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Helicon plasma sources operating with hydrogen or deuterium might be attractive for fusion applications due to their
higher power efficiency compared to inductive radiofrequency plasma sources. During recent years, the Resonant
Antenna Ion Device (RAID) has been investigating the physics of helicon plasmas and the possibility of employing them
to produce negative ions for Heating Neutral Beam injectors (HNBs). We present herein a fluid-Monte Carlo model
describing plasma species transport of a typical helicon hydrogen plasma discharge. This work is motivated by the
interest to better understand the basic physics of helicon plasma devices when operating in hydrogen and, in particular,
the volume production of negative ions. This model is based on the synergy between two separately self-consistent
approaches: a plasma fluid model calculating ion transport, and a Monte Carlo (MC) model, to determine neutral and
rovibrational density profiles of H,. By introducing as model constraints the electron density and temperature profiles
measured by Langmuir Probes, the densities of ion species (H™, H2+ s H;r, H™) are computed in a 1.5D (dimensional)
geometry. The estimate of the negative ion density profile represents a useful benchmark to be compared with dedicated
diagnostics such as Cavity Ring-Down Spectroscopy and Langmuir probe laser photodetachment. Neutral gas particles
(atoms and molecules) are calculated assuming a fixed plasma background. This gas-plasma decoupling is necessary

due to the different timescales of plasma (microseconds) and gas kinetics (milliseconds).

I. INTRODUCTION

The fusion reactor ITER will be equipped with two Heat-
ing Neutral Beam injectors (HNB) to heat up the plasma to
the required conditions for controlled nuclear fusion.! To pro-
duce high energy (up to 1 MeV) atomic beams, negative ions
(H™ or D7) are accelerated and then neutralized by charge
exchange with a background gas along the beam propagation
direction. Negative hydrogen and deuterium ions for HNB
applications are routinely produced in large plasma sources
such as SPIDER? and ELISE?, by means of radiofrequency
inductive plasma sources. The comprehension of the physics
mechanisms describing the transport and extraction of neg-
ative hydrogen and deuterium ions in these sources is sup-
ported by numerical simulations.*> Low pressure hydrogen
and deuterium plasmas are composed of different ionic and
gas species including positive and negative ions, ground state
atoms and molecules, atomic and molecular electronic excited
states, molecular rovibrational states and radicals.

In recent years, the possibility to produce negative ions (H™
or D7) for HNB injectors by means of helicon plasma sources
was investigated at the Resonant Antenna Ion Device (RAID)
experiment.%” In parallel, other helicon plasma sources op-
erate worldwide to study the volume production of negative
jons in helicon-sustained plasmas.®~'! In RAID, plasmas are
sustained by a resonant birdcage antenna used as a helicon
plasma source'? up to 10 kW long-pulse operation. Numeri-
cal simulations are underway to investigate the physics of he-
licon waves!? and plasma transport'# in RAID for typical H/D
plasma discharges. As part of the numerical simulation efforts
and cross check with experimental data, we present herein a
1.5D fluid - MonteCarlo (MC) model aimed to the description
of the transport of plasma and neutral species of a typical hy-
drogen helicon plasma produced in RAID. As "1.5D" model
we intend that it describes the dynamic along the radial di-

rection while retaining some axial physics. In particular, ion
losses along the direction of the magnetic field are considered.
The 1.5D geometry for RAID is justified by the cylindrical
symmetry in density and temperature of helicon plasmas and
their uniformity along the plasma column axis.

