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Abstract

The ion temperature is a particularly important but rarely measured plasma boundary quantity. In this work we introduce a new electric probe, the segmented tunnel probe (STP), which measures ion temperature, electron temperature, and parallel ion current density simultaneously and with high temporal resolution. The probe was built and tested in the CASTOR tokamak. The STP was operated in a Mach-probe arrangement in a DC mode, providing bi-directional measurements with the temporal resolution of 1µs. Therefore, it has significant potential to be employed in the research of transient phenomena in tokamaks (e.g. turbulence, fluctuations and ELMs). We present radial profiles of the plasma parameters in the CASTOR tokamak measured by the STP, using calibrations from particle-in-cell simulations.
1. Introduction

The ion temperature, Ti, in the tokamak scrape-off layer (SOL) is notoriously difficult to measure and thus rarely available. Spectroscopic measurements cannot yield Ti directly since the hydrogenic ions do not emit photons. Although ion sensitive probes with high spatial and/or temporal resolution have been developed [1,2], it takes considerable theoretical effort to interpret the data correctly. The most elaborated of them, the retarding field energy analyzer (RFA) [3], access ion and electron velocity distributions directly, but is intrinsically limited in time resolution. In addition, RFA does not allow simultaneous measurements of ion and electron temperatures. 

This work describes a new Langmuir probe, the segmented tunnel probe (STP), that measures parallel ion and electron temperatures, and parallel ion current density simultaneously with high temporal and spatial resolution. Here we focus primarily on the measurements of ion temperature.

The paper is organized as follows: In Sec. 2 the STP is briefly described. In Sec. 3 we summarize our method of calibrating the probe for ion temperature measurements by means of PIC simulations. In Sec. 4 the experimental set-up of the STP prototype at the CASTOR tokamak is addressed, and the results obtained from the experimental testing of the STP are discussed.

2. The segmented tunnel probe

The STP consists of a hollow conducting tunnel a few millimeters in diameter and typically 5 mm deep, closed at one end by an electrically isolated conducting back plate. The tunnel axis is parallel to the total magnetic field. To repel electrons, the conductors are negatively biased. Originally [4] the tunnel probe was conceived to exploit the dependence of the magnetic sheath thickness on electron temperature to provide measurements of that quantity. The ions flowing into the tunnel orifice get unmagnetized by an intense radial electric field in the magnetic pre-sheath, and redistributed between the back plate and the tunnel, Fig. 1 (left). The tunnel-to-back-plate ion current ratio is therefore a function of electron temperature. The sum of the tunnel and the back plate currents divided the cross section of the tunnel orifice gives the incident parallel ion current density, J//,i. 
The axial distribution of ion flux onto the tunnel decays with a characteristic length scale that is determined by the relative strength of the radial acceleration with respect to the incident parallel ion velocity. The latter is a function of the ion sound speed. Therefore, in addition to the electron temperature and ion current density measurements, if we divide the tunnel into two segments, the ion temperature can also be obtained from the ratio of ion current to the first and the second segment, Rc = Iseg1/Iseg2. 

To account for the influence of the plasma flows in the SOL, two tunnels are mounted back-to-back in a Mach probe arrangement, Fig. 1 (right), sampling plasma from both upstream and downstream directions along the total magnetic field. If the plasma flow is not too large, the measured parameters in question are calculated as an average of the upstream and downstream values [5].
The advantage is that the probe operates in DC mode and thus provides fast measurements of the above mentioned quantities. Moreover, due to clearly defined tunnel orifice, the STP is not subject to the uncertainties of collecting area from which classical convex probes suffer.
3. Particle-in-cell simulations of the STP

Particle-in-cell (PIC) simulations were used for the calibration of the probe for ion and electron temperature measurements. We used two-dimensional PIC code XOOPIC [6]. Due to the axial symmetry of the probe, the XOOPIC code can simulate the whole region inside the tunnel. In the simulations, Maxwellian electrons and ions with different combinations of temperatures (Ti,e) and current densities (J//,i,e) are injected into the simulation domain from the right hand boundary, Fig. 1 (left). The potential of the injection plane is held at 0 V. The probe is held at Vbias – 3Te, where Vbias is the biasing potential of the probe, referred to the vessel ground. The code calculates the ion current collected by each segment which enables to evaluate the ratio Rc. It must be noted that the value of Rc does not depend only on Ti, but to some extent also on electron temperature Te and parallel ion current density J//,i. However, Te is measured simultaneously from the tunnel-to-back-plate ion current ratio (see [6]). The sum of the tunnel segments and the back plate divided the cross section of the orifice gives J//,i. Therefore, the ion temperature Ti = Ti(Rc, Te, J//,i) is unambiguously determined by the variables measured by the same probe.
More than 100 simulations for typical values relevant for SOL conditions have been performed (i.e. J//,i =  1 ÷ 6 kAm-2, Te = 5 ÷ 60 eV, Ti = 5 ÷ 60 eV). From the simulation database we derived the analytical fitting formulae for Ti
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for J//,i = 1 ÷ 3 kAm-2 and Vbias = -200 V, and
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for J//,i = 3 ÷ 6 kAm-2 and Vbias = -200 V. 
4. Experimental set-up and results

4.1 Experimental set-up

A prototype of the STP has been built and tested in the CASTOR tokamak. The ion currents collected by each segment and the back plate were measured separately with 1 µs time resolution. The tunnel axis was aligned with the local magnetic field in order to avoid magnetic shadowing by the tunnel that impedes ion flow to the back plate. As calculated from PIC simulations [7], the magnetic shadowing becomes an important factor only if the misalignment of the tunnel axis with respect to the magnetic field exceeds 5°. Such tolerances are easy to achieve, leaving a wide margin for variations of edge safety factor during the discharge.

