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The neutralization efficiency, however, drops to negligible values for energies greater 40 than 250 keV, rendering gas neutralization impracticable for positive ions [1]. The 41 neutralization efficiency of negative H -or D -ions in gas neutralizers, is around 60% 42 at the energy requirements of NBIs, rendering negative ions much more attractive. For 43 example, ITER's negative ion-based NBI will deliver 16.7 MW of D 0 at 1 MeV [2].

44

The negative ions for ITER will be produced by Inductively-Coupled Plasma (ICP) 45 sources requiring several hundreds of kW of RF power and the evaporation of caesium A c c e p t e d M a n u s c r i p t basic plasma diagnostics including Langmuir Probes (LPs), microwave interferometry, 76 magnetic probes, Optical Emission Spectroscopy (OES) and diagnostics based on 77 laser-plasma interaction, such as LP-assisted laser photodetachment and Cavity Ring-78 Down Spectroscopy (CRDS), are routinely employed [12,[START_REF] Jacquier | [END_REF]. Previous experimental 79 campaigns based on OES and CRDS revealed a significant amount of negative ions both 80 in hydrogen and deuterium plasmas [START_REF] Marini | [END_REF]14]. Both OES and CRDS measure negative ion 81 density in the order of a few 10 16 m -3 , and development is needed to reach the negative 82 ion densities required for NBIs, which is 10 17 m -3 [15]. The main advantage of CRDS 83 is that it allows a direct measurement of the absolute value of the negative ion density 84 without requiring any calibration and being non-invasive. However, the line-integrated 85 measurement does not provide the local density. In a previous experimental campaign,

86
we tested the robustness of CRDS and studied the experimental challenge of how to 87 reduce undesired effects that could deteriorate the accuracy of the measurement [14]. In The paper is organized as follows: Section 2 describes the plasma source RAID.

93

In Section 3, we present the experimental setup of CRDS and LP-assisted laser wave has been measured by means of a magnetic probe [START_REF] Jacquier | [END_REF] confirming that the plasma 111 column is sustained by helicon waves. depending only on the gas pressure [START_REF] Lieberman | Principles of plasma discharges and materials processing 487[END_REF] H 2 (v) is the radiative decay from singlet state, the so called E-V process [21]:

154 H 2 (X 1 Σ + g , v) + e → H 2 (B 1 Σ u ; C 1 Π u ) + e → H 2 (X 1 Σ + g , v ) + e + hν.
Previous experiments based on Optical Emission Spectroscopy (OES) and CRDS 155 revealed a significant volume production of H -and D - [START_REF] Marini | [END_REF]. The radial distribution 156 measured by OES suggests that negative ions reach a maximum density in a radial shell 157 located around r ∼ 4 cm. Since CRDS was demonstrated to be a robust diagnostic, it is 158 used here for an experimental campaign to broaden knowledge of negative ion physics 159 in the present experimental device and to form a database for models of negative ion 160 production in the helicon plasma. In order to make measurements comparable with 161 the previous campaign [14], the same experimental setup was used as described in 3, 162 combined with a movable LP to measure the radial profile of negative ion density using 163 laser photodetachment. the measurement position of the laser is fixed at r = 0.04 m (where we expect the 171 largest density of H -according to OES measurements [START_REF] Marini | [END_REF]) and the laser beam performs 172 multiple reflections between the two high reflectivity (HR) mirrors.

173

The CRDS technique was developed in 1988 by A. O'Keefe [22] to perform optical 174 absorption measurements. CRDS is nowadays routinely used in fusion research as a 175 plasma diagnostic to measure H -and D -line densities in negative ion sources [15,[START_REF] Nakano | 17th International Symposium on Laser-Aided Plasma Diagnostics[END_REF].

176

To detect these ions, a pulsed Nd:YAG laser is employed [START_REF] Pasqualotto | [END_REF]. The photon energy 177 (E = 1.2 eV, corresponding to a wavelength of λ = 1064 nm) is sufficient to strip the 178 weakly bound electron of H -and D -(E binding = 0.75 eV) by photodetachment:

179 hν + H -→ H + e. ( 3 
)
180

The CRDS diagnostic on RAID relies on an optical cavity made of two HR mirrors 181 (R > 99.998% [START_REF] Pasqualotto | [END_REF]) to multiply the interaction length with the absorbing medium.