Fluid models can be employed to understand the physical
principles of certain magnetized plasmas, in particular they
can very successful in low pressure, low beta plasmas which
are relatively more stable. Advanced 2D and 3D models, re-
quired by the lack of particular symmetries, are currently used
to describe plasmas produced by inductive plasma sources
for HNB injectors.!®> Fluid models have been employed to
describe highly collisional plasmas, such as on the edge of
fusion plasmas, small toroidal experiments (TORPEX) and
steady state linear plasma devices.'® Unlike other helicon lin-
ear reactors where the plasma is bounded by long and nar-
row dielectric tubes, RAID vessel walls are far from the edge
of the plasma column and electrically conducting. This sug-
gests that boundary conditions are mainly dominated by end-
plates on which important plasma losses and recombination
processes occur. A comprehensive description of a hydrogen
helicon discharge would require coupling the helicon wave
propagation and power deposition mechanisms to a trans-
port/chemistry model. This is beyond the scope of the present
work, aimed at investigating the role of plasma reactions and
species profiles, which cannot be easily separately measured.
The paper is structured as follows. In Sec.II, the RAID de-
vice and its parameters are presented. In Sec. III, the equa-
tions of the fluid model are discussed, as well as the plasma
chemistry and the model inputs. In Sec. IV, the MC model for
neutral particles is described. In Sec. V, the output data of the
model are presented including plasma species profiles, source
profiles, generation/loss mechanisms for H~ and comparison
with experimental measurements. In Sec. VI, we discuss con-
clusions and possible applications of this model.



Il. EXPERIMENTAL SETUP AND PARAMETERS

Plasma discharges in the RAID device are excited by a ra-
diofrequency (RF) antenna in a birdcage geometry able to
sustain the propagation of helicon waves.!? The antenna is
wrapped around a ceramic cylinder with external diameter
11.5 cm, internal diameter 9.5 cm and 38 cm long mounted on
one end of a stainless steel cylindrical vessel 1.5 m long and
40 cm diameter and can deliver up to 10 kW to the plasma.
A set of 6 coils generates a DC magnetic field along the axis
up to 800 mT. Further details on RAID can be found in other
works.®717

The fluid model can be applied provided that the ion-neutral
collision mean free path (mfp) is smaller than the typical
size of the device. Tab. I summarizes RAID typical hydrogen
plasma and device parameters. Similarly to hot fusion plas-
mas, the magnetic field can play an important role in plasma
transport in low-pressure plasma sources.®> The typical values
of RAID magnetic field (0.01 - 0.1 T) are such that the ion and
electron Larmor radii are in the sub millimeter range, there-
fore the plasma is strongly magnetized and charged particles
are constrained to flow along the magnetic field lines. Cross
field diffusion is however possible due to particle collisions
producing displacements along the radial direction, whose
size is of the order of the Larmor radius. Along the axial di-
rection, charged particles freely stream and undergo collisions
with the background gas (H;) with a mfp of the order of 0.1
m, shorter than the plasma axial length (1.8 m). The degree
of anisotropy in the ion transport is such that the typical ratio
between axial and perpendicular diffusion coefficient is:'®

-\ 2
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where @, is the ion cyclotron frequency and Vv the typical ion-
gas collision frequency.

The RAID vessel is supplied with a H, flow rate of 10
sccm and constant pressure of 0.3 Pa, corresponding to a
molecular density of 7.25 x 10”m™3 at room temperature
(300 K). Given the typical plasma density generated in the
center of a hydrogen plasma column (2.5 x 108 m=3), we
make the assumption that plasma species are diluted in a Hp
background. Ion transport can then be described by classical
drift-diffusion equations in the presence of a uniform mag-
netic field. At this low RF power (< 5kW) and gas pressure
(p < 1Pa) neutral depletion,'® consisting in the displacement
of neutrals to the walls of the device at high plasma densities
(> 10" m™3), can be neglected. As far as it concerns coulomb
collisions, in the case of like-particles (electron-electron and
ion-ion collisions), these do not cause diffusion.’? Only
electron-ion collisions might play a role. Electron-ion
collision frequency is about one order of magnitude larger
than the electron-neutral collision frequency, however, due to
large mass difference, the relative momentum exchange is of
the order of Ap/p ~ \/(m./m;)\/(T./T;) =~ 0.15, therefore,
Coulomb collisions should not affect considerably the ion
diffusion with respect to the background neutral gas. Plasma
instability and turbulence might occur in a mid/high power
helicon plasma device such as RAID and would require to

Parameter Value

Vessel Radius 0.2m

Gas pressure 0.15-15Pa
Magnetic field 0.01-0.1T
Plasma axial length 1.8m

Plasma density <2x108m3
Electron temperature <8eV

Ion temperature <0.1eV

3.05x 1035~ (B=20mT)
5.6x 108s7! (B=20mT)

