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Abstract
The mechanism to generate the toroidal sheet current after the sawtooth crash

(observation on TEXTOR tokamak) is discussed. A possible hypothests is presented.
The crash of central pressure causes the steep gradient near the boundary between the
flattened region and the unperturbed region. This sharp pressure gradient gives rise to
the strong secondary current (transient Pfirsch-Schluter current). The location,
polarity, magnitude and time evolution of the current sheet are analyzed. Comparison
with present experimental data is made, and future necessary measurements are

discussed.
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1. Introeduction

In the study of the change of the magnetic structure at the onset of sawtooth
crash on TEXTOR, the generation of the transient toroidal current has been observed
[1,2]. This transient toroidal current is localized both in the radial and poloidal
directions as 1s illustrated in Fig.1 which is quoted from [3]. The peak of the current is
located slightly outside the inversion radius, and the duration time is order of mili-
second. The direction of the toroidal sheet current in the outside of the torus is the
same as the main plasma current. The direction of the sheet current in the inside of the
torus is opposite. Thatis, the m = I/ n = O structure is observed for the transient sheet
current, where m and r are the poloidal and toroidal mode numbers, respectively.

The origin of this toroidal current has been conjectured as the shrinkage of the
major radius [1]. Itis not clear, however, what a mechanism fixes the plasma of the
outer region at the original position when the inside plasma shrinks toroidally-inward at
the crash. An alternative mechanism to explain the generation of current is discussed in
this article. At the onset of the sawtooth crash, the ceatral plasma pressure is flattened,
while the outer region is left unchanged. As a result of this, the steep pressure gradient
evolves between these two regions. The steep gradient, afterwards, propagates
towards the edge; this phenomenon has been known as the heat pulse propagation
associated with the sawtooth crash. We analyze the secondary current associated with
this steep pressure gradient. It has the m=1/n=0 structure, and is in the same direction
as the main plasma current at the outside of the torus. The magnitude and the time
evolution of the current sheet are also discussed. Brief comparison with experimental
observation is made. Some favourable aspects are obtained, i.e., for the polarity, order
of magnitude and the time scale. However, some of experimental features remain

unresolved. Possible future experiments are also discussed.

2. Model
The intrinsic feature of the sawtooth crash is that the crash time is much shorter

than the energy confinement time, and that the region of the drastic collapse is localized
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in the center. Owing to these characteristics, the mesa-shaped pressure profile is
established at the end of the crash. The sawtooth crash naturally causes the very steep
gradient. The schematic radial profile is drawn in Fig.2. In this figure, the radius
rg sm indicates the ndge of the crashed region. The steep pressure gradient is first
discussed, and the associated secondary current is calculated accordingly.

The typical time for the crash of the central plasma pressure is denoted by .
This time is much faster than the energy confinement time of the core plasma. For the
simplicity, we assume that the energy flux in the outer region, 7 > 7'gays, is described

by the diffusive transport as

X=%L F>Trav > (1)

where the suffix L denotes the L-mode confinement. Durning the crash process, the
high heat flux is supplied across the boundary surface, 7 = x4y, and diffuses in the
outer region r > F g4y Due to the very rapid crash tme, the heat pulse penetrates only
a short distance A during the period of T... By use of the diffusion coefficient, ¥, the

layer thickness 4 is evaluated as

A = VX% - @

If the fast collapse is described by the enhanced transport, as is in the stochasticity

model of crash,

X=%u F<TgaMm » (3)

the crash time is expressed as T, = 7] / X,y wherer, is the inversion radius. The layer
thickness A is then expressed as
A XL
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Usually the relation 3, >>¥; holds, i.e, A <<,

The steep pressure gradient is estimated as

l d_p _ Paftcr(r Kar) ~ pajter(r ap T A s
drl A ’

where the suffix gge- indicates the profile after the crash . Just after the completion of
the crash, the profile in the region 7 > rg4,, + A is unaffected. The pressure difference

across the region gy <7 < T + Als given as

PaperlTkart) = PaperTars + B) = Pp = DoesorelTicans + A) (6)

where the suffix before indicates the profile after the crash and before the crash and 7y

stands for the final flat top. The pressure difference is characterized by the initial

central value p{0) and Py If one assumes a conservation of the average pressure within

