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Abstract: In order to make a reliable H- ion source, a hybrid PIC 2D MCC 3D [1] fluid code has
been developed. The aim of the code is to study the effect of electron injection into a cylindrical
gas chamber. This new version takes into account the 2D space charge distribution. Thus, it is
possible to calculate the H- ion distribution everywhere in the plasma chamber. Many results have
been brought as well as the best injected energy and the electron penetration length efficiency.
Moreover, the calculations explain why it is more problematic to get an efficient volume
production at high pressure (100 mTorr) than at low pressure (6 mTorr). The temporal Hproduction evolution is finally discussed.

INTRODUCTION
Few years ago started experimental investigation on an ECR H- ion source at CEA-Saclay.
Many results have been brought [2,3,4]. Conclusions have been carried, but questions are still
remaining. The ECR H- ion source would not produce current more intense than a few µA if it
kept as simple ECR source. The high frequency wave creates high-energy electrons not
efficient for negative ions production. Moreover this source has the advantage to generate a
high electron density current, then a high proton current has been currently measured. It is
understandable regarding of these sources origin. They have been used to perform hard X ray,
or larges concentrations of proton [5]. Among all sources previously working all around the
world, two groups can be distinguished. Those working via a surface processes and volume
processes. It is thus possible to bring this source to one of these groups. The choice has been
pointed on a volume processes. Surface process is very efficient only if cesium addition is
preceded. This element brings the wall material work function down. It is then easy to capture
electrons on the surface by atoms.

Figure 1:Cesium seeding effect

The studied ECR source procuresses a large amount of hydrogen atoms. It would be a very
good H- ions production surface source if the emphasis were not laid on a long lifetime. On
contrary large source of atoms are not desired for H- volume production study.
ECR ion sources have an important advantage, which is their long lifetime in continuous
running mode. Nowadays, Filament source like give important current of H- ion. Thus, the
idea is to use the ECR source as an electron source. The beam extracted from the source is
supposed to be injected into a second chamber which is actually the same gas chamber just
separated by a grid system. Those electrons would relax their energy, heat the plasma but no
microwave is required in this second chamber. For many years, the process leading to H- ion
is getting well known. It is called the dissociative attachment (D-A) [6]
eslow + H2 (v>9) → H + H- .
Such reactions have a threshold zero for vibrational levels larger than nine. Then, it is
essential to have hydrogen molecules in a vibrational state higher than 9 with large density. To
make them (most of H2 (v>9)), electrons with energies around 20 eV are needed. To obtain an
efficient source of H- ions, injecting electron in a hydrogen gas chamber appears to be a good
solution. For these reasons a stainless steel grid with 5 mm mesh gap has been introduced in
the source and huge improvement have been observed. It is then possible to move that grid at
different position. This structure is supposed to stop the microwave energy. It is also possible
to polarize the grid. A double grids system is expected to improve the electron injection into
the second chamber. Many other applications of the grid would be brought. It is thought to
build a grid in a magnetic material to decrease the effect of the transversal magnetic field in
that second chamber. It would have the effect of an electron filter generally used in such a
sources. A transversal magnetic field is used to avoid fast electrons in the production zone
(only slow electrons are desired in this zone for the D-A). If a grid were made of a magnetic
material an inductive magnetic field would appear. This field is in the so called ‘driver zone’
and is not wanted in the second chamber.

CALCULATION DESCRIPTION
To enlarge the understanding, a PIC 2D MCC3D code has been developed. The aim of the
code is to understand phenomena under the interaction between an electron beam and
hydrogen gas in the H- production chamber, and especially if there is a specific place where
the H- ions are produced inside the chamber. Injecting an electron beam into a chamber is not
as easy as it seems. The system becomes anisotropic which makes it quite totally different
from other type of sources more symmetric (multicusps). To overcome the anisotropies
configurations it is obligatory to favor a particle technique instead of a Boltzmann code
generally supposes a weak anisotropy. The code is articulated in two parts: The Monte Carlo
code with collision (MCC) associated with a PIC code and a ‘Fluid code’. The MCC consists
in creating electrons with an initial energy on the front edge of the second chamber. The PIC
code is in charge of calculating the space charge field, which forces the movement of charged
particles. The second kind of code named here ‘fluid code’ is used to determine the
vibrational excitation H2 molecules and get the H- production rates.

