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During heating, by neutral beam injection, of magnetically confined plasmas in the TJ-II stellarator broad spectral structures, that straddle intense emission lines from multiply ionized oxygen ions, are observed by a normal-incidence spectrometer viewing a plasma region well separated from the neutral beam/plasma interaction volume. These features are seen to appear and to disappear shortly after neutral beam switch-on and switch-off, respectively. After excluding other possible origins it is demonstrated that their source is fast oxygen ions that originate as accelerated H 2 O and H 3 O ions in the ion sources of the neutral beam injectors. Next, discussions on how fast multiply ionized ions can perform multiple toroidal transits about this device, thereby giving rise to the spectral structures observed, are presented. Finally, implications of these emissions for spectral analysis and interpretation of spectra in hot magnetically confined plasmas are addressed.

Introduction

Spectroscopy is a powerful diagnostic tool that is widely used to study hot magnetically confined plasmas [1,[START_REF] Fujimoto | Plasma Spectroscopy[END_REF]. Indeed, numerous spectroscopic based techniques are employed to measure and study a broad range of plasma parameters [START_REF] Hutchinson | Principles of plasma diagnostics[END_REF][START_REF] Isler | [END_REF][5]. For this a correct and complete evaluation is needed of the instrument function as well as of the width, shape, background, absolute intensity and/or displacement of the spectral line of interest, in order to obtain a reliable measurement of the plasma parameter of interest. Moreover, it may also be necessary to correct for other effects that might contribute to a line of interest, e.g. line contamination, non-thermal velocities [6], fine-structure [7], etc, this being especially critical when several such components are superimposed. In other situations, the challenge is to separate an emission of interest from a strong background, for instance to measure a population of supra-thermal protons in a hydrogen plasma or of fast ions injected during neutral beam heating of the plasma [8,9].

In the TJ-II stellarator device, additional plasma heating using two neutral beam injection (NBI) systems is available [10]. When such heating is employed, broad spectral line like structures are observed to straddle intense oxygen ion emission lines collected by a vacuum ultraviolet (VUV) spectrometer whose line-of-sight does not cross either neutral beam. These structures, whose central wavelengths do not correspond to tabulated wavelengths of inherent TJ-II impurities [START_REF] Yu | NIST Atomic Spectra Database (version 3.1.5)[END_REF], are significantly broadened compared to impurity spectral lines (T i (0) ~60 to 120 eV [START_REF] Carmona | [END_REF]) and have integrated intensities that, in some cases, represent up to ~20% that of the straddled oxygen lines. Moreover, they are observed to develop shortly after the start of NBI injection into the plasma, to disappear within ~10 ms after NBI switch off, and to be sensitive to whether the injection direction is parallel or anti-parallel to the magnetic field direction. In TJ-II the term co-injection is employed for injection in the same direction as the magnetic field, i.e. parallel injection, and the term counter for injection in the opposite direction, i.e. anti-parallel injection [13].

It is postulated here that the origin of these features is a population of fast oxygen ions that originate from the neutral beams and transit toroidaly the TJ-II plasma.

Neutral beam injection systems are widely employed on magnetically confined plasma devices to provide additional plasma heating and/or as part of active diagnostic systems [14,15]. For this, ions from a source are accelerated to keV energies and then pass through a neutral gas target, where they neutralize by charge-exchange interactions, before entering the magnetically confined plasma. Although the accelerated particles are generally hydrogen (as in TJ-II) or deuterium ions, impurity ions, in particular H 2 O + or D 2 O + [16,17], may also be present in the ion source with the result that, after disassociation and neutralization, fast oxygen neutrals can reach the plasma where they can be ionized and trapped. However, the presence of such impurities is often overlooked. In particular their presence in the plasma and their contribution to oxygen spectral lines are generally not considered when performing spectral analysis. To the authors' knowledge, such considerations were made only in the 2XIIB mirror machine [18,19] where a study of oxygen emissions revealed that the neutral beams were the source of oxygen impurities in the device.

