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 A B S T R A C T

The RF negative hydrogen/deuterium ion source at the ELISE test facility is half the size of the ITER negative 
ion source for neutral beam injection (NBI). ELISE demonstrated 90 % of the ITER NBI requirement for the 
extracted negative ion current density in hydrogen for 600 s pulse for the first time, limited only by the 
available RF power. However, the electrons inevitably co-extracted with the negative ions increase in time 
and can limit the source performance. The majority of the extracted negative ions are surface produced by the 
conversion of atoms and positive ions on low-work function surfaces, achieved by cesium evaporation in the 
ion source. The temporal increase in the co-extracted electrons is associated with the cesium dynamics during 
long pulses close to the extraction region. This motivates a detailed investigation of the temporal behavior of 
the cesium and the effect on the plasma parameters and the co-extracted electrons at ELISE. For this purpose, 
a Langmuir probe, optical emission spectroscopy and tunable diode laser absorption are used to resolve plasma 
properties over the pulse length and correlate them with the co-extracted electron current density. It is shown 
that the cesium density decreases at the beginning of the pulse, which causes a change in the plasma potential 
structure in front of the extraction region, resulting in an increase of the co-extracted electrons. Stabilizing 
the co-extracted electrons can be achieved by varying the temperatures of the plasma grid and the bias plate 
which sustain a low value of the work function, resulting in a smaller slope of the co-extracted electrons’ 
temporal increase.

1. Introduction

The neutral beam injection (NBI) is an essential heating system for 
ITER [1]. Two injectors are planned initially to be installed, delivering 
16.6 MW each, and a third one is under consideration. The required 
beam energy is either 1 MeV up to one hour in deuterium or 0.87 MeV 
up to several hundred seconds in hydrogen. At these high energies, 
the neutralization efficiency of the hydrogen/deuterium positive ions 
drops below 5 % [3], while of the negative ions remains ∼ 60 %, 
therefore, the use of a negative ion source is mandatory. ITER requires 
accelerated current densities of 230 Am−2 for hydrogen and pulse length 
up to several hundred seconds and 200 Am−2 for up to one hour in 
deuterium. Considering stripping losses of 30 % [4] in the accelerator 
grids at 0.3 Pa filling pressure results in required extracted negative ion 
current densities of 329 Am−2 and of 286 Am−2 for hydrogen and for 
deuterium respectively. The extraction of negative ions is accompanied 
by the co-extraction of electrons, which are deflected from the beam 
via a magnetic field, produced by embedded magnets in the second 
grid (extraction grid — EG) of the extraction system and then collected 
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Fig. 1. Time traces of the extracted negative ion current density, the co-extracted 
electron current density and their current ratio for the best 600 s pulse (left-hand side 
plot) and short 10 s pulse (right-hand side plot) in hydrogen at ELISE  [2].
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Fig. 2. CAD drawing of ELISE ion source with an illustration of the location of the 
used diagnostics in the study.

by the EG. The electron heat load must remain low, therefore, to avoid 
damage to the grid, the co-extracted electron to the negative ion current 
ratio (𝐼ex∕𝐼H−) is allowed to be one at the maximum.

The negative ion source at the ELISE (Extraction from a Large Ion 
Source Experiment) test facility [5] is half the size of the ITER ion 
source. It is an important step in the ion source development, aiming to 
demonstrate the ITER requirements for the extracted current densities. 
In fact, ELISE has shown the capability to produce (Fig.  1) 90 % for 600
s of the extracted hydrogen negative ion current density required for 
ITER and has achieved the requirement for short (10 s) pulses [2]. These 
results were obtained with the maximum available RF power at ELISE 
of 75 kW per driver, while for the ITER ion source 100 kW per driver is 
foreseen. As it can be seen from Fig.  1 the main challenge is the increase 
of the co-extracted electrons current density (𝑗e) over time, which can 
reach the power limit of the EG, particularly in deuterium. This study 
aims namely to investigate the plasma properties in the vicinity of the 
extraction region, which can affect the co-extracted electron current 
and its temporal behavior. The investigations are done in hydrogen.

