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Abstract. The injection of energetic neutral deuterium atoms will be one of the major heating methods of the
ITER plasma. The neutral atom beam will be obtained by acceleration and collisional neutralization of negative
ions extracted from an inductively coupled low pressure plasma source. This paper describes the first steps
toward a fully self-consistent model of this negative ion source. The negative ion source is a “cold plasma”
(electron temperature on the order of 10 eV) composed of a driver where power is inductively coupled to the
plasma electrons, an expansion chamber including a magnetic filter, and the extraction grids. In this paper we
present the first results of a 2D fluid model of the driver, expansion chamber and magnetic filter for an H,
plasma, in conditions close to the ITER negative ion source. The results show a decrease of the gas density when
the plasma is turned on, due to gas heating and to the neutral gas depletion induced by ionization. The low gas
density leads to high electron temperature in the driver, and to saturation of the plasma density growth with
power for pressure below 0.3-0.4 Pa. The H, temperature is in the 0.1 eV range while the H temperature is much
larger (up to 1 eV) because hydrogen atoms are generated at high energies by dissociation of H, or ion
recombination at the wall surface. The simulation results are globally consistent with recent experiments on the
negative ion source developed at IPP Garching. Because of the large Hall parameter in the magnetic filter,
electron transport across the filter is complex and the ability of a 2D fluid model to grasp this complexity is
discussed.

1. Introduction

The ITER heating system will include two neutral beam injectors, each delivering a 16.5 MW
beam of 1 MeV Deuterium atoms. In each injector, ions will be first created in a plasma
source, then accelerated by a set of electrostatic grids and finally neutralized by colliding with
neutral molecules. Because the collisional neutralization of D" ions is very inefficient at these
energies, D™ ions will be used instead. These injectors will have to deliver beams during up to
3600 s, and will have to require as low as possible maintenance. The RF inductively coupled
plasma source (ICP) which is currently being developed at the Max-Planck-Institut flr
Plasmaphysik, Garching has been chosen as the reference design for negative ion source for
the ITER neutral beam injectors.

The studied negative ion source prototype is composed of a driver, an expansion chamber and
magnetic filter, and the negative ion extraction region. It is now generally agreed that negative
ion production in the volume by dissociative attachment is not sufficient for the ITER
requirements. In the sources developed at IPP Garching, negative ions are produced by impact
of H atoms on the caesium coated plasma grid [1]. The negative ions produced on the grid
surface next to the grid holes can be efficiently extracted before they are collisionally
detached.This paper describes the first steps toward a complete model of the Negative lon
Source for the ITER neutral beam system, including driver, diffusion chamber, magnetic filter
and extraction. The goal is to obtain a better qualitative insight in the physics of the source, to
get a quantitative prediction of its main characteristics, to contribute to its optimization, and to
help in the interpretation of the experimental results. One of the important outputs of the
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model is the flux and energy of H atoms on the grid since most of the extracted negative ions
are generated by H atom impact on the grid.

The paper is organized as follows. The assumptions of the negative ion source model are
briefly discussed in section 2. The plasma properties deduced from the simulations without
magnetic filter are discussed in section 3. Some comments on the magnetic filter and power
coupling are given in sections 4 and 5 respectively.

2. Model the negative ion source

A 2D fluid model of the source has been developed. The equations which are used are given
and discussed in details in a recent paper [2]. The model can be used in a cylindrical or
rectangular geometry and is based on the following assumptions:

- Fluid description of electrons: continuity, momentum transport (drift-diffusion) and
energy equation (assuming Maxwellian distribution) including magnetic field barrier.

- Fluid description of positive ions: continuity and momentum equation (including
inertia terms); in the source conditions, the pressure term is negligible with respect to
the electric force term. Negative ions are described by a drift-diffusion equation.

- The model does not assume quasi-neutrality and Poisson’s equation is solved
implicitly.

