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Abstract

The operation of an ECR-driven (2.45 GHz) hydrogen negative ion gource is studied. Electron densities and
temperatures are investigated with electrostatic probes and negative ion densities are measured with laser
photodetachment. Vacuum ultraviolet irradiance measurements are focused on molecular transitions to the
ground state while high-resolution visible emission spectroscapy is used to study the transitions between excited
states for both molecules and atoms. The standaloneroperation of the source is found to be more efficient in
higher pressures (12 mTorr) where negative ion densities are as high as 4x10° cm™. Further investigation on the
operation of the source reveals a rich vibrational spectrum. On the other hand, a limitation on the production of
negative ions which is attributed to a lack of low-energy electrons becomes apparent. The underlying
mechanisms that lead to this behavior are discussed along with possible solutions to this issue. Finally, the rates

of different negative ion destruction processes are estimated and compared.

*Currentyaddress: a) EUROfusion Consortium, JET, Culham Science Centre, Abington, OX14 3DB,UK, b) Fusion
Technology Group, National Centre for Scientific Research ‘Demokritos’, 15310 Aghia Paraskevi, Athens, Greece
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1. Introduction

The operation of next generation fusion experiments like ITER, relies on Neutral Beam Injection (NBI) systems
for the heating and current drive of fusion plasmas [1]. These systems should be able to produce hydrogen or
deuterium beams with particle energies in the excess of 1 MeV [2]. In earlier NBI systems, positive ions were
accelerated and then neutralized in a gas cell to produce the neutral beams [3]. However, the‘neutralization
efficiency of positive ions is reduced to negligible values in the MeV energy range [3]. On the other hand, the
gas cell neutralization efficiency of negative ions remains acceptable (~60%) for such er even higher
energies[3]. Additionally, for negative ion beams, various proposals have been made; for photodetachment-
based neutralization systems with expected neutralization efficiencies above 90% [4]. Based on these

characteristics, negative ions are nowadays considered as a prerequisite for the future'of fusion research [5].

Presently, efficient negative ion sources rely on the so-called surface. preduction process or, in other
words, the surface ionization of hydrogen atoms and positive ions [6]. For«this process to be efficient,
evaporation of cesium is required, in order to reduce the work functieh,of the production surface [6]. Even
though the use of cesium allows negative ion sources to reach ITER specifications [7], it is related with a variety
of problems including difficulties in maintenance and unstable operation [8]. Thus, avoiding cesium usage

would be highly desirable.

Another efficient source of negative ions in a hydrogen:discharge comes from the bulk of the plasma,
where the volume production mechanism takes place. While diﬁererﬁ processes might be responsible for the
formation of negative ions [9], the volume production mechanism mainly refers to the efficient process of
dissociative attachment (DA) of low-energy (cold) electronsito vibrationally excited molecules [6]:

H,(v)+e(<1eV)—>H +H (1)

Contrary to surface production-seurces, volume production sources operate with pure hydrogen, having
the practical advantage of inherently cesium-free operation, which makes them an attractive choice. However,
as it becomes obvious from the crossQection of the process [10], DA is very sensitive to both electron and
vibrational Kinetics, which in turn may be affected by a variety of parameters. Vibrational kinetics refer to
reactions that vibrationally. excite or deactivate molecules. An effective way for molecule excitation to high
vibrational levels is related to excitation to singlet electronic states, followed by spontaneous radiative decay
back to the ground state (E-V excitation) [11]. Depending on the operational parameters and the design of the
ion source, an additional important source of vibrational states is the recombinative desorption of atoms on the
surface of various materials [21]. The complexity with which the above reactions are combined makes the

prediction of the behavior of negative ion sources quite difficult and their development very challenging.

At the same time, H™ negative ions have low electron affinity (0.75 eV) [12], and thus collisions in the
bulk of‘the plasma‘with a variety of particles may destroy them [13]. There are, however, three processes of
primary,importance: a) mutual neutralization (MN) during collisions with positive ions (Reaction (2)), b)
collisions with neutral particles from which the associative detachment (AD) (Reaction (3)) is the most

prominentfor cold plasmas and c) electron detachment (ED) during collisions with energetic electrons.
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H +H",H, H; > H~+... (2)
H +H —>H,+e (3)
H +e—>H+e+e 4)

Reaction (2) has a total rate coefficient which is about 1.3x107 (300/T4)*? for the H* positivesion, 1:0x20°
(300/T,4)*2 for the H; positive ion and 1.0x10¢ (300/T,4)Y? for the H; positive ion [14,15]. The rate coefficient of
Reaction (3) is approximately 1.3x10° cm3s?'[15] and finally the loss rate due to“Reaction (4).neéds to be
calculated using the available cross section[16] and the estimated or measured electron temperaturex In the
above references Ty stands for the gas temperature which is considered similar to the ion temperature. Gas
temperature refers here to the translational temperature of the species that! participate in each reaction.

Furthermore, it is reminded that the reaction rates depend as well on the speciessdensities.
~

In this work, the production and destruction of H negative ions in the’Electron Cyclotron Resonance
(ECR) negative ion source "Prometheus I" [9,17] is investigated. The studysemploys a combination of
diagnostics including electrostatic probes, laser photodetachment, visible emission spectroscopy and Vacuum-
Ultraviolet (VUV) irradiance measurements. In order to detect/how the injected power is shared by various
processes, the power dependence of the source operation is investigated with the above diagnostics. Apart from
a general characterization of the source, the primary finding of the pres.ent study is a limitation of the production
of H, imposed by an unbalanced production of the reactants of DA, 1.e. cold electrons and vibrationally excited
molecules. Experimental data indicate that the underlying cause of this behavior is related to the employed
electron heating scheme, and on this basis, possible ways to-overcome this limitation are discussed. On the other
hand, among the various H- ion destruction‘mechanisms, associative detachment appears here to be dominant.