2. The ELISE test facility

The ELISE ion source (Fig.  2) has 4 cylindrical drivers, where the 
discharge is generated by inductive RF coupling (1 MHz) in each driver 
(up to 75 kW). The plasma expands in a common chamber for all 
drivers towards the extraction system. Since the main process for the 
production of negative ions is the conversion of atoms and positive ions 
on a low work function surface [6], the ion source is equipped with 
two cesium ovens (on the right and the left side in the expansion), 
delivering cesium into the source to provide a low work function on 
the first grid of the extraction system. The negative ions and the elec-
trons are extracted by a three grid system, consisting of 640 apertures 
arranged in 8 beamlet groups. The first is the plasma grid (PG) in 
contact with the plasma, the second is the EG and the acceleration 
grid (AG) is the third one. An extraction potential up to 12 kV is 
applied on the first gap between the PG and EG, and an acceleration 
voltage up to 50 kV is applied in the second gap between the EG and 
AG. A window frame structured bias plate (BP), electrically isolated, 

covers the area between the beamlet groups and it is positioned 7 mm 
away from the PG. A high current flows through the PG and splits 
up to different return conductors, resulting in a magnetic filter field 
(FF) with a maximum strength of a few milli Tesla for suppression of 
the co-extracted electrons and the reduction of electron temperature 
close to the extraction region. Changing the current through the return 
conductors can change the magnetic field topology. The results in the 
study are with FF topology similar to the one used at MITICA test 
facility [7,8], which is of high relevance for ITER. However, applying a 
magnetic FF results in vertical plasma inhomogeneity caused by 𝐄 × 𝐁
and diamagnetic plasma drifts [9,10]. In the standard source operation, 
the high-current flows from bottom to top through the PG, resulting 
in an effective drift-up. The vertical plasma asymmetry of the spatial 
and temporal (within the RF cycle) plasma potential, electron density 
and temperature distribution affect 𝑗e and can lead to high local heat 
load deposition on the EG. Biasing the PG [11] and letting the BP on 
a floating potential [12,13] change the potential difference (between 
plasma and PG or BP potentials) in the vicinity of the extraction region. 
This provides an electron attracting region towards PG or BP (Fig.  3), 
resulting in a collection of the plasma electrons to the surface before 
extraction and it reduces 𝑗e. However, this is a static effect and does 
not solve the temporal behavior of 𝑗e during extraction.

All walls including the extraction system grids are equipped with 
water cooling/heating systems, allowing to set the surface temperatures 
before source operation. However, it is found that actively increasing 
the temperatures of the PG (𝑇PG) and BP (𝑇BP) (from 110 ◦C to 160
◦C, with an increase rate depending on the heater power and the 
plasma source parameters) during the pulse stabilize the temporal 
increase of the co-extracted electrons. In fact, with this procedure is 
achieved the result presented in Fig.  1. This effect will be discussed 
in more detail in the next section. In addition, the experiments in the 
study are performed with the so-called potential rods, which are on 
floating potential and positioned in a vertical direction between the 
beamlet groups [14], providing improved top/bottom symmetry of the 
co-extracted electrons.

To understand the underlying physics processes and further op-
timization of the ion source, ELISE is equipped with a variety of 
plasma and beam diagnostics as well as current measurements. The 
study focuses on the results of the temporal behavior and the vertical 
inhomogeneity of 𝑗e and its correlation with the plasma properties. 
The EG is divided by top and bottom segments which are electrically 
isolated, allowing to measure 𝑗e simultaneously on each segment. For 
the purpose of plasma diagnostics in the expansion region of the source 
are in use two cylindrical RF compensated Langmuir probes (LP) [15], 
measuring electron density (𝑛e), electron temperature (𝑇e) and the 
plasma potential (𝑈pl), optical emission spectroscopy (OES) [16] for 𝑛e
and 𝑇e, and tunable diode laser absorption spectroscopy (TDLAS) [17] 
for neutral cesium density (𝑛cs). The axial position of the probes and 
the line of sights (LOS) of OES and TDLAS are located 2 cm upstream 
of the PG on the top and bottom part of the source as indicated in Fig. 
2. The Langmuir probes provide results from local measurements, while 
OES and TDLAS results are averaged over the LOS.

