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Abstract

The vibrational population distribution of the electronic ground state of H, in the expansion
region of a negative ion source is investigated using a kinetic Monte Carlo model. Operative
conditions are referred to the inductively coupled plasma radio frequency negative ion source
developed at IPP-Garching. The different excitation and relaxation processes are discussed,
both bulk and surface contributions. In particular, due to the relatively high plasma density,
the relevant role of direct low energy electron-impact excitation, surface Auger neutralization
and vibration-translation deactivation is recovered. Results of the present model will be used

as input data for the neutral source model in the extraction region.
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I. INTRODUCTION

Neutral beam injection (NBI) heating has been a reliable and powerful method to heat and
drive the current of fusion plasma. At energies above 100 keV/nucleon, the neutralization
efficiency for positive ions decreases drastically while staying at around 60% for negative
ions. Therefore, a negative-ion-based NBI system is inevitable for a large-scaled and current-
driven experimental fusion machine such as ITER, where an injection energy of 1 MeV [1] is
needed.

It is generally accepted that most H™ ions are produced in the volume by a two-step process
which involves dissociative attachment of slow electrons (T.<2 eV) to highly vibrationally
excited levels of hydrogen molecules H, (optimum vibrational level v=4-9 reached at Te>10

eV) [2]. For this reason, the optimum condition for H formation is not compatible with that
for H,(v) production and a magnetic filter has been introduced to separate the negative ion

source into two regions (expansion and extraction of the tandem system) where the electron
temperature is optimized for each the two processes.

The distribution of the H, molecules within the many vibrational levels of the electronic
ground state (XIZQ) has been the subject of both theoretical [3-9] and experimental [10-14]
investigations. Usually, theoretical models are based on the rate balance master equations and
the dynamics and gas-wall interaction is not at all or not well represented.

In order to better understand the formation and destruction of high vibrational levels, an
ab-initio methodology is necessary. Here, we present a Monte Carlo model. We consider 16
species of neutral particles [H(n=1s) and H,(v=0,..,14)]. The particle representation allows the
self-consistent inclusion of the gas-surface interaction, a very important issue in the
vibrational population distribution. Furthermore, it includes also rarefied gas effects,
important at low pressures. This is a neutral dynamics module preparing and describing the
physics in the transition zone between the source and extraction region. This model is only
valid for conditions, where a separation of the neutral from plasma dynamics is possible. For
hydrogen gas this is usually a good approximation for electron temperatures greater than 5
eV. In particular, this is true for the driven system we study: a continuous injection of plasma
from the driver defines the plasma background for neutrals. This background is unaffected by
the neutrals interacting with the plasma, because it is determined by the driver property and

subsequent plasma transport. The kinetic model allows inclusion of (in principle) all



important processes at the surface and in the bulk. However, the availability of the atomic
physics data (namely, cross sections needed for the numerical model) limits the model to
subset of the complete set of reactions. Nevertheless, the complexity of this model extends
previous work [3-9]. In the next paper we will describe a self-consistent model in the
extraction region with the strong coupling between neutrals and plasma.

The paper is organized as follows: in section II, we describe the numerical model,

including bulk and boundary modules. In sect. III numerical results are presented and physical
considerations relevant for the optimization of the H)(v) production, are discussed. Findings

are summarized in the last section.

II. NUMERICAL MODEL

The calculations were carried out for typical operating conditions in the expansion region
of the radio frequency inductively coupled plasma (RF-ICP) negative ion source developed in
Garching (see Fig. 1) [15]. This source consists of three parts: the driver, where the RF coils
are coupled to the H, gas to generate the plasma, the expansion region, where the plasma
expands into the actual source body, and the extraction region. The latter two are separated by
a non homogeneous magnetic field parallel to the plasma grid of the order of 5-7 mT, the
filter field. This field is necessary in order to keep the ‘hot’ electrons generated by the RF
away from the extraction region. In addition to volume production of negative ions, the
extraction current density of negative ions is strongly increased by adding Caesium and
generating a lot of additional negative ions from the caesiated surfaces. All the relevant

parameters are listed in Tab. I.

