GA-A24017

DETAILED COMPARISON OF MHD STABILITY THEORY WITH
MEASUREMENTS IN DIlI-D

by
A.D. TURNBULL, D.P. BRENNAN, M.S. CHU, L.L. LAO, J.R. FERRON, A.M. GAROFALO,
P.B. SNYDER, M.E. AUSTIN, I.N. BOGATU, J.D. CALLEN, M.S. CHANCE, K. COMER,
D.H. EDGELL, S.A. GALKIN, D.A. HUMPHREYS, J.S. KIM, R.J. LA HAYE, E.A. LAZARUS,
AW. LEONARD, T.C. LUCE, R.J. JAYAKUMAR, L.C. JOHNSON, M. MARASCHEK,
H. REMIERDES, E.J. STRAIT, T.S. TAYLOR, and H.R. WILSON

JULY 2002



DISCLAIMER

This report was prepared as an account of work sponsored by an agency of the United States
Government. Neither the United States Government nor any agency thereof, nor any of their
employees, makes any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any information, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned rights.
Reference herein to any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any agency thereof. The views
and opinions of authors expressed herein do not necessarily state or reflect those of the United

States Government or any agency thereof.




GA-A24017

DETAILED COMPARISON OF MHD STABILITY THEORY WITH
MEASUREMENTS IN DIlI-D

by
A.D. TURNBULL, D.P. BRENNAN,T M.S. CHU, L.L. LAO, J.R. FERRON, A.M. GAROFALO,;t
P.B. SNYDER, M.E. AUSTIN,A [.N. BOGATU,OJ.D. CALLEN,# M.S. CHANCE,£ K. COMER,#
D.H. EDGELL,<> S.A. GALKIN,S D.A. HUMPHREYS, J.S. KIM,<> R.J. LAHAYE, E.A. LAZARUS,$
A.W. LEONARD, T.C. LUCE, R.J. JAYAKUMAR,ﬂ L.C. JOHNSON,£ M. MARASCHEK,f
H. REMIERDES,i E.J. STRAIT, T.S. TAYLOR, and H.R. WILSON®

TOak Ridge Institute for Science Education
*Columbia University
AUniversity of Texas, Austin
OFartech Inc.

#University of Wisconsin, Madison
£princeton Plasma Physics Laboratory
8University of California, San Diego
$0ak Ridge National Laboratory
T awrence Livermore National Laboratory
fMax Planck Institut Far Plasmaphysik
*EURATOM/UKAEA, Fusion Association

This is a preprint of a paper presented at the 29th European
Physical Society Conference on Plasma Physics and Controlled
Fusion, June 17-21, 2002, in Montreux, Switzerland, and to be
published in the Proceedings.

Work supported by
the U.S. Department of Energy
under Contracts DE-AC03-99ER54463, DE-AC02-76CH03073, DE-AC05-000R22725, W-7405-
ENG-48, Grants DE-FG03-95ER54309, DE-AC05-760R00033, DE-FG02-89ER53297, DE-FGO03-
99ER82791, DE-FG03-96ER54373, and DE-FG03-97ER54415

GA PROJECT 03726
JULY 2002



Detailed Comparison of MHD Stability Theory with M easurements
in DII-D

A.D. Turnbull,1 D. Brennan,2 M.S. Chu,1 L.L. Lao,1 JR. Ferron1 A.M. Garofalo,3
P.B. Snyder,1 M.E. Austin,# I.N. Bogatu,? J.D. Callen,6 M.S. Chance,” K. Comer,6
D.H. Edgell,® S.A. Galkin,8 D.A. Humphreys,1 J.S. Kim,5 R.J. LaHaye, 1 EA. Lazarus,9
A.W. Leonard,1 T.C. Luce,1 R.J. Jayakumar,10 L.C. Johnson,” M. Maraschek,11
H. Remierdes,3 E.J. Strait,1 T.S. Taylor,1 and H.R. Wilson12