This paper is organized in the following manner. The experimental setup and diagnostics are described in
Section 2. In Section 3 the experimental results are presented and discussed, focusing on the mechanisms of ion
production and destruction which are responsible for the behavior of the source. Finally, the main conclusions

of this study are summarized in Section'4,

2. Experimental Setup

2.1  The source Prometheus |

In Figure 1 a conceptual diagram of the source Prometheus | is presented. It consists of a cubic (24 cm inner
edge) stainless steel chamber with,the necessary viewports for plasma diagnostics. The plasma is sustained by a
2D network of ECR plasma elementary sources [18]. Each elementary source is driven by an independent
microwave solid-state power supply (2.45 GHz) able to provide up to 180 W. A tuner embedded on the main
body of each source, is used for impedance matching which maximizes the microwave power absorbed by the
plasma [19]. The impedance matching is manually optimized in order to reduce microwave power reflection
(maximum accepted value 5 W). The elementary sources and their power supplies are cooled by water which is

circulated by a water-cooling system (CoolMaster K-003.6).
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Figure 1. Experimental setup of the source Prometheus. | with the installed diagnostics: electrostatic probe,

photodetachment, visible emission spectroscopy and VUV irradiance measurements.

A turbomolecular pump adapted under the bottom flange evacuates the source down to 3x10 Torr. Pure
H, (N50) is introduced by a digital mass flow controller (MKS 1179B) at a flow rate between 2.1 and 23.2
sccm. The working pressure varies rgpectively between 1 and 20 mTorr (filling gas pressure), and it is
accurately monitored with_an, absolute pressure transducer (MKS Baratron 627D). The discharge is operated
with flowing neutral gas withwa typical duration for a complete gas renewal being approximately 0.5-1 s,
typically exceeding the characteristic equilibration times in the plasma. Therefore, the only effect the continuous
gas flow has on the stationary plasma equilibrium is to prevent impurities from building-up[20]. For the present

experiments, three pressure values are investigated (4, 8 and 12 mTorr).

The operation of the €lementary plasma sources is described in detail by Lacoste et al [21]. Briefly, each
one consists of two ‘parts: a cylindrical samarium-cobalt (Sm2Co17) permanent magnet, magnetized along its
axis, and a coaxial-line parallel to the magnetization vector, having an open end at the rear pole of the magnet.
The microwave power can thus be transmitted through the plasma and be mostly absorbed near the region where
the ECR condition is fulfilled. For the microwave frequency of 2.45 GHz, the required magnetic field is 875 G

[21]. TherECR regions are indicated in Figure 2(a), where the magnetic flux contours of the magnetic field

4
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created by the five permanent magnets are presented along the diagonal cut-plane (see figure inset). The ECR
surfaces correspond to the inner contours around each magnet (bold lines). The calculation of the magnetic field
is here realized with the ACDC module of the COMSOL Myltiphysics® numerical suite.
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Figure 2. Static magnetic field created by\tﬁe permanent magnets. (a) Contours of the magnetic field along the diagonal
cut-plane shown in the inset. (b) "Streamlines of the magnetic field, superimposed on a photograph of an operating

elementary source.

The streamlines of the magnetic field are presented in Figure 2(b) superimposed on a photograph of an
operating source. The high-energy (hot) electrons which gain their energy in the ECR zones appear to be mostly
confined within the luminous regions in the vicinity of the permanent magnet, whereas the plasma diffuses
outwards roughly perpendicularly to the magnetic field (strictly speaking, it is assumed here that the plasma is
ionizing, i.e. the excitation and de-excitation states are in balance, and thus the light emission profile matches
the profile of the hot electrons). In other words, with this configuration, the ECR magnetic field also plays the

role of the magnetic filter, allowing only cold electrons to diffuse into the bulk plasma region (Figure 1).
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1 132 2.2 EEDF Measurements

; 133 A cylindrical tungsten electrostatic probe is immersed in the plasma as presented in Figure 1. The probe is
4 134  made from a 0.25 mm in diameter tungsten wire and the tip (exposed to the plasma) is L-bent in order to be
Z 135 aligned with the laser beam for the photodetachment measurements. The tip is 15 mm in total length with the
7 136  bent part being 11 mm. The rest of the wire is housed in a telescopic configuration of dielectrics (alumina tube
S 137  inside a wider quartz tube) that insulates and protects it from the plasma. The quartz tube is supported inside a
10 138 stainless steel tube that ends in a standard BNC vacuum feedthrough. A CF flange-to-quick connect coupling

—_
—_

12 139 adapter makes a vacuum joint with the steel tube and at the same time allows the linear translation of the probe.
13

14 140 The acquisition of electrostatic probe current-voltage (I-V) curves is accomplished with a,custom-made
15
16
17 142 current-induced incandescence followed by another 10 s of cooling-down. The ‘acquisition is realized point by

18
19 143 point in steps of approximately 100 mV. For each point 2'2-2'3 voltage-current samples-are averaged in order to

141 system described elsewhere [22]. Each measurement procedure includes 10 s of“probe cleaning by electron

;‘1) 144 reduce plasma-induced noise.

;g 145 At the probe position, the magnetic field of the ECR modules has vertical downward direction and a

24 146 magnitude of 51 Gauss, while the probe tip itself is oriented horizontally (i.€. perpendicular to the magnetic
25
26
27 148  corresponds to an electron Larmor radius of about 0.34 mms Thus, even in the worst case, the probe radius

147  field). The lowest electron temperature observed during the present experiments is about 0.5 eV which

28
29 149 (0.125 mm) is sufficiently smaller than the electron Larmor radius, Validating the use of the “classical" non-

2(1) 150  magnetized probe theory [23,24].

