, related to a more rapidly
oscillating poloidal magnetic field within the region of
stronger toroidal magnetic field (6 = 7) of the tokamak.
For comparison, Fig. 2 exhibits the corresponding con-
figuration obtained for the simulated m = 8 magnetic
field, but now assuming the cylindrical approximation
(e =0).

10

Z (cm)

Figure 1. Poloidal configuration of the simulated magnetic
field formed only by the m = 8 component, considering the
toroidal geometry effect.
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Figure 2. Poloidal configuration of the simulated magnetic
field in the cylindrical approximation (neglecting the effects
of the toroidal geometry).

Afterwards, we investigate the results obtained
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when the pure m = 8 simulated poloidal magnetic field
(associated with the configuration shown in Fig. 1) is
Fourier analyzed, by gradually introducing the toroidal
geometry effect.

If it is considered that this magnetic configura-
tion is measured with a set of pick up coils positioned
along the poloidal direction assuming £ = 0 (coils are
equally spaced, accordingly to cylindrical approxima-
tion), the resulting mode composition as obtained from
the Fourier analysis of these signals would yield the di-
agram shown in Fig. 3a. As it can be clearly observed
from this diagram, the m = 8 MHD mode, in spite of
being the only one chosen to form the simulated sig-
nal (equation 6), it would be erroneously considered to
contribute with only 2.7 % to the total mode spectrum.
The dominant components, in this case, would appear
tobethem =6, m =7, m =9 and m = 10 modes, more
or less symmetrically distributed (in terms of mode in-
tensity) around the m = 8.
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Figure 3. Mode composition obtained for: a) e = 0.0, b) ¢ = 0.05, ¢) € = 0.10, d) ¢ = 0.15, e) £ =0.20, f) € = 0.25, g) ¢ =

0.32, h) e = 0.35 and i) € = 0.40.

If the value e = 0.05 is used (very small toroidal
effect is introduced) the decomposition of the modes
thereof obtained corresponds to the diagram shown in
fig. 3b. Note that the contribution of the m = 8 com-

ponent is still very small (about 6.1% of the total mode
spectrum) and the dominant modes would be mainly
them = 7 and m = 9. For £ = 0.10 (Fig. 3c) the con-
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tribution of the m = 8 component would correspond
to 16.3 %. This value, however, still represents a sec-
ondary contribution of the m = 8 to the total mode
spectrum, since the m = 7 and m = 9 components
maintain the predominance over all the other modes,
each one of them contributing with about 25 % to the
total spectrum.

A more significant participation of the m = 8 mode
to the total mode spectrum starts to become evident
for ¢ = 0.15. According to the diagram shown in Fig.
3d, the m = 8 contribution would now correspond to
28 % of the spectrum, followed by smaller contributions
of the m = 7 and m = 9 components. The diagrams
shown in Figs. 3e and 3f, on the other hand, correspond
to the results obtained for € = 0.20 and £ = 0.25, re-
spectively. As it is clearly observed, the predominance
of the m = 8 component is now strongly accentuated,
reaching 41.6 % and 60.8 %, respectively, of the total
mode spectrum.

Finally, when ¢ = 0.32 is used (which corresponds
to the inverse of the aspect ratio of the TBR tokamak,
calculated accordingly to the radial positioning of the
Mirnov coils), a spectrum composed exclusively by the
m = 8 mode is then obtained, as shown in Fig 3g. For
larger values of ¢, it is verified that the contribution of
the m = 8 component starts decreasing again, as for
e = 0.35 and € = 0.4, reaching 74.3 % and 53.6 % of
the total spectrum, respectively (Figs 3h and 3i).

Now, with the objective of investigating further
how significantly the toroidal geometry may affect the
Fourier analysis of the Mirnov magnetic signals, an-
other set of simulations was carried out using more re-
alistic poloidal magnetic field configurations. Firstly,
the simulated signal was chosen to be composed by a
sum of different modes, but mainly of m =3 and m =4
components, accordingly to the diagram shown in Fig.
4. Both line-point curves in Fig. 4a represent the vac-
uum vessel and the tokamak material limiter, respec-
tively, while the broken-line curve represents the radial
positioning of the magnetic coils (which are identified
by small circles along the poloidal direction), as indi-
cated by the calculations using e = 0.32. In Fig. 4b the
corresponding mode-composition, in percentage, can be
observed. However, this particular simulated magnetic
configuration, as it would be measured by Mirnov sys-
tem, if the magnetic coils were equally distributed along
the poloidal direction (¢ = 0 - cylindrical model), is
shown in Fig. 5a. Note that the mode decomposition
now incorrectly indicates the m = 3 as the dominant
MHD mode, followed by the m = 4 and, less intensively,
by the m = 5, m = 6 and m = 7 components (Fig. 5b).