3. Results and discussions

The investigations in the study are conducted at ion source pa-
rameters required for ITER, which ELISE can provide, i.e. hydrogen 
discharge at 0.3 Pa, an extraction pulse length of 600 s and MITICA-like 
topology of the magnetic FF (1.4 mT in the region of the measure-
ments [7]). The maximum available RF power of 75 kW per driver 
is used. ELISE is not equipped with the full acceleration beam system 
required for ITER, however, the extraction voltage in the first gap of 
10.5 kV and the acceleration voltage in the second gap of 30 kV are 
used. The PG is biased with a current source set to 𝐼bias = 1 A, providing 
a PG potential (𝑈PG) between 26 V and 29 V and the BP is let on a 
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Fig. 3. Schematic representation of electron attracting and repelling regions. This 
representation does not include the plasma sheath on the PG surface, only the plasma 
and wall potentials difference.

Fig. 4. The change of 𝑇e in black and 𝑛e in red along the extraction pulse measured 
with LP the full symbols and OES the open symbols on top (a) and bottom (b) parts 
of the source.

floating potential. The results for the plasma diagnostics below are for 
the same long pulse presented in Fig.  1.

Since the plasma parameters and extracted currents dynamic is 
stronger in the first 100 s of the pulse (Fig.  1) the Langmuir probes 
receive triggers more often at the beginning of the pulse. After that, the 
measurements are in every 100 s with one last measurement when the 
extraction is off, but the discharge is still on. The electron temperature 
and density (Fig.  4 the full symbols) as well as plasma potential (Fig. 
5(a)) results obtained from LP are evaluated by using the methods 
described in [15] with the corresponding uncertainties. The optical 
emission spectroscopy results (Fig.  4 the open symbols) are measured 
at the same time when the Langmuir probes get triggered. The in-
tensities of H𝛼 , H𝛽 , and H𝛾 lines are recorded and used as input 
parameters in the collisional radiative model Yacora [18] to obtain 
𝑛e and 𝑇e. The measurements are in the expansion region of the 
source, which is characterized by a plasma with dominance of the 
recombination processes [19]. Therefore, to evaluate 𝑛e and 𝑇e must be 
used an assumption for the unknown particle densities of the hydrogen 
molecules, positive (H+, H+

2  and H+
3  with relative ratio 40%/40%/20%, 

respectively) and negative ions, considering the quasi-neutrality of the 
plasma. Since 𝑇e is suppressed to below 2 eV via FF in the extraction re-
gion, the recombination of the negative hydrogen ions with the atomic 
positive ions can affect the Balmer emission lines, in particular H𝛼 , 
which could lead to increased uncertainty of the OES measurements. 
However, OES results agree surprisingly well with those from the LP 
diagnostics. Discussion on the uncertainties in the plasma diagnostic 
methods is not in the scope of the present study.

Fig. 5. The change of 𝑈pl on top (the green symbols) and bottom (the blue symbols) 
and 𝑈PG (the red curve) (a) and the potential difference 𝑈pl − 𝑈PG on top and bottom 
(b) during the extraction pulse.