;g 151 Typical plasma parameters, i.e. floating and plasma potential, electron densities and temperatures, are
34 152  obtained from numerical treatment and fitting procedures.on the I-V curve data [25]. More specifically, plasma

35
36

37 154  extrapolated from high retarding potentials and subtracted from the 1-V curve. The remaining current (electron

153  potential is estimated as the maximum of the 1=\, curve first derivative and positive ion current is linearly

39 155  current) is fitted as the sum of two' exponentials, as shown in Figure 3(a), which corresponds to a bi-
j? 156  Maxwellian Electron Energy Distributiql Function (EEDF). The experimental EEDF is derived from the second
42 157  derivative of the probe total current (Druyvesteyn method) [24]. Figure 3(b) demonstrates how well the
ji 158  experimental EEDF is deseribed by the biMaxwellian distribution derived from the fitting procedure.
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37 162 electrons.(b) Experimental EEDF derived by the Druyvesteyn method and compared with the synthesized EEDF,
38
39
40
41
42

43 165  The photodetachment diagnostic'technique with one laser beam is used for the determination of the negative ion
44
45 166 absolute density [26]. Briefly,a short (~5 ns) Nd:YAG 1064 nm laser pulse, generated from a Quantel Brilliant

163  corresponding to (a).

. . N
164 2.3 Hnegative ion density measurements

46 167  EaZy (330 mJ/pulse) unit, is ¢oncentrically aligned with the bent part of the probe tip and detaches the extra
48 168  electron of negative ions.inside the irradiated cylindrical volume. The excess (i.e. photodetached) electrons, in
gg 169  the section of thefirradiated volume that contains the bent part of the probe tip, sharply increase the electron

51 170  current collected hy.the positively biased probe. A typical photodetachment current pulse is presented in Figure
52
53

54172 [26]. To avoidany potential errors that arise from the use of the traditional capacitive decoupling circuit [27], a

171 4. The density of negative ions can then be calculated from the amplitude of the current pulse as explained in

55
56 173 wideband current transformer (Pearson electronics 6585; 400 Hz - 200 MHz), connected directly to a digital
;73 174 oscilloscope (LeCroyWaveSurfer 104Xs-A; 1GHz/5GSample s?), is used to measure the transient current pulse

59 175¢ “duesto.the photodetached electrons.
60
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20
;; 178 Various parameters of the photodetachment diagnostic technique, are..properly set for its valid

23 179  application[26,28]. Firstly, the laser radius is chosen to be 3 mm which, sufficiently exceeds the probe collection
180  radius (~0.1 mm which is the typical Debye length for the present'experimental conditions). Secondly, the probe
26 181  bias has been set to +15 V (i.e. 7-8V above plasma potential)awhich is sufficient for collecting all the detached
333 182  electrons without causing the incandescence of the probe tip due to elegtron current. To establish this, a series of
29 183  measurements was realized which demonstrated that a +15 V/bias leads to the saturation of the photodetached
31 184  electron current [26,28]. Lastly, the energy density of the laser beam is chosen to be around 70 mJ cm which is
gg 185  high enough to destroy all the negative ions in the irradiated volume. This is ensured by the saturation of the

34 186  photodetachment signal while the latter is’ beingsrecorded versus the increasing laser power (see references
35
36

37

187  [26,28] for details on the proper application of the photodetachment technique).

9
40 189 2.4 Evaluation of the gas composition
j; 190  Optical emission spectroscopy is emp@ed for the evaluation of the atomic and molecular absolute densities

43 191  under various operating conditions. The process demands the estimation of the atomic temperature, the
44
45
46 193  explained in this section{ The distinction between atomic and molecular temperatures, instead of a common gas

192  molecular temperature and the degree of dissociation. The concept followed and the related setup, are both

47 e e .
48 194 temperature, is justified below based on our results and references where similar findings are reported. The main
49 195  concept is that atoms gain energy in dissociation but do not distribute all the released energy in collisions and

0
51 196  thus have different temperature than the molecules.

52
53 197 Accordingly, a motorized monochromator (Jobin-Yvon THR 1000) having focal length of 1 m is used. It is
g;’ 198  equippedawith »a_helographic grating (170-750 nm; 2400 grooves/mm) and the SpectrAcg2 (JobinYvon)

56 199  driving/acquisition system. Absolute wavelength calibration is realized with an Hg(Ar) pencil-style lamp (6035

57 o . o . . .
5g 200 Newport'Corps). The light is efficiently guided into the monochromator with an optical fiber (Ceramoptec UV

59 201° . "1500/4590N) adapted on an optical matcher and detected by an electron photomultiplier tube (Hamamatsu
60

8
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R928; 185-900 nm). In order to collect the light mainly from the bulk plasma, a bi-convex lens is used to focus
the light from the center of the chamber into the entrance of the optical fiber. The lens is adapted inside a
telescopic tube to allow focusing at the center of the chamber. The measured spectra are calibrated in terms of
relative intensity. This is achieved by employing a quartz-tungsten-halogen lamp (Newport 6333; 3300 K color

temperature at 12 V dc bias).

The emissions of interest, in the visible range, are the Balmer series (Ha: transition n = 3— n =2 and Hg:
transition n = 4 — n = 2) of atomic hydrogen and the molecular Fulcher-« band (triplet transition d3Hu—>a32g).

It is just here reminded that molecules have degrees of freedom of three types (translation, vibration and
rotation) and the energy distribution governing each of them in equilibrium is associated with a corresponding

temperature.

° Among the various emissions of the Fulcher-a system, the Q-branchestarexof particular importance, as

~
they have been previously used for the determination of the molecular temperature [29,30]. The first step of

this process is the determination of the rotational temperature T, of the Upper devel of the transition (d°IT,).

The measured intensities (1;) of the lines presented in Figure 5(a) aredirectly linked to T, through the relation
[29]:

In(;tglJ ]:_B“Jé_ifl)hc+const R (5)
J rot

where A is the wavelength of the emission, S; is the line strength, By is the rotational constant of the excited

state, J is the rotational quantum number, h and k are'the Planck and Boltzmann constants, respectively, and c is

the speed of light. The line strength is calculated from.the HoIn-London formula: S;=0.5(2J+1)(2t+1) witht =0

for even J and t = 1 for odd J. The rotational temperature T, is obtained from the slope of the Boltzmann plot

(Figure 5(b)).
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37 225 corresponding to the line intensities of (a). The rotational temperature is determined with linear fitting. The temperature

gg 226 values in the inset refer to the corresponding molecular ground state translational temperatures.

