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Negative ion production near a divertor plate
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Abstract

In detached divertor operation, typical plasma parameters in front of target plates are densities from 1019 m�3 up to
1020 m�3 and temperatures below 3 eV. In this regime, production of negative hydrogen ions can occur, mainly through
vibrational excited molecule or by negative surface ionization of hydrogen ions. To study this effect, we have developed
a 1D-3 V Particle-in-Cell electrostatic model of the electro-negative sheath. The motion of charged particles (e, H+, Hþ2
and H�) in their self-consistent electric field and of excited neutral-particle states (H(n = 1,2,3) and H2ðX 1Rþg ; v ¼
0; . . . ; 14Þ) is simulated. Surface and volumetric processes have been included by using different Monte Carlo Collision
methods. The importance of negative ions for the sheath potential and hydrogen fluxes on to the divertor will be calculated
for different parameters.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

The divertor is considered to be the most reliable
concept for a tokamak reactor from the viewpoints
of neutral particle control and heat flux density
reduction [1].

One of the characteristic features of the transi-
tion between plasma and an absorbing wall is the
build-up of an electric space-charge potential at
the plasma edge. In tokamaks, this boundary layer
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is interspersed with a magnetic field hitting wall at
some angle. Thereby, the sheath has been shown
to be composed of ‘magnetic’ and ‘Debye’ regions.
The relatively large width of the magnetic sheath
(hundreds of Debye lengths) permits particle inter-
actions with surface-emitted material to be poten-
tially significant and affecting particle, heat
transport and the sheath parameters themselves.
Among the different processes involved in the diver-
tor region, the negative ion H� production could
be important due to the fact that negative ions
influence the sheath structure and subsequently the
transport properties and the boundary layer dynam-
ics including impurities.
.
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1.1. Production and destruction of H�

In detached divertor operation, typical plasma
parameters in front of a divertor plate are electron
densities from 1019 m�3 up to 1020 m�3 and temper-
atures below 3 eV [1]. In this regime, production of
negative hydrogen ions can occur in the volume
by dissociative attachment to vibrational excited
hydrogen molecules (reaction (8) in Table 1). The
vibrational levels v > 4 provide the main contribu-
tion to the negative ion formation via vibrationally
excited molecules. Additionally, negative ions are
produced on the surface in two different ways: by
energetic hydrogen atoms and molecules bouncing
back as H� or by ionic processes. The latter is a
favorable process due to the fact that positive ions
are accelerated in the sheath near the wall by the
potential drop. For the destruction of negative ions
the main mechanisms are electron detachment in
collisions with electrons (reaction (12)), recombina-
tion with the two types of positive ions (reactions
(17) and (21)), and electron detachment in collisions
with atoms and molecules (reactions (22) and (23)).

Since processes at the plasma–wall boundary are
rather complex, it is desirable to simulate these pro-
cesses in a numerical model in order to obtain
insight into the relative importance and interaction
Table 1
List of the most significant volume processes included in the
model

No. Volume process References

1 e + H(n)! e + H(m) [5]
2 e + H(n)! 2e + H+ [5]
3 e + H2(v)! e + H2(w) [5]
4 e + H2(v)! e + H2(w) + hm [5]
5 eþH2ðvÞ ! 2eþHþ2 [5]
6 e + H2(v)! e + H(n) + H(m) [5]
7 e + H2(v)! 2e + H(n) + H+ [5]
8 e + H2(v)!H(n) + H� [5]
9 eþHþ2 ! eþHþ þHðnÞ [6]
10 eþHþ2 ! HðnÞ þHðmÞ [6]
11 eþHþ2 ! 2eþ 2Hþ [6]
12 e + H� ! 2e + H(n) [6]
13 H+ + H(n)!H(n) + H+ [6]
14 H+ + H2(v)! H+ + H2(w) [6]
15 Hþ þH2ðvÞ ! Hþ2 þHðnÞ [6]
16 H+ + H2(v)! H+ + H(n) + H(m) [6]
17 H+ + H� ! H(n) + H(m) [6]
18 Hþ2 þHðnÞ ! Hþ þH2ðvÞ [7]
19 Hþ2 þH2ðvÞ ! H2ðwÞ þHþ2 [6]
20 Hþ2 þH2ðvÞ ! Hþ þHðnÞ þH2ðvÞ [6]
21 Hþ2 þH� ! H2ðvÞ þHðnÞ [6]
22 H� + H(n)!H2(v) + e [6]
23 H� + H2(v)!H(n) + H2(v) + e [6]
of different effects. Fluid models [1,2] have usually
been applied for analysis of divertor plasmas, but
the usual fluid equations are not suitable to describe
this region due to its kinetic and non-Maxwellian
character. At the same time, kinetic simulations [3]
of the divertor region usually include just the
plasma (not negative ions), so that neutral transport
is not considered at all.