I1.a Bulk Module

In the expansion region, the plasma is continuously replenished from the driver region.
Therefore, the plasma subsystem is considered as a fixed background. An axial decay due to
plasma expansion is implemented using the following fitting formula for the experimental

electron density and temperature [16]:

n(2)=n " (1.2)



T.(2)=T, """ (1.b)

where z is in meter and ne,OZIXIO18 m> , Te0=8 eV are the values at the driver exit plane. The
molar fractions of the ion species H] is estimated for the operative conditions typical in the

radio frequency negative ion source (P=0.3 Pa), as follows:
((H=0.25; y( H:)=0.34; y(H? )=0.41 @)

while the ion temperature is fixed at Ti=1 eV. These numbers are based on a balance equation
calculation [17], because no experimental data are available.

Through this plasma background, neutral particles are moved using a Monte Carlo
algorithm. Neutral pseudo-particles of H and H, are launched from the source line (driver exit
plane, z=0 m in Fig. 1) with an half-Maxwellian velocity distribution and with a Boltzmann
vibrational population for a fixed temperature (translational temperature Ti..ng=1200 K equal

to the vibrational temperature Ty, [18,19]):
—-&, kT, —-&, kT,
Pyaey = ”Hz(l_e Tb)e b 3)

where np=P/kTyang 1S the total density of molecular hydrogen and ¢, is the energy of the

vibrational level v calculated using the Morse anharmonic oscillator:

1 1Y
g, =ho,|v+—|-ho,y,| v+— 4
v e( 2] (!Ze( 2) ()

(h®=0.542 eV is the vibrational quantum and y.=2.7x102 is the coefficient of
anharmonicity).

A ratio of ny/n=0.2 [18,19] between atomic and molecular density is defined at the source.
An open boundary condition is implemented on the right side of the simulation domain
(particles crossing this line are deleted from the list).

The first electronic state of H (n=1s) is considered. Due to the typical neutral time scale
(At=10" s), the spontaneous emission process is considered fast and all electronic excited

states of H decay into the ground state. For the molecules, the fifteen vibrational levels of the



fundamental electronic state of H; (Xlzg, v=0,...,14) are taken into account. Due to the high
jonization coefficient (0>10%) and to the electron temperature involved, the rotational levels
have already attained equilibrium [20]. Indeed, the rotational relaxation is much faster than
vibrational relaxation T.r<<tey and the assumption of equilibrium between rotational and
electron energy modes is acceptable. The same argument is valid between heavy particles
(neutral-neutral relaxation). In fact, owing to the scaling of relaxation times tyr>>trr~ Trr,
one can usually treat the problem of vibrational relaxation by assuming that both the
rotational and translational degrees of freedom have already attained equilibrium.
Finally, some molecular electronic states without vibrational structure (B12u+, c'm,, D11,
B’'%,", D'II,", BUZ, a’%,") are also considered as reservoir (they are created in collisions but
not destroyed). A complete description requires the inclusion of a collisional radiative model
for the electronic excited states. In particular we neglect the coupling between the a32g+ state
and the C3Hu one, which could result in an indirect dissociation of a32g+ state.

In the plasma conditions studied here, direct electron-impact excitation appears to be the
dominant vibrational heating mechanism. Electron excitation processes include vibrational
excitation by low energy electrons acting through the intermediary of the unstable negative

ion H resonances (eV processes):

H,(X'S v)+e, >H,; (L, Z,)>H,(X'T,, w)+e| (5)

and vibrational excitation caused by the radiative decay of higher singlet electronic states

excited by energetic electrons (EV processes):
H,(X'S v)+e; >H,(B'E,,C'Il,)+¢\ > H,(X'S ,w)+e'; +hv . (6)

The firsts involve excitations with jump |w-v|<5, while the latest are not limited in the
vibrational excitation gap. The database reported in [21,22] has been enriched by the eV cross
sections for transitions involving w>7, and the full matrix of eV cross sections is now
available. Proton induced excitation (pV) and charge exchange (pCX) are also included.
Concerning the destruction processes of vibrational states, electronic excitations,

ionization, dissociation and dissociative ionization and attachment are all included in the



model. In particular, 6 singlet state excitations and 1 triplet state excitation, 10 dissociative
channels and 2 dissociative ionizations are considered (see Tab. II for details).