40
j; 227 Under the low pressure conditiaws of the present study, a Boltzmann rotational distribution with

43 228  temperature T2, in the ground electfonic state of the molecules images to a Boltzmann rotational distribution
44
45 229  with temperature T, in the exgited electronic state [31]. In this case, the ratio of the two temperatures is given

46 i . . x .
47 230 by the ratio of the respective rotational constants B, and BY of the two levels. For the ground state the rotational

jg 231 constant is B = 60.809 em™[31] whereas for the excited level d°I1, it is B, = 30.364 cm™[31]. Thus, the

50 232 translational temperature ofithe molecules, which is equal to the ground electronic state rotational temperature,
51
52
53
54
55
56
57
58
59
60

233 is approximated:by the relation [30,32]:

B* * *
0 v
234 THZ zTrot ~ @Trot ~ 2Trot (6)
v
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° A typical raw spectrum of the second Balmer line (Hp) is presented in Figure 6(a) and is used for the

evaluation of the atomic temperature, following processes similar with those proposed in references [33] and
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Figure 6. (a) Typical raw spectrum of the Hig atomic line. The line shape implies the presence of two hydrogen populations
(hot and cold atoms). (b) Hg line that corresponds solely to direct excitation from ground state atomic hydrogen (cold

population). A synthetic spectrum calculated-with the two barycentres, fitting a typical residual experimental spectrum.

The raw spectrum is structured by various components due to different mechanisms that create H(n=4)
atoms. A central narrow: component must be introduced to account for the main body of hydrogen cold atoms,
while a wider component (*wings'") must be introduced to account for energetic (hot) atoms created during the
dissociative processes,[34,35]. The translational temperature of the cold atoms is equal to that of the H(n=4)
atoms that are created through direct excitation [34] and it can be evaluated from the central component of the
Hs spectrum. Thesmathematical treatment of the emission line profile requires an assumption on the atomic
distribution and Maxwellian one is adopted to evaluate the “effective temperature” of the cold population. Thus,

the atomic line spectrum is approximated with a tri-Gaussian function as presented in Figure 6(a). Apart from

11
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1 250 the two above components, the third weak component corresponds to an irrelevant molecular emission at 486.17
§ 251 nm [36].

g 252 The Gaussian functions gave also the best fit following numerical tests with different possible functions,
6 253 like Voigt profile. Thus, we mainly deal here with Doppler broadening effect. Additionally, in, the region of
; 254  measurements, the plasma density (see below) is in the order of 10° cm?, i.e. too low to make Stark breadening
?0 255  prevailing [37]. Pure Gaussian functions can be further justified by the bibliography for plasmas running under

11 256  close to the present conditions, where line profiles with same shapes have been obtained [31]. Similarly, in
g 257  reference [38] Stark, van de Waals, and resonance broadening are negligible.

14
15

16 259  molecules are subtracted, and the residual experimental spectrum (open cyecles in Figure 6(b)) which

17 . . ) — .
18 260 corresponds to direct excitation of ground state atoms is used for the determination of the translational

258 Consequently, the two theoretical Gaussian functions that correspond to emission by hot atoms and

19261  temperature (in kelvins) of the atomic hydrogen, according to the following/formula [34]:
20

21 2

22 262 T = A/’LDODNET 1 (7)

23 " A 716x107

24

;2 263  where A is the central wavelength of the atomic line and AApoppierStands for.the atomic line broadening.

;2 264 Before the atomic translational temperature calculation; two.corrections should be made. The first refers to

4
29 265  line broadening due to the fine structure of the residual experimental atomic line and the second to the
30
31 266 instrumental broadening. For the first correction, ‘up te seven coemponents may be taken into account [32], but
gg 267  the line may be well approximated by two barycentres only, as proposed by Tomasini et al [34] and seen in

34 268  Figure 6(b). The two barycentres share the same.broadening and are separated by 77 mA, which corresponds
35
36
37 270 s evaluated with a HeNe laser (Oriel"'79288, 633 nm, 4 mW). For the 20 um slits used, it is measured to be

38 . N
39 271 equal to 0.0086 nm. We acknowledgethe fact that the wavelength of this laser is higher than the wavelength of

269  the fine structure separation for the Hy line [35]. For the second correction, the typical instrumental broadening

40 272 the line under study and the instrum@tal broadening at lower wavelength is slightly larger. Nevertheless,

42 273 another laser was not available /@and it is implied that the atomic temperatures calculated represent the upper

ji 274 limit. However, the discregpancy between the molecular and atomic temperatures cannot be explained by the
45 275  instrumental broadening alone (see section 3.1).

46

47 276 o For the determination of the ratio of the atomic to molecular density (nw/nw2) or the degree of

jg 277  dissociation (D = ngl(ne+2n42)), components from both the molecular and atomic spectrum are required. The
50 278  spectra in this case have to be interpreted using a simple collisional-radiative model as the one developed by
52 279  Lavrov et al [39,40]. This'model calculates the degree of dissociation based on the ratio of the first two lines of
gi 280  the Balmer series (Hzand Hp) to the Q: line of the 2-2 band of the Fulcher-a system (hereafter F(2-2)Q:). The

55 281  central iwavelengths'of the above emissions are 656.283, 486.134 and 622.481 nm, respectively. The model uses
56
57

58 283 .. which are both measured here as it is explained above.

