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Abstract
The neutral beam injection system in the upcoming fusion reactor ITER will use
radio-frequency (RF), low-pressure, and high-power negative hydrogen/deuterium ion plasma
sources. The extraction of negative ions from the plasma is always accompanied by
co-extraction of undesirable electrons, which can limit the source performance. This paper aims
to investigate the effect of biased surfaces in the vicinity of the extraction on the plasma
parameters towards the reduction of the co-extracted electrons. For this purpose, a 2D fluid
plasma model is employed on a prototype plasma ion source where the biases of two different
surfaces are varied independently. Since self-consistent RF fluid plasma models can be
computationally heavy and time-demanding, the study of the effect of biased surfaces uses a
simplified model where the RF heating is replaced with a power deposition profile, set as an
input parameter. This procedure reduces the degree of freedom by more than one order of
magnitude and, respectively, the computational time from tens of hours to several for one run of
the model. To justify the method, the simplified model is first compared with a benchmarked RF
self-consistent model on a smaller geometry. Both models produce similar results for the plasma
parameters in the region of interest, namely, close to the extraction, which gives the confidence
to use the simplified model for the purpose of the study. Applying a positive bias to large
surfaces in the vicinity of the extraction region provides a higher electron density and plasma
potential as well as a change in the electron flux orientation. However, the difference between
the surface and the plasma potentials decreases more than two times and in combination
with the reversed orientation of the flux, the electron current collected by the biased
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electrodes increases. The modelling results for the currents collected by the biased surfaces
indicate similar behaviour to the experimental ones.

Keywords: negative ion source, biased surfaces, fluid plasma modelling

1. Introduction

Plasma sources have a wide range of applications in the
industry [1] and medicine [2], but they are also being used as
charged particle sources for accelerators [3] and neutral beam
injection (NBI) heating systems in fusion reactors [4]. The
upcoming fusion experiment ITER will require a neutral beam
with a current density of 230Am−2 accelerated to 870 keV for
hydrogen and 200Am−2 with 1MeV for deuterium and beam
uniformity to be better than 90% [5, 6]. However, at these
high energies, the neutralisation of the positive hydrogen/deu-
terium ions is not efficient [7]; thus, the use of negative ions
is mandatory. The foreseen negative ion source for ITER NBI
is based on (1) the radio-frequency (RF), two-chamber proto-
type ion source at the BUG (Bavarian test machine for negative
ions UpGrade) test facility [8] at the Max Planck Institute in
Garching, Germany.

An inductively coupled cylindrical coil ignites and sus-
tains the discharge in a driver (a quartz tube with a Faraday
screen) followed by expanding plasma in a second larger metal
chamber where the extraction system is located, opposite to
the driver (figure 1). The extracted negative ions are pro-
duced mainly by the conversion of atoms on a surface with
a low work function (≈ 1.4 eV), typically on the first grid of
the extraction system. The low work function is achieved by
adding a small amount of caesium vapour in the source [9].
To reduce the negative ion losses by electron collisions (elec-
tron affinity of the hydrogen/deuterium is 0.75 eV), the elec-
tron temperature (Te) is lowered by applying a magnetic fil-
ter field (MFF) strong enough to magnetise the electrons, but
not the ions (20–60)G. The ion source is equipped with an
extraction system, containing a plasma grid (PG) in contact
with the plasma, an extraction grid (EG) with embedded mag-
nets for deflection of the electrons from the extracted beam and
an acceleration grid. Each grid has many extraction apertures
arranged in beamlet groups. A window-frame-structured bias
plate (BP) is placed in front of the PG, allowing the plasma
to reach only the beamlet groups. Furthermore, the working
filling pressure is required to be 0.3 Pa or less to minimise the
stripping losses of the beam in the accelerator.

The magnetic field (BFF) in the expansion of the source
ensures an axial drop of Te to≈ 1 eV and of the electron dens-
ity (ne) [10] with one order of magnitude in the region and
provides an initial decrease of the co-extracted electron cur-
rent. The strong Te and ne gradients create a diamagnetic drift
and, together with the E×BFF drift, are the main contribut-
ors in the electron momentum balance equation. The resulting
electron flux (Γe) in the vertical direction has a vortex-type
structure and provides an off-axis accumulation of electrons
in the region of the MFF [11]. This leads to a strong vertical

asymmetry of the co-extracted electrons and localised power
deposition on the EG and limit the source performance.

While BUG has one driver, the full-scale ion source for
ITER, SPIDER (Source for Production of Ion of Deuterium
Extracted from RF plasma) [12] at Consorzio RFX in Padua,
Italy, has eight drivers and, respectively, a bigger expansion
chamber. On the other hand, the ion source at the ELISE
(Extraction from a Large Ion Source Experiment) test facility
[13] at the Max Planck Institute in Garching, Germany, is an
intermediate step in the preparation of the ITER NBI source.
It is half the size of SPIDER and intends to meet ITER
requirements [14] concerning negative ion and electron cur-
rent densities and their ratio being below 1, achieving good
beam homogeneity and formulating operational scenarios.
However, reducing and stabilising the co-extracted electron
current is a challenging task, it remains high even with already
applied MFF, particularly at high RF power (⩽50 kW/driver)
and high extraction and accelerating voltages. In addition,
for long pulse extraction the co-extracted electron current
increases over time, particularly in deuterium, making the task
more challenging. In the standard operation, the amount of
co-extracted electrons is reduced by a positive bias applied
to the PG [15] with respect to the source body and the BP.
Particle-in-cell codes with Monte Carlo collisions [10, 16]
indicate that this effect could be due to the collection of
plasma electrons by the PG surface. However, an alternat-
ive biasing technique by biasing simultaneously the PG and
letting the BP on a floating potential, experimentally tested
at ELISE, shows further decrease and symmetrise of the co-
extracted electrons [17, 18]. However, the experimental dia-
gnostic methods (Langmuir probes, optical emission spectro-
scopy and cavity ring-down spectroscopy) are at fixed loca-
tions and measure the plasma properties locally; hence, global
effects cannot be studied easily.