ITon cyclotron frequency
Electron cyclotron frequency

H;-Hz collision frequency 236 x 10*s!
Electron-H; collision frequency 1.19x 1095~ !
Electron-Hzr collision frequency 2.5%x 100571

Electron-electron collision frequency [6.25 x 1005~

H; -Hj collision frequency 2.61x107s7!
H;’ -H, mean free path ~0.1m
electron-Hzr mean free path ~ 5mm

Ton Larmor radius < Imm
Electron Larmor radius < 0.25mm
Debye length ~107m

TABLE I: Typical parameters for a hydrogen plasma
discharge in RAID. The size of the ion Larmor radius,
compared to the size of the vessel, makes it possible to

describe the ion transport with a fluid model.

take into account non linear terms, dramatically complicating
the model. However, as we will see later on, RAID plasma
is well described by classical diffusion in a magnetic field,
so we do not take into account non-linear phenomena in a
first-order modeling.

11l. DESCRIPTION OF THE MODEL
A. Basic equations

The equations composing the fluid description are the con-
tinuity, the momentum and the Poisson equations, which are
written below. Each ion species is denoted by the subscript s,
where s can be HY, Hy, H or H™. The continuity and the
ion momentum conservation equations are:
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V. fs = Ss *an (2)

mgng |:(Z;; + (ﬁs . V)ﬁv:| = q‘vns(E‘i’ﬁs X E) - V'Pv 7mSnSVS’ZY7
(3)
where n; is the number density, m; the mass, i the fluid
Velocit_y of the species, E the electric field, B the magnetic
field, P; the partial pressure tensor (due to ions only), g the
electron charge magnitude, l:"s = nyliy the flux of species, vy
the momentum transfer frequency and Sy and L, the source
and the loss terms.



The electric field and the plasma potential V are calculated
using the Poisson equation:

e
Vv = *a(ﬂHJr +nH2+ +nH3+ —ng- —ne), )

with

E=-VV, (5)

where n, is the electron density and & is the vacuum di-
electric constant. Plasma quasi-neutrality is guaranteed by the
electric field generated by the charge separation. Due to the
cylindrical symmetry of the RAID plasma, the magnetic DC
field as well as the electric field generated by the plasma po-
tential have no azimuthal components. However they produce
aExBanda diamagnetic drift along the azimuthal direc-
tion of the charged fluids with associated tangential fluxes. If
we consider axial invariance, the total flux can be expressed
as the sum of a radial and an azimuthal component, namely
= f, + 1:¢~ Equations (2), (3) and (4) are then solved with
the PDE (partial differential equation) module of the finite el-
ement calculator COMSOL multiphysics.?!

Assuming cylindrical symmetry of the plasma discharge,
the continuity equation can be written as:

19(rT)
or

(6)

~

where S(r) is the source term of any species along the radial
direction (it takes into account the sum of sources and losses
in volume), and 2 Fzm is the term describing the particle losses
along the axial direction z due to the free streaming along the
magnetic field lines up to both endplates. Due to this term we
define the model to have a 1.5D geometry. I';(r) is the flux
of particles at the discharge ends at radius r. For positive ions
I';(r) reads:

Fz(r) = anSuB()hm(r)7 (7)

where ugop, is the Bohm velocity ugopm,s = \/qsTe/ms. O
is a factor dependent on the presheath voltage drop and de-

pends on the conditions in the collisional presheath, particu-
larly on the plasma flow velocity and electron and ion tem-
peratures. The presheath drop dictates what the density at the
sheath would be.

From Eq. (3) one can derive the expression for the radial
flux; for positive ions this reads:

_ qsVshy (
-
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ng dr
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where . s = qrjl—B is the ion cyclotron frequency.
! s

