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Abstract

The assessment of JET magnetics has been carried out using a statistical technique on a large set of sensor data. The result
highlight thatimproved accuracy in the magnetic field reconstruction can be obtained by making an efficient use of the information
brought in by the available sensors, in conjunction with the new magnetics that will be installed during the 2004 shutdown (JET
Enhancement on Magnetic Diagnostics). Moreover, the better estimation of the magnetic configuration provides an improved
capability to locate the plasma boundary and determine its shape.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction plasma shape, and therefore extend the JET operating
space.

During the 2004 shutdown, a new set of magnetic ~ For this reason, the aim of the magnetic analyses
sensors will be installed in JET, designed to upgrade was on the one hand to assess both the present and
the existing diagnostic system. the newly designed sensors, quantifying noise and sys-

As far as the reconstruction capability is involved, it tematic errors; on the other hand, to compare the recon-
has been fundamental for the sensor definition to under- struction capabilities, using different sets of magnetic
stand beforehand how much the magnetic enhancementensors.
will, in principle, increase the measurability of the In the case of JET, this second issue involves the

reconstruction of the vacuum field using only magnetic
mponding author, Tel.: +39 049 8277677: information, mimicking what_ls doneinrealtime by the
fax: +39 049 8277699 XLOC code and the calculation of the plasma boundary
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2. Methodology same boundary location for the corresponding plasmas.
As a consequence, the possibility of studying the mag-

In order to discern between an increased redundancynetic vacuum field at the edge of the plasma region to
in the measure and novel information brought in by infer the capability of the system to correctly locate the
the new set of sensors, a model based statistical analy-boundary is well posed. This is to say that the informa-
sis was carried out exploiting the correlation function tion conveyed by the magnetic diagnostics should be
among the magnetic measurements. sufficient to determine the plasma position and shape.

In more detail, it was chosen to study the statistical In this framework, two independent analyses were
correlation between the set of measurements providedperformed, using both experimental and simulated
by the real sensors (installed or to be installed in the databases spanningthe whole variety of already achiev-
machine) and a set of measurements from an opti- able plasmas and the designed new JET-EP configura-
mal observer made of densely spaced virtual sensorstions for 2005. Thus far, the diversity of the adopted
located as close as possible to the plasma. This is totools and of the databases should corroborate the
say that the former stand for the actual measurementresults of the two studies and provide a cross-validation
capability of the machine, while the latter represent its between them.
ideal measurability (sefig. 1). A first study is based on the CREATE-L/I equilib-

Two assumptions are made, of considering negli- rium codes (Calalar et al.[1], Albanese and Villone
gible both the 3D and the transient effects. It is also [2]) and NAPS magnetostatic code (Coccorese and
assumed that for a plasma in equilibrium, the descrip- Garofalo[3]), which allowed the creation of an ana-
tion of the magnetic configuration provided by the lytical database of around 2000 simulated magnetic
observer accounts for the plasma boundary location configurations. At the same time 38 different plasma
and shape. Finally, itis assumed that two magnetic con- shots generated an experimental database of more than
figurations that are indistinguishable are related to the 500 magnetic configurations, which were used to assess
the current state of the magnetic system.

With this data, a statistical analysis was performed,
involving the comparison among different sets of old
and new magnetic diagnostics. In particular, each real
or virtual magnetic measurement is reconstructed
from the others (in the real set) according to the fol-
lowing relation:
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wherex; is the reconstructed measurement, be it real
or virtual and thex; are taken from the set of the real
signals. The{c;} matrix is obtained via least square
fit, and corresponds to the linear combination of the
_ _ . . . . . . most significant (retaining 99% information) principal
15 2 25 3 B35 4 45 5 components.
Rm] A second analysis, similar in principle, but sub-

. . . _ _ stantially different in both the data and the method-
Fig. 1. Location of the real and virtual sensors in the magnetic anal- . . . .
yses. Existing (open symbols) and designed (solid symbols) sensors.0|0gy’ was accomph;hed starting from a wide vquety
The virtual sensors are in one case placed on the first wall, in the Of MAXFEA equilibria (Barabasch[4]), created in
other located on the elliptic dash-dotted curve. simulations using a highly refined mesh. The obtained
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database comprising around 500 variations of 72 equi- space of the real measurements and that of the virtual
libria derived from the list of the approved JET sce- ones.
narios, and from particular shots used to benchmark Inall cases, opportune normalisations are necessary
the reconstruction capabilities of different magnetic or to equalise the data range and to introduce a numerical
equilibrium codes at JET, has been extended with the regularisation of the datasets.
configurations designed for the new divertor structure
with the PROTEUS code (Albanese et&l).

