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A B S T R A C T

Here we report on efforts to improve performance and longevity of the Neutral Beam Injection (NBI) system by
initiating a R&D program aimed at studying the most common failure mechanism for the ion sources. To this end
a filament driven plasma chamber has been constructed with plasma parameters similar to the arc chamber of
NBI ion sources. A preliminary report of an investigation into the most common failure is presented here: The
failure mechanism observed during helium operations on DIII-D is the result of electrical breakdown of the
insulation material that separates the filament plates from the anode. The fault is reproduced in a table top
experiment analogous to the DIII-D NBI ion source in key parameters and proposals for amelioration of the issue
are discussed.

1. Introduction

Neutral Beam Injection (NBI) is used for non-inductive heating,
current drive, fueling, and diagnostics in most major present and future
magnetic confinement fusion devices. The NBI system of the DIII-D
device has eight NB injectors each delivering up to 2.5 MW to the to-
kamak.

The basis for the NBI injector is a hot cathode ion arc chamber [1] of
the Common Long Pulse Source design (CLPS) [2]. The CLPS, shown in
Fig. 1, was developed in the 1980’s and has not been revised since. The
principle of operation is a hot cathode comprised of 32 tungsten fila-
ments connected in parallel between two filament plates that are iso-
lated from each other by Mylar gaskets (Mylar is a heat resistant,
biaxially-oriented polyethylene terephthalate film). The filament plates
are in turn isolated from the anode plate and electron dump (back
plate) by isolation plates consisting of copper plates with a Mylar gasket
on each side. Another notable feature of the ion source is the probe
plate that is close to the extraction plane of the ion source. The purpose
of the probe plate is to hold six Langmuir probes that monitor the ion
density and provide a signal to the control circuit to keep the ion
density in the source constant during beam extraction. The probe plate
is also isolated from the rest of the source by Mylar gaskets.

2. Source reliability

The CLPS ion sources are subject to some level of deterioration due
to operation. The severity of this deterioration depends on the way the
device is being operated, such as duration, intensity, and background
gas, which is most relevant to this work. Deterioration can decrease
performance and may require repairs that are both cost and time ex-
pensive. Typically, when operated in deuterium or hydrogen, the
sources are refurbished at intervals of approximately one year.
Refurbishment entails replacing the insulation gaskets, broken fila-
ments and cleaning the internal surfaces of the arc chamber. However,
helium operation is far more problematic and the degradation of the ion
sources takes place rapidly after a few days of helium operation. An
example of reliability problems caused by operation with helium during
the Spring 2016 DIII-D experimental campaign is described in the next
paragraph.

The DIII-D NBI system was operated with helium from April 18th
through 22nd, 2016, but major issues prevented further operation. At
the start of this period six neutral beams were converted for helium
usage, but one source failed due to shorting of the chamber after only
firing four shots. A second beam failed after two days, resulting in the
decision to run the still-operational beams at a decreased performance
for the remainder of the campaign. Helium operation led to
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deterioration of the insulation between the electrodes of the source.
This reduced the plate-to-plate impedances from GΩs and MΩs to kΩs
and in some cases internal short-circuits. This damage can be seen in
Fig. 2, showing photographs of ion source damage at the failure points
indicated Fig. 1 sustained after helium operation. The black residue
around the breakdown spots is carbonized insulation gasket.

Helium discharges are desirable for some diagnostic purposes, as
well as to conduct research relevant for the ITER pre-nuclear phase.
ITER will initially run helium and hydrogen discharges [3] but the
ability of DIII-D to run helium plasmas is limited by poor performance
of the NBI system in helium, hence the motivation for this research.

3. Miniature arc chamber experiment (MACE)

MACE was conceived in order to develop solutions to the helium
issue as well as other potentially limiting issues germane to the arc
chamber. It was designed to be a flexible table top experiment analo-
gous to the CLPS in key parameters (see Table 1).

3.1. Design

In Fig. 3 an annotated overview of the components of the novel
source is shown. The vacuum compartments consist of the stainless
steel main chamber and the auxiliary chamber, which connects to the
pumping system. The cylindrical main chamber encompasses the
plasma volume, which is limited on the right-hand side by the copper
filament electrode plates and back plate, and on the left-hand side by
the copper plasma grid. The plasma grid can be moved up and down the
central z-axis of the cylinder to allow for a variable plasma volume. This
can affect the species densities and is desirable for experimentation.

The copper filament plates have internal connectors that support up
to 4 filaments simultaneously. This can be utilized during filament
deterioration studies involving a larger number of filaments running at
reduced power, which may improve filament lifetime.

The gas is injected through a port at the bottom of the chamber from
a gas introduction system consisting of three cylinders (D2, H2, He),
three massflow controllers and a manifold.