In this paper, after first describing the experimental set-up, spectra centred on emission lines from different ionization stages of oxygen and recorded before and during heating by neutral bam injection, are provided in order to illustrate the features observed. Next, discussions concerning the underlying physics of these features are presented and a simple model, that permits reproduction of the form of these spectral structures, is described. Furthermore, additional experimental results that may be used to evaluate their sensitivity to different plasma parameters, e.g. toroidal magnetic field direction, plasma density, etc, are included. Finally, after drawing conclusions the possibility of applying the work reported here to probe fast ions in hot magnetically confined plasmas is addressed.

Experiment

The TJ-II is a four-period stellarator of the heliac type with a major radius of 1.5 m and an average minor radius of ≤0.22 m [20]. It is designed to explore a wide rotational transform range (0.9 ≤ ι(0)/2π ≤ 2.2) in low, negative shear configurations (Δι/ι < 6%). Its magnetic field is generated by a system of poloidal, toroidal and vertical field coils. These include 32 toroidal field (TF) coils whose centres follow a toroidal helix of major radius 1.5 m, minor radius 0.28 m, and pitch law θ = -4φ (where θ and φ are the poloidal and toroidal angles). The coil system is completed by a central conductor made up of two coils: a purely circular horizontal one of 3 m diameter and a helical winding wrapped around this coil that follows the same winding law as the TF coils. The resultant plasma cross-section is bean shaped with magnetic field B(0) ≤1 T. See Fig. 1. For hydrogen plasmas created and heated using two gyrotrons operated at 53.2 GHz, the 2 nd harmonic of the electron cyclotron resonance frequency (P ECRH ≤600 kW, t discharge ≤300 ms), central electron densities, n e (0), and temperatures, T e (0), up to 1.7 × 10 19 m -3 and 1 keV, respectively have been achieved. Additional heating by the injection of accelerated neutral hydrogen atoms (≤35 keV) from two tangential NBI's is available [10]. At present, each NBI provides up to 500 kW of additional heating (t NBI ≤100 ms) and, as a result, plasmas with n e (0) ≤5 × 10 19 m -3 have been attained with a lithium coating on the vacuum vessel wall [20].

Time-resolved spectral line information is collected using an f/10.4 1 m normalincidence vacuum spectrometer equipped with interchangeable 1200 and 3600 lines mm -1 gratings and a back-illuminated CCD camera with 400 × 1340 pixels (20 × 20 µm 2 ) [6].

The instrument, which covers the wavelength range from ~20 to ~300 nm, is vacuum coupled to TJ-II, is mounted with its wavelength dispersion plane perpendicular to the horizontal central conductor, and is located in a machine sector where its line-of-sight does not intersect either NBI beam path. See Fig. 2. Moreover, because of the four period helicity of TJ-II, the angles, ψ, between the spectrometer line-of-sight and central magnetic field line vectors are <90 degrees, for instance, ψ = ~55º for the magnetic field line at the plasma centre when operating in the standard magnetic configuration, 100_44_64, where the nomenclature reflects currents in the central, helical and vertical field coils, respectively [START_REF] Tribaldos | in TJ-II -17[END_REF]. For this work the height and width of the entrance slits were fixed at 30 µm and 5 mm respectively, while the viewing solid angle was restricted by stops to collect radiation from a line-of sight that crosses the plasma centre (~10 cm in the vertical direction and a few centimetres in the toroidal direction). See Fig. 1. Also, the instrument was operated in survey mode (with a focal plane coverage of either ~6 or ~20 nm) and spectra were collected and recorded every 5 ms along plasma discharges. Finally, using the high dispersion grating the upper wavelength limit is ~100 nm, whilst longer wavelengths are accessible with the 1200 lines mm -1 grating. In both cases the instrument function can be well fitted by a Gaussian line profile [6].

The TJ-II is the first heliac experiment to employ NBI's for plasma heating. The system is comprised of two tangential injectors in the co-counter configuration [13]. See Fig. 2.

