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Abstract The neutral beam injection (NBI) system was developed on the Experimental Ad-
vanced Superconducting Tokamak (EAST) for plasma heating and current driving. This paper

presents the brief history, design, development, and the main experimental results of the R&D of

neutral beam injector on the test bed and on EAST. In particular, it will describe: (1) how the
two beamlines with a total beam power of 8 MW were developed; (2) the design of the EAST-NBI
system including the high power ion source, main vacuum chamber, inner components, beam diag-

nostic system and sub-system; (3) the experimental results of beamline-1 on the summer campaign
of EAST in 2014 and, (4) the status of beamline-2 and the future plan of EAST-NBIs.
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1 Introduction

The Experimental Advanced Superconducting Toka-
mak (EAST) is the first full superconducting tokamak
in the world =3, Tt was designed to operate with a
1 MA plasma current, 1000 s pulse length, and high
elongation and triangularity. The scientific mission of
the EAST project is to study the physical and engi-
neering issues involved in steady-state operation, and
to give technological support for fully superconducting
future fusion reactors, such as ITER or DEMO. In order
to achieve the scientific missions of the EAST tokamak,
high power plasma auxiliary heating tools are needed,
except for the ohmic heating.

The neutral beam injection (NBI) is one of the
plasma heating tools that is used in fusion science [4.
It has a high plasma heating efficiency and clear phys-
ical mechanisms. Consequently, it has often been used
as a plasma heating tool in fusion research devices all
over the world P~8l. ITER is an international fusion
research device, which has 33 MW high neutral beam
power for plasma heating ). JET has two beamlines
with a total beam power of 3¢ MW, which is the high-
est power system on a fusion research device ', The
KSTAR is another superconducting tokamak, which
will develop a long pulse neutral beam injector of 300 s
with beam power of 8 MW 1], The ASDEX-U also

has a neutral beam system with beam power of 18 MW.
The JT-60U has several beam lines with a total beam
power of 40 MW [12I and the DIII-D has four beam
lines with beam power of 20 MW 13, In China, the
HL-2A has a beam line with beam power of 3 MW. A
5 MW beam power NBI system is currently under de-
sign for the HL-2M . On the EAST, two beam lines
with beam power of 8 MW need to be delivered into
the core plasma 15

2 Overview of EAST-NBI
system

There are two NBI injectors with total beam power
of 8 MW installed on the EAST tokamak to support the
physical research %, The NBI-1 was proposed in 2008
and was approved by the central government in the mid-
dle of 2010 (financial support was given by the national
development and reform commission). The NBI-2 was
proposed in 2012 and approved and supported by the
ministry of science and technology of the People’s Re-
public of China in the beginning of 2013. The two beam
lines are designed with tangential injection, which can
be seen in Fig. 1. The injection directions of two beam
lines are different to form the balance injection.

*supported by the National Magnetic Confinement Fusion Science Program of China (No. 2013GB101000, Sub-Contract
No. 2013GB101001), National Natural Science Foundation of China (No. 11405207) and the International Science & Technology Coop-

eration Program of China (No. 2014DFG61950)



Fig.1 The bird view of EAST-NBIs

The two beam lines have the same structure 7], The
NBI-1 was installed on the EAST in the summer of 2013
and the first neutral beam was injected into the EAST
plasma in August 2014. The NBI-2 now is under as-
sembly and it will be finished in April 2015. According
the schedule of EAST experiment, the NBI-2 will inject
a neutral beam into the EAST plasma in May 2015.

2.1 The design of the EAST-NBI sys-
tem

The EAST-NBI system includs two beamlines. Each
beamline has the same structure and was shown in
Fig. 2 8], The main design parameters can be seen in
Table 1. The beamline consists of two ion sources, one
vacuum chamber, two neutralizers, two bending mag-
nets, two ion dumps, and two calorimeters. The NBI
system also has many sub-systems, incluing a vacuum
pump system, a control and data acquisition system,
a diagnostic system, a gas puff system, a power sys-
tem, and a cooling water system. One beamline has
two ion sources. Each ion source has an independent
beam channel and can be operated independently.
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Fig.2 Schematic view of EAST-NBI