A Monte Carlo Collision (MCC) method is used [26]. For each neutral, we calculate the
probability of a neutral-plasma scattering in a time At short with respect to the mean free

flight time:
N N
ptot = npo-tot(vp)vat = znpo-k (Vp)vat = zpk (7)
k=1 k=1

where n, is the local plasma density (eq. (1.a)), Gy is the total neutral-plasma cross section, v,
is the plasma velocity [sampled from a Maxwellian distribution with a local temperature done
by eq. (1.b)] and px is the probability for the occurrence of the single collisional event &. pyot 1S
compared with a random number rq sampled from an uniform distribution in the range [0,1] in
order to decide if a collision event happens (in our case At is chosen so that pi<107). If
Prot>Td, We compare another random number to the cross sections for the particular collision to

determine which type of event occurs. We choose the collisional event j if

Jj-l J
Z& < v, <Z& (8)
k=1 ptot k=1 pmz

Finally, among all the neutral-neutral relaxation processes, the vibrational-translational
exchange between molecule-atom (Vt) and molecule-molecule (VT) are investigated. These
events are important at high vibrational levels. Concerning Vt, this is due to the high
probability to form the intermediate H; complex, while as regard VT, this is due to the
anharmonicity, and in particular to the reduction of transition energy with an increase of
vibrational quantum number [eq. (4)]. In fact, the VT relaxation probability for one-quantum

processes v+1—v [27,28]:

v+1 .
o pr OFD s ©)
d=x.v)

has a strong exponential dependence from the vibrational level. This kind of collision is

processed using a Direct Simulation Monte Carlo (DSMC) methodology [26]. Using the null



collision idea, a maximum number of possible colliding pairs (H,-H) and (H,-H>) in each cell

is sampled from:

NHZ—H,max = ]\'7H2 nH (gHz—Ho-toz (gHz—H ))max At (loa)
1
Nyt max = By (NH2 - D”H2 (gHz—HZ O tor (gHZ—HZ )) max At (10.b)

where Ny, is the number of H, pseudo-particles, ny and ny; are the local atom and molecule
density and g is the relative velocity. Then, the total collision probability [eq. (7)] and the
fractional probability [eq. (8)] decide if the vibrational-translational exchange happens and
which transition v—w occurs, including the dissociation. In our model, a set of cross sections
[24,25] is used allowing multi-quanta transition for Vt and mono-quantum transition for VT.

Vibrational-vibrational exchange is neglected due to the low pressure regime.

IL.b Boundary Module

In the model the transverse coordinates x and y of particles are updated and when a
neutral collides with the wall (we wuse copper as wall material), molecular
relaxation/dissociation and atom recombination are respectively processed for molecules and
atoms.

Concerning H,, a constant value of the sticking probability is used [29] (Vsick=0.5). In the
case of reflection, a dissociation probability of v4iss=0.08 [30] is expected. If the molecule
does not dissociate, a set of repopulation probabilities (see Fig. 1 in Ref. [31]) is used to
choose the final vibrational state after wall collision.

