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1. Introduction

TJI isamedium size stellarator (R=1.5m, <a>< 0.22 m, B(0)=1 T) working in Madrid since
1998. After more than four years in operation with metallic wall (stainless steel AISI 316L)
the TJ-Il stellarator dataset is compared with those of other stellarators included in the
International Stellarator Scaling (1SS95) database [1]. The objective of this comparison is
twofold: it can indicate how close to the expected optimum confinement have we pushed the
TJI1I performance, and give some hints on the physics governing it. On the other hand, TJ-II
data might help in extending the 1SS95 database operational space. Specifically, the TJ-11
broad rotational transform range (1 to 2.2) should serve to provide new data in the high iota
region.

2. Experimental data and computed plasma parameters

All the discharges used in this work correspond to ECR (Electron Cyclotron Resonance)
heated plasmas using 2™ harmonic (53 GHz) and X-mode polarisation.

The energy data used in this study are thermal and diamagnetic. The thermal plasma energy
content has been computed from the electron and ion contributions. The electron density (n,)
and temperature (T,) profiles are provided by the Thomson Scattering diagnostic (T.S.) [2].
An accurate calibration of the n,value is obtained from the line integrated electron density
measured by the microwave interferometer. In the plasma edge region, where the T.S.
diagnostic can hardly measure, both n, and T, are fitted numerically up to the normalised
effective plasma radius, p=1, assuming a parabolic dependence. The ion contribution to the
plasma energy is calculated by assuming that the shape of the ion temperature profile (T)) is
the same as the n, one. Central T, has been measured using the charge-exchange spectrometer
for a number of plasma hydrogen plasma discharges. The obtained value is usually in the 90
to 110 eV range, so avalue of 100 eV is assumed for the hydrogen and helium plasma shots.
lon density (n;) estimations are obtained by assuming values of effective charge (Z;) 2 and 3
for hydrogen and helium plasmas, respectively. The data on diamagnetic energy are extracted
from the temporal traces measured by the diamagnetic loops installed inside the TJ11 vacuum
vessel [3]. In most of the studied shots, whenever is possible, the energy value is taken in the
plasma stationary phase at the end of the discharge to minimise the error introduced by the
vacuum magnetic flux compensation. Since the diamagnetic energy measurement is
contaminated by a spurious pick-up of poloidal magnetic field component due to the plasma
current the present study is based on the thermal data. Still it must be noted that the exponents
of the different parameters in the obtained scaling law deduced from both thermal and
diamagnetic energy datasets are remarkably consistent



3. Parameter space of the TJ-11 dataset

A data set with 369 shots both hydrogen and helium) has been selected from the 2000
experimental campaign for the statistical analysis presented here.

As configuration parameters in TJIl we have minor plasma radius, a, and rotational
transform. Major radius is fixed, with avalue of R = 1.5 m. It must be noted that this value
fillsa gap in this parameter of the devices contained in the 1ISS95: CHS has R = 0.94 m and
the rest have an R-value of about 2 m.

In al the selected discharges the plasmais limited by the groove that protrudes into the TJ1
vacuum vessel in order to allow room for the central coils that are located just outside the
vessel [4]. It acts as a kind of toroidal (helical) limiter that penetrates towards the magnetic
axis into the TJ-Il plasma giving rise to the characteristic bean-shaped cross sections of the
heliac plasmas. The connection length depends on the magnetic configuration but presents
relatively short values, from 2 to 15 m [5]. The reason for excluding poloidally limited
configurations in this first study is the large inaccuracy in assigning a value to the minor
plasma radius in these shots due to the shape of the old TJ-II limiters [6]. However plasma
boundary studies conducted with these old limiters revealed that a better confinement was
achieved for poloidally limited plasmas [6]. The nominal plasma minor radius has been varied
in the range 0.12 to 0.21 m just by selecting different magnetic configurations. In the low
radius range plasma volume roughly scales with the sum of the currents through the central
conductors.

Thereis avery robust experimental evidence of a quite flat electron temperature profile in the
plasma edge, for values of the normalised effective radius, p, greater than 0.8. This feature
has been measured not only by the T. S. diagnostic but also by the ECE (Electron Cyclotron
Emission) radiometer [7], the Langmuir probes located at the poloidal limiter and the He
beam diagnostic [7]. In addition, in the TJ1I case, the high value of magnetic ripple in the
edge (higher than 35% for the larger configurations) would enhance the neoclassical difussion
in this zone [9]. With this knowledge in mind, choosing the value of the nominal plasma
minor radius given by the equilibrium codes as the scaling parameter would result in an
artificially low deduced global confinement. So, in order to compare with the rest of machines
included in the 1SS95, we have to define a"confinement minor radius’. With this purpose, we
have studied the dependence of the incremental thermal energy content as a function of the
effective normalised radius for a set of configurations with central iota ranging from 1.37 to
1.77. The result show that more than 95% of the total plasma energy content is contained
within p = 0.8, so that we will consider in this study that the TJ-11 "confinement minor radius’
IS 8t cont = 0-8 gtt. nomina » PEING 8¢ nomina the Value given by the equilibrium calculation

As mentioned before, TJ11 has a wide iota range, spanning more than a factor two. lota also
roughly scales with the central conductor's currents, but being the helical coil closer to the
plasma, its effect is stronger. This fact is crucial in decoupling plasma radius and iota, that
otherwise would be highly correlated. The value of the rotational transform at
p =2/3 (ranging from 1.25 to 2.17) has been used as the scaling parameter.