Each injector consists of an arc discharge plasma generator [22], a three-electrode multiaperture ion optical system for beam focusing, an ion neutralization chamber and ion dump, plus a coupling duct to the TJ-II vessel. The cold dense plasma generated in the anodes (~10 12 H 2 cm -3 , T e = 5 eV) is composed principally of H + and electrons with a not insignificant presence of molecular ions, i.e. ) [22]. The ions extracted and accelerated by the accelerating grids traverse the neutralizer where they undergo charge exchange interactions with a gas target, ~5 × 10 15 molecules H 2 cm -2 , whilst the molecular ions undergo dissociation and later charge exchange with the same. At the neutralizer exit any remaining ions are deflected from the Fast oxygen ions in TJ-II -7 -beam path by a magnetic field. The result is a neutral beam composed of H atoms with energies E, E/2 and E/3, where E is the energy of the principal particle after acceleration, and having a 1/e divergence of 1.3º. However, impurities are also present in the source.

After being accelerated, they undergo the interaction processes and the resulting neutral particles exit the NBI with energies mE/M where m and M are the atomic masses of the resulting neutral particles and original impurity ions, respectively. Indeed, evidence for this can be inferred from Fig. 3 where a low-energy component is observed among the Doppler shifted H α spectral lines recorded from one of the neutral beams. Its origin is considered to be H 2 0 + /H 3 0 + ions, which are accelerated before undergoing fragmentation and neutralization in the gas target thereby producing neutral oxygen with energies 16E/18 and 16E/19 as well as neutral hydrogen with energies E/18 and E/19. From Fig. 3 a ratio of 60:40 for M=18:M=19 is estimated from the weighted intensities of their H α components.

Finally, all accelerated neutrals pass through the coupling duct to the hot plasma where they can be ionized via collisions and become confined.

Spectral Feature Identification

The broad spectral line-like features that straddle intense oxygen ion spectral lines were observed initially about the O V resonance line at 62.9732 nm (2s 2 1 S -2s2p 1 Pº) in spectra collected at 5 ms time intervals during NBI heating. See Fig. 4. It was found that their intensities represented up to 10 % that of the main peak while their temporal evolution did not correlate with main plasma parameters such as electron density or temperature. Also, their full-widths at half-maximum (FWHM), ~0.065 nm, indicated ion temperatures significantly higher than impurity temperatures typically measured in TJ-II, i.e. 60 to 120 eV [START_REF] Carmona | [END_REF]. Moreover, it was found that when NBI #1 was operated, the feature appeared on the short wavelength side of the line, whilst when NBI #2 was operated, the feature appeared on its long wavelength side. Finally, when both NBI's were operated the features were present on both sides of the line (albeit asymmetrically), and disappeared several milliseconds after NBI switch-off.

In order to elucidate on their origin, a survey was performed over the range 20 to 200 nm. Similar features were found about strong lines emitted by various ionization states of oxygen, for instance, about the 60.8397 and 60.983 nm (2p 2 Pº -2p 2 2 S) lines of O IV as well as its resonance lines at 78.77, 79.011 nm and 79.02 nm (2p 2 P 0 -2p 2 2 D), and the resonance O VI lines at 103.19 nm and 103.76 nm (2s 2 S -2p 2 Pº). See Fig. 5. In all cases, after crosschecking with atomic spectra databases [START_REF] Yu | NIST Atomic Spectra Database (version 3.1.5)[END_REF], it was ascertained that their central wavelengths did not coincide with those of identified TJ-II impurities. In contrast, due to the large number of closely spaced lines, it was not possible to determine if structures occurred about the strong O II lines at 83.275, 83.333 and 83.446 nm (2p 3 4 S 0 -2p 4 4 P) or about the resonance O III lines at 83.5 nm (2p 2 3 P -2p 3 3 Dº). However, weak features were found about the 59.78 and 59.959 nm (2p 2 1 D -2p 3 1 Dº) lines of O III. See Fig. 5. Finally, features were not observed about spectral lines from higher ionization states of oxygen, for instance about the 162.36, 163.83 and 163.99 nm (2s 3 S -2p 3 Pº) lines of O VII nor about the (n = 4 to 3) and (n = 5 to 4) transitions of O VIII at 29.28 nm and 63.265 nm, respectively, these being weak or not observed. Now considering the experimental observations described above, plus the presence of accelerated oxygen in the NBI's, it is postulated that these structures are line emissions from fast neutral oxygen ions that enter the plasma as neutrals with energy mE/M, and velocity, V (m/s) = 1.3 × 10 2 (1.16 × 10 4 E/M) 0.5 , become ionized via particle collisions, are confined by the magnetic field, undergo further ionizations and remain in the plasma for sufficient time for photons, induced by collisional excitations, to be observed by the VUV spectrometer. In the next section these considerations as well as the shapes of the features, their asymmetry and the physics behind these observations are discussed.
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Discussion

