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Abstract
In order to study the key technology and physics of RF driven negative ion source for neutral
beam injector in China, the Hefei utility negative ions test equipment with RF source was
developed at Institute of Plasma Physics, Chinese Academy of Sciences (ASIPP). Its negative
ion source can be equipped with single or double RF drivers. There is a plasma expansion
chamber with depth of 19 mm and an enhanced filter field. A three electrodes negative ion
accelerator was employed to extract and accelerate the negative ions, which are plasma grid,
extraction grid and ground grid. And there are several diagnostic tools for the plasma and beam
parameters measurement. The characteristics of plasma generation, negative ion production and
extraction were studied on the test equipment. The negative ion beam was extracted from the RF
driven negative ion source for the first time. The detailed structure and main results are presented
in this article.
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1. Introduction

The China Fusion Engineering Test Reactor (CFETR) is a
new fusion facility, which aims to bridge the gap between
ITER and fusion demonstration reactor (DEMO) and to rea-
lize the fusion power in China [1–4]. Neutral beam injection
(NBI) is one of the proposed heating and current driver sys-
tems for magnetic confinement fusion devices. According to
the latest physics design of CFETR, a deuterium neutral beam
above 0.8 MeV is demanded to support the current drive and
the plasma rotation. At that high beam energy, the common
positive ion source is not adequate due to a limited neu-
tralization efficiency below 10%, but the negative ion source
can still achieve a neutralization efficiency nearly 60% [5].
However, the challenge is the negative ions are harder to
generate and to handle than the positive ions [6]. The positive

ions can be directly produced through the gas discharge by
energetic electrons, while the generation of negative ions is a
multi-stage process (via the vacuum process or the surface
process) where the gas discharge is just the precondition. The
extraction and acceleration of negative ions is also more
complex than that of positive ions, on the problems of the low
extracted negative ion current density, the co-extraction of
electrons, the high stripping loss of negative ions, and so on.
Thus, the negative ion source has been one of the most critical
issues in the NBI R&D for decades [7–13]. Similarly, a
prototype negative NBI system of CFETR device will be
developed in China during the next 5 years.

Before the practice of the CFETR prototype injector, the
Hefei utility negative ion test equipment with RF source was
developed at Institute of Plasma Physics, Chinese Academy
of Sciences (ASIPP) [14]. The test equipment comprises
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negative ion source, vacuum vessel and auxiliary system,
power supply system, diagnostics system, and control and
data acquisition system (as shown in figure 1). Its negative ion
source has a similar structure with that of CFETR prototype
injector, but the size is about one-fourth. Its mission is to
understand the characteristics of the RF source operation and
the negative ions generation and extraction and to improve the
RF efficiency and the beam quality. Although the acceleration
voltage and the beam duration are limited due to the cap-
ability of the power supply and the pumping system, it is
flexible to test and to compare different concepts (e.g., dif-
ferent magnetic filter field, different co-extracted electron
deflection magnetic field, different electrode aperture shape)
with kinds of diagnostic techniques. Hence, the test equip-
ment can be utilized to optimize the physics design of the
CFETR prototype injector and minimize the risks of the
unsuccessful operation.

After two years of construction and assembly, the test
equipment has been commissioned since May 2017. Con-
sidered a stable plasma discharge is the guarantee of negative
ions generation, the high-power and low-pressure RF plasmas
were firstly achieved [15, 16]. The whole power supply sys-
tem [17] was debugged at the same time, including the RF
plasma discharge with isolating transform and the extraction
voltage based on a dummy load. And then, the negative ions
were tried to be extracted without cesium seeding, where the
negative ions were generated through the dissociations of the
excited hydrogen molecules H2* (called vacuum process)
and the yield of negative ions was low. The details of the
first extraction experimental results are described in this
article.

2. System description

Due to the achievements of the BATMAN and MANITU test
facilities at IPP-Garching [18–21], they were taken as refer-
ences during the design process of the test equipment here.
Besides, several mature techniques or instruments from the
EAST NBI system [22] were applied to the test equipment. It
is designed to allow a flexible diagnostic access and a utility
application to different design concepts.

