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Introduction and experimental set-up

Ion temperature profile has been measured using a charge exchange neutral particle
analyser (CX-NPA) [1] in the flexible heliac TJ-II. The CX-NPA gives the energy spectrum
of plasma ions in one point per shot, and the ion temperature can be calculated from this
spectrum assuming a Maxwellian energy distribution function. The analyser can perform a
poloidal scan covering a low magnetic field section at constant toroidal angle near Φ=85º.
Moreover, the particle flux is collimated in order that the tested plasma volume is small (the
diameter is about 10 mm on magnetic axis). Due to the geometry of the device, the collected
particle beam is very narrow and positioned almost perpendicular to magnetic field,
therefore, the pitch of the collected particles is very small tan-1(v||/vper)≤3.1·10–2 rad, which
means that only the perpendicular velocity of trapped particles is measured.

A radial profile is obtained using a series of reproducible discharges. In these
discharges the gas is puffed in front of the spectrometer collimator to increase the neutral
flux. The measurements are performed in hydrogen plasmas because the charge exchange
cross-section is negligible in helium plasmas.

An upgrade of the analyser has been performed in the last TJ-II experimental
campaign. Before this upgrade, only the plasma section corresponding to effective radius
ρ<0.6 could be scanned in the largest magnetic configuration. Now, a much wider section
can be scanned, being possible to reach volumes outside the last closed flux surface (LCFS).
With this feature the ion temperature has been measured inside and outside the LCFS.

Experimental data

A previous transport study, based upon the profiles that were got before the
upgrading of CX-NPA, has been performed by means of remote participation techniques [2].
This previous study had been done in a series of discharges with an ECR heating power of
300 kW, and the electron density and temperature profiles were measured using a high
resolution multi-position Thomson Scattering. The electron density profile has been found to
be flat or even hollow, reaching a maximum value of about 0.8·1019 m-3. The temperature



profile is peaked with central values of about 1 keV. The measured ion temperature profile
was flat with a value of almost 100 eV. In this case, the measured points only reach an
effective radius of 0.6. This flat ion temperature profile is a typical characteristic of TJ-II
plasmas [3].

Since the central part of ion temperature profile is known to be flat, the ion
temperature has been measured for effective radii ρ>0.6 in this campaign to find out the
position where temperature drops. The measurements have been performed again in a series
of reproducible discharges with a nominal heating power of 400 kW. The line plasma
density is about 1·1019 m-3 and the central electron temperature is 1 keV. In TJ-II, plasma
position is limited mainly by the groove of vacuum chamber that acts as a helical limiter and,
besides, two poloidal limiters can be introduced to detach the plasma from the groove. The
vacuum magnetic configuration (42_100_68) used for these experiments is characterised by
having an average minor radius of 20.2 cm, with a total volume of 0.964 m3, and a central
ι(0)/2π=2.1, increasing up to 2.2 at the plasma edge.

Figure 1. Neutral energy spectra for two positions in the plasma: r=17 cm, inside LCFS
(left) and r=23 cm, outside LCFS (right).

In figure 1, the energy spectra for two positions of the analyser view sight are plotted.
These two positions correspond to plasma volumes inside and outside the LCFS. As can be
seen, both spectra are very similar and their slopes, from which the temperatures are
obtained, are almost the same. The only difference between both measurements is the
number of particles detected, being larger in the case inside the LCFS (see next). These two
facts are the most remarkable results of this experiment: 1) The ion temperature remains
constant along the plasma profile, with a value of nearly 80 eV, even outside the LCFS. 2)
The plasma outside the LCFS is still hot although less dense than in the inside: It will be
shown below that the neutral flux decreases with minor radius, which is an indication of the
fact that ion density is also decreasing.