Fast oxygen interaction with plasma

Several processes are considered to govern the interaction of fast beam particles with the hot plasma. On entering the plasma fast neutrals may be ionized in collisions with plasma ions and electrons. The resulting population of fast ions travel around the heliac on orbits that are centred on magnetic field lines with a supra-thermal distribution that depends on several variables, namely the fast-ion energy, the pitch (the projection of the velocity vector onto the magnetic field, V par /V), and the radial and poloidal birth maps. In the case of pitch, on ionization the velocity vector of an oxygen is modified as V 2 = V par 2 +

V per 2 (where E = 1/2 mV par 2 + µB T being µ = mV per 2 / 2|B T | the magnetic moment) with V par and V per , the velocities of the confined oxygen travelling along, and gyrating about, the magnetic field lines, which depend on the angle γ between the toroidal magnetic field, B, and the V vectors. Since injection is tangential, γ should be small in the plasma core and V par ≈ V for neutrals ionized there. For NBI #1, they travel in an anti-clockwise direction (seen from above in Fig. 2) while ions originating from NBI #2 travel clockwise. As they circulate around TJ-II following the magnetic field lines (in a cork screw manner) they may undergo further ionizations or charge-exchange, collide with plasma ions and electrons, giving rise to slowing down and scattering, or else their orbits may intersect with the vacuum chamber walls and be lost. These points are now discussed in more detail.

Conversely, a fraction of neutrals traverse the plasma without being ionized (shinethrough).

After penetrating the plasma fast oxygen atoms are ionized in collisions with plasma particles, in particular with protons, and confined. Following the method used in Ref. [14] to estimate beam penetration into a hot plasma, and using ionization cross-section data for particle collisions with oxygen from Refs [23,24,25], plus ionization rate coefficient data for collisions with electrons from Ref. [26], the mean free path for fast oxygen ionization is of the order of 0.7 m (compared to ~2 m for full energy hydrogen neutrals) for typical plasma conditions when NBI commences, (i.e., line-averaged electron density <n e > = 6

× 10 18 m -3 and Z eff = 2 with boron being the main impurity [START_REF] Medina | Private Communication[END_REF]). As the density profile is almost flat in the plasma centre, for r/a ≤ 0.6 [START_REF] Hidalgo | [END_REF], confinement is maximized in this region.

Finally, as electron and ion densities increase oxygen ionization will increase at a similar rate, in particular in the core.

Once confined, oxygen ions undergo further ionizations as they travel around TJ-II. For instance, for n e (0) = 10 I) while pitch-angle scattering is small [START_REF] Dolan | Fusion Research; Principles, Experiments and Technology[END_REF]. Note: the accelerated oxygen energy (~28 keV) is much less than the critical beam-ion energy (W b ~210 keV estimated from [START_REF] Koch | [END_REF]) thus collisions with background ions dominate the slowing-down process. Hence the V par and V per velocity distributions for +3≤q≤+5 ions should be similar to those of O +1 ions and so it is considered that few ions, whose orbits originate in the plasma core, are scattered into the ion loss cones [14]. In contrast, τ ion ≈ τ S for O +6 (see Table I), thus 'slowing-down' will become important.