A fluid plasma model [19, 20] is employed on the 2D geo-
metry of the ELISE ion source for the first time to investigate
the plasma overlap of the drivers, its uniformity in the vicinity
of the large extraction area and to study the underlying physics
principles at different potentials applied to the PG and the BP
simultaneously, which can lead to optimising the co-extracted
electron current density.

The modelling within the fluid plasma approach is based on
the particle and the energy fluxes and can be applied to sim-
ulate the plasma properties in the presence of MFF [11, 21].
For complicity, the fluid plasma equations can be coupled with
the Maxwell equations to account for the RF coil and respect-
ively, the RF electromagnetic fields, igniting and sustaining
the discharge [22, 23]. Unfortunately, reaching a quasi-steady
state of the discharge usually takes up to 0.1 s, with a typical
RF time scale of µs, it would take an unreasonable calculation
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Figure 1. CAD drawing of the ion source at the BUG test facility.

time. Using the time-harmonic approximation of the Maxwell
equation reduces the calculation time to tens of hours for one
model run. However, the intention of this paper is to study
the effect of PG and BP bias on the plasma parameters in
the vicinity of the extraction at ELISE, therefore, variations
of the PG and BP potentials would take a lot of computational
time. To reduce the calculation time, first in section 3 , the res-
ults are compared with the BUG geometry from a well-studied
and benchmarked RF self-consistent fluid plasma model [20]
applied in Cartesian coordinates with a simplified model. The
latter does not take into account the coil, but uses a power
deposition profile as an input parameter, obtained from the full
model. The self-consistent model can resolve the change of the
plasma parameters over the RF cycle, showing the well-known
fluctuation of the plasma potential, which also affects the elec-
tron flux. Comparing the results from both models indicates
differences in the plasma parameters in the driver region but
similar behaviour in the expansion. This outcome justifies the
use of the simplifiedmodel in the ELISE geometry to study the
PG and BP bias effects on the plasma properties in the vicin-
ity of the extraction region in section 4. The extraction of the
negative ions and the co-electrons requires the coupling to an
extraction code [24], which is out of the scope of this study.

2. Description of the model

2.1. BUG modelling domain

The RF prototype ion source at the BUG test facility has a
cylindrical driver where the plasma is generated and expands
towards the extraction system in a larger chamber (figure 1).
The modelling domain with the real size of BUG is a 2D
vertical (y–z) planar plane, taken in the middle (x= 0m) of

Figure 2. Schematic representation of the BUG ion source (a) and
the axial profile of MFF used in the calculations (b).

the driver (figure 2(a)). The calculations are made with an
MFF (BFF = (Bx(z),0,0)) with a direction perpendicular to
the modelling plane. The axial profile of BFF is the same as
the one used in experiments, figure (2(b)), where the mag-
netic field is produced by high-current flowing through the PG
(IPG = 1.5 kA with a maximum of BFF = 32G, located 3 cm
away from the PG). The magnetic field breaks the axial sym-
metry due to E×BFF and diamagnetic particle drifts, lead-
ing to a vertical asymmetry of the plasma parameters [10, 11]
and therefore, the model is employed in a planar plane with
Cartesian coordinates.

2.2. Gas-discharge part of the model

The model is within the fluid plasma theory and it is based on
[19] and [20], where the initial set of equations includes the
particle balance equations for electrons (α= e) and the posit-
ive hydrogen ions (α= i, where i= 1, 2 and 3 for the H+, H+

2
and H+

3 ions)

∂tnα +∇· nαvα =Rα, (1)

the electron energy balance equation

∂t

(
3
2
eneTe

)
+∇·Qe = Pind + eneve ·∇Φ −Pe (2)

and the Poisson equation

∇2Φ =− e
ϵ0

(
3∑

i=1

ni − ne

)
. (3)

In the equations (1)–(3): nα, vα and Rα are respectively
the density, the velocity and the production-loss rate of the
particles; Te is the electron temperature, defined as the mean
thermal energy, since the electrons are assumed to be with
Maxwell distribution; Qe is the electron energy flux; Pind and
Pe are inductive heating power and electron energy losses in
collisions;Φ is the plasma potential of the electrostatic plasma
field E=−∇(y,z)Φ formed due to the charged particle fluxes
to the discharge walls; ϵ0 and e are the vacuum permittivity
and electron elementary charge respectively.
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The mesh is triangular in the modelling domain and rectan-
gular on the walls. The mesh size varies from 0.1mm near the
walls to 1mm in the volume, and the typical Debye length is
in the order of 1µm, which is 100 times smaller than the min-
imum mesh size. The Poisson equation (3) is converted into a
weak form, and in combinationwith the finite element method,
the solution is approximated via Lagrange shape functions.
After that, the solver iteratively refines this solution, ensuring
it satisfies the equation and the specified Dirichlet boundary
conditions. The formed sheath [22] extends over a few grid
cells in front of the wall, and it has the correct steady-state
potential drop for electrons in Boltzmann equilibrium [25]. In
addition, the sheath correctly describes the potential locking
when an additional large surface is biased to a higher potential
with respect to the source walls [26]. The latter effect will be
discussed in more detail in section 4.2.2.