1General Atomics, P.O. Box 85608, San Diego, California 92186-5608 USA
20ak Ridge Institute for Science Education, Oak Ridge, Tennessee 37831 USA
3Columbia University, New York, New York 10027 USA
4Fusion Research Center, The University of Texas, Austin, Texas 87812 USA
SFartech Inc., 3146 Bunche Avenue, San Diego, California 92122 USA
BUniversity of Wisconsin, Madison, Wisconsin 53706-1687 USA
/Princeton Plasma Physics Laboratory, Princeton, New Jersey 08543
8University of California, San Diego, 9500 Gilman Drive, La Jolla, California 92093 USA
90ak Ridge National Laboratory, Oak Ridge, Tennessee, 37831 USA
10L awrence Livermore National Laboratory, Livermore, California 94551 USA
11Max Planck Institut Fiir Plasmaphysik, Garching, Germany
12EURATOM/UKAEA, Fusion Association, Culham, Abingdon, Uninted Kingdom

. INTRODUCTION

Historically, predictions of the scaling of Magnetohydrodynamic (MHD) stability limits
with key parameters, has provided guidance for improving tokamak performance, as
exemplified by the Troyon scaling. With the advent of accurate equilibrium reconstructions,
the predictive capability of MHD stability has entered a new phase in which the stability
limits can be predicted accurately, and the growth rates and mode structures can be
quantitatively tested against experimentally measured diagnostic fluctuations such as electron
cyclotron emission (ECE), soft X-ray (SXR), and Mirnov signals[1]. It is now possible to
test the importance of competing non-ideal effects in setting the stability limits. Several
recent highlights are discussed. For global, ideal-like instabilities, linear theory can explain
the dominant features of the observed growth and fluctuation signals. Detailed comparisons
between predicted resistive wall modes (RWMs) with discharge behavior have resulted in the
identification of a correlation between observed rotation slowdown and wall stabilization [2].
Predictions of unstable edge localized modes (ELMs) can also be compared with measured
signals. For slower, resistive modes, comparisons of the predictions with diagnostic
measurements have enabled identification of Resistive Interchange (RI) modes, classically
destabilized tearing modes, and nonlinearly destabilized neoclassical tearing modes (NTMs).

I[I. IDEAL PLASMA INSTABILITIES

For predominantly ideal plasma instabilities such as global low toroidal mode number n
modes, edge instabilities, and RWMs, ideal MHD theory provides a good, quantitative
description of the observed stability limits for individual discharges. The key to obtaining
accurate quantitative predictions is the reconstruction of the discharge equilibria using
detailed, high quality measurements of the equilibrium internal profiles and plasma boundary,
as well as a faithful reproduction of these details in the stability calculations. It is now
possible to also test the mode characteristics — specifically growth rates and mode structures —
against fluctuation measurements. Figure 1 shows the predicted poloidal distribution of the
Mirnov signal for a DIII-D discharge (#87009) with peaked pressure and elevated safety
factor g, compared to the measured signal from the precursor of the subsequent fast
disruption in that discharge. The agreement is exceptional in this case; the calculated mode
phase and amplitude are adjusted here to the toroidal Mirnov array leaving no free parameters
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in the comparison in Fig. 1. In addition, the Inboard Outboard  Inboard
growth of the mode is predicted [3] to \

increase as exp[(-t/1)3/2] as the discharge 40 0 Measured

passes through the ideal limit, with T a hybrid 0 +Prediction

of the heating time scale 1y and an MHD
time scale T\HD, estimated to within afactor
two from stability calculations for a series of
model equilibria with increasing 3, as TMHD
~ 5 ps. The observed growth of the SXR and 180 90 0 % 180
Mirnov signals fits this dependence well and g

not a simple exponential growth at all. The Fig. 1. Predicted and measured poloidal distribution
best fit to the observed growth is TpHD~ of the Mirnov signal, for DII1-D discharge #87009.

9 us. It should be noted that thisis an essentialy linear prediction and the agreement is quite
exceptional given the uncertainties in modeling the evolution of the discharge equilibria
through the ideal limit [3].

Comparisons of ELM onset with intermediate n edge stability have similarly yielded new
physics understanding. Considerable progress has been made here as well and there is good
agreement between observed ELM onset and the predicted intermediate n ideal instabilities.
Thisis discussed elsewhere [4].