Finally, another magnetic field configuration which
corresponds to a signal formed by a pure m = 3 mode,
was also investigated in the frame of our simulations.
The spatial structure of the corresponding magnetic sig-
nals as measured by the pick up coils, if they were dis-
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tributed considering the TBR tokamak toroidal geome-
try, is shown in fig 6a. The Fourier analysis of magnetic
signals is shown in Fig. 6b which indicates, as expected,
the only presence of the original m = 3 component.
On the other hand, if the Mirnov coils were considered
to be equally distributed along the poloidal direction
(neglecting, consequently, any possible toroidal effect)
the Fourier decomposition would reveal an unreal mode
composition, as shown in Figs 7a and 7b. From these
figures it can be noted that although the m = 3 com-
ponent would be identified as the dominant mode, it
would be erroneously considered to be mixed with oth-
ers components which arises only as result of the im-
proper positioning of the Mirnov coils.

Summarizing, the results obtained from these se-
ries of simulations demonstrate to be consistent and
clearly indicate that the introduction of the toroidal ef-
fect is quite fundamental to avoid misleading interpre-
tations of the mode composition that one usually ob-
tains when typical Mirnov experimental magnetic sig-
nals are Fourier analyzed.

IIT Effect Caused by the Geo-
metrical Displacement of the
Plasma Column

The fluctuating poloidal magnetic field amplitude de-
tected by the Mirnov coils is usually analyzed supposing
the plasma current in tokamaks remaining properly po-
sitioned during the entire plasma discharge. However,
experimental observations have already shown that this
assumption is not always true. Thus, simulations were
also carried out in this work with the objective of eval-
uating how the Fourier analysis of the measured MHD
oscillations is affected when displacements of a circular
plasma column occur.

Considering the magnetic pick-up coils being fixed
in a radial position r (within the shade of the tokamak
material limiter) then it is possible to obtain a correc-
tion factor for the amplitude of the measured magnetic
fields which is, in a first approximation, proportional
to the horizontal/vertical plasma column displacement.
This correction factor is assumed, for simplification, to
be given by the ratio:

f== (7)

where r is the distance between the center of the original
plasma column and the Mirnov coils, and r; represents
the same distance in relation to the plasma column that
has been displaced, as shown in Fig. 8. Hence, if the
displacement of the plasma column occurs in a given
direction, towards to a particular magnetic coil, the
amplitude of the detected field becomes proportionally
increased according to the factor f given in equation 7.
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Figure 4. a) Poloidal configuration of the simulated magnetic field with dominant presences of the m = 4 and m = 3
components. The o-symbols indicate the poloidal positions of the coils with the introduction of the toroidal geometry effect

and the x-symbol indicate the signal amplitude measured by each coil. b) Mode composition, in percentage, of the simulated
signal.
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Figure 5. a) The same simulated signal of fig. 4 but with the magnetic coils positioned accordingly to the cylindrical model.
Note that the coils are now equally spaced. b) Mode composition obtained for the simulated signal which shows significant
difference in relation to the original signal.
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Figure 6. a) Poloidal configuration of a pure m = 3 simulated signal. b) Corresponding mode composition obtained when
the toroidal geometry effect is considered.
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Figure 7. a) The same simulated signal of Fig. 6. b) The corresponding mode decomposition in the cylindrical approximation.

Figure 8. System of coordinates (r, 8) and (r1, 61) used to
describe the plasma column is centered, and shifted from
the original position, respectively.

A convenient expression for r; can be easily obtained
from the basic equations that relate the Cartesian to the
polar system of coordinates:

= 71 cos(f)
= 7 sin(h) (8)

Therefore, in terms of the new coordinates (r1, 61),
we have:

r1 cos(f1) + hg (9)

= 1y sin(6y) + vg

where hy and v, are the horizontal and vertical compo-
nents of the plasma column displacement, respectively.
The two sets of coordinates (r, ) and (ry, 1) are
shown in Fig. 8. The relation between them can be
obtained by resolving the system of equations:

r sin(f) — vy
sin(6;)

r =
where:

§, = arctan (M) (11)

r cos(f) — hq

Therefore, after obtaining #; from equation 11 and
substituting the result in equation 10, the correction
factor f can be properly evaluated for each displace-
ment considered.

To investigate how possible plasma column displace-
ments could affect the Fourier analysis of the MHD ac-
tivity, a mixture of modes corresponding to the spec-
trum shown in Fig. 9 was chosen. Note that the m =
3 is the dominant component, in accordance to what
is usually observed in TBR discharges [2,4]. The cor-
responding representation of this mode composition in
polar coordinates is shown in Figs. 10a and 10b, where
the full-line represents the magnetic field that would
be measured with the plasma column centered, while
the line-point curve corresponds to the field configu-
ration that would be detected if the plasma column
exhibits horizontal displacements. The group of small
circumferences along the broken-line corresponds to the
positions of 24 pick up coils related to a hypothetical
Mirnov coil system.
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Figure 9. Mode composition of the simulated magnetic
signal.
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Figure 10. a) Polar representation of the poloidal magnetic field as detected by a set of 24 Mirnov coils after the plasma
column has moved 1,5 cm towards the outside and b) after moving 1,5 cm towards the inside.