7 < Txapr and if the initial profile in the central region is modelled by the parabolic one,

the pressure difference across the thin layer 7y, < 7 < 7y, + Ais given as
PapierT kM) = PaperTrars + A) = P(0)- py . (7

In denving the estimate (7), we used the limiting approximation of A << r ;- Within

this assumption, the approximate relation

holds. Note that the assumption of the parabolic profile does not limit the generality of
the argument. Based on the estimation Eq.(7), we have the evaluation of the localized

pressure gradient, Eq.(5), as



dp| PO)-py
!”d_ri= A ®

Substituting Eq.(4) into Eq.(9). the gradient is evaluaied as

dp P(O)—Pf { A ag
{E = Ty AL (10)

By use of this pressure gradient, the Pfirsch-Schiuter current is calculated. This
current is mainly in the toroidal direction and has the in-out asymmetry. Itis given as
\%
Ju=-{1+2q)~F cosb, (11)
where B is the main magnetic field and q is the safety factor {4]. The sign of J; is

defined such that it is positive if the current is in the same direction of the main plasma

current. Substituting Eq.(10), into Eq.(11), we have

pa; P0)- p;

Ju=+248/ 5" g7,

cos 8 . (12)

This result indicates that there will appear a localized toroidal current just after
the crash of the central pressure. The direction of this induced current is in the same
direction as the main plasma current in the outside of the torus (8 = 0) and is opposie to
the plasma current at the inside (6 = ). [t is more convenient to compare, with
experiments, the magnitude of the current driven by the sharp pressure gradient. In
order to obtain the total current int the current sheet, I, we integrate the current density

intheregionof—n/2<6<m2andrw<r<rK!,,+Aas,

= f f 3,d6rdr . (13)

Substituting Eq.(12) into Eq.(13), the magnitude of the driven current is estimated as
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0) -
=2+ 2q)rm-p%& : (14)

At the location of this sheet current, the relation ¢ ~ I holds. It should be noticed that
the expression of current in the sheet, Eq.(14), is independent of the estimate of the

layer thickness. The sheet current is given as

0) —
I, = 6rgapy 5’-13—& : (15)
This current could be compared to the total plasma current, / e
I, = 2ma®B/q(a)uR. Comparing it to Eq.(15), one has
I, 3Rrgay 0)-p;
- = 4(a) B(0) (16)
I, 2na’ 1.0)

where B(0) = 2u,p(0)B~2. This resuit suggests that the expected current is large
enough to be observed in experiments like those in [1,2].

The sheet current disappears as the steep pressure gradient diffuses away. The
typical time scale for the decay of the localized current is given as the heat-pulse-
propagation time to the point of the interest. Figure 3 illustrates the schematic drawing

of the temporal evolution of the sheet current.

3. Comparison with Experimental Observations
The prediction by the model is compared to the experimental observation.
Polarity is consistent with the observation. The secondary current is in the
same direction as the main plasma current at the outside of the torus. The sheet current

in the outer mid plane is reported in the direction of the main plasma current [1,2].

Radial thickness of the current layer is given by Eq.(2) or (4). For the typical

value of the Ohmic plasma, T, = 100us and x; = 2m?/s, estimation is deduced from



Eq.(2) as A = /.4cm. For the experimental condition in [1,2}], the special resolution of
the current layer is not yet determined exactly. The peak of the local current is located
between two channels of observation, the distance between whuch is 4.5cm. [f the
extrapolation based on the neighbouring channels is employed, the thickness of the
current layer seems few cm. The model is not rejected.

Magnitude of the sheet current is given from Eq.(16). For the typical
parameters of 12,(0) = 5 x 101%m~3, T, = IkeV, B=2T ,Rla=3, alr; = 3 and
g(a) = 3 (B(0) = 0.8%), we consider the crash of the magnitude (p(O) -p f)/p{O) =0.1.
Then Eq.(16) provides the estimate I /1, ~ 0.2 %. The sheet current is of the order of
1kA. Experimental estimation is reported in [5]. Owing to the uncertainty in the spatial
profile of the current, experimental value is nota final one, but a very crude estimate of
I, = 3kA is reported. Order of magnitude may be acceptable, but the conclusion must
be made after more detailed measurement will be made.