It must be noted that TJ-11 isalow shear device. Therefore, the low order resonances included
in the studied iota range (the main ones are n/m = 4/3, 3/2, 5/3 and 4/2) introduce a variety of
transient effects in the stability of the discharges, when crossing their influence area on the
configuration space [10, 11]. These effects seem to be a consequence of the interaction
between the ECRH heating and the magnetic configuration, and can affect strongly the global
confinement, as measured by the plasma energy content. This is especialy true in the 4/2
case, because of the large size of the associated magnetic island, and in the 4/3 case because
this iota range can be only achieved for small size plasmas. From this point of view, we think
that the TJ11 dataset available for this work is not comprehensive enough. It would need more
discharges in the configuration region far beyond iota=2 in order get fully rid of the




associated perturbation and to strengthen the conclusions about iota-dependence. The problem
is that this region is not an easy one to work in, due to the extremely high current density
needed in the helical coil [12].

The plasma parameters that we can vary are absorbed power and plasma density. The
magnetic field value is fixed at the electron cyclotron resonant value of 0.95 T in the magnetic
axis. Although there are hydrogen and helium plasma discharges in the dataset, no
dependence can be deduced on the mass of the species.

Two gyrotrons (300 kW nominal power each) were available for this experimental study. The
two corresponding transmission lines have very different power density, 1 and 15 W cm® but
this fact has not been considered in the present study [13]. Theoretical calculations taking into
account the detailed real TJ-I1 geometry predict full single pass absorption for the high power
density line [14]. The port-through power fraction of the total injected power has been
measured in 300 kW nominal discharges. It has been found to be 85% of the nomina power
and it has been assumed that this proportion remains constant across al the available power
range: 150 to 600 kW. The radiated power has been measured for a small fraction of the
discharges in the dataset with bolometry techniques [15]. The values obtained are in the range
of 10 to 30% of the port-through power, but they can be underestimated due to the assumption
of symmetry, as discussed later. ECH modulation experiments allow the estimation of
absorbed power in some cases [16]. The results yield an upper bound estimate of 70% of the
port-through power. So, we will assume this fraction as the total absorbed power, P, in al
cases. Thisrough assumption is aweak point in this study.

The plasma line-averaged electron density, n, has been varied in the range 3.3 10*® to 1.3 10"
m™. The upper limit isimposed by the ECH density cut-off.

4. Regression analysis

The correlation matrix between the logarithms of configuration and plasma show relatively
low correlation values indicating no intrinsic statistic limitations of the dataset. The highest
correlation (0.43).is found between power and density

In order to fit the data with a model we make the usual assumption of considering that the
global energy confinement time (t = W/P,,) has a factorial dependence on the four

parameters described in the previous section: 1 = 10 g% p* n*"

o o o oP o o o® | RMSE
TJ-11 -1.63+0.08 | 1.93+0.10 |0.51+0.10 |-0.74+0.03 | 0.61+0.04 | 0.65 0.83 0.055
ATF -1.58+0.02 | 2.00 0 -0.59+0.03 | 0.51+0.02 |1 0.77+0.05 |0.099
CHS -1.71+0.03 | 2.00 0 -0.89+0.04 | 0.72+0.04 |1 0.89+0.03 | 0.063
HeliotronE | -1.50+0.03 | 2.00 0 -0.62+£0.04 | 0.56:£0.04 |1 0.59+0.08 | 0.093
WT7-AS -1.02+£0.09 | 2.21+0.09 |0.43+0.08 | -0,54+0.02 | 0.50+0.02 |1 0.73+0.05 |0.087

Table |: Regression results of TJ-11 and the stellaratorsincl uded in thel S5 database

Table 1 shows the regression results for TJ-11 data together with the ones from the machines
included in I1SS95. The power and magnetic field dependencies have been imposed as the
ISS95 values [1]. The last column corresponds to the root mean square errors of the log,,
values. The parameter-dependence observed in T is consistent with the rest of machines.
Figure 1 represents the actual values of log 1 versus the prediction of 1SS95 s scaling law.

5. Discussion

-The positive iota-dependence of the confinement extracted from TJ-Il data is consistent
with the 1SS95 scaling, which is based, in this respect, mainly on W7-AS data. When TJ- 11
data are put together with the rest of machines the overall iota dependence factor is
decreased to avaue of 0.27.
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Fig. 1: Actual values of the log ¢ vs ISS95_s prediction  TJ-II plasma periphery (assuming
for T3-I1 and therest of devices toroidal symmetry) indicate that they
can account for only arelatively small fraction of the total injected power [9]. This might be a
further indication of the existence of different, asymmetric contributions to the energy loss
channel. The high magnetic ripple in the TJ-1l edge would point to direct losses of ripple
trapped particles. This argument also supports the uncertainty in the value chosen for the
absorbed power
¢)The data used in this study correspond to the TJ11 metallic wall phase with helical limiter.
The edge temperature values are very low. Recently, the TJ-I1 vessal has been boronized and
the subsequent plasmas show an increased edge temperature. The boronized plasmas database
is still very limited, so they have not been included in this work It can be expected that the
boronization have an impact on the value of TJ-Il plasma confinement radius discussed in
section 3.
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