182

The light stored in the cavity is lost with an exponential decay time τ depending on 183 the mirrors' reflectivity and the medium's absorption. Further details on the CRDS 184 diagnostic in RAID can be found in Ref. [14]. An example of a CRDS signal in RAID 185 is shown in the inset in Fig. 5. The line-integrated negative ion density n-is:

186 n-= n -(l) dl, (4) 
187

A c c e p t e d M a n u s c r i p t

where n -is the local negative ion density. The line-averaged negative ion density n - 188 is given by: can be varied simultaneosly with the movable LP, which can be vertically displaced.

189 n -= 1 σ - L cd 1 τ - 1 τ 0 , (5 

206

The probe is displaced by a stepper motor and the vacuum is maintained by a bellow.

207

The probe tip is aligned co-axially with the direction of the laser beam and biased 208 at V bias = 26 V, above the plasma potential V plasma , which is V plasma = 12 (±1) V for negative ion density n -can be estimated as follows:

216 n - n e = I pd I dc , ( 6 
)
217
where n e is the local electron density, I dc the collected current at the V bias , and I pd 218 the amplitude of the variation of the collected current due to the photodetachment.

219

Eq. ( 6) can be applied if the following criteria are satisfied [25]: 1) the laser wavelength of H 2 and Ar gas (see Fig. 5); the Ar gas is added to facilitate plasma ignition [14].

238

The drop of τ just after plasma ignition is due to a combination of the absorption of 239 the laser pulse by negative ions and the thermal stress of the optical cavity. Just after 240 plasma ignition, Ar is removed in a few seconds and RF power is increased meanwhile.

241

In the plateau where τ ∼ = 37 µs, the plasma consists purely of H 2 and it is steady state.

242

The plasma discharge is then turned off at t ∼ = 80 s causing the sudden increase of We verified that the energy of the laser pulse was enough to strip all the electrons of weaker signal is measured in the case of D 2 . As suggested by Eq. ( 6), the shape of the 299 curve is due to a combination of the negative ion density and the electron temperature. 305 Fig. 8(c) shows the ratios n H -/n e and n D -/n e , given by Eq. ( 6). Although the electrons 306 are magnetized, the electron transport coefficient is the same both for the photodetached 307 electrons and for the electrons collected by the probe when biased above V plasma .

308

Therefore, the transport coefficients tend to cancel out in the ratio. We note the strong 309 difference between the two plasmas. At r = 0.06 m, n H -/n e reaches 0. can be found in [31]. The higher density in D 2 is measured by microwave interferometry 332 at the edge, at measurement position r = 0.04 m, revealing a line-integrated density a 333 factor 2 higher in the case of deuterium.

334

The data shown in Fig. 8 For completeness we also show the temperature profiles in Fig. 10. T e decreases 341 weakly along the radial direction down to 1 eV at r = 0.065 m and 5 kW of power

342
for both H 2 and D 2 . Moreover, a general decrease of T e is observed for increasing RF 

n -(x, y) = n peak -F (x, y), ( 7 
)
370
where n peak is the negative ion peak density. CRDS measures the integral of ( 7)

371
along the line of sight at the measurement position y = y CRDS , which is: 

372 nCRDS - = n peak - x 2 x 1 F (x, y CRDS ) dx, (8) 

388

The isotopic effect in negative ion and electron density has been investigated by 389 some authors and it is due to a combination of different phenomena [START_REF] Skinner | [END_REF]34,35].

