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Abstract

Experiments on the TEXT tokamak show that the temporal evolution of a single
helicity tearing mode is dominated by the Rutherford regime. Further analysis of the |
Mirnov signal and sawtooth activity combined with numerical simulation emphasizes

the global characteristics of the tearing mode.




A normal tokamak discharge is free of the most dangerous magnetohydrodynamic (MHD)
instabilities. Even in the best operated tokamaks, however, two MHD instabilities are some-
times observed; the m = 1, n = 1 (m is the poloidal number and n is the toroidal number)
inﬁernal mode responsible for sawtooth oscillations (minor disruption), and the m = 2, n =1
tearing mode, that always emerges prior to a major disruption. This letter deals Wii‘;h some
important aspects of the tearing instability.

Resistive MHD predicts that the temporal evolution of a single helicity tearing mode is
characterized by three distinct stages: (1) the linear stage in which the magnetic perturba-
tion (b) grows exponentially with time,! (2) the Rutherford regime? in which the magnetic
island width (W) grows liriearly with time, and (3) the regime of nonlinear saturation. When
the magnetic island width exceeds the linear tearing layer width 6; ~ (y73/ TR)I/ * (where

~~ is the linear growth rate, 74 the Alfvén time, and 7g is the resistive time) the vorticity
equation decouples from the Ohm’s law terminating the linear stage (1). Later temporal

evolution for a single helicity tearing mode can be described by?

dW _ AN(W)r,
dt - ‘ TR

— oW, N

Where W = W/r, is the normalized island width, r, is the radial position of the rational
surface, A'(W) = [(dzﬁ/dr),ﬁ_w/z - (dg&/dr)rs_w/2] /¥ (rs) is the well-known discontinuity
parameter of the kink;tearing mode theory, and 1 is the perturbed flux. If « is sufficiently
small, and A/(W) is independent of W [~ A’(0)], then Eq. (1) tells us that W increases
linearly with time. The range of time (if any), in which the above-mentioned condition
holds, is called the Rutherford regime.

Notice that of the two quantities (A’'r, and 7r) comprising the Rutherford growth rate, 7
is local, determined by the local resistivity at the rational surface, whereas A'r, is controlled
by the global current profile, in particular, by the value of the central g, [g(0)]. It has been
~ shown that for reasonable current profiles, A’(0)r, is a sharply increasing function of ¢(0) -

beyond marginal stability.* As a result, the saturation level of the nonlinear tearing mode
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(if dominated by the Rutherford regime) could be more sensitive to the variation of q(0)
than to the variations in the quantities localized at the magnetic island. However, if o is not
small, or A’(W) is not a slowly varying function of W, it is hard to conceive of an extended
Rutherford regime with its concomitant characteristics controlling the mode dynamics.

In this letter we report the essential aspects of an experimental and theoretical inves-
tigation concerning the evolution of the m/n = 2/1 tearing mode in the TEXT tokamak
plasma. It is observed that the Rutherford regime, does indeed, dominate the nonlinear
evolution of the tearing mode. The experimental results are found to be in agreerﬁent with
numerical simulations. The existence of an extended Rutherford fegime implies that the
island saturation width should depend sensitively on ¢(0). Based on the understanding of
the global behavior of the tearing mode, a method for mézisuring q(0) and Z.g(0) (cenfral
effective charge number) is proposed. To study the behavior of the nonlinear tearing mode,
plasma parameters are so adjusted that the discharges can sustain high levels of magnetic

perturbations by without disrupting. The amplitude by(¢) is obtained by a time integrétion
of the Mirnov coil signal [i)g (t)], Le., |

bo(t) = [ Bo(t)at. @
A pi‘oper integration is necessitated by the fact that the oscillation frequency of bg (t) changes
dramatically during the evolution of the mode.

The Mirnov-coil array consists of 24 poloidal and 4 toroidal coils. A spatial Fourier anal-
ysis code is used to identify the mode numbers associated with the signal. It is found that,
in these discharges, the MHD activity is dominated by the m / n = 2/1 mode; this is indepen-
dently confirmed by measurements of soft x-rays, density and temperature perturbations.