B. Assumptions

It is useful to summarize in this paragraph the main simpli-
fying assumptions.
We neglect the acceleration term, % since we assume to be
in steady state regime. For the ion inertia term, (i, - V)iis, we
assume that diffusive time scale are much slower than bulk
flow time scales.!® The inclusion of the inertial term would
lead to the separation of the momentum equation in each di-
mension for each species increasing the complexity of the
model.??
The ion distribution function is considered isotropic and, also,
we neglect the gradient of the ion temperature (we assume 0.1
eV uniform ion temperature and the same for all ion species),
therefore V - P, = k;, T,Vn,, where kj, is the Boltzmann’s con-
stant.
The magnetic field B takes into account only the DC field gen-
erated by the external coils (200 mT) since the magnetic field
generated by plasma currents is negligible (the magnetic field
of the helicon wave is a few Gauss'?).
The magnetic pressure is significantly larger than plasma pres-
sure, rendering all plasma diamagnetic effects negligible. The
ratio between the plasma kinetic pressure and the plasma mag-
netic pressure provides:

Pmagnetic _ Bz/2ﬂo
Pplasma kpn.T,

~ 100 )

C. Boundary conditions

The vessel walls and endplates play an important role in the

plasma equilibrium. They govern the rate at which particles
are lost from the plasma bulk as well as the surface chemistry.
This is particularly relevant in the case of a linear plasma de-
vice, such as RAID, where magnetic field lines intersect the
boundaries of the device. In the literature, authors have in-
vestigated the effect of changing the position and the electric
properties of the endplates,>® which have an effect on the ax-
ial boundary conditions of the helicon wave and in turn on the
discharge properties.
A rigorous description of wall losses would require a self con-
sistent treatment of the plasma sheath. In the sheath region
(a few mm in front of the wall) the quasi-neutrality is lost
and therefore strong electric fields appear. From the model-
ing point of view, this would imply strong charged particles
accelerations and problems of numerical convergence. To ac-
curately resolve the dynamics of the ion free fall across the
plasma sheath, one should locally redefine the meshing with
at least a sub millimetric resolution. The coupling of the bulk
plasma region with the plasma sheath region would require to
considerably increase the complexity of the transport model
without adding any particular relevant element to the overall
transport dynamic and chemistry. Therefore, the ion losses at
the boundaries are estimated according to the Bohm expres-
sion, which for positive ions reads:

Do = — V (qTe/ms)nseié' (10)



Negative ions (such as H™), due to their negative charge, are
confined in the plasma bulk, in electropositive plasmas.>* The
typical temperature of ions in low temperature plasma devices
(~0.1eV) is indeed insufficient to overcome the plasma po-
tential well. H™ ions are therefore produced and destroyed
in the plasma volume. In a volume negative ion source like
RAID, it is therefore crucial to understand the interplay be-
tween production and destruction channels of negative ions,
discussed in Sec. V B, and how they can be controlled to opti-
mize negative ion yield.

D. Reaction rates

In this model, we consider volume reactions between elec-
trons and neutral/ion species, between atomic and ion species
and between ion species in the plasma bulk. We do not con-
sider three body reactions, since they are negligible at this low

J

V-Ty-

The generation rate of H™ by dissociative attach-
ment from ro-vibrationally excited H,, which is the term
21/4:0/‘3(")"H2(v)’ is calculated by taking into account the
density of H, molecules in each vibrational state v, computed
by the MC model (see Sec.IV). The most important H™ de-
struction processes are the mutual neutralisation (MN) with
positive ions (R9-11), the electron detachment (ED) (R12) and
the associative detachment (AD) with neutrals (R18-20).

E. Structure of the model

A complete fluid model describing all species would re-
quire the inclusion of a balance equation for electrons and an
equation for the power deposition. In RAID, the electron tem-
perature and density profiles can be measured by Langmuir
probes and microwave interferometry across the entire vol-
ume of the device.* These data are introduced as a physical
constraint on the basis of which transport and chemistry of
the other ion species and atomic hydrogen can be computed.
A typical electron density and temperature profile at 1 m from
the center of the antenna, 3 kW RF power and 0.3 Pa of gas
pressure is shown in Fig. 1, and will be taken as input profile
for the modeling. Fig. 2 provides a diagram description of the
structure of the model.

pressure regime. The reaction rate R is given by the product
of the densities n; and n, of the reactants and is regulated by a
rate coefficient k(T7,T»), dependent on the reactants’ temper-
ature 77 and T»:

R=k(T\,T)niny [m~3s71]. (11)

To describe the chemistry of the hydrogen plasma discharge
in RAID, we have employed the reaction set in Tab. II, which
shows the complexity of the plasma chemistry in this model.