For the case of H impacting on the wall, a more complex situation exists. Again, a
constant value of the sticking probability is used (the same used for H;). If the atom does not
stick on the surface the most important non-reactive process (reflection, exchange with the
adsorbate and collision induced desorption) is reflection. A fitted formula for the reflection
coefficients Ry and Rg i1s used [32]. If the particle is not reflected, the reactive processes
occurring can be classified in three different mechanisms:

1) the Eley-Rideal (ER) mechanism, when an atom from the gas phase recombine directly
with an adsorbed atom. Quantum mechanical calculations [29] gives a cross section for this
reaction as opr=0.5 A%

2) the hot atom (HA) mechanism, which consider the interaction of translationally hot



hydrogen atoms with the surface. They are temporarily adsorbed and trapped at the surface by
means of the mediation of adsorbate or corrugation, propagate on the surface until a pre-
adsorbed atom is reached and recombine. This reaction is very important due to the high cross
section (opa=18 A?) evaluated from quantum mechanical simulation [29]. Moreover, due to
the high energy involved in this recombination reaction, the molecules are delivered in
excited states (up to v=9 as experimentally deduced [33,34]).

3) the Langmuir-Hinshelwood (LH) mechanism, when two adsorbate atoms recombine. This
process has a minor relevance (2%) due to the low cross section and low vibrational states
produced.

The vibrational distribution of the emitted molecule (AV process) is a complex function of
incident energy and angle, impact parameter, vibrational state of the adsorbed atom and
surface temperature. For simplicity, tabulated values depending only on the impact energy are
used (see Fig. 3 in Ref. [30]).

Finally, it is well known that at least for low gas pressure, the surface Auger

neutralization of H, (sV>):
H, + wall — Hy(w) (11)
and the surface dissociative Auger neutralization of H; (sV3):
H; +wall - Hy(w) + H (12)
can compete favorably with EV and AV processes and thus provide an additional source of

vibrational excitation [35]. A fixed flux of H;(v) distributed following Ref. [35] (see Figs. 5-

8 and 11 there) is generated from the wall:
1
P :Znivth,iysl/,i (13)

where the index i refers to the ions (=2 for H, and i=3 for Hj), vu; is the ion thermal
velocity and vysv;=0.6 is the fraction of incident ions that survives as H, after the wall

collision. The remaining 40% of the H, neutralization proceeds through the dissociative



channel, H+H (sA,2) [35]. The same formula is also applied to H' neutralization on the wall
sA,1, with a neutralization coefficient ys4;=0.9 [36]. The values of the wall neutralization
coefficients are very important in relation to the neutral translational temperature. In fact, in
these case atoms and molecules are emitted specularly from the wall with the ion temperature

(1 eV). In Tab. III all the simulation parameters are listed.

IV. RESULTS AND DISCUSSIONS

Numerical tests confirm that the results are insensitive to the number of particles and grid
cells in the simulation and to the number of the iterations once the steady state has reached.
Fig. 2 shows the temporal evolution of the number of macro-particles H and H,. It is evident
that, even if the H, injected at the source are 5 times more than H, due to H" wall
neutralization and H, wall dissociation, the number of H atoms at steady state is larger than
the number of H, molecules. This is confirmed by the axial distribution of H and H, at the
steady state reported in Fig. 3. The number of atoms became larger than molecules already 3
cm from the driver.

Fig. 4 shows the total population of the vibrational states VDF of molecular hydrogen in
the electronic ground state in the middle of the expansion region (z=0.1 m). In order to
understand the different contributions to the vibrational population, four sets of data are
presented: the circles refer to excitation via electron-impact eV and EV processes only; the
square refer to excitation by the combined effects of electron-impact and AV processes; the
crosses refer to the situation, where all the excitation processes, eV, EV, AV and sV act
simultaneously: finally the full line refer to the complete situation, where also Vt and VT
relaxations are included. A strong super-thermal non-Boltzmann distribution with the typical
long plateau is formed extending up to v=6. The Boltzmann character is restricted to the first
two vibrational levels and it is due the competition between eV, AV and wall relaxation
processes (see also Figs. 5-6). Furthermore, due to the high ionization factor (and in particular
to the high density of H, and H; ions) and high surface to volume ratio of the expansion
chamber, the sV processes play an important role increasing the density of high vibrational
levels by one order of magnitude. These results are in agreement with previous calculations
[4,37]. Less important is the contribution of AV excitation, as it is evident comparing the two

curves with squares and circles. Finally, it can be seen how the effect of Vt and VT



relaxations get more important at high vibrational levels, while the first two levels are
substantially unchanged.