In figure 2, ion temperature and neutral flux are plotted at three different radial
positions: inside, at and outside the LCFS. As can be seen, the temperature is roughly the
same within the experimental error. The neutral fluxes are plotted, at the same positions, for
four different energies. It is clear that the charge exchange neutral fluxes decrease with
minor radius showing a clearer drop outside the LCFS.



The maximum in the relative flux drop is for neutrals of about 200 eV suggesting that
these neutrals are the best confined in this configuration. Neutrals with higher energies are
worse confined since, on the one hand their orbits are larger and on the other hand they
suffer more rare collisions and, therefore, perform larger excursions.
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Figure 2. Ion temperature profile (left) and particle fluxes measured with the CX-NPA for
four different energies (right). The particles are collected during 50 ms.

Transport analysis

With the new data it is possible to extend transport analysis to the edge of the plasma.
This analysis has been performed with three 1.5D transport codes, namely ASTRA [4],
PRETOR-Stellarator [5] and PROCTR [6]. The former analysis presented in [2] was
performed with the Hinton-Hazeltine [7] with Chang-Hinton correction model [8]. This
transport model fits the ion temperature profile in the central plasma but gives a decreasing
temperature profile for ρ > 0.6, in contrast with the experimental data presented above. To
simulate the flat ion temperature profile, an effective ion thermal diffusivity is introduced.
The diffusivity depends on three free parameters that are adjusted to match the experimental
data and has a power dependence on plasma radius:

χi =
0.2

n e lin

C1(C1 + C2ρC 3)  (1),

where Ci are free parameters, ρ is the normalized effective radius and 〈ne〉line is the line
average plasma density.

The results of the codes give a good agreement among them and with the
experimental profile. The effective ion thermal diffusivity is a monotonic decreasing
function, with a high value at the centre and a lower one at the edge. The fact that the
effective ion thermal diffusivity reaches such high values in the centre is due to the
negligible ion temperature gradient. The electron thermal diffusivity is the usual for TJ-II
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[9], low in the centre with a sudden growing in the edge. The power balance shows that
electrons heat ions in the plasma centre and conversely in the edge. All these results are
plotted in figure 3.

Figure 3. Simulated electron and ion thermal conductivities (left) and interchanged power
between ions and electrons (right).

Discussion and Conclusions

An ion temperature profile has been measured using CX-NPA in TJ-II. The
measurements have been extended even outside LCFS showing that the profile is flat
everywhere. It is also observed that the charge exchange neutral flux decreases with minor
radius, especially outside the LCFS, in agreement with a drop of ion density.

Transport analysis shows that ion heat transport, if diffusive, is explained by an
effective monotonic decreasing ion heat conductivity. The results show a good agreement
among the codes. The power balance shows that electrons transfer about 5% (20 kW/400
kW) of the heating power to the ions.

The fact that ion temperature profile is flat along the plasma radius inside and outside
LCFS could be a consequence of the size of particle orbits. The ion orbits inside the LCFS
are wide enough to connect distant parts of the plasma, giving the obtained flat ion
temperature profile. The CX-NPA is oriented so as to receive mostly ions with nearly null
parallel velocity, thus coming from bouncing points at their banana orbits. The velocity of
the detected particles is, therefore, in the perpendicular direction and the effect of the limiters
can be disregarded. This is a rather especial type of particles because the fact that they are
bouncing indicates that they are actually following a banana orbit whose radial excursion
could be large. If the temperature of this population is representative of the whole proton
population (i. e., we deal with an isotropic energy distribution function), the flat Ti profile
suggests that the transport mechanism is independent of gradients and may be the same
inside and outside the LCFS. This would be in agreement with the orbit transport description
were it dominant in the ion heat flux.

Further work is necessary to estimate the temperature outside the LCFS in the case of
natural divertor (edge magnetic island based) configurations to observe the efficiency of



these configurations to detach the plasma from the groove. Moreover, a comparison of the
two sides of the plasma must be performed to estimate at what extent the asymmetries play a
role on ion heat transport in TJ-II [10].
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