Figure 2:Diagram of the simulation status at the left. Initially the chamber radius was 1cm and the length 5cm.
The electron beam is also 1cm radius. At the right is shown the radial mesh.

The MCC code keeps track of electron and their interaction with the gas including 27
processes: two rotational excitations, three vibrational excitations, four triplet state
excitations, eight singlet state excitations. These processes are all described in the Table 1
and 2.

Table 1:Chemistry of the PIC code, two rotational excitation, three vibrational excitation, four triplet state
excitation, eight singlet state excitation, one ionization [7, 8].

Table 2: Processes used to calculate hydrogen atoms by dissociation.

Excitation, ionization and dissociation are thus considered. Two types of positive ions are
included in the present model. H3 + and H2 + ion kinetics are especially very fundamental ion
studies when low energy are involved:
H2 + H2 + à H3 ++ H + 1.71eV
To determine the relative importance of atomic positive ion concentration created by
ionization of atoms, we take into account the kinetic of atoms, their volume creation and their
loss at the walls. Atomic hydrogen are thus very important in the global kinetic of the system
and are considered as shown on the equation above. Their loss takes place at the wall
recombination giving hydrogen molecules:
-2

H(1s) + wall à (1/2)H2 (X1 ∑g+,v=0) (γ=10 ) [9],
-4

γ depends on the wall material (for iron [10] γ=10 , for stainless steel [11] 0.07 ≤γ ≤ 0.15). As
result of the model prediction, the concentration of H atoms is too low to have a large
concentration of H+ ions by electron ionization. The [H] order of magnitude can be under 10[H2 ]

2

. Moreover, due to the low energy of electrons the dissociation ionization by electron impact
of H2 molecules is also inefficient. Thus, H+ ions production can be considered as negligible.
Electron’s cross section data of mechanisms considered in the present calculation are from
two sources, J.Loureiro [ 12] for low kinetic energy and H.Tawara [ 13] for higher energy than
40 eV.
To determine the electron rate coefficient involved in the vibrational H2 molecule kinetics, it
is necessary to have some informations on electron energy distribution function ‘EEDF’. The
MCC code permits to have an estimation of EEDF in energy mesh as:

f e ( E) =

ne (r,t )
.
∆V .∆E

Where ne, ∆V, ∆E are the number of electrons and the volume, and the energy width of each
cell, respectively. According the last definition, the function fe(E) is normalized to the local
electron density ne(r,t). This function is thus the number of electrons per unit volume with
energy between E-∆E and E+∆E (in eV). In the H- ion source community it is well know that
negative ion production is related with the incident power. Actually this power depends on the
discharge current which itself is related with the electron density owing to the following
expression: I=e.ne.v, where v is the electron drift velocity.

As it is not possible to consider the movement of each electron, the use of computing
techniques is necessary. To do the most of the calculation time, each computed particle so
called ‘macro-particle’ or ‘super-particle’ is actually considered as many real particles
(Bundle of particles) with a specific weight larger than 1. Thus, the number of calculated
‘macroparticle’ can be reduced and the number of real particles considered in the physics can
be high. If this weight initially injected becomes too large, no-charge space compensation
would appear and causes wrong calculation. To avoid such difficulties the weight is then
gradually introduced for stability convenience of the code. This number is calculated from the
following exponential function: Weight(t) = FW* (1-e-t/τ).
FW is the final weight to be achieved. The choice of this final weight is very important. If this
factor is too large, time step will be too short and calculation time increases considerably
divergences could appear. An ideal one seems to be 105 real particles in a ‘macro-particle’.

Electron distribution given by a bad statistic
5x10

Electron distribution given by a good enough statistic

9

4x10

9
9

3x10

(cm-3 .eV-1)

4x10
9

2x10

3x109

dn e
dE

dn e
dE

(cm-3 .eV-1)

5x109

9

9

2x10

1x10

9

1x109

1

10

100

Electron energy (eV)

0
1

10

100

Electron energy (eV)

Figure 3:Bad eedf statistic given by a 107 weight

Figure 4: Reasonable statistic obtained by 105 weight.