For reaction 3, we have employed the dissociative attach-
ment reaction rate provided in Ref.[zs], whereas, for the oth-
ers, we have employed the reaction rates provided in Ref.[??].
The channels for the volume production of H™ are given by
reactions 3, 7 and 22. We will see that reaction 3, the disso-
ciative attachment, is by far the most effective channel for H™
production in the plasma. The net source term for each ion
species is reported in the set of Egs. 12.

V.-Ty+ = kaneny + ksngng+ + kﬁngan— — kony+ng- + k13n€nH;- — kianp,ny — koyny,nyg+
V. FH; = kllne”Hz — kannH; — k5nenH§r + k7i’lenH;r — kgl’lel”tHzr — klonH;an — klsngl’lH;r + kz]ﬂHan+,
V. FH; = —k7nenH3+ + kgnHan; — k11nH3+ ng- — k13nenH3+ + k14nH2nH+ — klf,nel’lH;r — k17nenH3+, (12)

14
=n, Z k3(v)nH2(v) + k7nenH3+ — kony+ng- — klo”H; ny- —ki g g — kioneng-+
v=0 )

—kigngny- — klgnHan— — koonuny- + kponeny.

F. Dissociative attachment reactions

In plasma, molecular hydrogen can be rovibrationally
excited by electron impact or by decay from the excited
molecule, sustaining 15 vibrational states in the electronic
ground state. Experimental and theoretical studies have re-
vealed that dissociative attachment to these vibrationally-
excited states is the main mechanism responsible for volume
production of negative ions.?” A detailed description of the
overall hydrogen plasma transport would require the inclu-
sion of reactions involving the collisions between H; in the
various vibrational states and other plasma species and the re-
spective transport equations. This would increase the number
of possible reactions to a few hundreds, increasing the com-
plexity of the model, without substantially changing the trans-
port of ion species. Indeed, since for RAID plasma regime
we expect a small amount of excited Hy (of the order of 1%
compared to background H,*), the overall transport and chem-
istry of ions are expected to be weakly influenced by the pres-
ence of excited Hy. To approximate the contribution of the
dissociative attachment to H™ production, the MAR (molec-
ular activated recombination) rate coefficient could be used
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Reaction Reaction Rate (k;) [m3s™!]
1 e+ Hy — Hj +2e 7.27. 1071570549, 15.5/(T.~0.001) 4 | 37,10~ 47,0557, 203/T,
2 e+H, 5 2Hte 1.54-107 70.066863/T | 1 11,10~ 1370813~ 13.4/T,
. etHy(v=0-14) > H+H" 19720,” 1+T£//ZEoe " [‘EM + 1+T/E0] (1071
4 e+H—H"42e ky = 9.74- 1071570174, —143/(T.=0.001) | g 35. 1~ 1570433 ,~16.4/T.
5 H+Hf - H,+H' ky = 1.54- 10714770859 ,—4.61/(T1=0786) | 64.10—157;~0-353,—0.258/1,
6 e+Hy > H+H" +e 3.50- 10137, 1-25¢3.19/(T.=0008) 4 | 77. 10~ 137,-0.0924,~3.04/T.
7 e+Hy - Hy +H™ 1.93- 10157, 1:07,-626/(T+0.131) | 5 35. 10~ 177,-0.371 =207/,
3 Hy+Hj — H+H{ 6.29. 10157, 146,-2:22/(T+0356) |9 71 .10~ 167,~130,-0317/T;
9 H*+H™ —2H 4.46- 10714770281 1 26. 10 14¢~196/T;
10 | Hy+H —Hy+H 2231071470425 4 8 93. 10~ 1470261
11 | Hj +H™ —0.5H,+3H 1.70-10~ 1470313 4 5.75. 10~ 147,70-288
12 e+ H — H+2e 4.58107 1370287 =441/ (T4+0.117) | 9 71 . 10147062~ 1.82/T,
13 e-+Hf —2H+H* +e 2.69- 10137, 0:245-156/(T40.003) |1 (1. 10~ 127;-0:464,~268/T,
14 H, +H' — Hj +hv 1.63- 102!
15 e+Hy —2H 22910 47,0571 1 33]. 10~ 157, 0152,
16 | e+H; —3H 3.36- 10715770716 4 3.73. 10 147,70:67,640/T.
17 | e+Hj »H+H, 2.03-10715(7,0189 40,0407, 149) 45,5710~ 147 23-621/T,
18 H+H™ —Hp+e 2.16- 10713Tl;14396712.7/(ri+1.17) +1.30- 10—157}70,4186—0.192/1",-
19 Hy+H —H+H,+e 16210~ 1670417,-647/(T+0.132) | 5 70 10~1670-550,=2.19/7,
20 H+H- —2Hte 3.81. 10~ 1570:280,-3.76/(T1+0.626) 4 4 55. 10~ 1670603 ,=0375/7
1 Hy+H* - H+HJ 5.54. 10~ 1670453,-326/(Ti-0.001) | 5 98 10~ 187~288,-0.310/7,
22 | e+tH—H +hv 5.75.10-20(T, 00285 _ ) 947,70.05) | 6.54. 10197, 518,724/,