Table 1. The specifications of the EAST-NBI system
No. Items Specifications

1 NBI length 5800 mm

2 NBI width 2400 mm

3 NBI height 2400 mm

4 Weight 50 ton

5  Ion source number in 2

one beam line

6  Beam cross section 12 cm X 48 cm

7  Beam species Deuterium

8  Beam energy 50-80 keV

9  Beam length 10-100 s

10  Neutral beam power 2-4 MW

(vary with beam energy)

2.1.1 The high power ion source

The hot cathode bucket ion source was employed on
the EAST-NBI 19, A schematic map of the ion source
is shown in Fig. 3. The ion source contains a rectan-
gle structure arc chamber and a four stage accelerator
with slit type. There are 32 filaments installed on the
top of ion source. Each filament is 160 mm long with
diameter of 1.5 mm. The permanent magnets made of
SmCo with intensity of 3500 Gs are installed surround
the arc chamber and the electron dump to confine the
plasma. The total loss area is about 1216 cm? (consid-
ering the multipole magnets) and the plasma volume is
about 35.5 cm?®.

plasmagrid, | .
ent -
are cathos magnetic bucket
exit grid
IS
plasma generator accelerator g
cooli
water
electron dump
insulator plat .
tosulatorplates filaments(32) langmuir probes _
L_JL JL — ] — J
4.5cm 9cm 25¢cm 29cm

Fig.3 The schematic map of hot cathode bucket ion source
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The tetrode accelerator with slot apertures was used
on the EAST-NBI ion source 292!, Tt contains a
plasma grid (PG), a gradient grid (GG), a suppres-
sion grid (SG), and an exit grid (EG), which form the
extraction-acceleration-deceleration electrostatic struc-
ture. The GG is used to adjust the extraction electric
field by changing the voltage applied on GG. The SG
is used to suppress the electrons getting into the arc
chamber. The accelerator with slot apertures has high
transparency (60%). The cooling water of the accel-
erator goes through the inner pipe of grid, so it has
good heat-removal efficiency. The designed beam ex-
traction area is 12 cmx48 cm, and it can be adjusted
by changing of the plasma gird mask plate. The plasma
grid was designed with circular cross section, and was
changed to a diamond cross section in 2014. The main
size of the accelerator can be seen in Fig. 4. The beam
divergence angle in Y direction as a function of beam
perseverance of hydrogen gas was tested with a circular
shaped and diamond shaped PG, and the results are
shown in Fig. 5.
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Fig.4 Schematic map of accelerator for the high current
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Fig.5 Divergence angle of Y direction as a function of
beam perseverance of beam energy of 50 keV

2.1.2 The main vacuum chamber and inner
components

The main vacuum chamber has three parts in a cylin-
drical shape with a diameter of 230 cm, which can be
seen in Fig. 2. The first part is 180 cm long, the second
part is 76 cm long, and the third part is 79 cm long.
Two ion sources are connected with the first part with
two ion source isolation valves. Other beamline inner
components are installed in the main vacuum chamber,
which can be seen in Fig. 6 18], The rear cryopump,
neutralizers, and ion dumps are installed in the first
part. The bending magnets are installed in the second
part, and the calorimeters and the front cryopump are
installed on the third part. Besides, there are many
ports, which are used for the cooling water inlet and
outlet, the diagnostic and power supply signals con-
nection, and spectral diagnostics. The main vacuum
chamber is connected with the EAST tokamak via the
drift duct.
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lon Dump
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Fig.6 A schematic draw of inner components of beam line



The neutralizer is used to transfer the positive ions
into energetic atoms by capturing an electron. The
EAST-NBI neutralizer is a rectangular structure with
480 mm width, 140 mm height, and 930 mm length.
The gas target thickness in the neutralizer is from
3x10* em™2 to 9x10'® em~2. In order to get an op-
timum neutralizing efficiency, extra gas needs to be
puffed into the neutralizer. The nominal gas pressure
at the entrance of neutralizer is 0.05 Pa, and at the end
of the neutralizer it is 0.03 Pa.

When the neutral beam can only pass through the
powerful magnetic area in the EAST tokamak, the un-
neutralized ions need to be removed. The bending mag-
net with 180 degrees bending angle was designed to
bend the ions in the mixed beam from the neutral-
izer. According to the ion beam parameters, an “H”
shaped dipole magnet was designed with magnetic field
of 1900 Gs. The magnetic field uniformity is higher
than 85%. The maximum bending radius is 42 cm with
the beam energy of 80 keV. The size of the magnet
pole section is 140 cm x50 cm with a gap of 20 cm, con-
sidering the beam divergence. In order to remove the
heat load on the magnetic coils, an active cooling wa-
ter supply is designed. Meanwhile, the magnetic pole
shield was mounted to protect the coil from the ener-
getic beam.