The Figure 3 compared to the Figure 4 show how this is important. The EEDF have been
calculated at the same plasma conditions. For the first distribution: 107 particles per
‘macroparticle’ are injected when they are only 105 in the second one. Indeed, if the weight
got down the calculation precision would be better but the calculation time increases
considerably. Calculation time is the only weakness of such a code, usually very reliable. This
weight is a compromise between expected precision and short calculation time.
A PIC code has been used to determine the charge space field by solving the Poisson equation
every 10-11 s which is the Maxwell time :

1 ∂r .E r
∂E
e.(n+ − ne )
.
( r , z , t ) + z ( r , z, t ) =
r ∂r
∂z
ε0
It is thus possible to calculate the electric field, which forces and modifies charge particle
motion all over the chamber. The calculation is completed through a spatial discretization,
which is constant along z-axis but varies along radius to maintain a constant ring area (Figure
2)

THE FLUID CODE
As result of the first part of the code, the electron rate coefficient of the reactions involving
the H2 (v) molecules kinetic are calculated in the second part of the model.
This second part is a heavy particle kinetic code called fluid code in the rest of this paper to
shortcut. This code is in charge of calculating the vibrational molecule distribution and their
transports. The H- ion production is then calculated. H- ions are created thanks to the
dissociative attachment process previously described. H2 molecules in the vibrational states
are necessary to obtain a large source rate for H- ions. This part includes four of the dominant
processes such e-V, E-V, V-T V-V.
All vibrationnal excitation source terms are described in the Table 3.
Reaction

Name

e + H 2 ( w) →
e + H 2 ( v)
←

e-V

e + H2 (v) → e + H2 ((B1 ,C1 Π u))
→ e+ H2 (X1 Σ g,v’)+hν

E-V

H 2 + H 2 ( v + 1) →
H 2 + H 2 (v )
←

V-T
Molecular contribution

H + H 2 ( v) →
H + H 2 (v + k )
←

V-T
Atomic contribution

H 2 ( w − 1) + H 2 (v + 1) →
H 2 ( w) + H 2 ( v)
←

V-V

Table 3: Vibrational molecule excitation processes with each coefficient

Once all source terms have been calculated, vibrational molecules can be considered by
solving the master equation. The global source term is composed by a sum of all processes
source term. It gives the floowing transport equation.
 ∂Nv 
 ∂N 
 ∂N 
 ∂N 
 ∂N 

 +  v  +  v  +  v  +  v  = divΓH2
 ∂t e−V  ∂t E −V  ∂t V −T  ∂t V−T  ∂t V −V
m

a

This equation can be solved by a Rung-Kutta method respecting the boundary conditions.
Those conditions are mainly a flux equal to zero at the center, and the Miles condition at the
edge.
γ .N .α .v
ΓH (r = R ) = H H 2 H mH
4(1 − γ H / 2)
This last condition is initially a condition for atoms, but it can be adapted for molecules
γ H .NH 2.αH .vmH
knowing that ΓH = -2.ΓH2. The Miles condition becomes: ΓH2 (v)( r =R)=− 1 .
.
2 4( 1−γH /2)
The H- ion calculation gets possible thanks to a balance equation [14] :
v=14

NH − =

ne

ΣN C

v=0

v

att

( v)

ne .K rec + N H .K det + τ1d

Catt (v ) = ∫ f e ( E ).ve ( E )σad (v, E) dE

The above equation has been used to obtain the results presented in this paper first part. The
second part takes into account H- transport which is obviously not done by the formula above.
Krec is the H- ion recombination coefficient. It is corresponding to the losses term for the
reaction:
H- + ions à neutrals Krec = 2 10-7 cm3 .s-1
Kdet and Ke are H- ion detachment coefficient with hydrogen atoms and electrons respectively.
The first one is corresponding to the losses term for the reaction:
H- + H à H2 + e Kdet = 1.8 10-9 cm3 .s-1
The second process corresponds to:
H- + e à H + 2e Ke = 7.6 10-9 cm3 .s-1
It is clear that atoms are very important to give a realistic calculations. Among all particles
involved the excited molecule calculation atome play an important role. Thus, atoms are not
only calculated in the PIC-MCC but some of them are determined thanks to the fluid code.
Even if atoms from the H3 + conversion (H2 + H2 + à H3 + H + 1.71eV) are most another type of
atoms calculation are integrated by including an additional dissociation branch. It is the
dissociation from the vibrational level number 15, all other molecules below this threshold
give H- considering the conditions previously introduced. This vibrational dissociation is
modeled as shown below:
H2 (15) + e → H + H* + e ,
H2 (15) + H → H + H* + H
H2 (15) + H2 → H + H* + H2
Each H2 (15) molecules calculated automatically give two atoms.