- For the results presented in sections 1. to 4, we limited ourselves to a simple case
where we assumed that the power emitted by the antenna Py is totally absorbed by
the electrons in the driver and that each electron absorbs the same amount of power. In
that case, the source term for the electron energy equation P, is given by Py =
Piot-Ne/Ne, Where N is the total number of electrons in the driver and ne is the electron
number density. However, the RF field (1 MHz) induced by the coil current and its
coupling with the electrons can also be described in details by the code, and this part
of the model is presented in section 5.

- Neutral transport can be described by Navier-Stokes equations or using a more
accurate Direct Simulation Monte Carlo (DSMC). The Navier-Stokes module is used
in the results presented here.

- A complete set of kinetic reactions for hydrogen has been implemented. The hydrogen
vibrational population is not calculated self-consistently at the moment and electron
attachment in the source volume is therefore not self-consistent (the fractional
concentration of the vibrationally excited states is fixed, and a global electron
attachment cross-section is used). The production of negative ions at the grid surface
is not included in these preliminary simulations.

The fluid model describes self-consistently the neutral and plasma transport and reactions,
including the magnetic field barrier. In order to better understand and describe transport
across the magnetic field barrier, explicit as well as implicit Particle-In-Cell (PIC) simulations
are also being developed.

The model has been applied to an ITER-like negative ion source similar to one of the
prototypes developed at IPP Garching [3]. The source is composed of a driver where the
plasma is generated by RF (1 MHz) inductive coupling. The driver is followed by an
expansion chamber. At the end of the expansion chamber and in front of the extraction grids,



a magnetic field filter is used to the limit the flux and energy of electrons flowing to the
extraction region.

The geometry of the source simulated in the model is shown in FIG. 1. In the ITER negative
ion source prototypes, the driver is a cylinder and the expansion chamber is a rectangular box;
the magnetic field is parallel to the width of the rectangular expansion chamber. Since the
model is two-dimensional it was necessary to use a rectangular (and not cylindrical) geometry
to represent properly the magnetic filter region. The dimensions of the simulated rectangular
source shown in FIG. 1 are deduced from the dimensions of the real prototypes by simple and
approximate scaling laws [4].
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FIG. 1: Rectangular source geometry used in the model. The dimensions are: L;=8 cm, L=9
cm, D=16 cm, and L,=16 cm, with L,,=6 cm.

3. Plasma Properties without magnetic filter

Calculations have been performed under conditions of pressure and power similar to those of
the negative ion source prototype experimentally studied by McNeely et al. [2]. The total
power absorbed by the plasma was an input of the simulation (constant power absorbed per
electron in the driver). The operating pressure was fixed in the simulations before the plasma
was turned on, by adjusting the hydrogen mass flow rate and running the Navier Stokes
model. FIG. 2 and FIG. 3 show typical results for the distributions of plasma density,
potential, and neutral concentration and temperature. The calculated plasma density is on the
order of 0.5 10" m? i.e. about 5 times less than the density measured by McNeely et al. [3].
The calculated plasma density is strongly dependant on the gas density (i.e. on the operating
pressure).
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FIG. 2: Space distributions of (a) plasma density,(b) plasma for an input power of 60 kW at 0.3 Pa,
without magnetic field. The calculated electron temperature is quasi-uniform, around 13 eV. Darker
grey corresponds to smaller values.



The discrepancy between experimental measurements and calculations could be due to
uncertainties in the gas pressure and density. Another possible source of discrepancy is the
effect of the ponderomotive force. At the low frequency (1 MHz) and high power of the RF
source, the ponderomotive force [1] (which is not included in the results presented here) can
compress the plasma and increase the plasma density.

The calculated concentrations and temperatures of hydrogen molecules and atoms are shown
in FIG. 3.
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FIG. 3: Space distributions of (a), H, density, (b), H, temperature, (c), H density, and, (d),
H temperature, in the conditions of Fig. 2 (60 kW, 0.3 Pa, rectangular geometry).

