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I ntroduction

Various experiments clearly demonstrate that the plasmidana tokamak is not free from
plasma instabilities, including magneto-hydrodynami@dHD) instabilities. To investigate
those instabilities, one has first to reconstruct the MHD légrium of a particular shot. That
reconstruction has to been done with sufficient accuracy timme a reliable MHD spectral
analysis.

In the present paper we focus on the reconstruction of MHD ibguiim of TEXTOR shot
95022. In this shot the plasma rotates in the toroidal dwacfTwo reconstructions are pre-
sented. One assumes a static equilibrium and the other oee ttad toroidal rotation into ac-
count. In particular, we investigate the influence of theittabflow on the different equilibrium
guantities, like the pressure profile and the Shafranot.shif

MHD equilibrium
The plasma inside a tokamak is modeled by making use of tla MED equations. For con-
sidering an equilibrium, two assumptions are made, viz.itigtime-independent and axisym-
metric. The time-independence of the equilibrium can omyustified when MHD waves and
instabilities are on a timescale much shorter than the dicamimescale of the equilibrium.
The axisymmetry is justified by the fact that the tokamaklfiiseaxisymmetric. The symmetry
of the equilibrium allows us to use cylindrical coordinat&sZ, ¢) (in this order!), wherdR is
the distance to the symmetry axis.

For a static or stationary equilibrium (with purely toroidalpoloidal and toroidal flows), the
magnetic field can be expressed in terms of the poloidal niexgihex function (:

1
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For a static equilibrium the ideal MHD equations reduce tovile# known Grad-Shafranov
equation [1], [2],
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where the pressuneand the function = RBy are both readily shown to be flux functions.
If one includes purely toroidal flow, one has to solve an equatery similar to the Grad-

Shafranov equation,
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where the only difference is that the presspiis no longer a flux function. Along the poloidal
magnetic field lines one has also to solve another equation,
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wherep is the density and the rotation frequery= vy /R is a flux function. This equation
can be solved analytically if one assumes that either th@deatureT, the entropyS, or the
densityp is a flux function [3]. The temperature can be assumed constaa flux surface on
the transport time scale due to the high thermal condugtaliding field lines. That transport
time scale is long compared to the Alfvén time. The assumpmtiosentropic flux surfaces has
the advantage that it permits a natural extension to pdidiols, where the entropy has to
be a flux function [4],[5]. However, on MHD time scales, the edmilim is not restricted to
flux surfaces of constant temperature or entropy. The otbesiility that the density is a flux
function will not be exploited in the present paper.

In the toroidally rotating case, the equation for the pressan best be expressed as

4
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whereRy is the radius of the magnetic axiss = Q2/(2Sp5 ™), At = Q2/(2T), and ps; and
pst are the pressure and density for the corresponding statililequm, respectively. It is clear
from this equation that the radial derivative of the pressatrthe magnetic axis is larger than
zero in the presence of toroidal flow. This means that the mam pressure shifts radially
outward. Similar expressions can also be derived for theitlenvhich leads to the same con-
clusion for the maximum density.

For a small inverse aspect ratio= a/Ry < 1, an analytical expression for the Shafranov
shift A can be derived. Herg and Ry are the width of the plasma and the radius of the last
closed flux surface, respectively. For small aspect raedhafranov shift is

dd e [ o 5> d
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wherer is the minor radius anB is the poloidal magnetic field. From this equation it is clear
that the toroidal velocity contributes to increase the &iraiv shift.

MHD equilibrium reconstruction for TEXTOR shot 95022

For the reconstruction of the MHD equilibrium of TEXTOR shot 230the numerical code
FINESSE [6] has been used. This code uses a finite element chgtlammbination with a
Picard iteration scheme to compute the solution of the Gtadf¥r&nov equation (2) or equa-
tion (3). The used elements are cubic elements to ensureientfiaccuracy needed for the
MHD spectral analysis. The code can compute static equalilequilibria with purely toroidal
flow, and equilibria with toroidal and poloidal flow. In thisgpiaular TEXTOR shot, the plasma
rotates strongly in the toroidal direction while there am®rsg) indications that poloidal flow
is negligible. The radius of the last closed flux surfé&e= 1.755m and the width of the
plasmaa = 0.455m.