In this paper, we aim to study the importance of
collisions in a divertor plasma. For this, we deve-
loped a 1D-3 V electrostatic Particle-in-Cell (PIC)
code. Different Monte Carlo Collision (MCC) tech-
niques have been used to model plasma–plasma and
plasma–neutral interactions. Plasma recycling,
secondary electrons and neutral particles are self-
consistently included in the simulation model. In
the next section, we explain the models used in the
code. Results of simulations are shown in Section 3.

2. Numerical model

The approach we follow is to solve self-consis-
tently the kinetic equations for the electrons and
ions (H+, Hþ2 , H�) by the PIC method [4]. Neutral
particle emission at the surface and transport of
neutrals within the sheath are modelled using
data/models for hydrogen ions and neutrals reflec-
tion, dissociation and recombination processes
[12–14]. Charged and neutral particles dynamics
are numerically solved in different modules coupled
explicitly.

2.1. PIC module

The complete motion of electrons and ions in the
self-consistent electric and applied magnetic fields
(forming an angle h = 85� with the normal to the
surface) is calculated by solving the equation of
motion, computing collisional effects via Monte
Carlo, and using a space grid for the potential calcu-
lation, as in a typical PIC cycle.

In order to avoid the injection problem, the
plasma is bounded between two conducting walls,
reflecting schematically the poloidal profile of the
tokamak. An ambipolar particle source (electrons
and protons) is located in the centre of the system
and is of finite size (see Fig. 1), so that quasi-
neutrality near the source region is self-consistently
maintained by the plasma itself [4].

In the code both charged-neutral particle and
Coulomb collisions (see Table 1 for the list of
collisions) are implemented. For charged-neutral



Fig. 1. Schematic of the simulation domain.
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particle collisions the null collision method is used
[8], which ensures high accuracy and high speed of
the calculations, for coulomb collisions the cumula-
tive small-angle Monte Carlo methodology [9] is
used and for charged-charged particle collisions a
Direct Simulation Monte Carlo technique [10] is
used. Within the PIC module, only charged particles
are moved and the code does not follow the dynam-
ics of the neutrals but rather treats the latter as a
fixed background with density and velocities profiles
from the previous iteration of the neutral module.

When a particle hits the wall different processes
are possible (see Table 2 for the list of processes
occurring). Secondary electron emission from the
Table 2
List of the most significant surface processes included in the model

Colliding particle Surface process

Electron – Backscattered electrons
– Re-diffused electrons
– True secondary electrons

H+ – Absorption
– Reflection! – H+

– Neutralization

Hþ2 – Absorption
– Partial absorption! – H+

– 1e-cap
– 2e-cap

– Reflection! –Hþ2
– Dissociation: H+

– Neutralization!

H(n) – Absorption
– Reflection! – H(n)

– 1e-capture: H�

– Recombination:

H2(v) – Absorption
– Partial absorption! – H(n)

– 1e-cap
– Reflection! – H2(w)

– Dissociation: H
wall is included following [11]. While, when ions
reach the surface, among the different processes
[12] occurring (reflection, neutralization, recombi-
nation, dissociation, etc.), the activation of high
vibrational states [13] and the formation of negative
ions by an electron capture from the wall [14] are
included as directly related to the negative ion pro-
duction. A small pump exhaust coefficient (cpump =
0.05) is used.
2.2. Neutral module

Every 1000 PIC cycles (in order to allow the ion
system to relax), the neutral module is called. Neu-
tral pseudo-particles are launched from the surface
(according to the averaged ion particle flux calcu-
lated during the PIC module) with atomic electronic
and molecular vibrational distributions depending
on the averaged ion energy flux to the wall. The first
three electronic states of H(n = 1,2,3) and fifteen
vibrational states of the fundamental level of
H2ðX 1Rþg ; v ¼ 0; . . . ; 14Þ are taken into account.
Their initial velocity distribution is taken to be
half-Maxwellian with a temperature of typically
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Fig. 2(a). Spatial profiles of plasma densities for the case (3):
n0 = 1020 m�3, T0 = 2 eV.
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1000 K. All the collisions considered in Table 1 and
involving neutrals are processed using values of
plasma densities and velocities averaged on the pre-
vious PIC module. The balance takes into account
that the lowest (v = 0–6) vibrational levels are essen-
tially populated by eV collisions (reaction (3) in
Table 1). The higher levels are essentially populated
by EV processes (reaction (4) in Table 1), that means
through electron impact excitation to the B1Rþu and
C1Pu electronic states, followed by radiative decay
to vibrationally excited molecules at the electronic
ground state. Neutral–neutral collisions may be
ignored, assuming a neutral free molecular regime
(the mean free path is much longer than the dimen-
sion of the simulated system). The losses of the vib-
rationally excited molecules via deactivation at the
walls are also included in the model [15].