TABLE II: Plasma reactions and reaction rates used for this fluid transport model.
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FIG. 1: Electron density and temperature radial profiles used
as input in the model, obtained by fitting experimental data.2¢
These profiles are representative for a hydrogen plasma
discharge with 3 kW RF power, 0.3 Pa gas pressure at 1 m
from the center of the antenna.

FIG. 2: Flow chart describing the coupling between the fluid
and the Monte Carlo model.

as a reasonable approximation of the dissociative attachment
reaction rate kp4.”® In this study, however, we use a Monte



Carlo model to estimate the radial density profiles of each ro-
vibrational state of H, which are then inserted as input in the
fluid part of the model.

IV. A MONTE CARLO (MC) MODEL TO DETERMINE
NEUTRAL DENSITY PROFILES

In order to increase the self-consistency of the model, the
plasma dynamics needs to be coupled with the neutral kinet-
ics. In particular, the H, vibrational kinetics is important since
the negative ion production is heavily dependent on the molec-
ular vibrational distribution function (VDF). For this purpose,
a Monte Carlo (MC) approach has been used to describe the
dynamics and kinetics of the neutral gas particles (atoms and
molecules) considering plasma (electron and ion species) as
a fixed background with non-uniform density and tempera-
ture distributions (input of the plasma fluid model). This gas-
plasma decoupling is a necessary hypothesis due to the very
different plasma and gas kinetic time scales; the first in the
microseconds, while the latter in the milliseconds ranges.
The MC model® is one-dimensional in the radial direction
keeping the same geometrical reduction arguments used for
the plasma fluid model, namely, the uniformity along the ax-
ial and the azimuthal direction, as mentioned in the intro-
duction paragraph. The simulation starts with a uniform ra-
dial distribution of molecules (corresponding to a gas pres-
sure Pyus = 0.3Pa and temperature Ty, = 300K); every time
step a certain number of molecules is injected uniformly along
the radial domain in order to keep the number of molecules
fixed. This mimics numerically the continuous axial flow of
molecules necessary to keep the gas pressure constant. Each
particle contains information about its electronic (for atoms)
and vibrational (for molecules) state. Only the fundamental
electronic state of Hj is taken into account. No information
on rotational state is considered since the high ionization co-
efficient and the electron temperature involved guarantee a ro-
tational equilibrium distribution. In the dissociative attach-
ment reaction, the effect of the rotational excitation is smaller
compared to that of the vibrational excitation.’ The most rel-
evant collisions with electrons and HT ions (the dominant ion
species, see Sec. V) are considered through the use of state se-
lective cross sections,>!=33 while neutral-neutral collisions are
negligible due to the low pressure regime. The equations of
motions of particles are solved and the heterogeneous surface
processes are taken into account in the impact with the wall by
using appropriate energy-dependent and state-dependent co-
efficients. The cross section of neutral/ion-surface processes
involves a complex kinetic in which cross sections depend on
neutral/ion and surface temperature.>* For atoms, reflection
and recombination coefficients,3>-3¢ while for molecules, re-
laxation and dissociation coefficients.3”-3® The gas subsystem
reaches a steady state condition after 4 milliseconds, showing
a global dissociation coefficient (Eq. 14) of D; = 0.103. The
radial averaged VDF is reported in Fig. 3 and shows the typi-
cal parabolic Treanor for the first 4 vibrational levels and hy-
perbolic plateau for > 4, corresponding to a two-temperature
distribution 751 = 2000K and Tp7 = 7000K.
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FIG. 3: Radial averaged ny,(y) VDF (normalized to the v =0
level density) as result of the MC model display a
two-temperature distribution.