From experimental data, two reconstructions have been ntwale assumes a pure Grad-
Shafranov static equilibrium and the other one also takesdtoidal rotation into account. In
the case of a toroidally rotating equilibrium, the entropyassumed to be a flux function. The
Shafranov shifts of the static and toroidally rotating case6.35cm and 6.46¢cm, respectively.
The numerical results show that the Shafranov shift ineg#wone takes the toroidal velocity
into account. This is in agreement with the analysis in theipus section. Unfortunately, the
difference between both shifts is too small to be measuree sitall difference between both
shifts is due to the fact that the plasma rotates sub-sdyicath a maximum sonic Mach
numberM, of 0.24.
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The reconstructed pressure profile together with the exgatiah data is shown in figure 1.
The experimental values of the pressure have been caldulaieg the experimental values of
density and temperature, and the ideal gas law. It is clear the figure that the reconstruction
matches the data in an acceptable fashion with a discrepaatpatR ~ 1.7m. This discrep-
ancy might be due to the diagnostics used or more likely dusoitoe physical process. It is
possible that a better match can be obtained by anotherecbbitux functions. Now, take a
closer look at the pressure profile, especially its extremUine radial locations of the maxi-
mum pressure of the static and toroidally rotating case &#&9m and 1.821m, respectively.
Note that the radial location in the latter case is larger tha&mradius of the magnetic axis of
that case. This is in agreement with the statement made in¢h@ps section. Again, the small
differences between the two cases are due to the fact thalabma rotates sub-sonically, and
they are too small to be confirmed by present diagnostic means
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Figure 2 shows the reconstructed poloidal magnetic fieldthamyevith the experimental data.
The poloidal magnetic field measurements are done usingnatbtark effect (MSE). There
is good agreement between the experimental data and thestagdion. The reconstruction
shows that the poloidal magnetic field in the static and t@lbrdotating case are almost the
same. This is again due to sub-sonic rotation of the plasma.
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In the case of purely toroidal flow, the density and toroidgbeity have been reconstructed.
Both reconstructed profiles are plotted in figure 3. Chargbamge recombination spectroscopy
(CXRS) has been used to measure the toroidal velocity. Theeye was induced by neutral
beam injection (NBI) in TEXTOR. The reconstructed density igood agreement with the ex-
perimental data, while the toroidal velocity is essentialyy acceptable in order of magnitude.
The reconstruction of the precise flow profile data does reltlya perfect match with the data
since, from MHD point of view, the radial location of the extrem of the flow profile should
be larger than the radius of the magnetic axis. The datalglealicates the opposite.
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Figure 3: The reconstructed density and toroidal velootyshot 95022. The crosses are the
experimental data, while the solid line is the reconstrutdesidally rotating equilibrium.

Similar results have been found when the temperature insfahd entropy is taken as a flux
function.

Conclusions

We have reconstructed the MHD equilibrium of TEXTOR shot 9502%uaning static equil-
brium or equilibrium with purely toroidal flow. Overall, theieagreement between the experi-
mental data and the reconstructed static equilibrium rigaktie toroidal flow into account leads
to a small correction on the reconstructed static equulibriNote that a good reconstruction of
the toroidal flow is not possible because the radial locatidhe extremum of the experimental
data is smaller then the radius of the magnetic axis, whicHictswith the ideal MHD model.

If one takes the toroidal flow into account, the Shafranoft sigreases and the pressure shifts
in the radially outward direction. This is shown analytigadk well numerically. However, the
effect of the toroidal flow is small because the velocity is-sonic.

After clarifying the discrepancies with the experimentabdéte reconstructed equilibria will
be used to perform a MHD spectral analysis of this shot. Inkimd of analysis it is expected
that the toroidal flow plays a more important role in termstefffect on both local and global
modes.
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