3. Results

Solutions were obtained for various plasma
source parameters. All results presented in this
paper are for a magnetic field B = 1 T (the change
of the absolute value of B will only change the
length scale not the distribution of species). The
simulation system has lengths of about L = 50qi,
where qi is the ion gyroradius, in order to resolve
the magnetic pre-sheath. All the profiles showed
are averaged over a few tens of plasma oscillation
periods. On the left it is represented the source
region, while the wall is located on the right.

Three different cases of plasma parameters in the
source region are considered:

(1) n0 = 1 · 1018 m�3, T0 = 40 eV;
(2) n0 = 1 · 1019 m�3, T0 = 20 eV;
(3) n0 = 1 · 1020 m�3, T0 = 2 eV.

Here, cases (2) and (3) can be considered as studies
of attached and detached plasma in front of a diver-
tor plate. Case (1) represents areas away from the
separatrix with low heat fluxes and densities, but
still relatively high plasma temperatures. These con-
ditions are typical for baffle regions in V-shaped
geometries like in ASDEX-Upgrade [1].

Regarding the production of negative ions, the
most interesting case is the detached divertor case
(3), where the dominant dependence is the electron
temperature. Indeed, as shown in Fig. 2(a), the per-
centage of negative ions density reaches a value of
10% of the electron density in the divertor region,
while in the other two cases it is less then 5%. For
this reason we present plots concerning the case
(3). In the cases (1) and (2), the electron temperature
is greater then 10 eV, and the destruction mecha-
nism of negative ions by electron detachment (reac-
tion (12) in Table 1) is very effective due to the fact
that the cross-section has a peak at e � 15 eV.

In the code, we are able to distinguish between
the different electrons (volume or surface produced).
The secondary electrons emitted from the wall
represent only 10% of the total electron population,
while the electron density on the wall is reduced of
two order of magnitude respect to the source region.
Consequently, the sheath has a monotonic classical
behavior and no double layer structure appears near
the wall. The H+ density drops monotonically
allowing the separation of the magnetic pre-sheath
and the electrostatic sheath. On the wall, the electro-
static sheath results in the electron density being five
times less than the positive ion density. The molec-
ular ion density represents just 8% of the positive
ion density. Indeed, due to the low value of electron
temperature (Fig. 2(b)), the ionization of molecules
(ionization potential I = 16 eV) becomes a rare
process. The negative ion density behavior reflects
the presence of two different components, volume-
produced and surface-produced. The first is domi-
nant in the source region, where the electron
temperature is high enough to excite vibrational lev-
els (see Fig. 2(d)) necessary to produce negative ions
by electron attachment. At the same time, the elec-
tron temperature is low enough to reduce the
destruction processes by electron detachment. The
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1018

1019

1020

1021

0 50 100 150 200 250

H
2

(v=0)

H
2

(v=2)

H
2

(v=6)

H
2

(v=8)

H
2

(v=10)

m
ol

ec
ul

ar
 d

en
si

ty
 (

m
-3

)

x/λ
D

Fig. 2(d). Spatial profiles of the different vibrational energy level
of molecular density for the case (3): n0 = 1020 m�3, T0 = 2 eV.
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heating of electrons in the source region (Te > T0) is
due to electronic and vibrational de-excitation of
molecules.

The temperature of the negative ions (Fig. 2(b))
shows an increase in the sheath due to the accelera-
tion of surface produced H� from the wall to the
bulk. The temperature of the negative ions in the
pre-sheath drops to the temperature of the positive
ions due to thermalization.

The atomic densities are shown in Fig. 2(c). The
electronic state emitted from the wall is the funda-
mental n = 1. In the sheath, the energy of the elec-
trons is sufficient to excite the atom up to the first
excited state n = 2, while the second is almost irrel-
evant (De = 12.09 eV). The densities of the excited
states reach their maximum in the magnetic pre-
sheath region where the neutral density and electron
energy are high enough. Near the wall, the neutral
density for n = 1 is high, but the electron energy is
not sufficient to produce excited electronic states.
The double peak of n = 3 is a simple statistical effect
due to small number of particles with n = 3.

The molecular density behavior is shown in
Fig. 2(d). It is evident that the densities of the vibra-
tional excited states (v > 2) are the sum of two
curves, one representing the emission from the wall
(peaked to the vibrational level v = 0 due to the low
temperature of this case) and the other representing
the bulk excitation by electrons populating the lev-
els 5 < v < 8 responsible for the high negative ion
density revealed for this case.
4. Conclusion

We have studied the divertor plasma in front of a
target plate by a one-dimensional electrostatic parti-
cle code. Special interest was on the production of
negative ions by electron attachment through vibra-
tional excited molecule or by negative surface ioniza-
tion of hydrogen ions. The maximum production of
negative ions is obtained from the detached divertor
case with lowest electron temperature (about 2 eV),
where the electrons have sufficient energy to form
vibrational excited levels, but not enough to destruct
effectively by electron detachment. It is shown that
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the negative ion H� production influences the sheath
structure and subsequently the transport properties
and the boundary layer dynamics.
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