Once the ny and ny, radial density profiles have been de-
termined, the degrees of ionization and dissociation can be
computed; these are shown in Fig.4. The degree of ioniza-
tion, defined as:

ne
D, =

— e 13
PR (13)

is peaked at the center where it attains about 2%. The de-
gree of dissociation, defined as:

ny
D, =

—_m 14
nH—|—2nH2 a4

is slightly hollow at the center and around 10% across the
vessel. The D, (dissociation degree) well at the center of
the plasma column is mainly due to a combination of central
plasma heating and H transport towards the walls. H atoms
produced by dissociation take about 2.2 eV each therefore,
they are much hotter compared to the ~ 0.1 eV H; translation
temperature.

V. TRANSPORT OF ION SPECIES
A. lon density equilibrium and potential profiles

By solving the system of coupled equations Eq.(2), (3)
and (4), the density of each ion species can be computed, as
depicted in Fig. 5, together with the net source rate profiles
(production - destruction) for H*,H} ,H{ and H™. H",Hj
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FIG. 4: Ionization and dissociation degree derived from the
MC simulation.
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FIG. 5: Net generation rate (on the left) and density profiles
(on the right) of ion species computed by the fluid model,
including experimental ny- data.

show centrally peaked density profiles, while H;r peaks on the
edge. The H™ density profile also shows a shell-like structure,
whose width and absolute value are comparable to measure-
ments performed with laser-based diagnostics.” H™ net pro-
duction takes place in a region of ~ 1 cm width on the edge of
the plasma column at ~ 5cm and H™ density peaks at ~ Scm.
This result suggests that transport plays an important role in
the H™ density equilibrium profiles and a not negligible quan-
tity is transported to the center of the plasma column. At the
position of the H™ density peak, H; and HgL densities are also
comparable to that of H*. This result shows that the plasma
column is characterized by a hot and dense core region of ion-
ising plasma dominated by H* surrounded by a halo of H;r
and HgL recombining plasma. In the latter region, H™ are effi-
ciently produced and can survive.

In Fig. 6 we show the computed profiles of the plasma po-
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FIG. 6: Plasma potential calculated by the fluid model
(dashed line) and experimental data (asterisks). Axial particle
losses to walls are finely tuned so that the computed V),
matches the experimental points.?®

tential which is self-consistently obtained by the resolution of
Poisson’s equation with the constraint of potential grounding
on the wall and the boundary targets. The presence of electric
forces arising from charge displacement guarantees the charge
quasi-neutrality, so that an explicit charge conservation equa-
tion is not needed. Fig. 6 shows the computed plasma poten-
tial profile. It shows a central region with a small peak and a
monotonic decay to the wall. The absolute peak value is sen-
sitive to axial losses (I';(r)), which are not self-consistently
calculated. The axial losses are finely tuned to match the
computed potential profile with the experimental V), profile.?
However, the absolute profile of plasma potential has only a
weak influence on the computed plasma species profiles and
transport. Since the plasma potential profile is strongly de-
pendent on boundary conditions, a rigorous treatment would
require to include the physics of the sheath, which goes be-
yond the scope of this model.

To have an insight of plasma species transport radially across
the vessel section, it is instructive to plot the flux of differ-
ent ions. Fig. 7 shows the absolute values of the flux for each
plasma species across the radius. The arrows show the direc-
tion of the fluxes. H and H; fluxes peak at about 2 cm from
the center and are lost in a few cm due to volume destruction
processes with background gas. HgL are transported from the
shell region up to the vessel wall. H™ are transported inward
across the radius.
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FIG. 7: Fluxes of ions across the radius. Positive ions are
transported outwards, while H™ are transported inwards and
destroyed by electron detachment and mutual neutralization

with positive ions.