When the beam passes through the bending mag-
net, the neutral beam goes straight and the ion beam
is reflected by 180 degrees to the ion dump. In order to
measure the beam parameters, such as beam power and
beam profile, a moveable calorimeter was mounted in
the downstream of beading magnet. When the neutral
beam needs to be injected into the EAST plasma, the
calorimeter should move down from the beam channel.
The calorimeter and the ion dump have high power de-
position, so they are designed with “V” shape to reduce
the power density per unit area.

The ion dump consists of two pieces of panel with
119 cm length, 66 cm width and 50 cm height. The
beam entrance area is 61 cmx36 cm. The total area is
about 3.2 m2. The ion dump is actively water cooled
and the maximum temperature in the surface is less
than 420 K [22I. On the back-plate of the ion dump, 40
thermocouples are installed to monitor the temperature
rise.

The calorimeter has a similar structure to the ion
dump. The two pieces of the panel are 77 cm length,
49 cm width, and 5 cm thickness. The beam entrance
area is 49 cmx28 cm. The total area is about 2.5 m?2.
There are 40 thermocouples installed in the back-plate
of calorimeter to deduce the beam profile, beam diver-
gence angle, and beam power.

Two cryopanels are mounted in the main vacuum
chamber to supply high speed vacuum pump. Two cry-
opanels were developed for the structure of the EAST-
NBI vacuum chamber, which can be seen in Fig. 7. The
rear cryopanel is circular in shape with an area of 8 m?.
The front cryopanel is a plate shape with an area of
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6 m?. The flow direction of liquid nitrogen and helium
is shown in Fig. 8. The total pumping speed is about
1.4x10° L/s when the helium temperature is 3.8 K. The
vacuum pressure can reach to 1x107 Pa.

Fig.7 A schematic drawing of the cryopanels for EAST-
NBI
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Fig.8 Sketch map of flow direction of liquid N> and He

2.2 Sub-system of EAST-NBI system

Several sub-systems are employed for the operation
of EAST-NBI system, including the control and data
acquisition system, the power supply system, the water
cooling system, and the diagnostic system.

2.2.1 Control and data acquisition system

In order to support the EAST-NBI experiment, a
distributed control system is employed (3], The archi-
tecture of the control system can be seen in Fig. 9. It
has three control layers: the remote monitoring layer,
the server control layer, and the video monitoring net-
work and the field control layer. Through the control
system, the two ion sources can be operated individu-
ally.



HU Chundong et al.: Overview of Development Status for EAST-NBI System

—— —_ — = . — —_ —_
{ Remote Monitoring Level AN
| |NBI Experimental Operation PC I
Thermal WinCC Physi lyti I . hrp
e rma ysics analytic : : s
| | Vacuum Term [ [ 4o oe T Workstat ion B f Video Monltorlng\\
Level |
Video
l Moni tor |
- ____ Bthernet _ _ _ _ _/l
Optical] Fiber Op ticall Fiber Optical] Fiber |
~ T - - -
{ Sever Control [Level N I
Y Y - Video
Control Data Historic Server I
Server Server Database ,
~ —_ — — —_ | Optical Fiber

Opticall Opticall

Ehternet

Ethernet

High
Voltage
System

Beam
Diagnostic |

Sy stem

Ion Source
Auxiliary
Power

Vacuum
& Cryogenic
Monitoring

Gas
Supply

Supply

Data
Acquisition
System

Interlock
&
Protection

Field Control Level

|

|

)
—_—

Fig.9 Architecture of the NBI control system

Data acquisition is used to supervise many of the
parameters as well as the status of the EAST-NBI sys-
tem [24. Considering the elements distributed at sev-
eral places, a distributed data acquisition system was
employed that contains the field instrument and mea-
surement devices, the servers, and the remote data pro-
cessing terminals. All of the data can be collected and
displayed in the control room.