RESULTS AND DISCUSSION
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Figure 5: eedf obtained by injecting 40 mA electron beam at 40 eV in 100 mTorr of hydrogen gas.

For a start a 1D PIC has been developed, with an assumption based on electric fields
negligible along the z-axis. A first calculation has been performed for 40 mA of 40 eV
electron beam injected in 100 mTorr pressure hydrogen gas chamber at a temperature of
300 K. The EEDF obtained after two days calculation is represented on the Figure 5. The

EEDF tail spreads over 40 eV and denotes the electron acceleration due to the space charge.
This is typically the electron energy distribution function used to determine the vibrational
distribution.
Vibrational molecule calculation on the Figure 6 seems to be satisfying. The distribution
converges at 0.146 ms corresponding to calculation times previously given. At 0.089 ms, the
atomic population is not set yet [11]. It is due to non-equilibrium between E-V processes and
atomic V-T. This effect gets compensated after 0.125 ms.
1

0.146 ms
0.125 ms
0.11 ms
0.089 ms

0.1
0.01
1E-3

NV/N

1E-4
1E-5
1E-6
1E-7
1E-8

0

2

4

6

8

10

12

14

16

vibrational level v

Figure 6: Evolution of the eedf with the time at 100 mTorr with a 40 mA electron beam at 40 eV.

The electron energy distribution function and the vibrational distribution are known at every
point of the chamber. It is then possible to calculate the H- ion source rate profile in 2D space
even if the H- ions transport is not done. For ion sources development, we can point out the
source rate profile for negative ions. This profile is represented in Figure 7 by the ratio: H- ion
source term over the term of losses.
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Figure 7: Distribution of H- ions production in 2D view for 40 mA electron beam of 40 eV injected in a
hydrogen gas chamber at a pressure of 100 mTorr. The H- transport has also been calculated and no big different
are noticed.

The maximum H- ion production is spread up to 2 or 3 cm. It actually shows the electron
efficiency through the z-axis. It also has been demonstrated by the Nietzche code [15] that Hions are destroyed 3 cm from the origin point they took place.
At the same time experimental measurements aimed to injected electrons into a second
chamber confirm this result. This experiment consists to introduce a polarized stainless grid
inside an ECR ion source to control the energy of the injected electrons. The maximum
current is measured when the grid is placed between 2 and 3cm form the extraction electrode.
A grid at 3 cm seems to be better. The experimental result is exposed at the end of this paper
on the Figure 15. The Figure 8 shows how H- ion production and electron are related, which is
quite expected considering the equation used to calculate the H- ion production. This result
confirms the idea that 100 mTorr is a too high pressure for the H- ion production. For such a
source a ratio of 2.3 10-2 is too small to be acceptable.
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Figure 8: Average value of H- ions over electron density ratio along the radius.
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Results previously showed are obtained at 100 mTorr. At this pressure, many reasons can
intervenes in the low H- ion concentration. This pressure carries more atomic hydrogen and
consequently brings a high destruction level. This plasma configuration increases the
ionization and raises the mutual neutralization, which is a reason of H- lose. Every efficient Hion source works at a very low pressure (between 1 and 10 mTorr) because of the pumping
system, that is another reason why it is interesting to be able to get the pressure down.
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Figure 9: Electron density as a function of the current discharge for 6 and 8 mTorr by injecting electron beam at
80 eV.