The molecular hydrogen concentration is on the order of 10*° m™ in the extraction region.
This is much smaller than the density corresponding to a pressure of 0.3 Pa at ambient
temperature (7. 10" m™). This low density is due to the increase in gas temperature when the
plasma is turned on, and to neutral depletion due to ionization. The density of atomic
hydrogen also shown in FIG. 3 is about 60 % of the density of molecular hydrogen in the
extraction region. The temperatures of molecular and atomic hydrogen are very different, as
shown in FIGs. 3b and 3d respectively. The H, temperature is on the order of 0.1 eV while the
H temperature reaches values on the order of 1 eV or more. The relative high temperature of
H atoms is due to 1), H atoms generation with an energy around 3 eV during electron impact
dissociation, and 2), recombination of energetic H" at the walls.

The distribution of the different species concentration (electron, H*, H,*, Hs", H, and H))
along the discharge axis are shown on FIG. 4. We see that H," is the dominant ion in the
driver while the density of H* becomes larger in the expansion chamber.
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FIG. 4: Distribution, along the discharge axis of (a) charged particles densities, and (b)
neutral densities, in the conditions of Fig.2 (60 kW, 0.3 Pa). The gas density without plasma
is also shown for comparison in Fig. 4b. The star symbol indicates the location where the
pressure is exactly equal to 0.3 Pa (gas density 7. 10*° m™ at 300 K) in the chamber, before
the plasma is turned on.
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FIG. 5: (a) Electron temperature, and, (b), maximum electron density (the maximum density
is in the driver) as a function of input power, for different gas pressures

The variations of electron temperature and density as a function of absorbed power for
different pressure are shown in FIG. 5.

We see on FIG. 5 that the electron temperature is almost insensitive to the value of the
absorbed power at high enough pressure and increases sharply with power at pressure on the
order of below 0.3-0.4 Pa. On the other hand, the plasma density for a given power increases
with increasing pressure. The plasma density at constant pressure increases with power, as
expected, but tends to saturate at pressure below 0.3 Pa. The electron temperature and density
and the trends of their variations with power and pressure are in reasonable agreement with
the Langmuir probe [3] and spectroscopic [5] measurements of the IPP Garching group.

The variations of plasma temperature and electron density with power and pressure can be
understood on the basis of very simple scaling laws obtained by writing global particle and
power balance equations in the source. The simplest form of a global particle balance
equation when charged particle production is due to direct ionization and charged particle
losses are due to recombination at the walls can be obtained by writing that the volume
integrated ionization rate is equal to the wall surface integrated charged particle losses:

nngk;V = anugS



where n is the plasma density, ng is the gas density, k; is the ionization rate (assumed to be
constant in space, which is a good approximation here , V the discharge volume, ug the Bohm
velocity, S the wall surface, and « a coefficient accounting for the fact that the plasma density
is smaller at the sheath edge than in the bulk plasma. ki and ug are function of the electron
temperature. Therefore,

ki(Te) 1

uBTe ngdeff

This equation shows that the electron temperature only depends on the gas density, and on an
effective plasma dimension, der = aV/S proportional to the source volume/wall surface ratio.
One can therefore understand that, for a given input power, the electron temperature must be
larger at 0.3 Pa than, e.g. at 0.8 Pa. The equation above also shows that, if the gas density is
fixed, the electron temperature should be practically independent of power. In our conditions
the gas density is not fixed because of the increase in gas temperature with power and because
of the gas depletion due to ionization and gas heating. The gas density decreases with
increasing power, therefore volume ionization decreases and a larger electron temperature is
needed to balance the losses to the walls. The ionization rate k; in hydrogen, like in other
gases, increases with electron temperature and tends to reach a limit and eventually decay at
high electron temperatures.

From a simple power equation one could also show that the plasma density should increase
linearly with absorbed power at constant electron temperature. But since the electron
temperature increases with power because of the neutral density decrease (see above), the
increase of plasma density with power is less than linear and tends to saturate as seen in FIG.
5b.