2.2.2 Water cooling system

The water cooling system used to remove the heat
load on each power deposition parts, including ion
source, neutralizer, ion dump, calorimeter, drift duct
and the beam collimators. The accelerator of EAST-
NBI uses molybdenum material. So, the cooling water
for the ion source is deionized water with a low oxy-
gen content, whose electrical resistivity is larger than
4 MQ-cm and whose oxygen content is less than 10 ppb.
For the beamline, the deionzed water with 4 MQ-cm
will be enough. The water flow rates for the ion source
and beamline are 14 L/s and 35 L/s, respectively.

2.2.3 Power supply system

The power supply system consists of low voltage
power supply and high power supply, and the speci-

fication can be seen in Table 2 [25],

Table 2. Specifications of the EAST-NBI power supply

system
Items Voltage  Current
Filament power supply 20V 5.5 kA
Arc power supply 200 V 3 kA
Snubber power supply 30V 150 A
Accelerator power supply 100 kV 100 A
Suppressor power supply —4 kV 20 A
Bending magnet power supply 80V 600 A

The filament and arc power supply works at the high
voltage potential of the accelerator power supply, which
has a solid state architecture. In order to start the beam
easily, the notch technology was employed on the arc
power supply. This can also be regulated during the
operation of the ion source for stable and long pulse
operation [26:27],

2.2.4 Diagnostic tools [28—31]

In order to measure the plasma parameter and the
beam quality, several diagnostic tools are employed on
the EAST-NBI system, which are listed in Table 3.

Table 3. The diagnostic tools and their functions on EAST-NBI
No. Items Functions
1 Langmuir probe Plasma density, electron temperature, plasma uniformity
2 Spectrum diagnosis Beam species, beam divergence angle, beam energy
3 Water flow calorimeter Beam power deposition
4 Thermocouple measurement Beam profiles, beam power
5 RGA system Working gas purity, background gas components

821



3 The performance of EAST-
NBI

The ion source is a precision part and it needs to be
conditioned. An ion source test bed was developed and
used to condition the new ion source and to optimize
the performance of the ion source [¥273%! which can be
seen in Fig. 10.

So far, five ion sources have been tested on the ion
source test bed. Two ion sources were installed on the
NBI-1, one is a backup source and two will be installed
on the NBI-2.

Hydrogen is used on the ion source test bed because
of the neutron radiation, while deuterium is used on the
EAST-NBI. The performance of the ion source tested
in the test bed with hydrogen is shown as follows.

The I-V characteristic of tungsten filaments of each
ion source was tested. In general, the filament cur-
rent can reach 3200 A with 32 filaments when 6.5-8.2 V
are applied on the filaments. Each filament has 100 A
current and can generate a high power plasma when
the filament works in the emission limited mode. The
arc voltage was regulated by the Langmuir probe and
was typically 80-100 V. The typical beam current and
arc current as a function can be seen in Fig. 11. The
plasma generated in the arc chamber with arc current
of 400-1100 A can deliver a 20-60 A ion beam. The
optimum beam perseverance was investigated during
the ion source tests, the optimum beam perseverance is
2.7 uP (uP=A/V?3/2x10%) with a divergence angle of
1.2 degrees.

The beam fractions were measured with the Doppler
Shift Spectroscopy (DSS) system. The lens was in-
stalled at the exit of the neutralizer cell. The deuterium
beam fractions were measured on the EAST-NBI and
the results are shown in Fig. 12. Tt can be seen that the
proton ratio was increased with the increase of the beam
energy. The powers of the neutral beam components of
D(E), D(E/2) and D(E/3) are not easy to be measured
directly. It can be estimated by the D*:DJ:DJ ratios,
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the neutralizer target density (neutralization efficiency)
and the transmission. The energy per nuclear of the
D(E/2) and D(E/3) is 1/2 and 1/3 of D(E), respec-
tively. Considering that the nucleon number of D(E/2)
and D(E/3) is two and three times that of D(E), the
neutralization efficiency of DT, D;, D;‘ and the trans-
mission efficiency of D(E), D(E/2) and D(E/3) are simi-
lar (beam energy less than 80 keV). So, the power ratios
of the neutral beam components of D(E), D(E/2) and
D(E/3) are almost the same as the D*:D5:D7 ratios.
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Fig.12 The deuterium beam fractions as a function of

beam energy

Thermocouples were installed on the beam power
deposition components, including the collimators, neu-
tralizer, magnet pole shields, drift duct, ion dump, and
calorimeter. They are used to monitor the tempera-
ture rise and to calculate the deposited beam power.
The typical beam deposition on the NBI inner compo-
nents was measured with beam energy of 50 keV and
the results are shown in Fig. 13. An extracted ion beam
power of 58 % was deposited on the calorimeter. The
beam power loss on the duct collimator and drift duct
was estimated as 1.3 % and 1.5 %, so the injected beam
power can be estimated at about 55 %.