Many difficulties are coming with this purpose of reducing the pressure. Decrease the
pressure has the consequence to increase the free mean path of electron. If one wants a
reasonable number of events taking place inside the chamber, it is important to enlarge it. For
instance reducing the pressure by a factor of ten involves an enlargement of radius by a factor
of √10. If so, cells areas become ten times bigger. Important consequences on the stability of
the Poisson equation would be noticed. To keep cells size at the same dimension one has to
increase cells number by a factor of 10. In that case the calculation time would be affected. To
work this out, the solution is to include a solenoidal magnetic field in the calculation. For the

moment a constant magnetic field equal to 1200 Gauss [16] is considered. It is in consequence,
possible to achieve a pressure down to 6 mTorr. The Figure 9 shows how relevant are the
results obtained for 6 and 8 mTorr since it has already been measured with filament source at
the same conditions.
The analysis of the Figure 7 obviously reveals that H- space distribution is not homogeneous.
The non-existent electric field along the z-axis hypothesis is not correct. It has been then
decided to solve the Poisson equation in two dimensions.

FIRST RESULTS FOR THE 2D CALCULATION
Very promising results are obtained after having adapted the 1D code to a 2D PIC. In
additional an H- transport routine makes the calculation more realistic. One can observe a real
improvement of the EEDF with the time (Figure 10) and can compare this curve with the one
displayed on the Figure 4. Both are obtained in the same condition. The plasma thermalization
goes a lot quicker in the 2D version (Figure 4). This improvement is characterized by a
2D EEDF magnitude higher at low energy range and inferior at higher range than 80 eV (the
EEDF spreading reduces at high energy).
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Figure 10: Evolution of the electron energy distribution function with the time at 6 mTorr with a 10 A electron
beam at 80 eV.

The vibrational distribution function is very satisfying as presented on the Figure 11:
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Figure 11: Vibrational distribution for 10 A of electron beam at 80 eV in 6 mTorr.

One can denote that is very important to get an idea about the most valuable energy. It is then
possible to proceed to a comparison of the H- ion production for different electron energy
beams. Here the H- transport has been calculated by using an exponential schema [17] to solve
the equation: divΓH- = SH-. The source term is:
S H − = ne .K rec . N H − + N H .N H − .K det +

NH−
τd

v=14

− ne .∑ N v .Catt (v )
v= 0

The energy range around 40 eV appears to be the most efficient
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Injecting electrons at around 40 eV allows the best H- ion density as possible.
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Figure 13 : H- /e- ratio for 10 A electron beam 6 mTorr for different energy .

ELECTRON PENETRATION EFFICIENCY
As shown in the Figure 14 the electron penetration is efficient along around 3 cm. The
calculation has been later confirmed by measurements presented the Figure 15.
H- distribution along the Z axis for 10 A electron beam
injected at 40 eV in 6 mTorr at 0,3 ms
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Figure 14: H- ion production vs the chamber length
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Figure 15: Experimental extracted current vs the chamber length

As shown in the Figure 12 the H- ion production is constant along 3 cm with a chamber radius
of 5 cm. If the assumption based on the non-extraction of H- after 3 cm is correct, the present
radius chamber (5 cm) is large enough the keep a high negative ion density along 3 cm.
Indeed, the distribution depends on the boundary condition and a larger chamber can provide
H- for a larger distance, but shorter is the radius higher is the injected power density. As it is
well known, the injected power density plays an important role in the H- production.

CONCLUSION
The code gives some interesting results, which are conforming to experimental measurement
done in such a configuration by filament sources. It would help to define where the H- ions
are produced and place the extraction system at the right place. As it has been calculated an
ideal system would be an extraction system placed after 3 cm from the electron injection. If
the secondary chamber length were larger than 3 cm, it would not be as much efficient
because of two reasons: H- losses risk and electron energy efficiency not optimized enough.
An ideal chamber radius of 5 cm has been determined as well. Experimental studies have
been done in parallel with the ECR H- ion source at CEA-Saclay. After introducing a simple
stainless steel grid inside the chamber, the H- current has been increased by a factor higher
than 200. This grid stays intact after many months of non-stop work. Very promising results
are expecting. It would be possible thanks to a double grid system to obtain an extraction and
injecting system. Taking into account the calculations the ideal H- source would be designed
as shown in the Figure 16.

Figure 16: Source as it is thought to be the best.
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