Many DIl1-D discharges are predicted from ideal stability calculations to exceed the ideal
B limit with no wall by a substantial margin, consistent with stabilization from the resistive
vacuum vessel coupled with plasma rotation [1,2]. Until recently, however, the plasma
rotation was observed to begin slowing whenever the predicted no-wall B limit, pro-wal was
exceeded. This correlation occurred in awide variety of discharge types and under a variety
of conditions[1]. When the rotation slowed below a critical value, an instability with the
characteristics of the expected RWM appeared on the internal Mirnov probes and the saddle
loops exterior to the vacuum vessel, as well as on the internal ECE diagnostic in some cases.
A prediction of these signals can be obtained from ideal stability calculations assuming that
the ideal mode penetrated the wall and is slowed down but is otherwise little modified.
Figure 2 shows the predicted and measured radial ECE profile at two times and two phases.
The phase and amplitude of the predicted signal at the later time were adjusted here to
provide the best fit to the data at that time. However, the phase and amplitude difference
between the two times was inferred from the Mirnov signals and this change applied to the
calculated kink instability to obtain the prediction at the earlier time. This then has no free
parameters and the agreement in profile and magnitude is clearly good.

In subsequent experiments, the rotation 0.1, Raxis Rbdry
slowdown was determined to result from 00| sth agree . L2133210S
electromagnetic drag due to small inherent T, 0' ) ""'ltjt i_i -{
error fields amplified by the rotation- (kev) [ t}f‘ g 1
stabilized RW, and could be averted by 02 / T
statically reducing the error field using the 03} t=1336.5ms 7
DIlI-D Error Field Correction (EFC) system. 041 .
In a series of experiments exploiting this, 0.5 . : . .

17 18 19 20 21 22 23

discharges were maintained above no-wall R (m)

and then braked by removing the EFC.
Figure 3 shows the evolution of two similar  Fig. 2. Predicted and measured radial ECE profile
discharges in which B exceeded pno-wal but  for a RWM in discharge #96519 at two times and two
B was slowly reduced. In one case phases.

(#107611), the EFC was removed while B > pno-wall puyt in the other (#107607), when B <
pno-wal |n discharge #107611, the rotation slowed and the RWM appeared as expected.
However, in the latter case, the removal of the EFC had no effect. This provided a value for
the no-wall limit of < BR°~WAl — 2.0 (here, By = B/(I/aB) is the usual Troyon B) and the
predicted and inferred limits are within the experimental error of ~ 8%.
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1. RESISTIVE PLASMA

INSTABILITIES

Given the success of ideal MHD, one can
now meaningfully begin to test the
importance of non ideal effects, in particular,
the role of resistive instabilities. In this case,
however, the stability is much more sensitive
to the equilibrium details. Also, nonlinear
and other nonideal effects are often crucial
and the instabilities tend to be strongly
localized, making accurate diagnostic
measurements difficult. Nevertheless, it is
possible to test the predicted instability
onsets against experiments with a view to
testing more detailed predictions once the
basic onset mechanisms have been identified.

In recent experiments with L—mode edge
conditions and peaked pressure profiles,
bursts of MHD activity were observed that

DETAILED COMPARISON OF MHD STABILITY THEORY WITH

MEASUREMENTSIN DIII-D

@, TR

l\,
j

#107607 ]

H107611x Brakmg/d” g
~Totation leads IU
RWM disruption]

5) (kmis):
g g g S Data not
0 i b vailable

1t!deal MHD n = 1jeigAenv‘une‘s " c)
(=y2) with no Wwall :

0.0001 !
%) t (1)
0 500 1oq“o 1500 2000 2500 3000 3}?00 4000

Stable after Time (ms)
grid convergence

Error Correction Current (A)|/
10>< Plasma Toroidal Rothtlon p~

Stable after
grid convergence

Fig. 3. (a) Evolution of two similar discharges in
which B exceeded pno-wall byt was slowly reduced.
In one case (#107611), the EFC was removed while

> pno-wall ‘hyt in the other (#107607), when B <
pno-wall (p) In discharge #107611, the rotation
slowed and the RWM appeared. (c) Calculations show
positive growth rates with no wall when p > pno-wall

have the essential characteristics of the
expected resistive interchange modes. These
are discussed in depth elsewhere [5].

Tearing modes (TMs) occur in a wide variety of discharges with a variety of
characteristics. Linear stability analyses, using the reconstructed discharge equilibria, have
resolved these into three mgjor categories. At low [3, the classical TM can be destabilized by a
current gradient at rational surfaces. In DIl1-D experiments specifically designed to test the
applicability of the linear theory, the observed onset of m/n = 2/1 TMs was found to coincide
with A" becoming positive at the q = 2 surface [6]. Thus, the linear theory isvalid in this case
when 3 is sufficiently low that nonlinear neoclassical and finite 3 threshold effects are
expected to be negligible.