Since vertical displacements of the plasma column in
TBR, alike other tokamaks, are commonly very small,
only changes in the mode spectrum due to horizontal
column displacements were analyzed. For the simula-
tion that was carried out, the range of displacements
chosen for the plasma column was 1.5 cm towards the
outside, that is, towards the region of lower toroidal
magnetic field (Fig. 10a) and 1.5 cm towards the in-
side (Fig. 10b). Thus, the magnetic field configuration
for 30 different displacements (in 1 mm steps) was cal-
culated: 15 displacements towards the inside (hy < 0)
and 15 towards the outside (hg > 0). Afterwards, these
simulated signals were Fourier analyzed and the corre-
sponding mode spectrum, for each case, was calculated.
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Figure 11. Relative variation of the mode composition as a
function of horizontal displacements of the plasma column
towards the inside (high B,) and outside (low By) regions
of the vacuum vessel.

The results obtained showed that some differences
on the mode composition are clearly observed when
comparing these results to the ones that would be ob-
tained if the plasma column would be kept centered.
The relative variations obtained for the amplitude of
each mode is shown in Fig 11. Note from this figure

that there is an almost linear dependence of the mode
intensity with the plasma displacements and, what is
more interesting, this variation strongly depends on the
mode number.

IV  Uncertainties on the MHD
Mode Intensity due to a
limited number of magnetic
pick-up coils

A series of simulations was finally carried out in this
work, to determine how strongly the Fourier analysis of
the magnetic signals is affected by the limited number
of pick up coils that is usually found in Mirnov systems.
To perform this analysis, the two sets of coils that have
been used in TBR-1 tokamak were considered: one with
10 coils and the other with 16 coils.

The uncertainties in the amplitude of the mode os-
cillations, due to limited number of detecting coils in
the Mirnov systems, was investigated by simulating 30
magnetic signals, each one composed by a different com-
binations of modes with intensities randomly chosen.
These signals were created by using the first 26 terms
of the series of Fourier, represented by the equation:

B(#*) = Z A, cos(m@™) + by, sin(mb*) (12)

where a,, and b, are the Fourier coefficients corre-
sponding to the poloidal components, and * it is the
parameter that was defined previously in equation 3.
Therefore, 14 different modes ranging from m = 0 to m
= 13 should be discriminated by the coil systems.

The mode amplitudes obtained from the Fourier
analysis of the simulated signals were compared to the
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original ones and the average of the relative errors, in
percentage, are shown in Table 1, for both coil systems.
Note from this table that the uncertainties are some-
what larger for modes with larger m and, as expected,
the system composed of 16 coils yields more accurate re-
sults than the system with only 10 coils. This accuracy
is especially important for investigating the occurrence
of MHD instabilities in tokamak plasmas since the lower
mode numbers perturbations are the ones usually held
responsible for triggering these instabilities.

Table 1
Mode System 1 System 2
Number | 10 coils (%) | 16 coils (%)
m = 16.1 0.0
m = 12.1 0.0
m =2 9.0 0.0
m = 10.0 0.6
m=4 27.3 4.5
m = 43.3 9.0
m = e 12.5
m = — 224
m = — 35.9

V Conclusions

The series of simulations carried out in this work have
shown that toroidal geometry effects cannot be ne-
glected when the experimental poloidal magnetic field
fluctuations in tokamaks are Fourier analyzed. Basi-
cally, it was observed the existence of a strong phase
modulation on the perturbed magnetic signals, which
amplitude is directly proportional to the inverse of the
tokamak aspect ratio (¢). Since the intensity of the
fluctuating magnetic field was observed to vary more
rapidly within the higher toroidal magnetic field side of
the tokamak, then it can be concluded that a larger
number of magnetic pick-up coils must be installed
around this region, in order to improve the detection
spatial resolution.

Comparing the results obtained by Fourier analyz-
ing the simulated magnetic signals, with and without
considering the effects caused by the toroidal geometry,
it was observed that the significant differences found
between the two cases indicate that toroidal geometry
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effects have to be taken into account for the correct
determination of the mode composition.

Also, an evaluation of how the Fourier analysis
would be affected by the occurrence of possible hor-
izontal displacements of the plasma column was per-
formed. Although it was observed that plasma column
shifts can lead to an incorrect mode decomposition of
the fluctuating poloidal magnetic signals this effect, if
ignored, does not affect the results as strongly as when
the toroidal geometry effect is disregarded.

Finally, it was shown that the accuracy of the results
obtained would depend significantly on the number of
Mirnov coils used to measure the oscillating poloidal
magnetic field. It was observed that even for lower m
modes a considerable number of coils are necessary to
be used if the mode composition is to be accurately
obtained.
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