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Design of Neutral Beam-Line of EAST"*
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Abstract Neutral beam injector for EAST is designed to deliver deuterium beams with a power
of 2 MW to 4 MW at an energy of 50 keV to 80 keV into the plasma with a beam dimension of
12 cm X 48 cm. Considering the beam generation and transmission, a columniform beam-line
of ® 250 em x 400 cm is designed with a neutralizer, ion dump, calorimeter, bending magnet
and cryopanels. The arrangement of the internal elements for the beam-line is reported. A
rectangular sleeve coupled to the ion source is employed as the neutralizer. At the downstream of
the neutralizer, a dipole magnet separates the residual ions from the beam passage with a reflection
radius of 42 c¢m for the full energy particles. The calorimeter and the ion dump serve as high heat
flux components, which will work as thermal inertia targets in the first phase of operation.
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1 Introduction

In EAST the first plasma discharge was achieved suc-
cessfully in 2006 1. In order to carry out the study
in steady-state advanced tokamak operational mode, a
neutral beam (NB) injection system is being built up
with two injectors at an energy of 50 keV to 80 keV and
with a beam power of 4 MW [ for each, as shown in
Fig. 1.
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Fig.1 Layout of the two injectors on EAST

Heating with NB injection has been successfully
adopted in different magnetic fusion devices 4. Tt is

verified that NB injection is one of the major meth-
ods to heat plasma to the ignition temperatures. For
the NB heating, the neutrals injected into tokamak are
ionized inside the plasma by charge exchange and col-
lisions with both electrons and ions ¥/, Then, the fast
ions generated are confined by the magnetic field of the
tokamak and deliver their energy to plasma particles
through collisions.

The generation of neutral beams for a magnetic fu-
sion study includes three stages, namely generation of
an ion beam, neutralization of the ion beam, separation
and treatment of residual ion [¢, as shown in Fig. 2.
The generation of an ion beam is achieved via elec-
trostatic extraction and acceleration of the ions to the
desired energy. The rest process known as beam trans-
port will be carried out in the beam-line, the vacuum
vessel with the neutralizer, reflection magnet, high heat
flux elements, cryopumping and so on.

Powerful ion beam Neutratization of Residual ions separatior o
generation ‘ ion beam and treatment Neutral beam injection
-

Beam transpont

Accelerator
Deflector magnet

* y Neutrafizer

1o N
v p* \ 0
H- - . ™ o Plasma
) D N
i N
(kN

L

| | : | Magnetic confining
v lonsource 1 Beam-ine ' device
|- L B

e
+

Fig.2 Block diagram of the neutral beam injector
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2 Principle of NB transport and
design for the key elements in
beam-line

For the deuterium beam at an energy of 80 keV, the
positive ion source is more cost-effective for the oper-
ation. So an arc-discharge positive ion source is se-
lected for the neutral beam injector in EAST. The ion
beam generated should be neutralized to form a neu-
tral beam capable of penetrating the confining magnetic
field. Neutralization of the ion beam, separation and
treatment of the residual ions are the main processes in
NB transport. Consequently, the reflection magnet and
the neutralizer, as two key elements, play a crucial role
in beam transmission efficiency, which will be described
below.

2.1 Neutralizer

The neutralizer is applied to make the positive ion
capturing an electron and hence forming an energetic
atom. Usually, as the ion beam is passing through a
charge exchange target, some energetic ions can capture
electrons by electron-capturing collision. At the same
time, the molecular ions will be excited by collisions
and get dissociated. Generally, after passing the neu-
tralizer, there are just D° and D* with full energy (E),
half energy (E/2) and one third of energy (E/3) [7:8l.
In our case by considering the cost of neutralization and
the feasibility of the project, a gaseous charge exchange
target is chosen for the NB injector of EAST.

There are two competitive processes in the neutral-
izer, namely charge exchange and ionization. In the
neutralizer, atomic processes involving charge transfer
and dissociation will change the particles’ charge state
and momentum. Thus, these processes will determine
the species evolution along the neutralizer downstream
and the neutralization efficiency. Numerical calcula-
tions provided detailed information about the species
evolution [¥. This study was based on the following
sets of equations (DE) for relevant species:
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where F' is the fraction of particle species in the beam,
o is the collision cross-section, and 7 is the line den-
sity of target gas (i.e., target thickness) in the neutral-
izer. With an estimation from the formula, the target
thickness in the neutralizer for the EAST-NBI is about
3 ~ 9x10%® cm~2. A model of the neutralizer structure
is shown in Fig. 3. Generally, the pressure at the exit
of the accelerator is 0.05 Pa, the pressure at the end of
the neutralizer is about 0.03 Pa, and the base pressure
in the vacuum is 0.01 Pa. According to the equation of
state for ideal gas and the formula for the target gas,
the relation between the pressure at the entrance of the
gas inlet and the target thickness in the neutralizer can
be expressed as
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Fig.3 Model for the neutralizer structure