3.2. Control, diagnostics and data acquisition

An integrated control and data acquisition system was developed on
the Python platform for MACE. Several diagnostic systems collect data
during a discharge and return essential parameters that provide insight
into the physical processes. This is essential for the plasma character-
ization process, insulation breakdown investigation and any further
studies. Multiple electrical sensors provide critical discharge para-
meters such as current, voltage, and several filament properties. A
movable Langmuir probe provides plasma parameters as a function of
time and space that are used to characterize and compare the plasma in
light of the theory and beam source requirements (Fig. 4).

Fig. 1. Sectional view of Common Long Pulse Source with detail of arc and
filament plates.

Fig. 2. Damage on the 150° left arc chamber plate (top) and Mylar gasket. (b)
Damage on the 330° left arc chamber plate (bottom).

Table 1
Operational parameters and limits of both the MACE and CLPS sources.

Symbol Parameter MACE CLPS

Varc Arc Voltage (V) 0–160 0–120
Iarc Arc Current (A) 0–75 0–1000
Ifil Filament Current (A) 0–120 3000
P0 Gas Pressure (Pa) 1–10 2–4
Nfil No. of Filaments 2–4 32
Bcusp Cusp Field (T) 0.2 0.2

Gas H2,D2,He H2,D2,He
Pulse length (s) 500 15

Ne,Ni Plasma Density (m−3) < 1018 < 1018

Te Electron temperature eV 1–5 3–5

Fig. 3. Digital (CAD) design of the new ion source. The chamber volume is
approximately 2.3 L, with a diameter of 12.7 cm.

B.J. Crowley, et al. Fusion Engineering and Design 146 (2019) 1605–1609

1606



4. Insulation gasket failure study

The initial application of MACE is the investigation of the issues
surrounding helium operation, particularly the formation of arc spots
across the electrode gap. These arc spots, as known in literature [4],
arise as highly localized short-circuits between the cathode and anode,
and damage the insulation gasket separating these plates. They occur at
random locations around the chamber circumference (see Fig. 2). The
phenomenon of arc spotting in the CLPS design was described as early
as 1985 [5], during the initial commissioning. The sources were subject
to ‘frequent and severe’ arc spotting. At the time it was found that plate
materials with a higher melting temperature behaved more favorably in
terms of the damage and frequency of arc spots located at the electrode
gaps. Consequently several design modifications were made. The
modifications reduced the arc spotting severity to a level suitable for
source operation in deuterium and hydrogen.

4.1. Hypothesis

The main process of such an arc is the thermionic emission from a
relatively small, hot spot on the cathode. These are sometimes called
‘microspots’ in literature. Thermionic emission of electrons from the
metal plate surface is sustained by and grows due to ionic bombard-
ment heating. A certain threshold surface temperature initiates this self-
sustained arc, which is characterized by the condition that the emission
of electrons at that temperature is sufficiently high that the consequent
ionization and ionic bombardment supply the cathode spot with the
energy required to sustain the local temperature [4]. Several candidate
hypotheses are defined:

i Plate heating: It can be hypothesized that ionic bombardment of the
cathode plate heats areas of the metal surface to initiate sufficient
thermionic emission to ignite an arc.

ii Bombardment carbonization of gasket: Ionic bombardment leads to
carbonization of the gasket material, destroying the insulating
properties. A direct conductive path now exists from one electrode
to another. A current will run across this short-circuit, heating the
electrode plates and initiating thermionic emission.

iii Sputtered tungsten deposition: The filament undergoes erosion and
vaporization, especially during helium operation. This lost material
can be deposited on internal surfaces, coating the gasket with a
conductive layer. This conductive path can lead to failure, in a
process similar to the one described in hypothesis ii.

iv Cathode self-sputtering: Both the plate heating and gas breakdown
may be interpreted as a manifestation of (runaway) self-sputtering
of the copper cathode. Helium – and potentially argon – sputters

copper particles into the source. These sputtered copper particles
have a short ionization mean free path and consequently have a
certain probability to return and bombard the cathode surface,
creating a self-sustained self-sputtering effect [6]. The consequential
release of metal particles with a low ionization potential can lead to
the formation of a destructive metal vapor arc.

4.2. Failure replication

Each hypothesis involves a mechanism that becomes more severe
with increased arc voltage due to increased ion energies and/or sput-
tering. By ramping the arc voltage beyond 100 V it was possible to
reproduce the failure mode. This occurred at approximately 120 V.
During the arc event the discharge current spiked to>25 A while the
voltage dropped to a fraction of a volt. The initial observations were the
destruction of gasket material in a number of spots located at the in-
sulation-plasma interface. Examining the most severe spot (Fig. 5) it is
found that a small section of the sandwich of the stainless steel back
plate and the copper filament plate had become molten, indicating local
temperatures in excess of 1700 K. The arc spotting damage is similar to
that observed in CLPS insulation breakdown failures, as shown in Fig. 2.