The particle velocity vα is obtained from the momentum
balance equation:

mαnα [∂tvα +(vα ·∇)vα]

= Zαnαe(−E+ vα ×B)

−mαnανα,nvα −∇nαeTα −∇.π̂α (4)

where mα and να,n are the mass of the particle and the colli-
sion frequency of the charged particle with neutrals (atoms and
molecules), Zα indicate the sign of the charged particle (‘+’
for α= positively and ‘-’ for negatively charged particles), E
and B are electric and magnetic fields, respectively and π̂α is
the stress tensor. The divergence of the stress tensor is simpli-
fied to:

∇.π̂α =−mαnαηα

[
∇2vα +

1
3
∇(∇.vα)

]
, (5)

ηα is the viscosity. Since the calculations are at low pressure
(0.3 Pa), the discharge is in a free-fall regime, and the advec-
tion term (the second term on the left-hand side of (4)) for the
ions must not be neglected. In (2) the electron energy flux is

Qe =
5
2
neeTeve + qe + π̂eve (6)

where qe is the electron heat flux

qe =−5
2
neeTe
meνe,n

∇eTe −
e

meνe,n
(qe ×B) . (7)

The included reactions for creating and losses of charged
particles are: ionisation of atoms, ionisation and dissociation
of molecules, dissociation and dissociative recombination of
molecular ions (H+

2 and H+
3 ). The corresponding rate coeffi-

cients are taken from [27]. The boundary conditions are the
same as in [19]. The neutral hydrogen species are taken into
account as a constant background over the modelling domain,
with a molecular density of 2.5× 1019 m−3 which is twice
higher than the atomic density [20, 28], resulting in a pres-
sure of 0.3 Pa. The dynamics of the neutrals are not accounted
for as they are not within the scope of the study. The neutral

Figure 3. BUG ion source 2D modelling domain with the coil and
the orientation of the magnetic filter field, used for the RF
self-consistent model.

and positive ion caesium dynamics and the effects related to it,
such as collisions and sheath modifications, are not taken into
account.

2.3. RF power coupling and power deposition profile

In the first step of the study, the model is solved by taking
into account self-consistent RF power deposition into the dis-
charge. Therefore, Ampere–Maxwell’s law and Faraday’s law
of induction are solved for the RF electromagnetic fields (ERF

and BRF) and plasma current density (JRF):

∇×BRF = µ0JRF (8)

∇×ERF =−∂tBRF. (9)

In equation (8) the displacement current is neglected. The
modelling domain includes the 6-turn coil with awire diameter
dcoil = 6mm, placed 12mm from the driver wall (figure 3).
The RF system is excited by the coil current density Jcoil,x =
Icoil/πdcoilsin(ωt) over the coil circumference (similar to the
skin depth of a copper conductor), where Icoil is the coil set
current and ω = 2π f0 is the angular frequency at the driv-
ing frequency f0 = 1MHz. Since Jcoil,x is perpendicular to
the modelling domain (y–z), the partial derivative in the x-
direction is zero (∂x = 0), therefore the induced RF mag-
netic field (BRF = (0,BRF,y,BRF,z)) is parallel, and the RF elec-
tric field (ERF = (ERF,x,0,0)), as well as the plasma current
density (JRF = (JRF,x,0,0)) are perpendicular to the modelling
plane. Due to the higher mass of the ions compared to the elec-
trons, only the electrons are heated directly by ERF [20].

The scope of the study is at a pressure of 0.3 Pa and an RF
power (PRF) of 60 kW, where the discharge is in the local skin
regime [19, 20]. For a BUG operation with a set power on
the generators of 60 kW requiring Icoil ≈ 300 A, providing a
strong RF magnetic field |BRF|> 200G at a maximum close
to the side walls of the driver. Under these conditions, the RF
Lorentz force (FL,RF = ve ×BRF) in (equation (4)) for the elec-
trons becomes comparable to the other forces. The electrons
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are magnetised by BRF and gyrate with a Larmor radius (of
approximately 1mm) on small orbits around the RF field lines
and are transported through BRF equipotential lines via colli-
sions. The induced RF current density in the plasma is:

JRF,x =−enevx, (10)

depending on the electron velocity in the x-coordinate,
which is perpendicular to the modelling domain. Therefore,
equation (4) is decomposed into components and solved for vx,
vy and vz components. The x-component of the Lorentz force

(ve ×B)x = vyBz− vzBy (11)

depends on the RF magnetic field components and (y–z) com-
ponents of the velocity. Since Jcoil,x has a sinusoidal waveform
|BRF| oscillates from 0 to≈ 200A, affecting equation (10) and,
respectively, the plasma conductivity. Since the calculations
are with an MFF perpendicular to the modelling plane, the
total magnetic field is a superposition of the RF and the fil-
ter fields. However, BFF is low in the driver (≈ |2|G), and it is
found that it has a negligible contribution to the RF electron
dynamics and the formation of the inductive heating power
profile:

Pind =
1
2
Re{JRFERF} . (12)

The total absorbed RF power to the plasma is an integ-
ral of equation (12) over the discharge modelling plane.
Additionally, the RF self-consistent model accounts for the
network losses in the RF circuit (RF generators, Faraday
screen and coil) and the absorbed RF power into the plasma
is ∼60% of the set power.