In order to explain the influence of the different processes on the formation and destruction
of vibrational states, in Figs. 5-6 the elementary reaction rate w (formation and loss) of the
different processes is shown. It represents the number of elementary processes that take place
in unit volume per unit time and for a bimolecular reaction A+B, it is related to the reaction

rate coefficient kap and to the collision frequency vagp by:

w=k,gnny =V zn, (14)

(pseudo-first order in the case of wall reactions). These quantities determine the shape of the
calculated population distribution as a whole. Indeed, the importance of eV and wall
relaxation processes to populate and depopulate respectively the vibrational states is evident.
Concerning the high states, the population is due manly to eV, AV and sV, processes, while
the loss processes are represented by eV, wall relaxation and vibrational-translational
deactivation.
The most important consideration regards the leading role of eV processes which under the
present conditions overcomes the corresponding one of EV processes in forming the plateau
in the vibrational distribution. This point, if confirmed by further investigations, can open
new perspectives in the development of free magnetic field filter high energy negative ion
Sources.
The discrete character of AV process follows the behavior of Fig. 3 in Ref. [30] (only levels
v=0,1,3,7,11 and 12 are formed as wall recombination). The dependence from the level
follows the H, density (high in the low energy part and small in the high energy part) when
H; is involved in the process (eV, EV and wall relaxation), while in processes as AV or sV
the behavior is independent from the H, density. This character underlines once more the
importance of those in production of vibrational excited states. Concerning vibrational-
translational deactivation, the behavior does not follows the H, density even if H; is involved
in this collision. This effect is due to the strong dependency of Vt and VT transitions from the
vibrational level as already mentioned in Sect. II.a.

In Fig. 7 the axial profile of vibrational excited states is reported. The excitation reaches a
maximum, at z=0.02 m. This is due to the combined effect of electron and sV excitation,

while a density decay follows due to vibrational-translational deactivation and dynamical

10



expansion. As a confirmation, in Fig. 8 the axial profile of the vibrational temperatures is
shown. In fact, we shall characterise the vibrational distribution function by a vibrational
temperatures Tyib 0.1, Which provides a measure of the degree of vibrational excitation in low
vibrational levels and Tyiv 0.7, which indicates the position of the VDF plateau. They are

defined as:

T:/i -V = (15)
" Ev _EO
kylnl1+—=
E

Ey=—a—— (16)

The vibrational temperature Tyip 0.1, comprised between 3000 K and 15000 K, is relatively low
compared with the electron temperature (about 5 eV) due to the strong wall relaxation effects
(see Fig. 6). This result is consistent with the experiments in Ref. [14] in which the vibrational
temperature is lower than 5000 K with an electron temperature of 3 eV and it is in good
agreement with the experimental measurements reported in Ref. [19]. Finally, in Fig. 9 the
translational gas temperature is shown. Results demonstrate that this temperature depends
strongly on the ion wall neutralization processes, sA and sV. Indeed, it has been observed that
using a different ion temperature (the atoms and molecules are emitted from the wall with the
ion temperature), the gas temperature can change up to one order of magnitude. This
sensitivity to ion neutralization coefficients ysa and ysy makes the necessity to know this

phenomenon with high accuracy.

V. CONCLUSIONS AND OUTLOOK

The equilibrium vibrational population distribution of H; in the expansion region of a RF

inductively coupled negative ion source is simulated by means of a kinetic Monte Carlo
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model. Different bulk and wall processes are included in detail. In particular the relevant role
of eV excitation, ion Auger neutralization on the wall and Vt-VT deactivation are observed.
The vibrational population calculated at the end of the expansion region will be used as
neutral injection data for the simulation of production and transport of negative ions in the

extraction region.