Poloidal structure 1s the other key. The formula Eq.(11) only keeps the

fundamental m = I component. This simplification is insufficient. In the experiments
[1,2], the strong difference was observed between the inside sheet current and outside
one: the sheet current is stronger in the outside and weaker in the inside of the torus.
The poloidal localization is estimated to be of the order of 10 cm [4]. The poloidal
localization is 20 ¢m or so after Eq.(11). These observations suggest that the poloidal
Fourier components with m = / are also included in the sheet current. This suggests
the future necessary improvement in the model.

Temporal dvnamics are drawn in Fig.3. At the distance of the observation

chord, which is about 3 cm away from the peak of the current, the sheet current is
expected to decay within / ms with the parameter of ¥ =~ 2m?/s. Both the rise time and
the decay time are shorter than or of the same magnitude as the time resolution of the
measurement, O(Ims).

These comparisons motivate the further experimental observations to test the

validity of the present hypothesis.



The poloidal structure can be more precisely observed by use of the horizontal
channel. In an experimental set up, which is shown in Fig.4, the transient sheet current
can be examined by the horizontal channel. If the even-m Fourier components (such as
m = 0 component) are associated with the sheet current, the horizontal channel captures
the signal. This is one of the key tests for this hypothesis.

Second, the higher time resolution for the Faraday rotation measurement of the
vertical codes is desirable. If the time resolution could be improved to the level such as
for the present interferometry signal, the rise time and decay time could be precisely
determined. The asymmetry is predicted in the rise time and decay time, as is shown in
Fig.3, in this hypothesis.

Third, routine observation of the current sheet is necessary. There are varieties
in the magnitude of the sawtooth collapse, depending on the plasma operation
conditions, e.g., full collapse, partial sawtooth, etc. The correlation between the
magnitude of the collapse and the sheet current can then be tested. It will also be
fruitful if this measurement of the transient current could be applied to other events, like
high-beta collapse or giant EL.Ms, although such applications would lead to the

additional experimental problems and difficulties.

4. Summary

In this note, a hypothesis was discussed on the mechanism to cause the toroidal
current sheet at the sawtooth crash. The transient secondary current (transient Pfirsch-
Schluter current) is considered to be induced by the steep pressure gradient due to the
sawtooth crash. The characteristics of toroidal current sheet are discussed on the
aspects of polarity, radial location, thickness of the sheet, poloidal form, magnitude,
and temporal evolution. Comparison with the present data is performed. While the
hypothests is not clearly rejected, there are several signs that the improvement of the
model is necessary, i.e., poloidal structure. In order to test more precisely, further
possible expenmental tests are studied. If the correlation between the measured current

and the transient secondary current could be confirmed, the experiment on TEXTOR
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would provide the first direct experimental observation of the secondary current in
toroidal plasmas. [t would explore a fundamental basis for the understanding of toroidal
plasmas. Further experiments are motivated.

Several improvements of the model may be possible. For instance, in the
presence of the steep gradient, the Shafranov shift could also be important. Owing to
the Shafranov shift, the pressure gradient, and hence the driven current as well, are
increased in the outside of the torus and are reduced in the inside of the torus. This
effect could yield an in-out asymmetry: Such corrections must be taken into accountis a
systematic way, and await future careful work.

The hypothesis of the generation mechanism for the sheet current, which is
discussed here, is not a consequence of a particular model of the sawtooth crash. This
hypothesis is based on the rapid and localized crash of the sawtooth and on the fact that
the g-profile changes little after the crash [6]. The relevance of the sawtooth models,
e.g., the stochasticity model 7], the large convection model [8] or localized
reconnection model [9], could be examined by the comparison with the experimental

observation on the helical magnetic perturbations [5, 10].
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Figure Captions
Fig.l Plasma torus with axisymmetric toroidal current sheets. (Quoted From [3].)

The outer sheet carries the current in the same direction as the main plasma

current. The inner sheet current directs to the opposite.

Fig.2 Pressure profile after the crash (solid line) and before the crash (dashed line).

Fig.3 Schematic drawing for time evolution of the sheet current.

Fig.4 Poloidal cross section of the experimental set up. By use of the bottom limiter,

the line of the sight of the horizontal channel is arranged near the radius of

interest. The central hatched circle indicates the region where collapse takes

place.
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