HU Chundong et al.: Overview of Development Status for EAST-NBI System

Source 1.7% Baffle 1-3% Magnet 9.1%
collimator collimator colllmators

AN
\ N
's%Tjrce o 21% \ / N

I Neutralizer II
PR AL o o

ii" | 1

lon return
collimator

Charged *
particles

UsboIpAH 10
AAAN

Magnet pole
shlglds poie 4

10.4%

Gas
supply

I colllmator I

cccccc Drift
duct

I . I Tokamak

Calorimeter
58%

4

‘4

., Magnet

% louvres

"

Fig.13 The beam power deposition on the NBI inner components

The beam profile was measured with the thermocou-
ple installed in the back of plant of the calorimeter, typ-
ical results are shown in Fig. 14. The beam energy is
50 keV, ion beam power is 1.5 MW, beam perseverance
is 2.76, and the beam divergence angle is 1.55 degrees.

The high beam power and long pulse operation of ion
source was also tested in the test bed. A 4.8 MW hydro-
gen beam with beam energy of 85 keV was extracted,
which can be seen in Fig. 15(a). The long pulse beam
extraction needs to be modulated because of the high
power deposited on the calorimeter. A 1.5 MW beam
was extracted with a beam energy of 50 keV (shown in
Fig. 15(b)). Because of high power deposited on the
calorimeter, the beam needs to be modulated. The
modulation frequency is 0.5 Hz with a duty ratio of
10%.

The NBI-1 was assembled on the EAST in September
2013 (shown in Fig. 16) and it injected its first neutral
beam in July 2014. The H-mode plasma was achieved
with NBI heating only with a deuterium neutral beam
power of 1.7 MW.
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Fig.16 Picture of NBI-1 on the EAST experimental hall

The NBI was also used to maintain the long pulse H-
mode plasma with other auxiliary plasma heating tools.
A 22 s long pulse H-mode plasma was achieved with the
NBI heating and the Low Hybrid Wave (LHW) heat-
ing. The two ion sources of the NBI alternately used an
extract beam with 1 Hz frequency and 50% duty ratio.
The injected beam power is about 0.6 MW for each ion
source. In the summer campaign of the EAST physical
experiment, the highest deuterium neutral beam power
injected into the plasma was 2.6 MW with a beam en-
ergy of 63 keV.

The NBI-2 has a similar structure to NBI-1. The
assembly of the NBI-2 is now finished, including the
beamline support, the main vacuum chamber, and all
of the inner components. The two ion sources for the
NBI-2 have already finished being conditioned. They
will be installed on the beamline at the end of April,
and the integral tests of NBI-2 will follow.

4 Discussions and future plan

The EAST-NBI system delivered high power into the
EAST plasma and achieved H-mode plasma. However,
the beam power did not reach the designed power of
4 MW because the plasma density was not high enough.
Besides, the injection efficiency of EAST-NBI system is
about 68%, which also needs to be increased.

At present, the integral assembly of the NBI-2 in
the port F is almost finished. In the near future, the
NBI-2 will be tested and operated with NBI-1 on EAST
plasma. The related research includes a plasma heating
study with NBI-2 and two beamlines, a plasma rota-
tion study, a neutron production study by two beam-
lines, a fast particles slowing-down time scale study, a
plasma pre-ionization study with NBI, and a study of
the plasma heating characteristics with NBI and other
auxiliary heating tools.
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5 Conclusions

The EAST-NBI system has successfully been devel-
oped in the ASIPP. An ion source test bed was devel-
oped for the ion source conditioning and optimization.
In total, five hot cathode bucket ion sources were devel-
oped and tested on the ion source test bed, which indi-
vidually achieve 4 MW beam power and long pulse op-
eration with 100 s. The NBI-1 in the port of A on EAST
has delivered a high neutral beam power of 2.6 MW and
supports the H-mode plasma. The integral assembly of
the NBI-2 in port F on the EAST will be completed at
the end of April 2015. In the coming new campaign of
the EAST experiment, the two beamlines will inject a
high power neutral beam to heat and drive the EAST
plasma. More results will be reported in the future.
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