Since the dynamics of the neutral hydrogen is not taken into
account, it takes up to 40 RF cycles to reach a quasi-steady
state for the charged particles in the RF self-consistent model,
and this usually takes tens of hours. However, excluding the
coil and respectively JRF, BRF and ERF and all effects related
to the RF and takingPind(y,z) in (2) as an input parameter, sim-
plifies the model by providing at least one order of magnitude
fewer degrees of freedom and respectively, the calculation
time is reduced to several hours. In order to discuss the differ-
ence between both models, first the RF self-consistent model
is solved and the obtained spatial distribution of Pind(y,z) is
imported to the simplified one. Both models are solved with
the same parameters—pressure of 0.3 Pa and all walls are set
to 0V and 60 kW set power.

3. Results for BUG geometry

3.1. RF self-consistent model

Figure 4 shows the time-averaged over the RF period plasma
parameters with a typical discharge structure at BUG with
MFF [11, 29]. The electron flux (figure 4(a) the arrow plot) in
a magnetic field is the result of the interplay between forces
in (4), reflecting the vortex-type structure [11] and result-
ing in a vertical plasma asymmetry in the expansion [29].

Furthermore, the vortex structure of Γe, due to diamagnetic
and E×BFF drifts, leads to the formation of a second smal-
ler maxima of ne and of Φ in the region with a high magnetic
field. The vertical plasma inhomogeneity close to the PG can
affect the co-extracted electron current top/bottom asymmetry:
Φ changes from 24V on top to 12V on bottom and ne from
1× 1018 m−3 to 0.3× 1018 m−3. The first maxima of ne loc-
ated in the driver is squeezed in the area close to the coil due
to the RF Lorentz and the ponderomotive forces pushing away
the electrons from this region. On the other hand, the max-
imum ofΦ in the driver is spreading to the wall next to the coil,
despite the wall potential of 0V. This is due to the RF compon-
ent of the electric field (Ex). The maximum of Te (figure 4(c))
is in the region of the coil, indicating electron heating with
values of about 12 eV, followed by a radial decrease towards
the middle of the driver. In the axial direction Te reduces rap-
idly to values of (1–2) eV in the direct vicinity of the PG. As a
consequence of the MFF, which penetrates into the driver, the
first maxima of the plasma parameters (ne, Φ and Te) are not
vertically (in y-direction) symmetric due to electron thermal
flux (7) [11].

In an inductively coupled plasma, the plasma parameters
of the discharge oscillate together with PRF frequency (2ωRF)
and higher harmonics. Figure 5 shows the axial profile of the
plasma parameters from the middle of the driver’s backplate
to the end of the modelling domain (the PG) for three differ-
ent time moments within one oscillation, namely at the max-
imum, the middle and the minimum of the PRF period. When
the plasma is fully ignited and is in a quasi-stationary regime,
the electron density oscillates around its averaged value, which
is negligible (figure 5(a), changes are not visible in the figure—
the lines overlap). The electron temperature varies from 8 to
9 eV in the driver within one oscillation (figure 5(b)). TheMFF
does not yet affect Te, and the dominant processes are the ion-
isation due to electron energy gain within the RF period and
loss via collisions. In the expansion, the MFF suppresses the
electron heat flux, resulting in a strong reduction of Te to below
2 eV, defining a region with a domination of the recombination
processes, which is not affected by the RF heating. The elec-
tron temperature increase in the vicinity of the PG is due to
the loss of electrons on the wall. The results for Φ show oscil-
lation of the entire profile with more than 15V (figure 5(c))
within one PRF period. At the maximum of the PRF period,
the spatial distribution of Φ shows a region of high positive
potential of 140V close to the coil (figure 6(a)) however, the
RF Lorentz and the ponderomotive forces restrict the electrons
and their flux in this region. The electron flux (figure 6(a)
the arrow plot) is similar to the averaged one (figure 4(a)):
an intense flux towards the driver’s backplate upstream of the
expansion region. The formed vortex, associated with the dia-
magnetic drift caused by ∇(neTe), sends one part of the flux
back to the driver’s bottom side wall and another bigger part
towards the expansion. The second vortex, associated with
E×BFF drift, before the extraction region defines the orient-
ation of Γe in front of the PG—from bottom to top. In the
middle of the PRF period (figure 6(b)), the potential close to
the coil tends to decrease, resulting in a shift of the entire
Φ profile (figure 5(c) the red curve) to lower values, but in
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Figure 4. Time averaged over the RF cycle spatial distribution of the electron density and its flux with arrows (a), the plasma potential (b)
and the electron temperature (c) obtained with MFF, pressure of 0.3 Pa and 60 kW of set RF power. The RF power is taken into account
self-consistently.