Since the extracted negative ions are mainly produced by the impact of hydrogen atoms on
the grid surface, an important output from the model is the atomic hydrogen flux to the grid.
The calculated H and H* fluxes and energy fluxes to the grid are shown as a function of
power on FIG. 6 for a pressure of 0.3 Pa. The calculated maximum H flux to the grid (10 m™
2-s™) corresponds to an equivalent current density of H atoms on the grid of about 1600 A-m
2. Assuming a yield of about 0.2 H™ emitted by the grid surface per H incoming atom (this is
consistent with values found in the literature, e.g. Ref. [6]), this would lead to a negative ion
density of about 320 A-m™.
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FIG. 6: Averaged H flux (/3 , full circle symbols), and H™ flux (74", open circle symbols)
on the plasma grid, and averaged H energy flux (7, full circle symbols), and H* energy
flux (74", open circle symbols) on the plasma grid, as a function of input power at 0.3 Pa.
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300 A-m? is the order of magnitude required for the ITER source, but since one can expect
that only a fraction of the negative ions produced on the surface can be extracted (20%
according to Ref. [7]), it seems that the calculated H flux is actually too small. Positive ions
impacting the grid could also contribute to the production of negative ions on the surface but
this question needs clarification.

4. Plasma Transport Across the Magnetic Filter

Calculations have been performed including a magnetic filter, with a magnetic field in the
simulation domain, parallel to the extracting grid, assuming classical, collisional transport
across the B field. The results show strong plasma oscillations when a magnetic field similar
to the experimental one is used. These oscillations are due to the low neutral density and large
Hall parameter (ratio of electron angular cyclotron frequency and electron-neutral collision
frequency) in the filter region. The oscillations are damped if a smaller magnetic field is used
and if electron transport across the magnetic field is artificially increased. In that case, as
expected, a decrease of the electron flux and electron temperature across the magnetic filter is
observed. The decrease of the electron temperature in the filter region is associated with an
increase of the electron temperature outside the filter.

The model must be improved to describe more realistically the magnetic filter region. Work is
continuing in a 2D geometry where the magnetic field is taken perpendicular to the simulation
domain. Because of the low gas density in the extraction region it is also possible that
instabilities develop to increase electron transport across the magnetic field barrier. Since it is
not clear whether such instabilities can be described with a fluid approach, explicit and
implicit Particle-In-Cell simulations are also developed to better understand electron transport
across the filter.

5. Energy Coupling in the Driver

The results presented in this paper have been obtained assuming that the power absorbed per
electron is uniformly distributed in the driver. A more detailed model describing the energy
coupling (Maxwell equations plus electron equations) has also been developed and is
described in Ref. [2]. Nonlocal electron kinetics, leading to the formation of an “anomalous
skin” and collisionless electron heating, is included in the model through an effective electron
viscosity. This gives results that are consistent with experiments under relatively low power
conditions (such as those used in ICP sources for surface treatment). Under the low-
frequency, high-power conditions of the Garching source the RF magnetic field force must be
included. This force tends to push the plasma away from the walls (from the RF coils) in the
driver (ponderomotive force) and can also change the anomalous skin effect. These effects
strongly increase with decreasing RF frequency. The ponderomotive effect has been included
in the model. Preliminary results show an increase of plasma density in the driver due to
plasma compression by the ponderomotive force at RF frequencies above 5 MHz, but the
model fails to provide steady-state solutions at the operating frequency of 1 MHz of the IPP
sources, because the ponderomotive force becomes so excessively strong that it expulses the
plasma from the driver, which is clearly not realistic. Work is continuing to solve this
problem.

6. Summary and conclusion

Important progress has been made in the model development of the negative ion source under
conditions close to those of the ITER prototypes developed and studied at IPP Garching. The
model can now be used to help understanding the physics and the scaling parameters.



Comparisons with experiments show that the model reproduces well the trends of variations
of the main parameters with power and pressure. Work must be continued to perform more
detailed quantitative comparisons and to understand the reasons for discrepancies. A better
description of electron transport through the magnetic filter is however still needed to be able
to characterize self-consistently the plasma in the extraction region. A proper quantification of
the ponderomotive effects in the driver in the operating conditions of the IPP sources is still
needed. Work is continuing along these lines.
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