The probe was installed on a manipulator located on the top of the torus, which could be displaced radially between discharges. A radial scan of the plasma parameters was performed on a shot-to-shot basis in successive reproducible discharges.

It is worth noting that the magnetic flux surfaces in the CASTOR tokamak need not to be concentric with its poloidal limiter. In the experiments described here, the magnetic axis was shifted downward by 2 cm with respect to the limiter, creating a secondary SOL at the top of the torus with the connection length of several toroidal turns (similar to the divertor or toroidal limiter tokamaks).

4.2 Radial profiles of the SOL plasma parameters in CASTOR
Using Eqs. (1) and (2), the radial profile of the ion temperature was constructed. Fig. 2 (top) shows a typical radial profile of ion and electron temperatures in CASTOR obtained from the STP, plotted against the poloidal distance from the vessel centre, r. Each point is a result of averaging (of the upstream and downstream values) of the fluctuating plasma parameters over a few millisecond interval during a flat-top phase of the discharges. In addition, Te from the STP is compared with similar measurements obtained from the radial array of Langmuir probes (so called “rake probe”). 

For r < 65 mm the ion temperature increases towards the plasma centre, but, as a consequence of the Ohmic-heating, Te is higher than Ti. At rLCFS = 65 mm Ti and Te become comparable. In the region of 65 mm < r < 85 mm (i.e. between the LCFS and the poloidal limiter) the Ti profile flattens. Here the effect of the plasma pre-sheath starts to play role – the electron temperature further decreases while, in the second half of the region, the ion temperature increases slightly. At r = 85 mm the ratio of Ti/Te approaches the value of ~3. This is probably caused by volumetric power losses, impurity radiation, hydrogenic recycling, etc., which tend to strengthen the tendency for Ti > Te. However, it might be also caused by the fact that the calibration breaks down at very low J// due to physical phenomena that XOOPIC simulations do not take into account (recycling etc.). 
As seen from Fig. 2 (bottom), the values of plasma density ne measured by the Langmuir probe are higher than the ones obtained from the STP. This is probably caused by the uncertainty in the rake probe effective collecting surface (taken as a simple geometrical projection of the probe tip), and consequent overestimation of the parallel ion current density, J//,i, Fig. 2 (middle). At the same time, it needs to be taken into account that during the rake-probe experiments the position of the LCFS was slightly shifted towards the limiter, which resulted in a higher plasma density.

4.3 Scaling of Ti and Te with the plasma density 

More direct evidence of the ion and electron temperature inequality in the SOL and its dependence on the plasma density was recently studied in CASTOR by means of the STP. In order to scale Ti and Te with ne, a series of discharges with monotonically decreasing density was performed. In these experiments, an additional gas puff was switched off, so that the plasma density decreased steadily during the discharge, with the line averaged density 
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 measured by the interferometer over a central chord, and the plasma density ne obtained from the STP, positioned at r = 80 mm.

In Fig. 3 (bottom), ion and electron temperatures, simultaneously measured by the STP, are plotted against the plasma density at the probe position, ne. Each data point represents an average value for 
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, performed by Matthews et al.  [8], using an RFA and plasma ion mass spectrometer, PIMS. 

5. Conclusions and summary

Complex electrostatic probes have been developed in the past decades for measurements of edge parameters not accessible with the simple Langmuir probes. This work describes a new such device, the segmented tunnel probe, and reports on its successful application for simultaneous bi-directional measurements of ion temperature, electron temperature and parallel ion current density. This work focused on the measurements of ion temperature. 
The operational principle of the probe is based on the magnetic pre-sheath effect in a hollow conducting tunnel. The STP operates in DC mode and thus provides fast measurements of the plasma parameters with the temporal resolution up to 1 s. This particularity gives the probe a significant potential to be employed in the research of transient phenomena (e.g. turbulence, fluctuations, ELMs).

We outlined the calibration of the STP by means of the 2-dimensional PIC code XOOPIC. Using the fitting formulae obtained from the PIC simulations, we reconstructed the radial profile of ion and electron temperatures, as well as the parallel ion current density and plasma density in CASTOR tokamak. Due to the pre-sheath effects in the SOL, the ion temperature was found to be considerably higher than Te, which is in a good agreement with similar results reported in [9]. The temperature inequality in the SOL and its dependence on the plasma density was experimentally studied in detail in a series of discharges with monotonically decreasing density. The ion temperature scales roughly in proportion with 1/ne, while the electron temperature remains constant for the available density range.

Unfortunately, in the CASTOR tokamak, as well as in most of the other tokamaks, the edge ion temperature cannot be measured by any different method. Therefore, it is not possible to compare our ion temperature profiles with the one obtained from a different diagnostic. However, simultaneous measurements of ion temperature by the STP are planned to be performed in the Tore Supra tokamak, equipped with the RFA probe.

To conclude, the segmented tunnel probe has already reached the level of technical performance at which it starts to provide a wide range of useful scientific results and can be experimentally tested in larger fusion facilities.
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Figure captions

Figure 1. Left: Scheme of the STP tunnel. The ion trajectories are shown by black arrows. Right: Schematic drawing of the probe head. Two segmented tunnels are mounted back-to-back in a Mach probe arrangement.

Figure 2. Radial profiles of the ion and electron temperatures, parallel ion current density, and electron density (from top to bottom) in CASTOR measured by means of the STP and the rake probe. The position of the LCFS and the limiter is marked by a dashed line (note also that during the rake probe experiments the position of the LCFS was shifted towards the limiter).

Figure 3. Top: temporal evolution of the plasma density at the STP position and the line averaged density 
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 during the discharge with monotonically decreasing density. Bottom: scaling of Ti and Te with the plasma density at the STP position, ne. Each data point represents an average value for 
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