The details of the negative ion source are described in
[23]. As shown in figure 2, it can be equipped one or two RF
drivers in which the plasma is generated through inductive
coupling. A 1 MHz RF generator is applied to supply the RF
power of 50 kW. The plasma generated in the driver then
expands into the plasma chamber of 65 cm (L)×26 cm
(W)×19 cm (H). A magnetic filter with two rows of per-
manent magnets divides the plasma chamber into expansion
region and extraction region [24]. It is used to suppress the
negative ion destruction by hot electron collisions and to
reduce the co-extracted electrons meanwhile [25–27]. To
generate sufficient hydrogen negative ions and to reduce the
amount of co-extracted electrons, the cesium is evaporated
into the source to produce the negative ions via the surface
conversion process [28–30].

The hydrogen negative ions can be extracted and accel-
erated up to 10+50 kV by the accelerator. The extraction
voltage power supply and acceleration voltage power supply
are independent. The beam extraction and acceleration sys-
tems comprise three grids: the plasma grid (PG), the extrac-
tion grid (EG) where the co-extracted electrons are deflected
out of the beam by embedded permanent magnets, and the
ground grid (GG) [31, 32]. Each grid is divided into 4 segments

Figure 1. The picture and the sketch of Hefei utility negative ion test equipment with RF source at ASIPP.
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and each segment has 5×6 apertures. The aperture geometry
of the grid system is based on the design of ITER NBI ion
source. The extraction area is 184 cm2 (i.e., the total area of the
apertures on the PG). To suppress the ratio between co-extracted
electrons and negative ions, the PG is positively biased against
the plasma generator [33–35]. Long-pulse RF plasma discharge
is feasible up to 1000 s, but the extraction pulse is under 10 s at
the moment due to the limitation of the pumping system.

The test equipment is equipped with several source and
beam diagnostics, as listed in table 1. The key parameters of
source plasma are mainly measured through the ports on a
diagnostic plate close to the PG. This plate is also used as the
bias voltage plate. In addition, some diagnostic ports on the
back plate of plasma chamber can be utilized during the single
driver operation. The high-speed CCD is used for the beam
monitoring during the operation. Whereas the quantitative
beam parameters such as divergence and uniformity are
obtained from the beam emission spectroscopy [36] using 2

lines-of-sight and a dedicated diagnostic beam dump with
infrared camera and thermocouple array [14].

3. Experiment results

3.1. Basic RF operation

A stable, high-density and uniform plasma is necessary for
the negative ions generation and extraction. The R&D on RF
plasma discharge was carried out step by step. Firstly, the
single RF driver and the matching network was tested via a
plasma chamber without accelerator. Besides the common
start filament method, a pressure control method was also
used for plasma ignition, where a high-pressure gas was
injected at the beginning of discharge for ∼1 s.

Secondly, the high-power RF plasma discharge was
pursued at a low-pressure below 0.3 Pa. The low-pressure

Figure 2. The 3D diagram of the negative ion source and the detailed geometry of the grid aperture. The distance units in all the figures of this
article are mm.

Table 1. Diagnostic system for the test equipment.

Diagnostic tool Parameter

Source diagnostics Langmuir probe (LP) Te, ne, nH+, Vp, plasma uniformity
Optical emission spectroscopy (OES) nCs, nimpurity, Te, ne, nH0
Cavity ring-down spectroscopy (CRDS) nH−
Thermocouple (TC) Temperature of source walls and PG
Calorimetry RF power transfer efficiency

Beam diagnostics High-speed CCD Beam profile
Beam emission spectroscopy (BES) Beam divergence, stripping loss
Infrared camera (IR) Beam divergence and uniformity
Thermocouple (TC) beam divergence and uniformity
Calorimetry with beam dump Je/JH−, beam power
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operation was specially required for the negative ion beam
source to minimize the stripping loss in the accelerator
[37, 38]. Consequently, the stable and repeatable RF plasma
discharge was achieved, with the incident power of >45 kW
for ∼10 s. The reflected power could be controlled under 5%
of the incident power.

