
26th EPS Conf. on Contr. Fusion and Plasma Physics, Maastricht, 14 - 18 June 1999      ECA Vol.23J (1999) 1129 - 1132

1129

Tomographic imaging of RFX plasmas in
various confinement regimes.

A.Murari, P.Franz, L.Marrelli, G.Spizzo, D.Terranova, L.Zabeo,
R.Bilato, P.Martin, S.Martini, P.Zanca

Consorzio RFX, Corso Stati Uniti,4 - 35127 Padova, Italy

1.    Introduction   

The Reversed Field Pinch (RFP) is a self-organising quasi-minimum energy
state whose dynamics is governed by a magnetic field regeneration mechanism, called
dynamo [1] in analogy to other physical systems. The most specific characteristic of the
RFP is the reversal of the toroidal component of the magnetic field at the edge with re-
spect to the direction on axis. This configuration is partially generated by the plasma
itself and the resulting safety factor profile renders it unstable to helical modes of the
form Bm,n(r,θ,ϕ) = bm,n(r)exp[i(mθ+nϕ)], which can give rise to different quasi relaxed
states, characterised by different topologies of the magnetic fields. The purpose of this
paper is to present some experimental investigations of the RFP plasmas' internal
structure obtained by means of Soft X Ray (SXR) Emission tomography. This diag-
nostic is a non-invasive method that permits the reconstruction, with good spatial accu-
racy and high time resolution, of the plasma radiation emissivity ε (defined as the
power emitted per unit volume). If some basic hypothesis on the plasma purity are
satisfied, the iso-emissivity curves are a good approximation of the magnetic surfaces,
providing valuable information on the field topology and the magnetohydrodynamic
(MHD) activity.

In RFX [2], a large reversed field pinch (RFP) experiment with circular cross
section (major radius R0=2 m, minor radius a=0.46 m, target plasma current=2 MA),
an integrated SXR tomographic system has been installed [3]. The diagnostic consists
of four linear translators, which allow the insertion of four instrumented heads near to
the plasma edge, for a total of 78 lines of sight and impact parameter p exceeding 0.9.

The paper is organised as follows: in the next section, after a short description
of the various tomographic methods adopted in RFX, some reconstructions are
shown, with particular attention to the comparison between various confinement re-
gimes and the relationship between the topology of the SXR emission and that of the
magnetic fields. The thermal properties of a particular plasma state (QSH) and future
prospects are the subject of the last section.

2.     SXR       emissivity       and        magnetic       fields       topology       in        Multiple       and        Single
    Heli      c      ity       states.

To reconstruct SXR emissivity in RFX, three different algorithms have been
compared: the Cormack technique, a maximum entropy constrained finite element algo-
rithm and a hybrid method. The first one is based on the Cormack [4] series expansion,
where the choice of the number of coefficients has been optimised by means of a gen-
eralised cross validation approach. A maximum entropy constrained finite element
method [5] has also been considered, which better exploits the non uniform spatial
resolution of the diagnostic and allows, in principle, to obtain more accurate spatial in-
formation about emissivity localised features. Finally, the preceding techniques have
been merged in a hybrid algorithm: the plasma is subdivided in concentric pixels, over
which the emissivity is expanded in Fourier harmonics. A comparison of the recon-
tructions, obtained with the three aforementioned methods, has given reasonable
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agreement, increasing the confidence in the quality of the results. Moreover, this also
allows to use the first method, which is based on the Bessel-Fourier series expansion
[6] and is the most favourable in terms of computational requirements; for this reason,
all the results mentioned in this paper have been obtained with this reconstruction tech-
nique.

In RFX, during standard operation, the core of the plasma is believed to be
quite stochastic, due to the simulta-
neous presence of several instabili-
ties, as derived by the results of the
external magnetic measurements.
Density and temperature profiles,
measured with interferometry and
Thomson scattering respectively,
are indeed relatively flat in the cen-
tral region, whereas most of the
gradients are concentrated at the
edge. In this plasma state, called
     Multiple         Helicity     (MH), no macro-
scopic features are normally de-
tected in the SXR data and the
emissivity reconstructions have
therefore the typical bell-shaped
form of the kind shown in fig.1.

A different behaviour is ob-
served when the plasma reaches a     Quasi        Single         Helicity     state (QSH). In fact, as dis-
cussed in [7], RFX plasmas can exist in an alternative quasi relaxed state, in which one
single mode is largely dominant. When this QSH state is attained, a clear m=1 struc-
ture is typically present in the brightness profile which, once inverted, corresponds to a
macroscopic m=1 island in the emissivity, as shown in fig.2. The presence of a domi-
nating m=1 mode is also confirmed by the Fourier transform of the signals obtained by
the pick-up coils, which for the QSH states give the toroidal spectrum also reported in
fig.2. From this kind of spectrum it can be deduced that the global structure, which
characterises the QSH state, normally appears as an m=1 n=7 or 8 mode in the mag-
netic measurements (the case shown in fig. 1 is characterised by a toroidal number
n=8).

