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Arc discharge of a hot cathode bucket ion source tends to be unstable what attributes to the filament
self-heating and energetic electrons backstreaming from the accelerator. A regulation method, which
based on the ion density measurement by a Langmuir probe, is employed for stable arc discharge
operation and long pulse ion beam generation. Long pulse arc discharge of 100 s is obtained based
on this regulation method of arc power. It establishes a foundation for the long pulse arc discharge
of a megawatt ion source, which will be utilized a high power neutral beam injection device.
© 2012 American Institute of Physics. [doi:10.1063/1.3676655]

I. INTRODUCTION

A megawatt high current ion source is the most impor-
tant part of the neutral beam injection device. A hot cath-
ode bucket ion source is one of the most famous ion sources,
and widely used for the neutral beam injector.1–4 With the
development of the controlled fusion science, megawatt ion
sources are needed to operate in a long pulse mode, and even
in a steady-state mode. In these modes of operation, the beam
power will reach several megawatts, and the arc current will
reach kilo-amperes. For the hot cathode bucket ion source op-
erating in a pulse mode, the intrinsic characteristic is the slow
rise of the arc and beam current during the pulse length, what
contributes to the cathode self-heating and the energetic elec-
trons backstreaming from the accelerator into the ion source
arc chamber. In order to obtain good ion optical characteris-
tics of the ion beam, the arc plasma density, hence arc current
needs to mach the extraction voltage, therefore, the arc current
has to be kept stable. In this paper, we present the typical ion
source operation mode and the mode with the arc power reg-
ulation based on the Langmuir probe measurement.5 A stable
long pulse of 100 s is obtained providing solid foundation for
the beam generation and extraction in the future ion source
performance tests.

II. REQUIREMENT OF REGULATION AND
THE PHYSICS OF MEGAWATT HOT CATHODE
ION SOURCE

The experimental advanced superconducting tokamak-
neutral beam injector (EAST-NBI) ion source is developed
and has primarily been tested.6 The arc discharge circuit of the
power supply system of the EAST-NBI ion source is shown
in Fig. 1. There are 32 pure tungsten filaments installed in
the ion source. Each filament is 160 mm long with diame-
ter of 1.5 mm. The arc and filament power supplies are con-
nected to the common cathode terminal, so the filament will
be extra heated because of the arc current flow through the

a)Author to whom correspondence should be addressed. Electronic mail:
xieyh@ipp.ac.cn.

negative leg of the filament. The filament self-heating causes
the increase of arc current and the discharge becomes unsta-
ble. When the ions are extracted, the electrons, which include
background electrons and secondary electrons when ions im-
pact the girds, are accelerated back into the arc chamber and
heat the plasma resulting in further growing instability. Ions
of the plasma near the plasma grid are used for extraction, and
the density is expected to be uniform and stable over the beam
pulse duration. Thus, the arc discharge has to be regulated to
achieve stable ion source operation, by using the ion current
density in the extraction area to feedback into a system con-
trolling the ion source arc discharge. In order to better under-
stand the regulation principle of the ion source, the physics of
ion source operation is introduced first.

A hot cathode ion source is composed of a plasma gener-
ator and accelerator. The ions of the plasma, generated in the
arc chamber, are used for extraction and acceleration to form
an ion beam. The principle of the plasma generation is based
on the gas discharge theory.7, 8 The filament works as the cath-
ode, emits electrons when heated. The elections are acceler-
ated by the electric field and ionize the neutral gas to generate
electron-ion pairs and form the plasma. The primary electron
density can be given by the Richardson-Dushman equation,

Jpe = AT 2 exp(−ϕ/kT ), (1)

where A = 120.4 A cm−2 K−2 is the Richardson’s constant,
eϕ = φ = 4.55 eV is the work function of tungsten, k is
the Boltzmann constant. Equation (1) presents the relation-
ship between filament temperature and the primary electrons
current density.

The plasma generation is a complex process and has been
described with some simplifying assumptions and can be seen
simplified in the literatures.9–12 Primary electrons ionize the
gas to generate plasma ions and electrons, and the ions and
electrons generation rate can be presented as follows:

Re = n0n pe〈σcv pe〉V + 2n0n pe〈σi v pe〉V + n pV/τ, (2)

Ri = n pen0〈σi v pe〉V . (3)
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FIG. 1. (Color online) Circuit of the arc chamber power supplies of the
EAST-NBI ion source.

Here npe is the primary electron number density, n0 is the
density of neutral gas in the arc chamber, V is the arc chamber
volume, 〈σ cvpe〉 is the sum of all inelastic collision reaction
rate coefficients averaged over the velocity distribution of
the primary electrons, 〈σ ivpe〉 is the ionization reaction
rate coefficient averaged over the velocity distribution of
the primary electrons, and τ is the lifetime of the primary
elections in the magnetically confined discharge chamber. It
can be seen from Eqs. (2) and (3) that the ion and electron
generation rate are ruled by the primary electron number
density, neutral gas density, and the collision reaction rate
coefficients.