Figure 5. The axial (from the middle of the driver backplate to the
middle of the PG) oscillation of the electron density (a), the electron
temperature (b) and the plasma potential (c) at the maximum (the
black curves), in the middle (the red curves) and in the minimum
(the blue curves) of the PRF period, obtained at the same discharge
conditions as figure 4.

small changes in the strength and the orientation of Γe. At the
minimum of the PRF oscillation appears a high (by absolute
value) negative potential of −80V (figure 6(c)) in the region
close to the coil, which changes the structure of the electron
flux in the expansion region. The region with −80V forms
a strong electric field for the electrons and, in combination
with the BRF, leads to a strong increase of the Lorentz Force
over the other terms in (4), resulting in a robust increase of the
upstream Γe. In addition, with the further shift of the entire
axial Φ profile to lower values (figure 5(c), the blue curve),
the second vortex disappears, resulting in a higher Γe to PG
with reversed orientation. In this particular moment of the
PRF time period, the electron current (Ie) collected from the
PG (figure 7 the black curve) increases 5 times: from ∼4 A
to ∼20 A.

3.2. Simplified model

The averaged over the RF period power deposition profile is
obtained from the RF self-consistent model according to (12)
and it is exported in the simplified model (figure 8) as an
input parameter. Figure 9 shows the spatial distribution of
the plasma parameters obtained from the simplified model.
In both the same MFF profile is applied (figure 2(b)), caus-
ing Γe in the simplified mode (figure 9(a) the arrow plot)
with a similar vortex-type structure and orientation as the one
in the full model (figure 4(a)), particularly in the expansion.
Furthermore, Ie collected by the PG shows close values in both
models: 9A from the simplified model and 9.4A time aver-
aged over 1 RF period from the self-consistent model (figure 7
the green and grey curves). Identical to the full model, ne in
the simplified one has two maxima (figure 9(a)). Since the RF
coil is not accounted for, the non-linear effects such as the
ponderomotive and the RF Lorentz forces are not present and
thus do not limit Γe close to the side walls of the driver (in
the region of the coil), resulting in a non-squeezed profile of
ne. The spatial distribution of Φ has two maxima (figure 9(b))
similar to the full model (figure 4(b)); however, the maximum
in the driver is more localised in the middle (but it is not sym-
metric) of the driver, due to the absence of x component of the
electric field. The electron temperature in the driver is between
11 eV and 12 eV in the simplified model (figure 9(c)), while
these high values of Te for the self-consistent model are in the
region close to the wall next to the coil (figure 4(c)) followed
by a decrease towards the center of the driver. However, in
both models, Te decreases rapidly in axial direction through
the MFF, reaching values of (1–2) eV in front of the PG. From
the comparison of the models, it is visible that the main dif-
ference in the results is in the driver, while in the extraction
region, the plasma parameters as well as Γe are similar.

For a more comprehensive analysis, the results from the
models are compared on a vertical line, 2 cm away from the
PG. Bothmodels show the same behaviour of ne (figure 10(a)):
a bigger and wider maximum located in the top-middle region
and a smaller maximum in the bottom. The simplified model
gives 8× 1017 m−3 in the first maximum and 4.2× 1017 m−3

in the second one, while the RF self-consistent model gives
7× 1017 m−3 and 5.1× 1017 m−3 in the first and the second
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Figure 6. The change of spatial distribution of the plasma potential and the electron flux with the arrows over an RF cycle: in the maximum
(a), in the middle (b) and in the minimum (c) of PRF period, obtained at the same source parameters as figure 4.

Figure 7. The change of the Ie on the PG (the black curve) during
one PRF period (the red curve) together with the time-averaged Ie
obtained from the RF self-consistent model (the grey curve) and Ie
from the simplified model (the green curve).

Figure 8. The modelling domain and the power deposition profile
for the simplified model.

maxima, respectively. The plasma potential (figure 10(b)) is
with higher values on top,∼20V for the simplified model and
∼21V for the full one, while on the bottom side the differ-
ence in Φ values is larger with the highest difference of 2.5V:

17.5V for the simplified model and 15V for the full model.
The simplified model gives a more uniform Φ profile. The
electron temperature (figure 10(c)) follows the same behaviour
for both models: higher Te in the vicinity of the walls due to
electron losses on the surfaces, 3 eV on the top and (4–5) eV on
the bottom, and almost constant values of∼2 eV in the plasma
bulk. The simplified model provides a smoother Te vertical
profile. The major difference is in the vicinity of the bottom
expansion side wall, where Te deviates by 42% for both mod-
els: 5 eV in the full model and 3.5 eV in the simplified model.

The comparison shows that both models give similar and
close results for the plasma parameters and the electron flux
in the extraction region, as well as for the electron current col-
lected by the PG. Therefore, to study in detail the effects of
biasing surfaces away from the driver, it is sufficient to use
a simplified model with a power deposition profile set as an
input parameter.

4. Results for ELISE geometry

4.1. Modelling domain

The ion source at the ELISE test facility has four drivers
arranged two by two and a common expansion chamber [13].
The modelling domain (figure 11(a)) is a 2D vertical planar
plane taken in the middle of two drivers (one top and one
bottom) with the actual size of the source. Since ELISE has
drivers with bigger radii (13.8 cm) than BUG (11.85 cm) and
uses a different topology of the MFF (figure 11(b)), at first, the
RF self-consistent model is computed for a geometry with one
ELISE size driver to obtain Pind(y,z). Subsequently, the power
deposition profile is set as an input parameter for each driver
in the ELISE modelling domain. The results in this chapter
are at 0.3 Pa, 60 kW per driver and MFF with an axial pro-
file as shown in figure 11(b) generated by high current (1.5
kA) flowing through the PG with 22 G at the maximum and
being used for daily ELISE operation. The wall potential is
set to 0V except for the bias on the PG and BP, which will
be varied in the course of the study. For this purpose, the
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Figure 9. The same as figure 4 but for a model without taking into account the RF coil and with imported power deposition profile.