4.3. Failure replication in MACE

During several dry runs (both with and without source gas), where
the source is run at high arc voltage without the presence of a plasma,
no arc spot formation is observed. As long as a tungsten coating or
gasket carbonization is not already present, this is in accordance with
the proposed hypotheses.

Some of the hypotheses proposed rely on the formation of a con-
ducting path from one electrode to another that is facilitated by the
insulation itself. Specifically, in hypotheses 2 and 3 the presence of and

Fig. 4. Typical discharge waveforms in helium, showing the arc and filament
electrical parameters (I&V), electron temperature and ion density obtained
from the Langmuir probe, and the pressure as a function of time.

Fig. 5. (Top) Arc spot damage across the insulation gasket on the MACE ion
source. The black residue is carbonized Mylar gasket. The Mylar is also molten
and fused to the stainless steel flange. (Bottom) Damage to the copper filament
plate.
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plasma interaction of a physical piece of gasket material is critical to the
failure mechanism. Thus, recessing the insulation and thereby reducing
the exposure of the gasket material to the plasma would improve the
reliability of the source. Observational analysis of the recessed gasket
indicates that arcing damage occurred around the entire circumference
of the chamber, and also inside the gap where insulation was removed.
The worst damage was located near the plate edge. The underlying
physical reason could be the stronger surface field near this sharp
feature. In conclusion, the manifestation of the failure mechanism at
work does not require the presence of a piece of exposed insulation
(Table 2).

The primary experimental observation relating to the motivation of
this work is that the source reliability is diminished during helium
operation, indicating that any applicable failure mechanism is more
severe under at least one of the conditions involved with helium op-
eration. These are the particular atomic properties of helium, such as
ionization energy, operation at higher arc voltages and at higher
background pressures. All hypotheses discussed are in agreement with
these conditions, however special consideration is required for the plate
bombardment heating mechanism. The temperature threshold upon
which thermionic emission becomes sufficient to sustain an arc is, in
conjunction with others, a function of the amplification enhancement of
electron current leaving the cathode. This amplification diminishes in
helium due to the increased ionization potential.

The arc spot breakdown takes place regardless of the presence of an
insulating gasket, i.e. regardless of the interaction between an in-
sulating surface and the plasma. From this can be deduced that
Hypotheses 2 and 3 are not the primary failure mechanisms. Moreover,
since these mechanisms accumulate on or affect the entire insulating
surface simultaneously, they are not dependent on the gap width. It was
found that, on the contrary, an increased gap width seems to reduce the
problem of arc spotting. This further decreases the likelihood of these
hypotheses.

In literature an empirical equation is found that relates to the
threshold current required for the formation of a metal vapor arc [4].
This equation is given by Imin= 2.5·10−4Tboil √ λ, in A, where Tboil is
the boiling temperature of the metal and λ the heat conduction coef-
ficient. Evaluating this threshold current yields 0.17 A for a stainless
steel electrode, 1.4 A for copper, and 1.9 A for tungsten. The dis-
crepancy between copper and stainless steel corresponds to experi-
ments, where it was found that the arc spotting between the steel
copper plates was more frequent and more damaging than between the
copper-copper plates. Furthermore, this equation agrees with the em-
pirical observation from [5] that electrode surface materials with
higher melting temperature are more breakdown resistant.

Taking into account all the above no firm conclusions can be made
on the outcome of the study yet, but the metal vapor arc formation
mechanism presented by Hypothesis 4 is strengthened by both past
empirical observations and the present study.

5. Conclusions and future work

Based on this preliminary conclusion several design modifications
that can mitigate the arc spot formation can be considered. The primary
method is an increase in gap width from 1mm to 12mm, which can be
achieved by replacing Mylar-Copper-Mylar insulating plate with a
ceramic (Macor or Silicon Carbide) insulating plate. Additionally, a
molybdenum shield covering the gap and overlapping the electrode
edges, as described in [5], could be developed and tested on the small
source. Furthermore placement of permanent high temperature mag-
nets in the electrode near the gap could be considered, which would
create additional magnetic cusps in the gap vicinity and reduce or en-
tirely prevent the ionic bombardment of the electrode gap that seems to
be at the root of the issue. Lastly, an analysis of potential coating ma-
terials, such as plasma sprayed ceramic, for the copper insulator plates
may provide a better arrangement than the current mylar-copper-mylarTa
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