As shown in Fig. 4, for a neutralizer’s length of 90 cm
and a drift duct between the ion source and neutralizer
of 70 cm, which will work partly as a neutralizer, in
order to meet the requirement for the target thickness,
the pressure at the entrance of the gas inlet should be
up to 0.5 Pa.
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Fig.4 Contour of the function of target thickness

2.2 Design for reflection magnet

Emerging from the neutralizer, there will be a com-
bination of beams with energetic atoms and energetic
ions. At the downstream of the neutralizer, the non-
neutralized ions, called residual ions, carry a consider-
able amount of power. Since the residual ions would be
deflected due to the stray magnetic field around toka-
mak in an uncontrolled manner and would cause sig-
nificant damage to the device through a thermal over-
load 671 it is necessary to remove the residual ions
before the beam arrives at the aperture. Generally
both magnetic field and electric field can be applied
for residual ion separation. Considering the cost of the
device for residual ion separation, the vacuum distribu-
tion in the beam-line and the additional gas source due
to residual ion deposition, a 180° -reflection magnet is
chosen for the NB injector in EAST. At the downstream
of the residual ion beam, a “V” shaped ion dump is
designed for residual ion treatment %11, The orbits
of particles with full energy, half energy and one third
of energy are shown in Fig. 5. The reflection magnet
makes the residual ions deviating from the beam pas-
sage, due to the gyro-motion of ions in a magnetic field.
The bending radius can be written as

R = nga (8)

with g the charge of the ion, m the mass of the particle,
F the kinetic energy of the ion and B the magnetic field.
Under the same magnetic field, the ratio of the bending
radius for ions with different energy can be given by,

RE:RE/Q:RE/3:\/6:\/§:\/§. (9)

In our case, in order to separate the residual ions com-
pletely from the beam path, the radius for particles with
one-third energy must be larger than 24 cm. Thus, the
radius for full-energy particle is about 42 cm. As is
shown in Fig. 6, the reflection radius for ions with the
energy of 80 keV in a magnetic field of 1376 Gs is
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Fig.5 Particle track in the bending magnet region
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Fig.6 Dependence of the bending magnetic field upon the
energy of deuterium ion

42 cm. Considering the upgrade of beam energy and
the safety requirements in engineering, an ‘H’ type
dipole magnet should be designed for a uniform mag-
netic field of 1900 Gs.

According to Ampere’s law, the excitation ampere
turns to produce the required magnetic field can be ex-
pressed as

NIZ%H~dl=7{ Edl+/ Edl
’ Lair M0 Liron M

B B
- _Lair + _Liron < Ko ) 3 (10)
Ho Ho

iron

with po the permeability in vacuum and ;.0 the per-
meability of the pole and the magnet core. When the
magnet core is not saturated, pion is approximately
constant and is much larger than the permeability of
the vacuum, i.e., fion >> po- So, Eq. (10) can be
simplified to be

NT ~ LairB/,uo, (11)

with B in VVb/m2 and L,;, in meter. For an H-type
solenoid dipole, La;; is the distance of the poles. For
the NB injector in EAST, considering the beam di-
vergence, the gap of the reflection magnet should be
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of longer than 20 cm, i.e., L,;;=20 cm. Then, the de-
signed number for ampere-turn is about 33,500. From
a view in electrical engineering, the current density
for external water-cooled wire is about 3 A/mm?, and
the current density for internal water-cooled wire is
about 10 A/mm2. The area of section for the coil is
thus 11,166 mm?, 3,350 mm? for external and internal
water-cooling, respectively. The internal water-cooled
coil with 64 turns is employed for the NB injector in
ESAT.

For a reflection radius r,, of 42 cm, according to the
empirical formula for the available coefficient for the
poles &, one has § = &, with { = 0.78 ~ 0.91 gen-
erally, with R the radius of the magnet pole. For an
180°-reflection magnet with an entry of 90° and an exit
of 90°, a rectangular cross section is adopted for the
magnet pole. In order to adjust the radius of ion de-
flection, the size of the magnet pole section is set about
140 cm x 50 cm.

For the treatment of the residual ions, a “V” shaped
ion dump is designed. Since the beam profile is of a
Gaussian-like, there are two bending angles for the ion
dump plane, which can use the whole space of the ion
dump. This type of residual ion dump was demon-
strated in other NB injectors. Compared to the elec-
trostatic residual ion dump, plasma formation in the
reflection region would not occur for this type of ion
dump. Matching the requirement of the steady-state
operation, the length of ion dump is up to 1 m for the
NB injector in EAST.