390

Calculations and experiments show that n e is higher in deuterium than hydrogen effect on the negative ion density, the lower negative ion density in deuterium might be 396 due to the higher degree of dissociation in deuterium leading to increased V-t cooling 397 (cooling of D 2 (v) in collision with D) and then less efficient D -production [START_REF] Skinner | [END_REF]. For a 398 better understanding of the processes, modeling is envisaged. pressures, and future studies at those pressures will be required [START_REF] Hemsworth | AIP Conference Procedings[END_REF]. We showed that LP-406 assisted photodetachment is not sufficient alone to obtain reliable measurements. Thus, densities appear to be comparable, the ratio n -/n e is about 6 times lower in deuterium 417 than hydrogen. This suggests that the co-extracted electrons might be a more important 418 issue for deuterium, if the current magnetic geometry is employed.

419

We believe that these experimental investigations add relevant data on the volume 
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88

  this paper, we extensively exploit CRDS by varying plasma parameters in combination 89 with LP-assisted laser photodetachment to deduce absolute negative ion density local 90 profiles. The knowledge of these profiles is important since they are used as input 91 parameters for negative ion extraction and modeling.

  92

94H 2

 2 photodetachment on the RAID device. Section 4 shows the experimental results in 95

97 2 .

 2 The Resonant Antenna Ion Device (RAID) 98 RAID, shown in Fig. 1, produces a magnetized plasma column by means of a resonant 99 antenna in a birdcage geometry [8]. The cylindrical vacuum vessel is surrounded by six 100 coils producing an axial magnetic field up to 800 G on axis. The first coil on the left is 101 usually operated in inverse polarity with respect to the other five to create a gradient of 102 magnetic field along the axis in the antenna region. This enhances the electron confine-103 ment in the antenna probably because slower electrons produced in the antenna region 104 are confined by the bottleneck of the magnetic field. This was experimentally seen to 105 facilitate the ignition of the plasma discharge and to stabilize the helicon regime. A va-106 riety of axial boundary conditions can be implemented. In the present experiments, the 107 plasma column is bounded behind the antenna by a ceramic foam, and on the far end 108 by a water-cooled grounded copper end-plate. A stable helicon regime can be attained 109 with a minimum power of 1000 W for hydrogen and deuterium. A traveling helicon 110

Figure 1 .

 1 Figure 1. A cross section of the RAID plasma device along the axis. The cylindrical vacuum vessel of 1.4 m length and 0.4 m diameter is surrounded by six coils producing an axial magnetic field up to 800 G. The resonant birdcage antenna, placed on the left, produces a plasma column up to the target on the right.
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Fig. 3 (Figure 2 .Figure 3 .

 323 Fig. 3(a) shows the electron density radial profile, measured at the axial position

164 3 .

 3 photodetachement are respectively shown in Fig.4(a) and in Fig.4(b). In Fig.4(a), 170

) 190 where τ and τ 0 Figure 4 .

 04 Figure 4. A schematic of the two different experimental setups employed: in (a) the CRDS and, in (b) the LP-laser photodetachment scheme. In (a) the measurements position of the laser is fixed at 4 cm. In (b) the laser beam is vertically displaced simultaneously with the LP.

  209 r < 0.06 m, for both H 2 and D 2 plasmas, and independent of gas pressure. The H -or 210 D -ions in the laser path are photoneutralized and the stripped electrons are collected 211 by the probe. This causes a sudden increase of the signal detected by the LP, in the 212 A c c e p t e d M a n u s c r i p t order of a fraction of microsecond, proportional to the local negative ion density. An 213 example of a photodetachment signal in RAID in shown in Fig. 7. The fast transient 214 is measured by a current probe consisting of a toroidal current transformer. The local 215

220

  is suitable to photo-detach the electrons of the negative ions (i.e. the photon energy and 221 the detachment cross section are sufficiently high), 2) the laser pulse energy is enough 222 to photodetach all negative ions in the target volume, 3) the laser beam must have a 223 minimum diameter from which the amplitude of the signal does not increase with beam 224 diameter and, 4) the probe bias must be above the plasma potential. These criteria are 225 satisfied as described above and in section 4.2.

226 4 .

 4 Experimental Results227The CRDS and the LP-assisted photodetachment were used in two distinct experimental 228 campaigns in H 2 and D 2 plasmas with 200 G magnetic field on the axis of RAID, and 229 variable gas pressures.

230 4 . 1 .