In the arc chamber, the ion or electron generation rate is
equal to the corresponding lost rate, so the arc current can be
written as

Ie = en pen0(2〈σi v pe〉 + 〈σcv pe〉 + n pe/τ )V, (4)

Ii = en pen0〈σi v pe〉V . (5)

Equations (4) and (5) can be used to calculate the arc cur-
rent. It can be seen that, the primary electron density npe,
the neutral gas density n0, and the electron energy repre-
sented by the term 〈σvpe〉 can affect the arc current. Further-
more, the energy of electrons is obtained from the arc volt-
age when they cross the filament double sheath.13 Thus, the
arc voltage is the effectual factor in affecting the arc plasma
generation.

III. ARC DISCHARGE REGULATION OF HIGH
CURRENT ION SOURCE

Stable arc discharge is the foundation for attaining long
pulse operation of the ion source. It requires the ion num-
ber density of the plasma to remain stable during the arc dis-
charge, which means that the arc current waveform remains
much smoother. The above described discharge model shows
that, the ion number density produced in the arc chamber is
proportional to the primary electron number density, the neu-
tral gas density, and the collision reaction rate coefficients,
which controlled by the filament temperature, neutral gas in-
let rate, and arc voltage. It provides a way of controlling the
ion production for achieving stable arc discharge plasma. The
ion density can be measured by a classical Langmuir probe
and the ion saturation current can be used as the only refer-
ence to regulate the arc discharge.

FIG. 2. Block-diagram of the arc discharge regulation system.

According to the discharge model, the arc voltage is used
for regulating the plasma density because it has fast response
(microseconds) and does not effect the beam extraction. The
regulation block-diagram which is based on the Langmuir
probe measurement is shown in Fig. 2. The ion saturation
current is measured by the Langmuir probe near the plasma
grid applying the probe bias voltage 25 V relative to the com-
mon filament node of the power supplies, and compared with
the control signal (set by an operator) to produce the regula-
tion signal. The regulation signal is used for regulating the arc
power supply output for restraining the change in the plasma
density and achieving stable arc discharge. During the exper-
iment, the regulation circuit functions all the time to maintain
the required plasma density and stable ion source operation.

The ion source experiment has been conducted with and
without the regulation circuit. The results are shown in Fig. 3.
It can be seen that, the arc current and ion saturation current
increases without regulation during the pulse length, however,
is much smoother with the regulation. When without regula-
tion, the arc current increases from 340 A to 450 A in 1 s,
what is more than 30% increase. As can be seen in the figure,
the ion saturation current has the same increasing tendency.

When the regulation circuit functions, the ion saturation
current is used for regulating the arc power supply output. The
arc voltage output drops down form 135 V to 85 V to prevent
the increase of ion saturation current and arc current. After
about 200 ms of regulation, the ion saturation current reaches
equilibrium and the arc discharge is much stable, which can

FIG. 3. (Color online) The waveforms of arc discharge with and without
regulation. Dash line: with regulation, solid line: without regulation.
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FIG. 4. (Color online) Langmuir probe ion saturation current as a function
of arc power.

be seen in Fig. 3. As a result, the arc current and ion saturation
current are much smoother during the pulse length.

In order to study the relationship between the probe ion
saturation current (when the plasma gets into equilibrium con-
dition) and the arc power, the control signal was changed dur-
ing the experiment. The corresponding experimental result is
shown in Fig. 4. The Langmuir probe ion saturation current
increased linearly with arc power. Based on this relationship,
the ion source can be controlled and regulated to get required
plasma easily.

Based on this regulation circuit, a 100 s pulse arc dis-
charge of 300 A is obtained on EAST-NBI ion source. When
the arc discharge gets into equilibrium condition, the wave-
forms of arc voltage, arc current, and ion saturation current are
much smoother. It shows that, the regulation method based on
ion density measurement works successfully for arc discharge
stabilization.

IV. CONCLUSION AND DISCUSSION

A megawatt high current arc discharge ion source be-
comes unstable and a regulation method should be employed
for the stable long pulse arc discharge and ion beam genera-

tion. The method is based on the diagnosis of the arc plasma
ion saturation current, which is measured by a Langmuir
probe. Three parameters can be regulated to achieve stable
long pulse operation of the ion source. In the present experi-
ment, the arc voltage is used for regulating the arc discharge.
The results show that, with this type of regulation, the ion
saturation current and the arc current are much smoother and
generate stable long pulse arc plasma of 100 s. It provides
good foundation for stable operation of the EAST-NBI ion
source. The experiment results have proven the success of the
developed regulation method, which is important for the fu-
ture arc discharge and beam extraction tests on the EAST-NBI
ion source.
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