The electron density and the plasma potential are vertically inho-
mogeneous due to the ×𝐁 drifts – 𝑛e is higher on top (Fig.  4), where 
𝑈pl has lower values (Fig.  5(a)). The electron temperature is vertically 
symmetric and does not change during the pulse, remaining ∼ 2 eV. The 
biggest temporal change of 𝑛e is in the first 60 s of the pulse, where on 
top it increases more pronounced — from 3.6 × 1016 m−3 to 5.3 × 1016

m−3 (i.e. by 50%) whereas on bottom from 2.4×1016 m−3 to 3×1016 m−3

(i.e. by 25%). The plasma potential (Fig.  5(a)) on the bottom changes 
from 28.9 V to 33.3 V and after that is almost constant — a slight 
increase of 0.5 V within the error bars. On top 𝑈pl increases from 23.8 
V to 27.6 V in the first 100 s of the pulse. After that, it continues to 
increase with a local maximum of 29.1 V at 400 s and decreases to 
28.3 V at the end of the pulse. Since, 𝑈PG is set via a current source, 
it is self-adjusting to the local plasma parameters: 𝑛e and 𝑈pl changes 
within the pulse length, 𝑈PG changes as well. Comparing 𝑈PG with the 
local 𝑈pl determines whether the PG attracts or repels electrons.

The temporal results for 𝑈pl − 𝑈PG (Fig.  5(b)) correlate with those 
for 𝑗e (Fig.  6(a)): 𝑈pl − 𝑈PG > 0 V on the bottom part of the source, 
creating an electron-repelling sheath where the electrons remain in 
the discharge in the vicinity of the extraction apertures and are ready 
to be extracted. On top, however, 𝑈pl − 𝑈PG ≤ 0 V indicates an 
electron- attracting sheath (Fig.  3), resulting in an increased collection 
of electrons on the PG surface before the extraction and it provides 
smaller 𝑗e regardless of higher 𝑛e (Fig.  4) in this region. The PG surface 
collects the majority of the plasma electrons and less are extracted. 
Therefore, the main factor determining 𝑗e is the potential difference 
𝑈pl−𝑈PG, not 𝑛e. The change of 𝑈pl−𝑈PG from 2 V to 5 V in the first 60
s on bottom increases the potential barrier of the electron flux towards 
the PG surface, resulting in a strong rise of 𝑗e — from 90 Am−2 to 190
Am−2 in the beginning of the pulse. While on top 𝑈pl − 𝑈PG changes 
from −3.5 V to ∼ 0 V and the increase of 𝑗e is not that well steep — 
from 51 Am−2 to 95 Am−2. Since 𝑈PG rises monotonously from 26.5 V 
to 28.9 V during the pulse, the changes of 𝑈pl determines the temporal 
dynamics of the potential difference, particularly at the beginning of 
the pulse — in the first 100 s.

It is known that cesium and the negative ions can affect the plasma 
potential [15,20]. Fig.  6(b) shows the dynamics of 𝑛cs during the pulse, 
starting with a strong decrease in the first 60 s – from 3 × 1014 m−3 to 
below 1.5×1014 m−3 – with a similar inverse trend as the initial increase 
in 𝑈pl, particularly on the bottom. After the first 60 s of the pulse 𝑛cs and 
𝑈pl almost does not change until the end of the pulse on the bottom side 
of the source. On the top, however, after 350 s 𝑛cs increases to 2.3×1014
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Fig. 6. Comparison of pulses with constant temperatures and increasing temperatures 
of PG and BP during extraction pulses: temperature profiles of PG and BP (a), the 
change of 𝑛cs on top and bottom (b) and the change of 𝑗e on top and bottom (c). The 
results with increasing temperatures of PG and BP are for the same pulse as the results 
presented in Figs.  4 and 5.

m−3, affecting 𝑈pl as well (Fig.  5) — a maximum of 29.1 V at ∼ 400 s 
with a decrease until the end of the pulse 28.3 V.