Again, also in this second study, the comparison 3. Results and discussion
among different sets of sensors is made.

In this regard, it is assumed that the Capablllty of the Starting from the assumption that each sensor car-
real sensors to carry the information on the magnetic ries a certain level of redundancy, it follows that its
configuration in the region of interest is measured by measurements can be reconstructed from the remain-
their correlation with the ideal observer. ing signals with good accuracy. If this is not the case,

The correlation between the two sets of mea- eijther the sensor is malfunctioning or its measurement
surements is obtained by modelling a linear relation s misinterpreted.
between the magnetic field on the virtual sensors and Fo”owing this approach, the assessment of present
the information brought by the real measurements (for sensors is possible and the results of the analysis are
both the magnetic signals and some shaping coil cur- exemplified inFig. 2 when the predicted measurement
rents). In this sense, the information on the magnetic and the actual sensor signal do not match, the sensor is

configuration around the boundary can be directly flagged as not reliable and is not used in the magnetic
related to the currents of the poloidal circuits, and to reconstruction algorithms.

the already available or to the designed sensors. Inan  Fyrthermore, the reconstruction in real time of
attempt to Capture an overall view of the reconstruction the first three current moments provides fundamen-
capability, withR the matrix of the real measurements  ta| information on the plasma current and the cur-
andV the set of the virtual ones, listing the various rent centroid displacement (Zacharov and Shafranov
equilibria as columns, it follows that [6]). Therefore, to quantify the increase in the plasma
V—_K-R measurability introduced by the Magnetics Enhance-
ment, the identification of these quantities starting from
which is a matrix form of (1) and whei& is given the the XLOC set of sensors and an extended version
name of correlation matrix. In addition, the study of derived from it using also new measurements were per-
the K matrix appears from these relations equivalent formed and cross-checked among different databases.
to the analysis of a transformation matrix between the The results show that the already good accuracy charac-
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Fig. 2. Example of broken/misinterpreted (left) and working (right) sensor.
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terising the present XLOC configuration can be further 1
improved by the insertion of the new coils, in partic- 0.9
ular those in the divertor area and the outer poloidal |
limiter. |

Moving on to the analysis of the correlation matrix
K, the elemenk;; of K gives the indication of how 208
much thejth real signal contributes to the reconstruc- £ %3
tion of the field in theith virtual location, and by §0-4
analysingK either by columns or by lines, the sen- 0.3
sitivity of, respectively, virtual or real measurementsis 0.2
determined. For example, it can be appreciated from
Fig. 3 how the contributions of the real signals is
reduced by sharing the reconstruction task among a
larger amount of coils (as expected), but it is also note-
worthy how the new sensors present a more uniform
pattern. This results in an improved robustness and
noise rejection as the whole system is less dependent 08
on single measurements. The comparison among the 0.7
sensors used by the different sets shows that the inser- 0.6}
tion of the new coils effectively support the existing % 0.5
pick-ups and saddle loops all around the vessel exceptg 0.4
in the inner board, where their influence for the recon- 3 -
struction is likely to be limited.

Afurther step has been taken in addressing the noise 0
propagation issue by introducing a model of the noise ~ °
on the magnetic sensors. The error is estimated with
a standard deviation of about 1.5% but not less than
a predetermlned threshold Va“fe'_ the latter condition Fig. 3. Contribution of the real sensors to the reconstruction of the
standing only for the already existing sensors. virtual measurements (normalised with respect to the number of

The previous considerations are still valid, obtaining employed sensors).