Figure 10. Comparison of the RF self-consistent (black curves) and simplified (red curves) models at a vertical line, 2 cm away from the PG
for the electron density (a), plasma potential (b) and electron temperature (c). Coordinate y= 0 m indicates the middle of the PG, positive
values of y-coordinate are the top area of the source and the negative ones respectively the bottom.

rightmost boundary of the modelling domain (at the end of the
expansion) is split into different sections corresponding to PG
and BP as indicated in figure 11(a) with their actual vertical
lengths. With this procedure, the boundary conditions for the
Poisson equation (3) can be varied separately for PG and BP.

Furthermore, the model applied to ELISE is expanded with
surface-produced negative ions. They are treated as electrons
with the proton mass and emission rate corresponding to
200Am−2, which seems to be realistic [30] and set as a bound-
ary condition on the PG and BP surfaces. The emission rate
value is a rough estimation from na and a surface conversion of
an atom to a negative ion rate∼0.3, depending on the negative
ion temperature [31]. The volume production of the negative
ions is not included in the model.

4.2. Results and discussions

To illustrate the effect of PG and BP biases on the plasma para-
meters first, chapter 4.2.1 presents the results for the spatial
distributions of ne, Te, Φ, as well as Γe in a configuration of
PG and BP on the source wall potential, i.e. 0V and in the pres-
ence of MFF. After that, the next chapter 4.2.2 shows the res-
ults with applied potentials to the PG and BP simultaneously
and the introduced changes of the discharge structure.

4.2.1. Spatial distribution of the plasma parameters with MFF.
The electron flux (figure 12(a) the arrow plot) has a vortex-
type structure, similar to results with BUG geometry. The
diamagnetic drift (∇(neTe)) induces vortexes at the exit of
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Figure 11. ELISE modelling domain (a) and the axial profile MFF used in the experiments (b) generated by high current flowing through
PG (IPG = 1.5 kA).

Figure 12. The spatial distribution of the electron density together with its flux as an arrow plot (a), plasma potential (b) and the electron
density (c) at ELISE with MFF, 0.3 Pa, 60 kW per driver and UPG = 0V and UBP = 0V. The location of the PG (in orange) and the BP (in
blue) is shown at the end of the modelling domain on the right.

every driver (figure 12(a) the arrow plot), which result in
an accumulation of second ne maxima approximately in the
middle of their loops, while the first ne maxima remain in
the drivers. The vortex associated with the E×BFF drift
enlarges over the entire vertical length of the expansion cham-
ber. It defines the orientation of Γe in the vicinity of the

PG and the BP—similar to BUG. Furthermore, E×BFF drift
carries electrons from top to bottom close to the backplate
between the drivers. This results in a plateau with increased
values between the drivers in the ne spatial distribution and
a higher second maximum of the electron density at the
bottom.
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Figure 13. The same as figure 12 but for UPG = 20V and UBP = 0V.

The plasma potential (figure 12(b)) has maxima in the
drivers and decreases in an axial direction towards the PG, as
it does in [32]. In the region between the drivers, Φ follows
ne spatial distribution due to Γe and the Boltzmann relation,
i.e. the formation of a plateau in the area between the top and
bottom drivers.

The highest values of Te are locked in the drivers
(figure 12(c)), with two maxima in each driver approximately
in the middle of the power deposition profile (figure 11(a)),
next to every side wall. Since the used axial profile of the
MFF provides higher values of the magnetic field in the drivers
(figure 11(b)) compared to BUG, it more strongly affects the
electron thermal flux. This is responsible for the electron tem-
perature as well as the electron density and the plasma poten-
tial asymmetry in the drivers. As a result, Te maxima in each
driver is strongly localised with a higher maximum down-
stream in each driver.

4.2.2. Effect of the PG and BP bias on the plasma parameters.
In the experiments at ELISE, the PG and the BP are biased
by the current applied to the respective surfaces. In this way
the potential is self-consistently defined and it depends on the
gas-discharge conditions such as gas pressure, RF power,MFF
strength, etc. For example, in the source parameters used in
this study, a set current on the PG (Ibias) with a value of 5 A,
defines a potential (UPG) at approximately 20V in a case of
BP (UBP) is on a source wall potential, i.e. UBP = 0V. The
size of the PG to the other walls is large enough (with a ratio in
the modelling domain RPG = LPG/(Lwalls + LBP)∼ 0.28), thus
by increasing UPG, the plasma potential profile (figure 13(b))
shifts to higher values, particularly in the expansion with up to
2V, due to potential locking [26]:

Φ = UPG − Te
e
ln

[ √
µ(1+RPG)

RPG + exp(−eUPG/Te)

]
, (13)

whereµ=
√
2.3me/mi withmi is themass of the positive ions.