Thirdly, the plasma discharge duration was further extended
up to 1000 s. But the obtained discharge power was limited to 10
kW during the long-pulse operation because the power deposi-
tion on the Faraday shield was extremely high. From the water-
flow calorimetry results, the heat load on the Faraday shield was
around 50% of the incident power. Thus, the current cooling
design of Faraday shield had to be upgraded. The Faraday shield
is installed inside the low dielectric tube to protect it against the
plasma heat load. A design of the water-cooled tube is under
development to avoid using the Faraday shield [39].

Finally, the isolation transformer and the accelerator were
installed for the RF plasma discharge, to determine the final
design parameters of the matching network. The major dif-
ference is the capacitor C1 was reduced from 19 to 4 μF with
the transformer. A typical waveform of the RF plasma dis-
charge is shown in figure 3.

3.2. Diagnostic system

An optical emission spectroscopy (OES) diagnostic system is
designed and employed to measure and optimize the source
plasma parameters, such as cesium density, impurity density,
and electron density and temperature [40]. For single RF
driver operation, a special OES system is installed on the back
plate of the plasma chamber. A periscope-like structure is
inserted into the chamber, to form the line-of-sight at different
depths. In addition, a collisional-radiative (CR) model is used
to calculate plasma parameters according to the emission

spectrum [41]. A little of argon and xenon gas (5% of total
injection rate) is puffed in the RF driver as the diagnostic gas.
It has been routinely applied to the basic RF operation, not
only during the studying shots, but also during the cleaning
shots and conditioning shots. Especially during the initial
testing, it is quite qualified for measuring the plasma features
at different operative conditions. The results based on CR
model under the same source pressure are shown in figure 4.
The line-average electron temperature and electron density is
about 4.5 eV and 3.5×1017 m−3 near the RF driver opening.
The measured values of OES are verified via a commercial
Langmuir probe (ESPion advanced Langmuir probe manu-
factured by Hiden analytical company). The Langmuir probe
was installed on the diagnostic plate and the accelerator was
not equipped during the verification. The measured electron
temperature and density via OES have the same order of
magnitude with that via Langmuir probe. The measuring
point of Langmuir probe is ∼15 cm downstream the sight of
light of OES. Due to the diffusion effect, the measured values
via Langmuir probe are a bit less than that via OES.

The cavity ring-down (CRD) is one of the laser absorption
spectroscopies and a very sensitive detection technique for
measuring small absorptions [42]. The line averaged density of
absorber can be derived from the difference of decay times of
laser signal with and without absorber. In the source plasma,
the negative ions are the major cause for the laser absorption by
the photo-detachment process. Thus, the CRD diagnostic sys-
tem of the test equipment is the major measuring technique for
hydrogen negative ion density (shown in figure 5). It consists
of the vacuum cavity with two high-reflectivity mirrors, the
laser light path and the matching detection and analysis system.
A pulsed Nd:YAG laser is selected and the wavelength is 1064
nm. The reflectivity of the two mirrors is 99.999%. A photo-
multiplier tube is placed behind one mirror. The length of the
cavity is 1.2 m and the length of the plasma region is supposed
to be 0.6 m. The typical CRD detection signals with and
without the source plasma are shown in figure 5. The ring-
down duration is 20.317 μs and 23.516 μs with and without the
source plasma, respectively. The calculated negative ion den-
sity is 5.2×1015 m−3 when the RF discharge power is 22 kW
and the source pressure is 0.4 Pa.

3.3. Negative ions extraction

The grid conditioning was carried out firstly without Cs
seeding. Because the high voltage power supply for the
negative ions acceleration was under maintenance, the nega-
tive ions were extracted only by the EG power supply.
Considered the large beam divergence with extraction only, a
beam dump was installed on the GG supporting frame. Such
an experiment design learned from the negative ion beam
extraction experiment of JT-60SA negative ion source [30].
The circuit topology of this experiment is shown in figure 6.
The extraction voltage was applied between the PG and the
EG. The EG and the beam dump were shorted. According to
the beam optics analysis, the sensing resistors R1, R2 and R3
were added in the circuit, to measure the drain current of the
EG power supply, the co-extracted electron current and the

Figure 3. The matching network for RF operation and a typical
waveform of RF plasma discharge.
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extracted negative ion current, respectively. At the same time,
the RF plasma discharge with double RF drivers was tested
during the experiment.