Fast oxygen line shapes

For ions crossing the spectrometer line-of-sight, collisional excitation of all spectral lines of interest is local as the mean free paths associated with the upper state lifetimes are of the order of several centimetres (A ki >10 8 s -1 [START_REF] Yu | NIST Atomic Spectra Database (version 3.1.5)[END_REF] for all transitions of interest and V par τ k ≤6 cm). Hence recorded photons are Doppler displaced by an amount equal to the component of the fast-ion velocity in the direction of observation, i.e. by

λ D = (+/-) λ 0 V par Cos ψ / c (1),
where c is the speed of light, λ 0 is rest wavelength, ψ is as defined before. Note: the Doppler shift is positive for NBI #1 and negative for NBI #2. Also, the spectral line is broadened due to V per . In addition, other contributions to spectral line broadening need to be considered. For instance, the instrument function (w = 0.0152 nm), the variation in ψ across the viewed plasma cross-section (ψ = 56.5º to 64.4º), the velocity distribution of the oxygen neutrals (assuming an initial Gaussian distribution of the neutral oxygen beam population about V whose full-width at half-maximum is 5.7 x 10 4 m s -1 , as determined from broadening of the impurity Doppler component in Fig. 3), and the spread in V par and V per due to initial ionizations of accelerated oxygen particles occurring along an elongated plasma column thereby giving rise to a range of γ's. In contrast other potential line broadening effects such as the Zeeman effect (Δλ = +/-2 x 10 -5 nm) or Stark broadening are negligible because of the short wavelengths, low magnetic field, B(0) = 1 T, and plasma density, <n e > <5 x 10 19 m -3 .

In order to support this hypothesis, a simple code is used to qualitatively model the shape and displacement of the spectral features recorded by the VUV spectrometer. In the first instance, the code employs an established library for estimating magnetic field line vectors (B R, φ, Z ) for any point in cylindrical co-ordinates (R(m), φ(radian), Z(m)) within the TJ-II space and for any TJ-II magnetic configuration [START_REF] Tribaldos | TJ-II Library Manual, Version 2[END_REF]. This is done to create velocity vectors for the oxygen ions travelling along, and gyrating about, the magnetic field lines.

Then, considering the plasma poloidal cross-sectional volume intersected by the spectrometer line-of-sight cone, a map of ψ is created. Note; a 2.6º angular correction is included to compensate for a small angular misalignment between the spectrometer and the perpendicular of the central conductor. In addition, the plasma volume mapped is limited to r/a ≤0.6 since it is assumed that the fast oxygen ion population exists within the plasma core only. This is reasonable as fast ions confined in the plasma core remain there for sufficient time to reach the plasma volume under consideration whilst ions created near the plasma edge (within the loss cones) are lost before reaching sector C6 [32]. Furthermore, it is considered for simplicity that the population of each oxygen ionization stage is uniform and the electron density profile is flat within r/a ≤0.6, and that the electron-impact excitation rate to the upper state of each transition of interest (except to the 2p 3 1 Dº state of O III) is constant for T e = 0.2 to 1 keV [33]. Finally, the line broadening processes considered previously are incorporated. Then, the code is run for a selected V par + V per and contributions from all unit volumes in the spectrometer line-of-sight cone are summed to produce a spectral profile for comparison with the measured spectral features. This is repeated for a range of V par + V per until a best fit to recorded data is achieved (note: intensity scaling is performed for each feature).

The code was used to model the features in Fig. 4 where the acceleration voltages were 31 kV (NBI #1) and 28.6 kV (NBI #2) and the plasma was created in the standard TJ-II configuration (100_44_64). The wavelength shifts of the structures reproduced by this simple model support the hypothesis that a population of fast oxygen ions (at least up to O +4 ) can make several transits about TJ-II before being slowed down or lost. For this, the mean velocities were V par = 5.54 x 10 5 m s -1 and V per = 1.5 x 10 5 m s -1 for NBI #1, and V par = 4.84 x 10 5 m s -1 and V per = 2.65 x 10 5 m s -1 for NBI #2. While the authors realize the limitations of the simple model employed, and assumptions therein, these values, which also reproduce the asymmetry in the feature shapes, indicate a possible sensitivity of NBI to the direction of B T , as the model requires a different γ for each NBI. This sensitivity is investigated further in the following section.