The plasma parameters in the drivers show minor changes
compared to the results in section 4.2.1. In the expansion,
the increased values of Φ shift the vortex associated with the
E×BFF drift towards the PG (figure 13(a) the arrow plot), res-
ulting in increased ne in front of the PG. In addition, bias-
ing the PG changes the orientation and the strength of Γe in
the vicinity of the PG. On the bottom side, the electron flux
is oriented towards the PG segment, and on the top Γe is
significantly decreased. Varying UPG step-wise from (0− 25)
V affects the potential difference ∆UPG =Φ −UPG in front
of the PG—∆UPG goes from 30V to 10V on top and from
25V to 6V on the bottom. This reduction of ∆UPG res-
ults in an increase of Ie collected from the PG (figure 15(a),
the orange symbols), defined as integration of the elec-
tron boundary conditions on the surface. In addition, UPG =
20 V decreases Te in the vicinity of the extraction region
(figure 13(c)).

In ELISE experiments with BP on a UBP ̸= 0V, the plate is
set with a floating potential or biased via a set current IBP, the
latter defines a bias above the floating potential. In addition,
in the modelling domain, the size of the BP is smaller than
the PG. However, this is not true for experiments where the
surface of the BP (0.528m2) is approximately 1.5 times larger
than the PG surface (0.345m2). Therefore, by biasing the BP,
Φ shifts to higher values, together with UPG (PG bias being
defined by a set Ibias). Furthermore, in the experiments, UBP

never exceeds UPG, thus modelling-wise UBP is set to 18V
while UPG = 20V.

Applying the potential on the BP UBP = 18 V intro-
duces minor changes in the spatial distribution of the plasma
parameters (figure 14 plots only for ne with Γe). However,
the BP potential difference ∆UBP =Φ−UBP decreases to
13V near the top segment and to 8V near the bottom
one and the orientation of Γe (figure 14(b) the arrow plot)
changes, particularly in the vicinity of the bottom BP surfaces.

10



Plasma Sources Sci. Technol. 34 (2025) 085011 D Yordanov et al

Figure 14. Zoomed plots of ne spatial distribution and Γe with the arrows on the bottom part of the source in cases of UPG = 20V,
UBP = 0V (a) and UPG = 20V, UBP = 18V (b).

The total collected current (IBP) by the bottom part of the BP
(ion and electron boundary conditions integrated over the sur-
face) decreases (from 2 to −3.5A) and even have negative
values (figure 15(b)), while on the top it remains positive and
almost constant (3A). The negative IBP on the bottom segment
indicates that more electrons are collected than positive ions.
In addition, in figure 15(a), the green symbols show a decrease
in the electron current collected by the PG with the increase of
UBP. This can be interpreted as part of the electrons carried by
Γe are collected by BP before being collected by the PG sur-
face or extracted, therefore, the co-extracted electron current
can be reduced.

In the experiments, the IBP and the co-extracted electron
current on the EG can be measured individually on the top and
bottom grid segments at the ELISE ion source. The compar-
ison of the experimentally obtained BP currents (figure 15(c))
with those obtained from the model (figure 15(b)) shows dif-
ferent absolute values due to the model taking into account a
2D cut of the source, however, the results show similar trends:
the measured IBP on the bottom segment, becomes negative by
setting the BP from the source wall potential (at UBP = 0V)
to floating potential (UBP = 22.5V, via set IBP,set ≈ 0A and
the sum of the measured top and bottom current on the BP
is equal to the set value of IBP,set), while the current on top
segment remains positive with a slight decrease. When apply-
ing more positive potential to the BP, more electrons are col-
lected by the BP surface, resulting in more negative IBP on
the bottom, similar to the modelling results (figure 15(b)) with
smaller values on the top. The co-extracted electron currents
(figure 15(d)) decrease by two times by setting the BP from the
source wall potential to floating potential: from 4.7 to 2.1A on
the bottom and from 3.5to 1.24A on the top. This confirms the
statement that applying a potential to the BP collects part of
the electrons before the extraction via changing the potential

difference (∆UPG and ∆UBP) and the orientation of Γe in the
vicinity of the extraction region.

4.2.3. Surface-produced hydrogen negative ions. The
surface-produced negative ions are emitted from surfaces with
a low work function (1.4 eV or less). For this purpose, a small
fraction of caesium [33] vapour is released in the ion source,
providing a layer with a low work function on the walls.
However, the electron affinity of the negative ions is 0.75 eV
[34] and the dominant mechanism for their loss is collisions
with electrons and mutual neutralisation. In these conditions,
the mean free path of the negative ions ranges from less than
1 cm in the drivers to 5 cm in the expansion. This means that
the negative ion density (nn) in the regions with high Te would
be negligible. Therefore, it is chosen in the model that the sur-
face produced negative ions are emitted from the PG and the
BP, where the main caesium accumulation would be.