It is worth pointing out that both the time evolution and the spatial localisation
of the m=1 features de-
tected by the SXR to-
mography are in agree-
ment with the reconstruc-
tions of the magnetic
structures determined
from the pick up coils.
Indeed, when the QSH
state is attained tran-
siently, as for example
during operation with
PPCD [8], the evolution
of the magnetic and SXR
measurements provide
coherent results, showing
simultaneous growth and
decay of the m=1 structures. With regard to their spatial location, it should be men-
tioned that the dominant mode of the QSH state determines a non-axisymmetric distor-
tion of the plasma column, which can be reconstructed from the external magnetic
measurements [9]. The poloidal position of the SXR features correlates quite well with

Fig.1 Typical bell-shaped emissivity during RFX stan-
dard operation (MH state).

Fig.2 Contour plot of the emissivity and the magnetic toroidal
spectrum for a QSH state.
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the results of these magnetic reconstructions. This is shown in fig.3, where the rela-
tionship between the poloidal angle of the SXR data (θ-SXR) and that of the magnetic
measurements (θ-magnetic) is shown. In more detail, the θ-SXR is obtained from the
m=1 components of the brightness, averaged between 1/3 and 2/3 of the normalised
radius (which is the radial position where the structure is normally detected). On the
other hand, the θ-magnetic is the poloidal position of the plasma column maximum
displacement at the tomography toroidal location. This plot indicates that the m=1 re-
gion of increased emissivity can be located at different poloidal positions in the cross
section of the tomographic diagnostic and that its poloidal angle is strongly correlated
with that of the plasma column's maximum displacement determined by the magnetic
measurements.

To summarise, it can be stated
that the tomographic reconstruction of
the SXR emission in RFX has proved
to give results which are in good
agreement with the field topology ex-
pected on the basis of the magnetic
measurements. It seams therefore rea-
sonable to assume that the main emis-
sivity features detected in the QSH
states are indicative of the existence of
magnetic islands. In this respect, it is
interesting to notice that the radial posi-
tion of the SXR feature can be quite ac-
curately predicted on the basis of the
expected safety factor profile, assuming
that the structure detected by the to-
mography coincides with a magnetic
island. If the q profile is indeed de-
duced from the µ&p model [1], which

allows the determination of the current density profile on the basis of external meas-
urements, the magnetic island, whose toroidal m and poloidal n numbers are derived
from the pick-up coils, is predicted to be localised at the radial position at which the
SXR structure is effectively detected (see fig.4). Moreover, the higher the toroidal n
number of the mode dominating the QSH spectrum, the more external is the position of
the SXR island. On
the other hand, since
at the moment no di-
rect measurement of
the safety factor is
available in RFX, this
last result should be
treated with great care
and simply consid-
ered as additional
evidence of the
agreement between
tomographic and
magnetic measure-
ments.

3.     Thermal       properties       of       the        SXR       features       and       c o      n      clusions.

The relevance of the QSH, both for the dynamo studies and for the control of
the RFP configuration, has stimulated further study of the characteristics of this plasma

 Fig.4 SXR emissivity for a QSH (continuous line), safety factor pro-
file (dotted line) and predicted radius of the island.

Fig.3  Poloidal angle of the SXR m=1 structure
plotted against the poloidal phase of the
plasma column magnetic displacement.



26th EPS CCFPP 1999 ; A.Murari et al.: Tomographic imaging of RFX plasmas in various confinement re...

1132

state, with particular regard to its thermal properties. First of all, it should be men-
tioned that these m=1 structures, present in the SXR data, seem to be due to a local in-
crease of the electron temperature, with respect to the remainder of the plasma core. A
fit of the SXR data and a comparison with the Te results obtained with a separate diag-
nostic, based on the double foil method, indicate that the temperature inside the struc-
ture is about 30 % higher than in the surrounding plasma. These values have also been
confirmed by some temperature profiles measured with a 20 point Thomson Scatter-
ing[10].

Further investigation has also been dedicated to the behaviour of the SXR
fluctuations inside the region of en-
hanced emissivity. It turns out that the
viewing chords, which cross the m=1
feature, show a higher level of fluc-
tuations (rms), up to one order of
magnitude, when the brightness is
filtered in the range between 300 Hz
and 3 kHz (this frequency interval has
been carefully chosen to include prac-
tically all the power in the fluctuations
and to exclude slow global variations
of the plasma). This result has been
confirmed by a Singular-Spectrum
analysis [11], see fig. 5, which pro-
vides an alternative discrimination
method between global trends and
actual fluctuations. The physical phenomena, determining these higher frequency com-
ponents of the SXR signals, are under study.

In conclusion, it can be stated that the internal topology of the magnetic fields,
as derived from the SXR emissivity, is consistent with the results based on the external
magnetic measurements for both QSH and MH states. The SXR tomography can
therefore give useful information about the magnetic and thermal evolution of the RFP
configuration in all the experimentally accessible confinement regimes.

As far as future developments are concerned, to improve the thermal characteri-
sation of these structures and to improve the understanding and control of the bifurca-
tion leading to the QSH states, further investigations are planned in mainly three direc-
tions; (a) a space and time resolved analysis of the electron temperature profiles and
fluctuations inside the islands; (b) the measurement of the internal magnetic fields in
order to obtain a better estimate of safety factor profile before and during the formation
of the QSH states and (c) a thorough investigation of the ion fluid behaviour during the
QSH state.
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Fig.5 Radial profile of SXR fluctuations for a QSH
state.