In the future, neutral-ion (H; /H;) collisions will also be included. In particular we refer

to atomic and molecular charge exchange collisions:

H} + H — Hy(w) + H" (atomic CX) (17)

H, +Hx(v) — Ha(w) + H, (resonant CX) (18)
H! +H — Hy(w) + H + H (dissociation) (19)
H; + Hx(v) — Ha(w) + H; (proton transfer) (20)

Indeed, due to the typical energy behavior of symmetric resonant charge transfer reactions
(logarithmic increase of the cross section with decreasing the collision velocity), this
processes are very important in creating vibrational excited states. Unfortunately, a lack of
detailed information of cross sections (in particular the dependency on the vibrational level

created) makes this effort very difficult and additional work is necessary.
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Table I. Operative parameters of the radio frequency inductively coupled negative ion source

@ Garching.

Dimension: L, x Lyx L, 02x03x0.6m
Input Power 170 kW
Current coil 100 A
Frequency 1 MHz
Pressure 0.3 Pa
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Table II. List of the most significant volume processes included in the model.

Reaction Process Ref.
1) atom elastic collision etH—>e+H [21,22]
2) atom ionization e+H—2e+H+ [21,22]
3) vibrational excitation eV e+ Hy(v) & e+ Hy(w) [21,22]
4) vibrational excitation EV (via: B'Z,", C'IT,) e+ H,(v) > e+ Hyw)+hv  [21,22]
5) electronic excitation eE .

(via: B'S,", C'I1,, D’'I1,", B’'S,", D'IL,", BUZ, 2°%,") et HAY) > et H, [21.22]
6) molecular ionization: el e+ Hy(v) > 2e+H, [21,22]
7) dissociation eD

(via: B'y,’, C'1,, D’'11,, B’'y,", D'T1,, BU Z, %, , ¢’I1,, b'Z,) et H() > H+H [21.22]
8) dissociative ionization eDI (via: X*g", 2%,) e+ Hy(v) > 2e+H+H+ [21,22]
9) dissociative attachment: DA e + Hy(v) > H+ H- [21,22]
10) charge exchange H+H->H+H' [23]
11) ionic excitation: p-V H' + Hy(v) > H + Hy(w) [23]
12) ion conversion H +Hy(v) > H,  +H [23]
13) ion impact dissociation H +H,(v) > H +H+H [23]
14) vibrational-translational relaxation: Vt H,(v)+H—> Hy(w)+H [24]
15) vibrational-translational dissociation: Vt-diss HVW+H->H+H+H [24]
16) vibrational-translational relaxation: VT Hy(v) + Hy(w) —> Hy(v£1) + Hy(w) [25]
17) vibrational-translational dissociation: VT-diss H,(14) + Hy(w) > H+ H + Hy(w) [26]
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Table III. Simulation parameters used into the numerical model.

Sticking coefficient [29] Ystick=0.5
Reflection coefficients [32] Ry, Re (fit)
Dissociation coefficient [30] Ydiss=0.08
Auger neutralization coefficient [35] Ysvi=0.6
lon neutralization coeff. [36] Ysa,1=0.9
Dissociative neutralization coeff. [35] Ysa2=0.4
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Figure captions

Scheme of the radio frequency inductively coupled negative ion source.

Time evolution of the total number of H and H, macroparticles in the simulation
domain.

Axial profiles of H and H, density in the expansion region.

Total density of vibrational states in the middle of the expansion region (z=0.1 m) for
the four different cases studied: only eV and EV processes (circles); eV, EV and AV
processes (squares); eV, EV, AV and sV processes (crosses); all formation and
destruction processes included (full line).

Elementary reaction rate of the most important processes leading to a population of
the vibrational state as a function of the vibrational state v.

Elementary reaction rate of the most important processes leading to a decrease in the
population of vibrational states as a function of the vibrational state v.

Axial profiles of the density of different vibrational states Hx(v).

Axial profiles of the vibrational Tyip 0.1, Tvib0-7 temperatures.

Axial profiles of translational H and H, temperatures using two different ion

temperatures.
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