3 Arrangement of beam-line and
system specification

In order to enable the NB injector to work inde-
pendently of the plasma in tokamak, the beam-line
calorimeter is designed downstream just of the bend-
ing magnet. The calorimeter is a “V” shaped water-
cooled component with high heat flux. Due to a lim-
ited space, the length of beam-line for the calorimeter
is about 80 cm for the NB injector in EAST. .

In addition, together with the residual gas of the
charge exchange target and the ion source, there is a
considerable flow of cold neutral gas from the neutral-
izer. An estimation of the typical parameters for the
NB injector in EAST indicates that the rate for diffused
gas from the neutralizer is approximately 4.9 Pa-m3/s
in deuterium. In addition, the beam ions, thermal-
ized in the ion dump and collimator, contribute a rate
of 1.0 Pa-m3/s after recombination ['2l. The gas may
cause an intrusion of impurity to the tokamak plasma
and a re-ionization of energetic atoms. This effect can
even lead to a loss in beam power or complete beam
blocking. To avoid it, a pressure below 10~2 Pa should
be maintained in the injection system, with a rough es-
timate. A gas flow of about 10 Pa-m3/s thus requires
a pumping rate of several mega liters per second. Ac-
cording to the state of the art, only the cryopanel can
provide such a pumping rate. For the NB-line in EAST,
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two cryopanels are designed as two parts with a total
surface area of 14 m?.

In EAST a NB power of 4 MW is delivered from two
ion sources and the beam transport is located in vac-
uum vessel. Two unattached beam passages are chosen
for easy maintenance and operation. In order to get a
maximum angle of the tangential injection, two beams
are focused at the injection port through an angle of
8.6°. The overall length of beam-line is about 6 m, from
the exit grid to the center of the tokamak plasma. The
estimated weight of the beam-line is about 40 tons. The
central line of beam is 6.18 m above the ground floor,
the same height as the equatorial plane for EAST.

According to the above design, the beam-line con-
sists of neutralizer, reflection magnet, ion dump,
calorimeter and cryopumping, which are called inter-
nal elements and installed in a vacuum vessel. The
vessel is columniform one of $250 cm x 400 cm and
divided into three parts. The rear cryopanel, neutral-
izer and ion dump are installed in the first part, the
reflecting magnet is.installed in the second part and
the front cryopanel and calorimeter are installed in the
third part 19131 ag shown in Fig. 7. In addition, sev-
eral collimators are fixed at the entrance and exit of the
neutralizer and the reflection magnet. The front cry-
opanel is of a circular disk shape with a large rectangu-
lar window cut out of the center for the calorimeter, and
the rear cylindrical cryopanel is coaxial with the beam-
line vessel. At the same time, a gas baffle is employed,
located between the neutralizer and the reflection mag-
net to form an optimal vacuum distribution. Thus, the
beam-line vacuum vessel is roughly divided into three
differentially pumped chambers by a gas baffle and a
reflection magnet.
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Fig.7 Arrangement of the beam-line

An overall specifications for the beam-line is listed
in Table 1. The neutralization rate of 80 keV Dt is
about 65% in a simple charge exchange gas target. The
reflection magnet can supply a magnetic field suitable
to match the bending radius at 42 cm. In the second

operational phase, the system would work for a period
of 100 s.
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Table 1. Main parameters of the beam-line

NO. Parameter name Quantity
1 Length of drift duct between ion source and neutralizer . 70 cm
2 Length of the neutralizer 90 cm
3 Magnetic field strength 0~1900 Gs
4 Deflection radius (E) 42 cm
5 Area of front cryopanel 6 m?
6 Area of rear cryopanel 8 m?
7 Area of ion dump ~ 3.2 m?
8 Area of calorimeter ~ 1.5 m*
9 Beam energy 50~80 keV
10 Beam power 2~4 MW
11 Ton source number in one beam-line 2
12 Duration time 10~100 s

4 Conclusion

The neutral beam has been used in different ways as
the auxiliary heating on magnetically confined plasmas.
The NB system in EAST will provide a neutral beam
of 4 MW for both heating and current drive in plasma.
Because of the limited injection angle in EAST, and in
order to minimize costs, each injector is mainly made
up of two unattached ion sources and one beam-line.
The beam-line possesses two independent beam pas-
sages. The neutralizer, reflection magnet, ion dump,
calorimeter and cryopumping are installed in the vac-
uum vessel to carry out beam neutralization, residual
ion separation and treatment.
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