The first step in the unfolding of the experimental data (to compare it with theory)
is to calculate [using Eq. (2)] the poloidal magnetic'ﬁeld perturbation b;. In vacuum, by
equals b, the radial component of the perturbation [cylindrical geometry is used through-

out this paper]. This sets the stage for calculating the magnetic island width, W =
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4 (gr Rb,/ méB):i 2“ 5 in terms of experimentally determined quantities, i.e., the major ra-
dius R, the total field B, ¢(r,) = 2 = m for the present case, and the radial perturbation
b, at 7 = ry. The location of the rational surface r; and the magnetic shear parameter
§(rs)[= (r/q)r,(dq/dr),,] are determined from a g-profile fitted to the measured electron tem-
perature profile [Thomson scattering], using Spitzer resistivity and a constant Zg-profile.
The perturbation b, (r =r,) is obtained from the extrapolation of the vacuum behavior
b, ~ r=3 (for m = 2), which has been found to be a good approximation for the actual
solution of the global 4 for r 2 r,.6 The positioﬁ of the mode rational surface (typically
0.7a < vy < 0.8a, a is the minor radius of plasma) is comparatively insensitive to details
of the temperature profile near the plasma edge and is consistent with the inversion point
of the dt_ansities, temperature and soft x-ray perturbation locations that are respectively de-
téfmined by far infrared interferometry, electron cyclotron emission, and a surface barrier
diode array. For discharges with saturated Mirnov signals, the experimental data reveals two
different types of‘tem‘porz;l behavior. In the first case, W increases linearly with time, and
then sa,tAura,te,s. In the second case there are two distinct stages of linear growths before the
mode saturates. In this letter we simply concentrate on the analysis of the first type, i.e., the
modes with a single Rutherford growth rate [Fig. 1]. It is evident from Fig. 1, where exam-
ples of the island width time history are shown, that the Rutherford'growth rafe is strongly
correla,ted.with the saturation island width. In general, la,rger growth rates lead to larger
saturated island sizes. Notice that the smallness of the amplitude in the pre-Rutherford
stage of this region rules out a quantitative characterization.

In order to further understand these results, we performed numerical simulations for
the growth and saturation of the m/n = 2/1 mode using a fully nonlinear 2-D reduced
magnetohydrodynamic code. The initial g-profile is taken to be g(r) = q(O){l +
(r/a)® [(q(cz)/q(O))_A — 1] }1//\ with ¢(a) = 3.3 and with A so chosen that ¢ (r, = 0.75a) =

2.0. With these restrictions, the g-profile is determined by the choice of ¢(0). The ra-




dial dependence of the .resistivity is chosen so that nJ (r,t = 0) is a constant, and the
Reynold number at the ¢ = 2.0 surface is taken to be 4.44 x 10° (equivalent to the choice of
Zeg (rs) ~ 3.5 for TEXT discharges).

In Fig. 2 we show the evolution of the calculated island width W (the ma,ximurﬁ distance
between the island separatrices) as a function of time for three different values of initial
¢(0). As ¢(0) decreases towards the marginal stability point (q(O) be 0.93), the growth of the
island width becomes slower, and the final width is also smaller. The remarkable similarity
- between the experimental (Fig. 1) and numerical simulation (Fig. 2) results emphasizes the
importance of ¢(0) to the overall dynamics of the tearing mode. It is equally noteworthy
that the experimentally observed, and the numerically obtained Rutherford growth rate are
of the same order. For example, the typical expérimental Rutherford growth rate is about
1 cm/ms for the final island width ~ a/3 [Shot No. 129822 in Fig. 1]. This is approximately
equal to the Rutherford growth rate curve a (g(0) = 1.2) of Fig. 2 calculated for the TEXT
parameters: B ~20KG, n ~ 2 % _1013/cm3, R =100 cm, and a = 25 cm. | |

Since the MHD activity (tearing mode) is favored by ¢(0) > 1.0, it is natural to expect
" that high Mirnov signals should imply low sawtooth activity favored by ¢(0) < 1. This
expectation is indeed consistent with observations in most TEXT discharges. In Fig. 3 we
display a typical ti;ne history of a high MHD, TEXT shot. The integrated Mirnov coil signal
(interpretéd as a tearing mode), and the soft x-ray signal (used to monitor sawteeth) are
plottéd as functions of time. Notice that when the Mirnov coil signal is high, there are no
sawteeth, and as soon as the Mirnov signal decreas.es, the sawtooth activity appears. At no
time do we see their simultaneous presence.