At high 3, the picture is somewhat more complicated since it is well known that TMs can
be excited by sawteeth and other MHD activity — these are usually identified as neoclassical
TMs (NTMs) destabilized by nonlinear bootstrap current effects from seed islands induced by
the MHD activity. However, in many cases, the TM appears with no seed. Recent detailed
comparisons with A’ calculations have begun to resolve this and a new, more comprehensive
model of TM stability with testable quantitative predictions is beginning to emerge.
Figure 4(a) shows a discharge in which several successive sawtooth crashes each induced a

but when B < pno-wall y2 converges to zero as
indicated by the vertical arrow.

3/2 TM that subsequently decayed, until the 2

fina one where the 3/2 mode is unstable. & 10 - JB6166 5
Linear stability calculations for the equilibria  « g&ﬂw
immediately after each crash show that, for <2 0.08; 57— 8
the early crashes, A’ < 0, indicating linear % 004; Bgm%osth @i growin] 4 1
stability, but A' is increasing steadily <€ O-OOQW o 3 91 =
[Fig. 4(b)] and becomes positive just before S 004 el

the final sawtooth seeds the unstable 3/2 TM. = 3000 32°ﬁme3(‘r‘§§) 3600

This appears to be due to increasing pressure

peaking during this time. The decay of the Fig.4. (a) Sawtooth crashesin discharge #86166 and
3/2 island prior to this is consistent with the the induced 3/2 TMs, and (b) dW/dt measured from
Modified Rutherford Equation dW/dt = A" + the decay rate of each 3/2 mode and the calculated A'.
N(W), where N(W) represents the Neo-classical and the finite B stabilization terms, if one
assumes N(W) to be small. Figure 4(b) shows the dW/dt measured from the decay rate of
each 3/2 mode and A'. The Rutherford Equation appears to describe this well with A’
calculated from the reconstructed equilibria at each time.
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—5/2

In several high B discharges, aTM island ~ 80=—qaee75 ) —7
appears with no obvious seed, although its 28; BESI Fit Results W8T 51 ;

subsequent growth is consistent with the = 20- A
nonlinear NTM theory. Figure 5 shows one ¥
such case (discharge #98549). Here, calcula- < 0,0020F
tionsindicate that A' for theunseeded 2/1 TM & ;
at 2100 ms rapidly becomes very large and &
pOSitive. SenS|t|V|ty analyS|S also suggests VZOE)O 2200 2400 2600
that this is due to the approach of A’ to a Time (ms)

pole and that this discharge is nearing an Fig. 5. (a) Calculated A" for discharge #98549 and

ideal stability limit at this time; at the ideal  (b) Observed tearing mode activity from Mirnov loop
limit, one expects D' - o . Thus, the signals.

interpretation is that, for this case, the TM is actually classically (linearly) destabilized by A’
becoming large enough to overcome any stabilization thresholds, such as the finite 3 Glasser
threshold or the polarization threshold. This suggests a new working model [7], where A" =
A' (t), approaches a pole at the ideal limit. The model makes several specific predictions and
a series of experiments was carried out recently in DII1-D, designed specifically to test these.
Analysis is still ongoing but the preliminary results are encouraging, with qualitative
agreement between the predicted and observed trends.

I
)

bl bl

V. CONCLUSION

In summary, the quantitative comparisons of MHD stability predictions with detailed
experimental data of the kind described here are yielding new understanding of the physics of
tokamak plasmas and is opening up new guestions and new avenues for research. With good
equilibrium data, ideal predictions are generally in good quantitative agreement, yielding
stability limits to within a few percent and mode characteristics to within experimental
uncertainties. However, new questions have led to synergistic developments in both the
theory and the experiments, for example, the surprising applicability of the essentially linear
model for instabilities driven through an ideal limit, and new avenues of research on the
interaction of rotation, the RWM and error fields. We are also beginning to isolate and
understand the importance of resistive effects, which is leading to a more comprehensive
understanding of the characteristics of resistive instabilities. This work is ongoing as new
comparisons simultaneously yield better understanding and more questions to be resolved.
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