 41 CRDS characterization in RF power and gas pressure at a fixed Line-Of-Sight231 (LOS)232CRDS measurements are performed employing the technique described below, which 233 was already introduced in[14] and reviewed here for clarity. Fig.5shows τ , the ring-234 down time, as a function of time, before, during, and after a H 2 plasma discharge with 235 5 kW RF power. The laser is pulsed at 10 Hz so that the temporal resolution is of the 236 order of 0.1 s. The plasma discharge starts at t ∼ = 30 s in the presence of a mixture

  237

243τ.Figure 5 .

 5 Figure 5. Ring-down time τ before, during, and after a plasma discharge for a H 2 plasma and 5 kW RF power. The plasma discharge starts at t ∼ = 30 s and it is stabilized after a few seconds. Plasma is turned off at t = 80 s causing the jump of τ due to the disappearance of H -ions. The linear fit of tau before and after the plasma off is used to accurately determine τ at plasma off. The jump is used to evaluate the line-averaged H -density. The inset shows a fit as used to calculate the ring-down time for each data point τ .

266 4 . 2 .AFigure 6 .Figure 7 .

 4267 Figure 6. Line-integrated negative ion density as a function of RF power at different pressures for H 2 and D 2 plasmas, demonstrating the steady-state production of negative ions up to 8 kW of RF power.

289A c c e p t e d M a n u s c r i p t H

 t -to satisfy[START_REF] Marini | [END_REF]. This was performed by increasing the laser pulse energy and observing 290 the I pd saturation from a pulse energy of 35 mJ. Consequently, all results were obtained 291 using a pulse energy of 50 mJ.292To radially characterize the plasma, the LP is moved in the vertical direction. For 293 each position, a new alignment laser beam-probe is needed. Fig. 8 summarizes the 294 results obtained with laser photodetachment while varying the RF power. The left and 295 the right column show the results for H 2 and D 2 plasmas respectively. The gas filling 296 pressure was 0.3 Pa. 297 In Fig. 8(a) the amplitudes of the photodetachment signals are shown. On average, a 298

300Fig. 8 (

 8 Fig. 8(b) shows the electron current I dc when the probe is biased at V bias = 26 V, 301

317Fig. 8 (attains 1 . 3 ×

 813 Fig. 8(d). At 5 kW power and r = 0.04 m (where the fixed LOS of CRDS is located) n e 322

Figure 8 .

 8 Figure 8. Results of the laser photodetachment measurements for H 2 (left column) and D 2 (right column) plasmas at 0.3 Pa: (a) Photodetachment amplitudes I pd ; (b) Electron current I dc collected when the probe is biased at V bias = 26 V, above the plasma potential; (c) Ratio n -/n e ; and (d) Electron density n e . On the edge of the plasma column, hydrogen plasma has lower electron density and a higher ratio n -/n e .

H -is 7 . 7 ×Figure 9 .Figure 10 .

 77910 Figure 9. Radial profiles of negative ion density obtained with laser photodetachment and measuring the electron density via IV curves. These data are not calibrated with CRDS.

  343power. The T e values in the edge are in the range where the DA cross section peaks, 344 depending on the rovibrational state of H 2 (v) and D 2 (v). Thus, the T e profiles show 345 that the electron cooling on the edge, caused by the magnetic field needed to sustain 346 the helicon discharge, is also effective to reach a favorable electron temperature for DA 347 process.

348 4 . 3 .Figure 11 .

 4311 Figure 11.Gaussian fits of the relative n -profiles measured with laser photodetachment. The position of CRDS line-of-sight to calibrate n -absolute profiles and the vessel wall position is indicated.
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373 where x 1 AFigure 12 .Figure 13 .

 11213 Fig.12shows the absolute n H -and n D -profiles only for 2, 3 and 5 kW RF powers for 376

391AFigure 14 .

 14 Figure 14. Negative ion density vs. electron density in hydrogen and deuterium plasmas.

399 5 .