During the grid conditioning, the source pressure was
0.5–0.8 Pa and the RF discharge pulse before the extraction
was 2–3 s. The RF loaded power (= forward power− reflected
power), the extraction voltage, and the extraction pulse were
gradually increased. The impedance matching of the RF power
was a key factor in achieving the efficient grid conditioning,
and the typical waveforms are shown in figure 7. In the shot

No. 3953, the RF forward power was 22 kW but the reflected
power was high to 4 kW causing by an unsuitable impedance
matching. The plasma was ignited by the start filament, so the
gas was puffed in 5 s ahead of the RF power supply turning on.
The extraction voltage was –6.9 kV. The drain current was
91.9 mA, the co-extracted electron current was 79.6 mA, and
the negative ion current was 10.6mA. Each current signal had
a large fluctuation, which was induced by the mis-matching RF
plasma discharge. Consequently, the beam extraction was stop
at 1 s even though the set value of beam pulse was 2.5 s. For
comparison, a shot with low reflected power (No. 3982) is also
shown. The RF forward power was 17 kW and the reflected
power was only 0.5 kW. Under this condition, the ripples of
drain current and co-extracted electron current were obviously
smaller.

The experimental results indicated that the drain current,
the co-extracted electron current, and the extracted negative
hydrogen current were increased with the RF loaded power
and the extraction voltage, as indicated in figure 8. The
highest negative hydrogen current was above 10 mA. The

Figure 4. The variation of the electron temperature and electron density with RF power measured via OES and Langmuir probe.

Figure 5. The typical CRD detection signals without and with
plasma.

Figure 6. The circuit topology of the preliminary experiment of
negative ions extraction.
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extracted current ratio of electron to ions was decreased with
the RF loaded power (from 12 to 7). However, there were
some unexpected results that did not accord with such these
variation trends. For example, at the RF loaded power was
21 kW, all the extracted currents were unusually low. One of
the major reasons was also the unsuitable impendence
matching. It induced not only a low coupling power but also a
large fluctuation.

4. Discussion and summary

The Hefei utility negative ion test equipment with RF source
has been constructed completed and started a commissioning.
During the basic RF operation with single driver, a stable
plasma discharge has achieved at the required low-pressure
and high-power condition. But the loaded power in the long-
pulse RF operation was limited because the heat removal of

Figure 7. The typical waveforms of the negative ions extraction with high (No. 3953) and low (No. 3982) RF reflection power.

Figure 8. The variation of the drain current (square), the co-extracted electron current (upper triangle), the extracted H− current (lower
triangle) and the e/H− ratio (round) were increased with extraction voltage and RF loaded power.
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Faraday shield was insufficient. The self-developed diagnostic
systems, OES and CRD, have passed the debugging test and
been in-serviced. Combined with other conventional diagnostic
systems, they could give the key plasma parameters (e.g. ne, Te,
nH−) in the source body. The grid conditioning and the double
RF drivers operation were carried out at the same time. During
the experiment, only the extraction voltage was used and the Cs
seeding was not applied. The co-extracted electron current and
the extracted H− current were both increased with the RF loa-
ded power and the extraction voltage. But the e/H− ratio had a
declining trend from 12 to 7. The highest H-current was above
10 mA. Such an extraction efficiency (i.e. ratio of negative ion
current to RF power) without Cs seeding was lower than the
other negative ion sources [43].

During the commissioning, the largest problem was the
unsuitable impedance matching under the double drivers
operation. As mentioned above, it induced an unstable plasma
discharge and a series of resulting problems. When searching for
the reasons of the unsuitable impedance matching, it was found
that the plasma discharge was unbalanced in the two drivers.
Hence, there are two major lines in the next experiment cam-
paign of the test equipment. One will pursue a stable low-
pressure and high-power plasma discharge with double RF
drivers. The other will focus on the characteristics of negative
ion extraction with single RF driver.
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