282  as well as parameters the molecular translational temperature and the temperature of high energy electrons,

60
12



Page 13 of 30 AUTHOR SUBMITTED MANUSCRIPT - PSST-102127.R2

284
285
286
287
288
9 289

oNOYTULT D WN =

43 309
310
46 311
48 312

49313
51
o, 314
53
54
55
56
57
58

59
60

315

The composition of the hydrogen plasma mainly refers to neutral atoms and molecules in their electronic
ground state, short-lived electronically excited atomic and molecular species, metastables which mostly relate to
H(1s) and Hz(c3Hu) [41], and of course charged particles. Firstly, for the present pressure range, the neutral
particle density is in the order of 10'* cm, whereas the density of the plasma is in the order of 10° — 10'° cm?,
giving a degree of ionization in the order of 10“ — 10°. At the same time the upper limit for the totahdensity of
the metastable neutrals has been investigated by Komppula et al [41] and has been found to be appreximately
0.5% of the neutral gas density for a similar ECR discharge. Thus the pressure (p), as it‘is measured by the
Baratron which is installed as close as about 5 cm to the chamber, is approximately equal to the sum of the

partial pressures for the two gaseous species (i.e. atoms and molecules) based on the Dalton’s law:
p=ngkeT, +n, keT, (8)

where ks = 1.037x10® mTorr cm® K is Boltzmann’s constant, ny and m; are \the atomic and molecular
densities, respectively, and Ty and Tw are the atomic and molecular translational temperatures, respectively.
Using the measured translational temperatures and the calculated dissociation degree, the absolute values of

atomic and molecular densities can be estimated from Equation (8).

2.5 Rough approach of VDFs by means of VUV emission spectrascopy

Discussion on the H™ ion production mechanisms requires information on the vibrational distribution function
(VDF). The measurement of VDF would require abserption spectrescopy techniques which are not applied here.
Alternatively, VUV emission measurements may' leadnindirectly to reliable data for supporting such a
discussion. Towards this direction, the irradiance meter described in detail by Komppula et al [41] is used.
Briefly, the device is based on an SXUV photodiode (IRD-incSXUV20BNC) with a responsivity of about 0.02
A/W in the VUV range. The photodiode current is measured with a digital pico-ammeter (Keithley 6458). Due
to an iris adapted in front of the photodiode; the light is collected from a conic line of sight with an included
angle of 4.6°.Using a filter wheel, band-pass filters centered at characteristic emissions of hydrogen plasma, are
placed in front of the photodiode (Figu\re 1). For this study a filter centered on the intense part of the Lyman
band emission at 161 nm with a FWWHM of 20 nm is used. The transmittance of the filter is presented in Figure
7 (curve measured by Kamppula et al [41]), on top of a typical VUV spectrum obtained with a VUV
spectrometer (McPherson Model 234/302). From this figure, it becomes obvious that the light that passes from
the filter is dominated by the Lyman band emission. The VUV irradiance meter is chosen instead of the VUV

spectrometer due to its higher signal-to-noise (SNR) ratio, especially for low power conditions.

13



AUTHOR SUBMITTED MANUSCRIPT - PSST-102127.R2 Page 14 of 30

1 T T T T T
2 6 I Cll_[u B> —— VUV Spectrum
3 5 ‘§ 7” i
< = = Transmittance
4 5| ; Werner Lyman 110t
J )
5 - Xzt oS 2
6 = Ar 90 N g
7 S / \ E=
8 > 3t 1 \ 2
= <
9 = Werner ! ) -
10 - 2r 1 \ —_
= Band Lvman 1 L
1 1 yma Molecular { =
12 1t Band continuum
13 3
14 0 T . 102
15 120 140 160 180 200
16 316 Wavelength (nm)
17

18 317 Figure 7. Lyman-band filter transmittance [41] on top of a typical VUV spectrum of Promeﬁeus I'in the ECR zone of the

19
20 318  central elementary source.

21

22

23 319 The measurement of the Lyman-band is very important because of its»relation with the vibrational
;2’ 320  excitation of the gas. Lyman-band is emitted during the decay<of'the B'%i singlet, which together with the

26 321  decay from the C'Z; singlet, is the main source of vibrationallyzexcited molecules of a hydrogen discharge (EV

28 322 excitation)[11].The transitions from the B'X} singlet back to the groung state are optically allowed and, thus, its
29
30
31 324  Lyman-band which accounts for the majority of ‘irradiance. Furthermore, the contribution of cascade effects

323  lifetime is in the order of ns [42]. At the same time, the measured irradiance includes the most intense part of

32 . - . . . .
33 325  from upper singlet states on the measured emission canbe considered small in comparison to the effect of direct
gg 326  excitation to the B'S! state. Thus, it may be arguéduthat the irradiance is proportional to the excitation rate to

36 327  the B'Y] singlet.
37

38 328 It would be very useful to have additional data on VDFs. While the full vibrational spectrum would be
40 329  difficult to be measured (requiring techniques like Laser Induced Fluorescence [43]), a more simplified
j; 330  approached is possible, based on/the a\ﬁmble data here. If the VDF is approached as a Maxwellian function, it
43 331  can be described by the total molecular density (n+2) and a vibrational temperature (Tvin). Based on this

a4 332 assumption, the Lyman-band irradiance (I .g), which as explained above is proportional to the excitation rate of

45

j? 333  thesinglet B'S] is given from the relation:

48 14

gg 334 |LB ' 4 Z nHz(v)ne <O-XB (V)U> =K (Tvib ’Te,hot ) r]Hzne,hot (9)
v=0

51

5; 335  where Ny i§ the density of each vibration level of the ground state, oxs(V) is the cross section of B'S! singlet

54 336 excitation, u'is the velocity of electrons, and nepnot and Tenot are the density and temperature of the hot electron
55
56
57 338  because of the high threshold of the excitation cross section which is in the excess of 10 eV. Based on Equation
58 . . . .

59 339/ (9).and the parameters measured according to sections 2.2 and 2.4, T.i, can be evaluated using the available

60

337  population, respectively. In the last part of this equation, only the hot electron population is taken into account
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B!s! singlet excitation cross sections[16]. Since the Lyman-band irradiance is not measured in absolute units,
the absolute value of the vibrational temperature is not accessible, but quite informative qualitative results are
unveiled. Furthermore, the region of Lyman-band that is probed is related with transitions to higher vibrational
levels only[44]. As a result, the effective vibrational temperature that is measured here refers mostly to those
levels and it is not representative of the entire VDF. Nevertheless, the information that is revealedis still useful,
since the higher vibrational levels are mainly responsible for the production of negative itons[45] and,
consequently, of greater interest for this work.