It is worth noting that this stroﬁg anti-correlation between Mirnov oscillations and saw-
tooth activity persists in the auxiliary heating experiments. Electron cyclotron resonance
heating (ECRH) near fhe_plasma center can be used to trigger sawtooth activity in TEXT.

When ECRH is applied to the discharges with large Mirnov signal, the sawteeth appear only



after the Mirnov signals are greatly suppressed. In Fig. 4 ECR power is initiated at. about
300ms. At this time, the Mirnov signal is large, indicating a high level of the tearing mode
(large island). As the temperature rises indicated by electron cyclotron emission at center,
the Mirnov signal falls, disappearing at about 320ms with the concurrent appearance of
strong sawteeth indicated by soft X-ray fluctuations at the central chord.

The sensitivity of the Rutherford growth rate to ¢(0) can be used either to determine
g(0), or as a consistency check on other methods for measuring ¢(0). For a single helic-
ity tearing mode dominated by the Rutherford regime, Eq. (1) can be approximated by
taking A'(W) ~ A’(0) and neglecting the aW term for sma.H island width. Assuming
a parametric g-profile, for example, with four independent parameters representing q(0),
g(a), rs and 3(a) (in limiter discharges Wiﬁh circular cross section 5(a) can be set equal
to 2.0), one can determine ¢(a), rs, and §(a) by the traditional diagnostics. The right-
hand side of Eq. (1) [A'(0)ry/7R] then becomes a function of only two unknown quantities,
viz., ¢(0) and Zeg (rs). The function A’(0) can be expressed in terms of ¢(0) using the
parametric q-pr.oﬁle.4 It follows then that ¢(0) could be determined if we could experimén—
tally measure Z.g (r,) for example, from visible Brémsstrahlung. However, by definition,
g(0) = 0.327B(71Ze(0) In Apo)/ Vivors) T2/*(0) iev], Where Birj the total magnetic field in Tesla,
In Apzq) is the Coulomb logarithmic divided by 20, Vivoy is the loop voltage in volts, Tepey is
the electron temperature in keV, with all of these quantities evaluated at the plasma center.
Between this expression, and the formula for q(O) supplied by Eq. (1), it becomes possible to
calculate ¢(0) (and then Zeg (r,) and Z.g(0)) if just the ratio Zeg (rs) / Zeg(0) is experimen-

tally known. For the high MHD discharges on TEXT, ¢(0) is a reasonably sensitive function

of Zeg (1) / Ze(0), implying that the inferred value of ¢(0) is trustworthy. The method gives

¢(0) in the correct range; the details will be presented elsewhere.
In summary, experimental measurements of the perturbed magnetic field produced by an

m/n = 2/1 assumed tearing mode can be interpreted in terms of a magnetic island width.



When this is done, it is found that there is a significant period in which the island grows
linearly in 'time, as predicted by Rutherford.? Numerical simulation for the growth rate, and
the final saturated width are in reasonable agreement with experimental results, and show a
strong dependence on the central safety factor ¢(0). This global nature (i.e., a dependence
on ¢(0), and not just on local parameters at the mode rational surface) is supported by the
experimental observations that strong tearing mode and sawtooth activity do not usualily

occur together.
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Figure Captions

1. Temporal evolutions of (m/n = 2/1) magnetic island width in TEXT. Shot numbers

are shown in the figure.

2. Temporal evolutions of (m/n = 2/1) magnetic island width from numerical simulation
for Reynold’s number = 4.44 x 10% at ¢ = 2 surface. Curve a, b, ¢ refers to the initial
q(0) = 1.2, 1.0, 0.95, respectively with initial ¢(a) = 3.3, r; = 0.75a. The island width

and time is normalized to minor radius a, and Alfvén time 74, respectively.

3. A typical discharge in TEXT, showing exclusiveness of Mirnov oscillations to sawtooth

activities.

4. A direct experiment for global characteristics of tearing mode. When ECRH at plasma
center is turned on, the Mirnov oscillations are suppressed and then disappear with

concurrent appearance of strong sawteeth.
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