Inversion of B T

In order to further investigate the asymmetry about oxygen peaks, numerous spectra centred on the O V line at 62.9732 nm were recorded during an experimental campaign with the direction of B T inverted (clockwise in Fig. 2). From Fig. 6 it is seen that while features associated with NBI #1 and NBI #2 remained on the same wavelength sides of this peak, the feature shapes are swapped over, i.e. becoming flat for NBI #1 and peaked for NBI #2. Furthermore, the relative intensities between the two peaks have changed, (compared to Fig. 4) thereby indicating a possible ion-loss sensitivity to the direction of B T . This latter effect may be due a shift of the stagnation point with respect to the magnetic surfaces, this being outwards if the fast ions are injected parallel (co-injection) and inwards for the opposite (counter-injection). However, more studies are needed to clarify this.

Ionization length versus density

In Table I the ionization length of O +2 ions in low-density TJ-II plasmas is predicted to be of the order of several meters for low densities, thus a small but detectable fraction of such ions can reach sector C6, where their Doppler shifted emissions can be recorded, before being ionized to higher states. However, as electron density increases this ionization length will reduce and few O +2 ions will reach this sector. Hence, a decreasing O III feature intensity with increasing electron density is predicted. Simultaneously, it is predicted that the intensity of features associated with higher ionization states, e.g. O +4 , should increase initially with density, due to reduced shine through and higher excitation rates, before beginning to decrease at very high densities as the ionization length reduces to a few Fast oxygen ions in TJ-II -14 -meters, e.g. when <n e > ≥4 x 10 19 m -3 . Indeed, such behaviour is observed in Fig. 7 and provides a good test of the hypothesis being put forward here.

Slowing down

As discussed in section 4.i and Table I [26], so these ions can circulate around TJ-II undergoing collisions for sufficient time, several milliseconds, to be subjected to slowdown. This manifests itself as a drift of the fast oxygen spectral feature towards the main thermal oxygen spectral line in Fig. 8.

Conclusions

It has been demonstrated that fast oxygen, originating in the NBI heaters, can be ionized and confined in TJ-II plasmas with the result that as they travel around the device they become multiply ionized before being lost or slowed down. Furthermore, it has been shown that such ions can be detected by the Doppler shifts of strong spectral line emissions and their evolution with plasma density can be studied. Moreover, on the one hand such findings have implications for the analysis of oxygen spectral lines during NBI heating phases in TJ-II, and possibly other magnetically confined plasma devices, while on the other hand such emissions may provide a tool for studying phenomena such as fast-ion slow down and confinement, or the influence of NBI injection direction and B T on fast ions. Moreover, the experimental findings presented here advocate the possibility of employing neutral beams doped with a suitable impurity element, if not already doped with oxygen, in combination with strategically positioned spectroscopic instruments, to probe fast ion behaviour in hot magnetically confined plasmas.
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Figures Fig. 1. A sketch of the poloidal cross-section of the TJ-II sector, where the VUV spectrometer is located, together with the upper and lower lines-of-sight and lines of constant magnetic flux for this configuration. For this, light is collected from 12 cm about the plasma centre, with the mid line-of-sight located about 2 cm below. 
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 23 The composition of the mixture depends on the arc conditions, however the nominal ion species mix is 80:10:10% (H + ,

Fig. 2 .

 2 Fig. 2. Bird's eye view of the TJ-II stellarator. The locations of the magnetic field coils, diagnostics of interest, the direction of injection of NBI #1 and NBI #2 are indicated. Note; B T is anti-clockwise for standard operation.

Fig. 3 .

 3 Fig.3. Doppler shifted H α spectrum of the neutral beam collected through a viewport positioned close to the coupling duct between NBI #1 and TJ-II. As well as the principal full, half and third energy components, E, E/2 and E/3, a component Impurities, that can be attributed to H 2 O and H 3 O, is also seen. Note; the line-of-sight to beam angle is 39º.

Fig 4 .Fig. 5 .Fig. 6 .

 456 Fig 4. Spectra collected during a TJ-II discharge with broad features appearing on the short and long wavelength sides of the O V line at 62.973 nm during NBI heating. The curves represent both NBI's off (dots), only NBI #1 on (dash), both NBI's on (dot/dash) plus modelled features (continuous). The applied NBI acceleration voltages are shown.