3. Results

3.1 Plasma Characterization with respect to H™ ion production

When a source is intended for fusion, it is expected to require high power input. In this case it is very important
for the operation of the source (i.e. the production of negative ions) to scale up?vith power in an efficient
manner. This necessitates the deposition of the injected power to the processes that contribute the most to the
production of negative ions, without wasting it on stray processes. In‘erder to investigate the power deposition,
the power dependence of a variety of parameters is probed with the above diagnostics.

The power dependence of electron densities and temperatures. is presented in Figure 8. It is observed that
the cold electron population (Figure 8a and 8c) evolves with power i a significantly different manner for the
case of low pressure (4 mTorr). For higher pressures (8 and /12 mTorr), the electron density increases
monotonically for the entire power range. On the other. hand, for the lower pressure, the density reaches a
maximum at about 120 W and starts decreasing after this value. At the same time, while for the higher pressures
electron temperature retains values lower than 0.8 eV which are appropriate for the production of negative ions,
for the case of 4 mTorr the temperature increases considerably reaching values as high as 1.5 eV. It appears that

the cold electron population at higher pressures is more favorable for the production of negative ions.

Regarding the hot electron population, one can observe that they have a density (Figure 8b) which is about
two orders of magnitude lower. Howekr, the high temperature of these electrons, being about 15 eV (Figure
8d), makes them very important for the production of negative ions as they contribute to the ionization and
excitation processes that create the precursors of negative ions, i.e. cold electrons and vibrationally excited
molecules respectively. Noteworthy is the fact that the hot electron temperature seems to be almost independent

of both pressure and power.
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Figure 8. Power dependence of electron densities and temperatures.(a) Cold €lectron density; (b) Hot electron density; (c)

Cold electron temperature; (d) Hot electron temperature;

The measured negative ion density is presented in\Figure 9, where three different behaviors are observed.
For the higher pressure of 12 mTorr, the negative ion:density seems to scale up well with power, having only a
slight tendency for saturation and reaching values as high as 4x10° cm™. For 8 mTorr, the saturation is more
dramatic limiting the negative ion densitysto values of about 2x10° cm™. Finally, for the case of 4 mTorr, the
negative ion density has a maximum at a power of about 100-110 W, after which it starts decreasing, behaving
much like the density of cold electrons. Naturally, since electrons are one of the reactants of dissociative
attachment which produces the negative ions, this similarity indicates that the density of cold electrons limits
negative ion production. However, understanding the underlying mechanisms that lead to this behavior requires
additional experimental data.(see below). Nevertheless, it is obvious that the saturation observed here limits the
power scaling of the source when working in the low pressure regime, which is nowadays a prerequisite for
neutral beam injection:(maximum specification for ITER 2.25mTorr [2]), and thus this limitation deserves to be
further investigated.
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23 386 Using the irradiance meter, the total emission of Lyman-band is'measured. The results presented in Figure
;2’ 387 10 show no sign of saturation, indicating that the power is efficiently.deposited on excitation processes. While

26 388  the irradiance measurement directly probes the rate of vibrational heating of the gas, it provides no additional
28 389 information about the vibrational distribution or the vibrational temperature. However, using Equation (9), the

4
29 390 vibrational temperature can be estimated, providing more information about the production of negative ions.
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50 392 Figure 10. Power dependence of Lyman-band irradiance.

>3 393 Since the hot electron temperature is experimentally found to be almost constant and equal to 15 eV
55 394  (Figure 8d), thewrate coefficient K(Tvib, Teno) Of Equation (9) becomes a function of the vibrational

2% 395 temperature and the following proportionality holds true:
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5 397 This rate coefficient of the B'X; singlet excitation from the ground state is calculated and presented as a
6 . I - I
5 398  function of the vibrational temperature of the ground state in Figure 11. The dependence on‘the vibrational
8 399  temperature for the range which is of interest for the production of negative ions [46], is monotenig, allowing a
9
10 400  qualitative estimation of the relative vibrational temperature.
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31
2 . . . . . .
23 403 The Lyman-band intensity and the hot electron density,;»which are required by Equation (10) are already

34 404  measured. Using the spectroscopic techniques described. in the section 2.4 and Equation (8), the molecular
36 405  density nue can be calculated as well. For this, the molecular and atomic temperatures are measured and
;73 406  presented in Figure 12. The molecular part of the gas remains relatively cold, reaching temperatures slightly

39 407  greater than 600 K. On the other hand, thestranslational temperature of atoms is much greater than the
40
41
42 409  reported in the bibliography. Tomasini etcal. [34] used high-resolution Fourier transformer spectroscopy and

408  temperature of molecules and it spans\the range 1400-1900 K. This important difference has already been

ji 410  showed that the H atom kinetic temperature is higher than the H, one, in microwave plasmas of low pressure.
45411  They reported temperatures of 620-1430 K and 800-1170 K, respectively, depending on the power and position
47 412 of measurements. Amorim et al. [47] found H atom temperatures as high as 1600 K in the positive column of a
jg 413  DC discharge, whereas the.molecular temperature was close to 300 K, with a degree of dissociation much less

50 414  than 1%. Samuell and/Corr [48] studied a radiofrequency helicon discharge (<10 mTorr) using spectroscopic
51
52
53 416  with the atomic temperature being mostly larger than the molecular temperature. In low power operation like in

415  techniques, and:they claimed that the atomic and molecular species were not found to be in thermal equilibrium,

54
55 417 the presentwork:(<d kW), the molecular hydrogen temperature was observed to be linearly proportional to the
56 418  pressure while the atomic hydrogen temperature was inversely proportional. Both temperatures were observed

58 419  to rise linearly with the input power. For this low power regime, they measured molecular and atomic
59

60 420, temperatures up to about 475 K and 1300 K, respectively, depending on the pressure.
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Figure 12. Translational temperature of (a) moleculestand (b) atoms as a function of power. For the easement of later

calculations, experimental data in (a) and (b)are fitted by square and linear functions, respectively.