 5 Discussion and Conclusions 400 The measurements performed with CRDS and LP-assisted photodetachment show that 401 H -and D -are produced both in hydrogen and deuterium helicon plasmas in steady 402 state regime with significant densities in volume production mode, without using 403 caesium and with a few kWs RF power. The measurements were performed at a 404 fill pressure of 0.3 Pa, relevant to NBIs of ITER. Future NBIs may require lower fill 405

407

  to extract the absolute negative ion density profile, LP-assisted laser photodetachment is 408 employed in combination with line-integrated measurements of CRDS. The LP-assisted 409 laser photodetachment is used to measure the relative negative ion density profile 410 showing that it is peaked off-axis. The line-integrated measurement performed by CRDS 411 is then used to obtain the absolute negative ion density profile. Taking into account the 412 peak negative ion density at 5 kW RF power, H -density reaches 1.9 (±0.3) × 10 16 m -3 , 413 close to 3.0 (±0.3) × 10 16 m -3 measured with OES. However, D -reaches 1.8 × 10 16 m -3 414 quite lower if compared to 4.5 (±2.0) × 10 16 m -3 measured with OES. The reason for 415 this disagreement in the D 2 case is under investigation. Despite the absolute H -and D -416

420

  production of H -and D -in hydrogen and deuterium helicon plasmas. However, the 421 design of a source based on a helicon plasma requires the investigation of different 422 A c c e p t e d M a n u s c r i p t magnetic field geometries and the compatibility with an extractor and an acceleration 423 system. Thus, a next step with the current system is the characterization of negative 424 ions along the plasma column and the study of different magnetic geometries, such as 425 the expanding magnetic field, with the diagnostics mentioned in this paper. In parallel 426 with this, 3D numerical simulations could be an important tool to predict the negative 427 ion production as a function of source parameters.428If used as part of a future ion source for an NBI system, direct extraction of the 429 negative ions from the plasma column in the radial or axial direction should be possible.430If radial extraction is used, because of the inherent cylindrical nature of the helicon 431 driven plasma, the beam would have to be long and narrow, such as that suggested 432 in reference[36]. However significant development may be needed if the extractor 433 perturbs significantly the plasma and because the extraction system would need to 434 be segmented, with each segment fitting between the magnetic coils. Axial extraction 435 seems unattractive as the annular region from which ions could be extracted is short, and 436 hence the extracted current would be low, and a transverse filter field would probably 437 be needed to reduce the co-extracted electron current. It is also to be noted that the 438 resulting annular beam shape has no particular advantage from the point of view of 439 neutralisation or beamline design.440Using the helicon device to provide a plasma that expands towards a conventional 441 multi-aperture system with a caesiated plasma grid should be considered because of 442 the ease of operation at fill pressures < 0.3 Pa and the high efficiency of the helicon 443 device. In this case, it needs to be established that the helicon driven plasma produces 444 sufficient dissociation of the gas in order to have sufficient negative ion production via 445 the impingement of the atoms on the low work function of the plasma grid surface. 446 A c c e p t e d M a n u s c r i p t A c c e p t e d M a n u s c r i p t

. Similar behaviours are observed in other helicon

  

	140 141 142 143 144 145 146 147 148 149 150 152 A c c e p t e d M sources [17]. The n e and T e profiles are measured with a L-shaped Langmuir probe (0.2 mm diameter and 10 mm long) located at axial position 0.830 m and vertically movable. The peaked T e profile is favorable for the volume production of H -since it provides a central hot region to rovibrationally excite the H 2 molecules and a cold external region where low energy electrons can produce the H -by dissociative attachment (DA) [18, 19]: H 2 (v ≥ 5) + e (≤ 1 eV) → H + H -(DA). (1) There are two possible mechanisms to produce the rovibrationally excited H 2 (v) in volume. The first is the stepwise vibrational excitation of molecules in collision with electrons (e-V process): e + H 2 (v) → H 2 -→ e + H 2 (v + ∆v) (e -V), (2) this reaction, however, requires many collisions to increase the vibrational state to high a n u s c r i p t of ions sources for NBIs, another important contribution to the production of the excited 153

151 values since the most probable change in v is ∆v = ±1 [20]: At the low pressure typical
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