The surface-produced negative ions experience an acceler-
ating electric field towards the plasma bulk due to the poten-
tial drop in the wall region, the negative ion flux (Γn) is ori-
ented towards the region of high Φ (figure 16(a) the arrow
plot). In combination, with the low electron affinity, the form-
ation of nn maximum is in a region with low Te, as it is in the
case of PG and BP in the source potential (UPG = UBP = 0V)
(figure 16(a)): nn maximum located on the top half of the
source, in front of the PG. Biasing the PG with UPG = 20V
(UBP = 0V) provides an extended maximum of nn towards the
bottom side of the source (figure 16(b)), which is a result of the
decreased Te (figure 13(c)) and the increase ofΦ (figure 13(b))
in front of the PG. Applying a potential of UBP = 18V to the
BP further extends the negative ion density towards the bottom
part, resulting in a more homogeneous distribution of the neg-
ative ions in the vertical direction in front of the PG and the BP.
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Figure 15. Currents obtained from the model: change of the electron current collected by PG with the increase of UPG at BP on source wall
potential UBP = 0V (in orange); and UBP sweep at UPG = 20V (in green) (a) and the total current collected by the top (in black) and the
bottom (in red) BP segments as a function of UBP sweep (b). Experimental results: for the change of BP current on the top (in black) and on
the bottom (in red) segments with UBP (c), as well as the change of the co-extracted electrons on top (the black), on the bottom (in red).

The fluid modelling cannot account for the extracted negative
ions, where the majority are extracted directly from the PG
surface [35] without entering the plasma. In addition, the fluid
model cannot resolve the real plasma sheath and the influence
of the virtual cathode studied from the ONYX calculations
[35] on the penetration of the negative ions cannot be taken

into account. Nonetheless, the fluid model gives very valuable
insights into biasing with and without negative ions present in
the expansion region. Nevertheless, in reality, there is also an
extraction of negative ions from the plasma bulk and the ver-
tically symmetric nn profile at biased PG and BP can improve
the extracted negative ion beam uniformity.
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Figure 16. Spatial distribution of the negative ions at UPG = 0V and UBP = 0V (a), UPG = 20V and UBP = 0V (b) and UPG = 20V and
UBP = 18V (c).

5. Summary

A 2D fluid plasma model is applied to the prototype ELISE
negative hydrogen/deuterium ion source for NBI. The goal is
to investigate the effect of biasing PG and BP surfaces in com-
bination with an MFF on the plasma parameters in the vicinity
of the extraction as a means to reduce the co-extracted elec-
trons. However, a propermodel accounting for the dynamics of
the neutrals and electrodynamic equations for the RF coil can
be a time-consuming and computation-demanding problem in
a large modelling domain. In addition, the study requires bias
variations of two different surfaces, which would increase the
computational effort tremendously. Therefore, the model is
simplified by not taking into account the electrodynamics of
the RF coil but setting a power deposition profile as an input
parameter. This procedure provides fewer degrees of freedom
and, respectively, accelerates the model with a computational
time of several hours instead of 30 or more hours for one
run. The simplified model is applied to a smaller modelling
domain for the BUG ion source. The results are compared with
those from a well-known and benchmarked RF self-consistent
model for the same domain and gas-discharge conditions. The
results in the region of interest, in the expansion of the source,
reasonably agree, which gives evidence to apply the simplified
model to the ELISE ion source.

The RF self-consistent model of the BUG geometry shows
the change of the plasma parameters within the PRF period.
The fluctuation of the plasma potential, in combination with
the magnetic field from the filter, affects the electron flux and

the electron current on the PG at the minimum of the oscil-
lation. In this particular moment of the RF power cycle, the
Lorentz force increases tremendously, sending a robust flux
towards the PG and the collected electron current from the PG
surface increases from 4 to 20A for 1µs.

However, the simplifiedmodel cannot resolve the RF cycle;
therefore, for comparison purposes of both models, the res-
ults from the self-consistent one are averaged over the RF fre-
quency period. The results for the ne, Te, Φ and Γe from both
models show differences in the driver due to non-linear effects
induced by the coil, i.e. the RF Lorentz and the ponderomot-
ive forces. However, the plasma parameters have similar val-
ues for both models in the expansion chamber in front of the
extraction region, as well as for the electron currents collec-
ted by the PG. This gives confidence to apply the simplified
model to the ELISE geometry, where the area of interest of
the study is, namely, in the expansion close to the extraction
region.

Applying a bias of 20V on the PG while other walls are
at 0V, including the BP at the ELISE ion source, changes
the discharge structure in the vicinity of the extraction region.
When the PG size is large enough, its bias shifts the plasma
potential by up to 2V to higher values due to the poten-
tial locking. The higher Φ in the expansion moves the vor-
tex associated with E×B drift in the electron flux towards
the PG, resulting in a higher and more homogeneous elec-
tron density in the vertical direction. The difference in the
plasma and PG potentials decreases to 10V on top and to
6V on the bottom, allowing more electrons to be collected
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by the PG surface, particularly on the bottom side of the ion
source.

Biasing the BP with 18V while the applied potential to
the PG is 20V introduces minor changes in the plasma para-
meters due to the smaller size of the PG in the 2D model-
ling domain. However, the BP potential affects the electron
flux by changing its orientation and strength in the vicinity
of its surface. The potential sweep of the BP shows that the
collected current decreases and even becomes negative on the
bottom segment of the plate, which is in agreement with the
experimental results. The negative current indicates that the
collected electrons are more than the collected positive ions.
Furthermore, the bias of the BP reduces the electron current
collected by the PG as well as the experimentally measured
co-extracted electrons. In conclusion, applying a bias to the
BP changes the electron flux in the vicinity of the extraction
system, resulting in a collection of electrons on the surface
prior to the extraction and reduction of the co-extracted elec-
tron current by more than two times. Biasing of the PG and BP
provides a more homogeneous profile of the negative ions in
the vertical direction in the vicinity of the extraction beamlet
groups, which can benefit the negative ion beam with better
convergence.
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