Finally, the ratio of atomic to_molecular 'density is presented in Figure 13. The degree of dissociation
increases as a function of power, imposing an additional limit to the power scaling for two reasons: (i) an
increasing density of atoms leadsto‘higher rates of associative detachment, which is responsible for a major part
of the loss rate of negative ions and (ii) the molecules that are dissociated are no longer available for
dissociative attachment/ of electrons possibly leading to the reduction of the negative ion formation rate. A
possible way to overcome. this limitation would be to incorporate in the source appropriate materials in order to
recycle these atoms back into-molecules with their ro-vibrational energy being as high as possible [11]. A wide

range of investigations on this subjects may be referred [11,49,50].

The absolute molecular and atomic densities, which are estimated using Equation (8), are presented in
Figure«14. The reduction of the molecular density as a function of power is attributed to the heating of the
molecules (Figure 12(a)), whereas the atomic density actually increases with power. The same increase versus
power takes place for the molecular continuum emission (Figure 7) (curve not shown here). The triplet

excitationiresulting in the emission of molecular continuum and dissociation of the molecule, is considered the
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main dissociation channel for hydrogen plasmas [41]. Thus, the increasing atomic density can be attributed to

the increasing irradiance of the molecular continuum which is measured by placing an additional VUV filter

(Figure 1).
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Figure 13. Power dependence of the ratio of atomic-to-molecular density.
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Figure 14. Power dependence of (a) molecular and (b) atomic densities. For the easement of later calculations, both

density values have been fitted by square functions.

By introducing the estimated molecular density in Equation (10), the B'Z! singlet excitation rate can be
estimated in arbitrary units (Figure 15). It can be observed that the vibrational temperature is monotonically
increasing. This is in agreement with the result of the power dependence of the Lyman-band, irradiance

presented in Figure 10, which indicates the efficient vibrational heating of the gas in the Prometheus | source.

The case of 4 mTorr, for which the cold electron density and the negative ion density:scale up-inefficiently
with power, demonstrates a considerably higher vibrational temperature. As it is explained above;.the limitation
on the negative ion production appears to be imposed by the cold electron density.sNevertheless, the calculated
vibrational temperatures demonstrate that the same discharge has a very rich vibrational spectrum which

remains largely unexploited due to the insufficient density of cold electrons.
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Figure 15.Power dependence of the excitation rate coefficient for the B'S singlet.

3.2 H ion production in respect to'DA >
In general, the formation rate whichds attributed to dissociative attachment depends on the EEDF and the VDF
in a way that is determined by the cross section of the process. By considering Maxwellian distributions, the

formation rate can be calculated in-an effective manner. In this case, the formation rate is expressed by the

equation:
dn 14
(d_t_j a z s (V) N <O-DA V), u> = Kpa(Tip  Te cold )ne,cold Ny, (12)
+ v=0

where n. is'the negative ion density, (dn./dt)+ is the formation rate, n is the electron density, nu2(v) is the
vibrationally-reselved molecular density and opa(V) the vibrationally-resolved dissociative attachment cross
section. The production rate is investigated herein using the last part of Equation (11), where only the cold
electron "population is taken into account since DA is a low energy electron impact process. Here,

Koa(Tvibs Tecola) 1S the effective rate coefficient which depends on the vibrational temperature and cold electron
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temperature, Necold i the cold electron density, and nu; is the total molecular density. The rate coefficient Kpa is

calculated using the available cross section [15] and its values are presented in Figure 16.

10°E T, 20000 K
T =10000 K ]

100 E b 3
T, = 5000 K ]

T,, = 1000 K

DA Rate Coefficient (cm®s)

05 1.0 15 2.0 25
Electron Temperature (eV)

Figure 16. Total rate coefficient Kpaas a function of electron temperature; for various vibrational temperatures. The cross

sections used for this calculations are from reference [16].

It would be useful to determine which of the four vafiables of Equation (11) dominates. Figure 16 shows
that Kpa is more sensitive to the vibrational temperature than, to.the electron temperature. At the same time,
Figure 14(a) shows that nu, decreases as a function, of power. This could in part explain the limited power
scaling of the source for H™ production at lower pressures. However, in the same figure, for higher pressures a
steeper reduction of nwo versus power is observed, without leading to limitations for H- production. This fact
suggests that necoiq is the second defining parameter infEquation (11). Two more conclusions may be drawn: (i)
Figure 15 shows that higher vibratiopal levels are populated versus power, especially at lower pressures,
compensating the reduction of the total H. density; (ii) the increased vibrational excitation at lower pressures
and the reduced H" production suggests}nce more that necol is a critical parameter.

It would be quite interesting to‘show,the operational windows of the source in terms of H™ ion production
on a plane defined by the two,parameters that have been found to be crucial (cold electron density and B'%;
singlet excitation rate coefficient in the place of vibrational temperature). This pattern is given in Figure 17,
where the negative ion density is color-coded. Evidently, increasing electron density by operating in higher
pressures benefits'the production of negative ions but, for analyzing the full information of this pattern, the

processes of ionization and vibrational excitation need to be considered, as follows.
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18 488 Figure 17. Color-coded negative ion density on the plane of electron density versus«ibrational temperature. Instead of the
~

19
20 489 actual vibrational temperature, the rate coefficient K(Tvi) is used.

The main ionization channel for hydrogen plasmas is non-dissociative ionization[16]. The vibrationally-

;2' 491  resolved cross section of this process is found in reference [16].For.these.qualitative calculations, the energy

26 492  threshold of this ionization is assumed to be the ionization threshold of the first vibrational level (15.42 eV),

493  reduced by the difference in vibrational energy between thefconsidered levels. On the other hand, the excitation

4
29 494  processes to the B! and C'S; singlet states are considered/as the main vibrational heating processes. These

31 495  transitions account for about 80% of the EV excitations [51], which is the main production channel of high

gg 496  vibrational states. Both the ionization and excitationprocesses are attributed to collisions of hot electrons with

34 497  hydrogen molecules and it makes thus sense todirectly compare the rate coefficients of these processes with the

498  hot electron energy as parameter, as presented in‘Figure 18.
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7
28 501 Figure 18. Rate coefficients of singlet excitation and ionization processes, for electron temperature of (a) 15 eV and (b) 30
39 502  eV. Cross sections are from [16].
40
41 N
42 503 Obviously, vibrational temperature enhances both processes. However, singlet excitation seems to be the
43

44 904 process that better exploits,the vibrational heating, which means that, as the vibrational temperature increases,
45505  vibrational heating is increasingly. favored. For the temperature of 15 eV that was measured in our source this
43 506  "cascade" phenomenon promotes vibrational heating instead of ionization. This explains why the rate of
jg 507  vibrational heating, aimeasure of which is the Lyman-band irradiance of Figure 10, is monotonically increasing,

50 508  while the electron density saturates or even decreases as a function of power.