a large reduction of the reconstruction noise every-
where around the plasma, with the exception of the
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Fig. 4. Gap location map (left) and reconstruction error on shape: divertor region (centre) and first wall (right). The position of the X-point is
also indicated (RXPT, ZXPT).
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Fig. 5. Error propagation on the virtual measurements. The maximum error on the ideal observer has been computed together with its relative
error bar, in proportion to the plasma current. TOT2000 and TOT2005 indicate the existing and the augmented sets of sensors.
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inner part of the machine. At the same time, the use 4. Conclusion

of all the available magnetics can, on the theoreti-

cal ground, improve the reconstruction capability. This First of all, these analyses show that the assessment
is due to the fact that this analysis was carried out of JET magnetics is possible.

studying the statistical correlation between setsofmea-  Secondly, and more importantly, their results are
surements, considering the total amount of available sub stantially in agreement and seem to prove that an
information and with no concern about the efficiency enhanced reconstruction with the new set of sensors
of its use. can be obtained with a noise amplitude reduction in

For this reason, the analysis of the boundary shapelocalised parts of the boundary (up to 50% on the out-
modification was approached also using the code usedboard).
for the real time reconstruction. One plasma configura-  Finally, the methodology sets also the guidelines for
tion (JET pulse 49935, at 64, Standard Fat Configu- the development of software tools useful for the exper-
ration) was chosen as a test-bed to investigate how theimental commissioning and measurement validation of
reconstruction is affected when changing the sensor setthe sensors. In this respect, a new set of codes is cur-
and validate the possibility of using the new magnetics rently being developed.
to improve the accuracy with a certain level of confi-
dence. Firstly, the signals from the new sensors were
reconstructed from the JET pulse file and added to the Acknowledgements
sensor original magnetic telegram packet to simulate ) . .
as much as possible the operation conditions. Subse- 1his work is funded in part by the UK Department
quently, the magnetic signals have been corrupted with ©f Trade and Industry and EURATOM, and has been
the noise and fed back to XLOC for the boundary recon- Performed under the European Fusion Agreement.
struction and sensitivity analysis. The adaptation of the
code to accommodate the new sensor input proceededR f
by weighting the signals from the poloidal array and the elerences
divertor coils at 50%, while the top coils are considered [1] . calabp, G. Artaserse, R. Albanese, F. Crisanti, E. Solano,
in full. This action must be undertaken in order to keep Plasma equilibrium reconstructions using magnetic and MSE
the balance among the five regions where XLOC oper- measurements and including the effects of the iron core, in: 29th
ates the best fit, and may represent a major source of EPS Conference on Plasma Physics and Controlled Fusion, Mon-
difficulty when modifying the code configuration, thus reux, Switzerland, 2002, p. 1031.

' ) ! [2] R. Albanese, F. Villone, The linearized CREATE-L plasma
preventing a more exhaustive study on several plasma ~ response model for the control of current, position and shape
configurations. in tokamaks, Nuc. Fus. 38 (2002) 723-738.

The results Eig. 4) show an enhanced noise rejec- [3] E. Coccorgse, F. Ggrofalo, in: Knoepfel (Ed.), Tokamak Start-
tion for all the shape parameters in the divertor region, Upé;' Majorana Series, vol. 26, Plenum Press, New York, 1986,
both as regards the X-point location (RXPT, Z?(P.T) [4] Iﬁ)J Barébaschi, The MAXFEA Code, Plasma Control Technical
and the strike values (RSO, ZS0, RSI, ZS|) Similar meeting, ITER JHT, Naka, Japan, 1993.
conclusions can be drawn even for the radial gap ROG [5] R. Albanese, J. Blum, O. DeBarbieri, Numerical studies of the
and for the top part of the machine (TOG4, TOG5 in NEXT European Torus via the PROTEUS Code, in: Proceedings
particular). When plotting the gap error results together of 12th Conference on the Num. Sim. of Plasmas, San Francisco,

i . . . CA, USA, 1987, p. IT4.
with the correlation errors derived report(_adl-‘trg. 5 [6] L.E. Zacharov, V.D. Shafranov, Equilibrium of a toroidal plasma
these results agree and prove the consistency of the ~ ith noncircular cross section, Sov. Phys. Tech. Phys. 18 (1973)
used methodsH{g. 6). 151-156.



	Reconstruction capability of JET magnetic sensors
	Introduction
	Methodology
	Results and discussion
	Conclusion
	Acknowledgements
	References