Fig. 7 .

 7 Fig. 7. The evolution of NBI #1 O III, O IV and O V features as a function of plasma density (dots, NBI#1 off, <n e > = 5.5 x 10 18 m -3 ), (continuous, NBI#1 on, <n e > = 1 x 10 19 m -3 ), (dot/dash, NBI#1 on, <n e > = 1.75 x 10 19 m -3 ).

Fig. 8 .

 8 Fig. 8. The evolution of the NBI #1 O V feature associated that provides evidence for slowing down of fast O +4 ions at plasma collapse (dots, NBI#1 off, <n e > = 5 x 10 18 m -3 ),

  , and slowing-down times, τ || , of ionization stages of 30 keV oxygen neutrals injected into TJ-II for two plasma conditions, (a) <n e > = 10 19 m -3 , T e (0) = 1 keV, <n i > = 8 x 10 18 m -3 , T i = 70 eV, ln Δ = 17.9 and (b) for <n e > = 3.5 x 10 19 m -3 , T e (0) = 300 eV, <n i > = 3 x 10 19 m -3 T i = 110 eV, ln Δ = 17.0. Here τ || = 4πε o 2 mV 3 /Σ * n * q 2 q * 2 ln Δ / m r , where m and V are oxygen mass and velocity, n is density, q is electronic charges (* represents background and impurity ions), m r = m * m /(m * + m) and ln Δ is the Coulomb Logarithm[START_REF] Dolan | Fusion Research; Principles, Experiments and Technology[END_REF].
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  19 m-3 , T e (0) ~800 eV, Z eff = 2, and T i (0) ~70 eV, the calculated mean ionization times, τ ion , for O +1 , O +2 , O +3, O +4 , and O +5 are 3, 6, 14.5, 31.7, and 100 µs

respectively (assuming electron collisional ionization only

[26] 

and negligible recombination), see Table

I

. Since the path lengths from the beam/plasma intersection regions for NBI #1 and NBI #2 to sector C6 are ~6.7 m and ~8.5 m, respectively, it is demonstrated in Table

I

that the fast O +1,+2 populations (for V par ~5.7 × 10 5 m s -1 ) will be almost fully ionized before reaching sector C6 (a small fraction of O +2 ions may survive) whilst the O +3,+4,+5 ion populations traverse sector C6 at least once (one full transit = 11.3 m). Moreover, for such plasma conditions, it is estimated, by considering Coulomb collisions only, that the slowing-down times, τ S , are several milliseconds or more (see Table

  , slowing down of ions up to O +5 is not observed in TJ-II plasmas for densities up to the highest values achieved with NBI heating, i.e. for <n e > ≤3.5 x 10 19 m -3 . Unfortunately, it was not possible to study O +6 or O +7 ions due to weak spectral lines within the instrument wavelength range. Nonetheless, it was observed that in spectra collected during a plasma collapse with NBI heating still switched-on, the shape of the observed structure on the short wavelength side of the O V line becomes skewed, i.e. it drifts towards the main peak thereby implying reduced V par . See Fig.8. In this part of the plasma discharge the plasma line-averaged density is ~2 x 10 19 m -3 and the central electron temperature is below 50 eV. Such cooling results in a large reduction in the O +4 ionization rate coefficient

Table I :

 I Ionization times, τ ion , ionization path lengths, l ion

		3	0.67	1.7	0.4	89	17
	O +2	6	1.3	3.5	0.8	22.7	4.3
	O +3	14.5	3.2	8.4	1.9	10	2
	O +4	31.7	7	18.3	4.1	5.7	1
	O +5	100	22.2	60	13.3	3.6	0.67
	O +6	2400	500	>10 3	300	2.5	0.47

Fast oxygen ions in TJ-II

(continuous, NBI #1 on, <n e > = 2.2 x 10 19 m -3 ), (dots/dash, NBI #1 on, <n e > = 3.3 x 10 19 m - 3 ), (dash, NBI#1 off, plasma collapsing).