51

52 509 The rate coefficient calculation of Figure 18(b) is included in order to demonstrate how the balance
53 . _— I . oo

54 510 between ionization and vibrational excitation might be controlled by the hot electron temperature. Vibrational

55511  excitation seems to be favored because singlet excitation has a slightly lower energy threshold [16]. However,
6

57 512 once an electron has enough energy, it is more probable to ionize than to excite the molecule [52]. This is why,

8 513 +_for an electron temperature of 30 eV, the two processes are more evenly balanced, even if vibrational heating is

60 514 " still favored at high vibrational temperatures.
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A better balance between these two processes is established when the present source is operated with
higher pressure, due to the reduced vibrational temperature; this is obviously the operation which leads to higher
negative ions densities (accumulated darker points in Figure 17). However, by increasing the pressure in order
to reduce the vibrational temperature, one treats high vibrational temperatures as undesirable. On the contrary,
highly ro-vibrationally excited molecules are desirable, and it is hence here necessary to increase the cold
electron density. Concepts may be found in references [53,54], but this source improvement is beyond,the scope

of the present work.

3.3 Plasma characterization with respect to H™ ion destruction

The analysis so far is concentrated on the H™ production mechanisms. However,_ the steady state density of
negative ions which is measured is determined by the equilibrium between formation andtloss processes. Thus,
it is very important to know the loss rate and the effect it has on the measured-density:

Using the obtained results, the contribution of each destruction process to\the total loss rate can be
calculated. The first contribution is from MN (see Reaction (1)). Unfortunately;sno data is available for the
percentage of the atomic and molecular positive ions for this particular plasma generator. However, the total
plasma density is measured with the electrostatic probe. In that'case.an effective rate coefficient for all MN
processes might be estimated by assuming that the ratio of atomic to molecular ions would be similar to the ratio
of neutral atoms to neutral molecules which is already qmeasured. ;I'his is also supported by experimental
evidence, which verified that in typical hydrogen discharges each molecule experiences on average several tens
of ionization and excitation processes and several dissociation processes during the time it spends in the plasma
chamber [41]. The second contribution is AD (see Reaction (2)) and presents no challenge since the atomic
density is already estimated. Finally, for ED (Seesreaction (3)), a simplification might be made based on the
acquired data. Because of its high energy threshold, only the hot electron population contributes to electron
detachment [16]. For the almost constant,temperature of the hot electron population (15 eV) a rate coefficient
can be calculated instead of integrating each"EEDF. The rate coefficient which is calculated from the available
cross section with a 15 eV electron Qmperature is 1.55x10° cm®st. The loss rates for the three different

pressures are calculated and presenteddn Figure 19.
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1 543 Figure 19. Power dependence of the loss frequencies that correspond to the main destruction processes MN, AD, and ED.
2

4 544 Evidently, the dominant destruction process is associative detachment from collisions with atoms. This can
Z 545  De attributed to the high dissociation degree of the source (about 12% for this source compared with 3% for
7 546  typical filament sources [20]). The different dissociation degree is most likely due to the different EEDFs in the
g 547  two discharge types, favoring triplet state excitation and subsequent dissociation in the case”ofsmicrowave

10 548  heating as discussed in reference [55]. Mutual neutralization is another important loss process being about three
1; 549  times lower than dissociative attachment. Finally, electron detachment, being about twe_orders of=magnitude
13550  lower, could fairly be ignored. This is due to the low density of hot electrons in the bulk'of the'plasma. This also
15 551  proves that the magnetic field of the ECR elementary sources plays efficiently the role of.the magnetic filter, by
1? 552  confining hot electrons in the vicinity of these sources.

18
19
20 554  H ion density with increasing power at 4 mTorr (compare Figure 9 andy19), leaving thus principally the

553 An important note is that, the power dependence of the loss processes does not.explain the decrease of the

21
57 555 production processes (presented above) to be responsible for the behavior ofthe negative ion density.

23 556
24

25557 4. Conclusions
26
27 558  The ECR (2.45 GHz) H™ negative ion source “Prometheus I’ was'studied in terms of volume production of H-

;g 559  negative ions. The source was found to operate more efficiently in-the high pressure regime (12 mTorr) for

30 560  which negative ion density reached values as high.as 4x10° cm:®. For the lower pressure (4 mTorr), negative ion
31
32

33562  analysis, it was concluded that the specific_ ECR discharges promote vibrational heating of the gas instead of

561  density was reduced and, more importantly, scaled up poeorly with power. Additionally, following a qualitative

4
35 563 ionization. A similar conclusion was reached for. another microwave source [41], indicating that this might be a
g? 564  more general limitation of ECR sources. However, any generalization requires a wider consideration of the

38 565  involved phenomena. Consequently, the stand-alone operation of the source was limited by the availability of
39
40
41 567  temperature was reduced but a better balance was achieved between ionization and excitation processes, which

566  sufficiently cold electrons, especially in the low pressure regime. For higher pressures, the vibrational

g 568  created cold electrons and negative ions by dissociative attachment, respectively. At the same time, the efficient
44 569  vibrational heating of the gas in the low pressure regime should not be considered as a drawback in terms of H-
46 570  negative ion productions”Onythe contrary, this is a prerequisite for H- ion production through dissociative
j; 571  attachment, as long @s the ionization can be increased in a controlled manner. The potentiality for an
49 572 independent enrichment of the-source with cold electrons will be the topic of future studies.
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