B. Production and destruction mechanisms of H™

Here we study each generation and loss mechanism of H™
to better understand volume production and destruction pro-
cesses. In conventional negative ion sources for HNB in-
jectors, the production of negative ions is achieved in two
steps taking place in two different volumes: a region called
driver where molecular hydrogen (or deuterium) is dissoci-
ated, and an expanding region with a caesiated surface where
H/D atoms pick up electrons. In the case of a Cs-free neg-
ative ion source such as RAID, where negative ions are only
produced in the plasma volume, it is interesting to study the
contribution of production and destruction processes along the
radial direction.

In Fig. 8 we show the individual reaction rates for H™ pro-
duction (dashed lines) and destruction processes (solid lines)
for electron collision reactions, on the left, and for reactions
involving only heavy species, on the right. These profiles are
obtained considering as input parameters the measured elec-
tron density and temperature profiles shown in Fig. 1. The dis-
sociative attachment reaction (e + Hy(v) — H™ +H) from H,
ro-vibrational excited states, is the main contributor to neg-
ative ion production. The main destruction processes in the
plasma center are the electron detachment (e + H~ — 2e + H)
and the mutual neutralization with HX (Ht +H~ — 2H),
however, at the edge of the plasma column, where H™ density
is peaked (r ~ 5 cm), the most important destruction processes
are the mutual neutralization with H3+ and H2+ H~ —|—H3+ —
0.5H, +3H,H + H2+ — Hj + H) and the associative detach-
ment (H+H™ — Hy +e). Thus, negative ions are mostly pro-
duced on the axis but are efficiently destroyed simultaneously
by electron detachment. They mostly survive on the edge of
the column because 7, is lower, where a net creation of H™
occurs as shown in Fig. 5 which gives the sum of all the pro-
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FIG. 8: Individual production (dotted lines) and destruction
(continuous lines) processes of H™ along the radius induced
by electrons, on the left, and by ions and neutrals, on the
right. The dissociative attachment from ro-vibrationally
excited Hj is the dominant production process. In the plasma
center, H™ is mainly detached by electron impact, while at
the edge, mutual neutralization processes with positive ions
and associative detachment are the main loss reactions.

duction and destruction rates for H™.

VI. DISCUSSION AND CONCLUSION

A 1.5D ion fluid model was developed to better under-
stand ion transport and species reactions in a helicon hydrogen
plasma. The method is based on the separation of a fluid treat-
ment for ions and a Monte Carlo model for the neutrals. On
the basis of electron density and temperature measurements,
the neutral equilibrium density profiles as well as the density
of H; in each vibrational excited state can be found. These
values are used as input for the 1.5D fluid transport model.
Because of the interest in volume negative ion production in
RAID, it is helpful to investigate the interplay of production
and destruction processes of H™. We have compared the reac-
tion rate profiles with the steady state equilibrium densities to
understand how ions are transported observing that negative
ions have a net production rate in a shell at the edge of the
plasma column, from where they diffuse towards the axis. We
observe that H™ are mainly destroyed in the plasma center
by electron detachment and are mutually neutralized by H;r
and H;r at the edge, close to the peak density position. Fu-
ture possible developments on H™ volume production in heli-
con sources should focus on finding a correct balance among
these competitive mechanisms to maximize the volume den-
sity of H™ close to the extraction region. Preliminary proof-
of-principle negative ion extraction tests in a radial geometry
have been recently carried out.>”

A first envisaged step of this model would be the inclusion
of the axial transport, which could be helpful to understand
plasma composition in expanding plasmas, such as those pro-
duced in conventional negative ion sources for HNB injec-
tors. An important improvement would consist in the inclu-



sion of a power balance equation and a power deposition pro-
file of helicon waves to self-consistently calculate the elec-
tron density and temperature profiles. The inclusion of full
helicon wave equations and the plasma formation calculated
self-consistently would be a considerable leap requiring a 3D
geometry, since helicon waves have a full 3D structure. '3
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