Cesium ensures the low work function on the PG and the BP, 
however, experiments in smaller set up at similar vacuum conditions as 
at ELISE [21] show that a small amount of impurities (mostly oxygen) 
in the cesium layer provides a work function below 1.4 eV which is 
surface temperature dependent. This motivates an investigation of the 
𝑇PG and 𝑇BP effect on 𝑗e and 𝑛cs. Fig.  6 shows the comparison of two 
long pulses with the same source parameters, one with constant 𝑇PG and 
𝑇BP ∼ 130 ◦C (Fig.  6(c) the transparent curves) and one with increasing 
𝑇PG and 𝑇BP as shown in Fig.  6(c) the non-transparent curves. From the 
𝑛cs dynamics (Fig.  6(b)) is clear that at the beginning of the pulse, there 
is no difference in both cases. In the second part of the pulse after 300
s 𝑇PG > 130 ◦C and 𝑇BP > 145 ◦C, 𝑛cs starts to increase on top, due to 
the rising evaporation of cesium from the PG and BP. The temperature 
effect on 𝑗e (Fig.  6(a)) is a reduction of the increase rate of the co-
extracted electrons at the end of the pulse and a smaller slope after the 
initial rise (until 150 s), particularly on the bottom side of the source. 
The working hypothesis of the 𝑛cs increase on top and the reduction of 
𝑗e increase rate on the bottom is due to the inhomogeneity of 𝑈pl, 𝑛e and 
change of the work function. During the vacuum phase (5 to 10 min) 
before the pulse, more 𝑛cs is accumulated on top, which is an effect of 
the pulse prior to the vacuum phase — the neutral cesium condenses 
on the walls at the end of the pulse. During the pulse presented in Fig. 
6 with 𝑇PG and 𝑇BP increase, the cesium is released from the surfaces, 
after that positively ionized and redistributed towards the bottom side 
of the source during the pulse where it ‘‘sees’’ an attractive electric 
field (𝑈pl − 𝑈PG > 0 V) towards the PG. The cesium redistribution 
effect together with the change of the work function favors 𝑗e on the 
bottom part of the source. However, this effect cannot be seen in 𝑛cs
dynamics, since TDLAS measures only the neutral cesium density and 
work function measurements are not installed at ELISE. Nevertheless, 
the increasing 𝑇PG and 𝑇BP in the course of the pulse stabilize 𝑗e and 
help to achieve the long pulse presented in Fig.  1.

4. Summary

The ion source at the ELISE test facility has demonstrated that the 
extracted negative ion current density required for the DT-1 phase 
scenario of ITER operation can be fulfilled, by achieving ∼ 90% with 
the maximum available RF power 75 kW per driver, while the ITER ion 
source will be equipped with generators capable of delivering 100 kW 
per driver. A critical point is the co-extracted electrons. Their temporal 
increase along the pulse and the vertical inhomogeneity can limit the 
source performance.

The potential structure in front of the extraction region has a major 
role for the behavior of 𝑗e: 𝑈pl −𝑈PG is below 0 V on top and it defines 
an electron-attracting region, resulting in a collection of electrons on 
PG and lower 𝑗e regardless of the higher 𝑛e in this region. On bottom is 
an electron-repelling sheath with positive 𝑈pl−𝑈PG, where the electrons 
remain in the plasma and are extracted more likely, causing higher 𝑗e. 
The temporal behavior of 𝑗e shows a strong increase in the first 100 s of 
the pulse, particularly on bottom, related to the 𝑛cs decrease. Lower 𝑛cs
provides higher 𝑈pl and respectively 𝑈pl −𝑈PG allowing more electrons 
being co-extracted. Therefore, the co-extracted electron current density 
is a strong interplay between potential and cesium distribution in the 
vicinity of the extraction. However, increasing PG and BP temperatures 
along the pulse stabilizes co-extracted electrons by providing a tempo-
ral increase of 𝑗e with a smaller slope, due to cesium redistribution. An 
option for further optimization of co-extracted electrons particularly in 
deuterium would be improved cesium delivery in the extraction region 
such as a cesium shower [22].
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