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Abstract: The ITER neutral beam (NB) injectors are the first injectors that will have to operate in a hostile 
radiation environment and they will become highly radioactive due to the neutron flux from ITER. The injectors 
will use a single large ion source and accelerator that will produce 40 A 1 MeV D- beams for pulse lengths of up 
to 3600 s. Significant changes have been made to the ITER heating NB injector (HNB) over the past 4 years. 
The main changes are: 
o Modifications to allow installation and maintenance of the beamline components with an overhead crane. 
o The RF driven negative ion source developed by IPP Garching has replaced the filamented ion source from 

JAEA, Naka as the reference design. 
o The ion source and extractor power supplies will be located in an air insulated high voltage (-1 MV) deck 

located outside the tokamak building instead of inside an SF6 insulated HV deck located above the injector. 
The development of the ITER accelerators and ion sources has been carried out on relatively low powered test 
stands, making impossible the full demonstration of the ITER requirements. Padua Research on Injectors with 
Megavolt Acceleration (PRIMA, ex-NBTF) will be built to allow the R&D necessary to finalise the development 
of the full power system  

1 Background 

Initially ITER will use two heating neutral beams that are designed to inject 33 MW of 1 MeV 
D0 into the ITER plasma. A third heating beam may be added later, bringing the total D0 
power that may be injected into ITER up to 50 MW. The injectors can produce either D0 or H0 
beams, but in the following text D operation is assumed unless H operation is specifically 
indicated. The choice of a beam energy of 1 MeV leads to the production of neutral beams by 
the neutralisation of accelerated negative ions, D-. Compared to making D+, making, D- is 
very difficult and there are many reactions in an ion source that lead to the destruction of D-, 
which makes difficult the production of high extracted current densities. Therefore to create a 
high power beam, it is necessary to use high energies, not high currents. The choice for ITER 
of 1 MeV is a compromise between the foreseen difficulties of developing higher energy, high 
power, power supplies and accelerators and the difficulty in making and accelerating high D- 
currents. 

2 The basic injector concept 
The 1 MeV D- beam is created by the beam source, which consists of an ion source directly 
attached to an extractor/accelerator. The ITER injectors are designed for an accelerated D- 
current density of 200 A/m2, and an accelerated current of 40 A. The extraction of negative 
ions inevitably leads to the simultaneous extraction of electrons from the ion source. To avoid 
wastefully accelerating electrons to high energy, the extracted electrons are magnetically 
deflected onto the extraction grid, which is located 6 mm downstream of the plasma grid at a 
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potential of ≈10 kV with respect to that grid. The choice of an accelerated D- current density 
of 200 A/m2 is governed by the state of the art of negative ion production and the density of 
the co-extracted electron current and the associated power density of the dumped electrons on 
the extraction grid. 

The ion source is held at -1 MV and the D- ions are accelerated up to ground potential. At the 
exit of the accelerator any accelerated electrons are deflected onto an electron dump by a 
relatively weak magnetic field, whilst the essentially unaffected 1 MeV ions pass through a 
gas neutraliser located downstream of the accelerator. During the passage through the 
neutraliser, collisions of the D- with the D2 injected into the neutraliser leads to formation of 
D0 by simple stripping of the outer electron from the D- and double stripping creates D+. D+ is 
also created by re-ionisation of the D0 produced from the D- With the optimum gas target the 
beam at the exit of the neutraliser consists of ≈60% D0, ≈20% D+ and ≈20% D-. 

After exiting the neutraliser the beam passes through the residual ion dump (RID) which 
consists of opposing pairs of electrically biased plates which sweep the charged components 
of the beam onto the plates, leaving the neutral beam to either impinge onto the calorimeter 
located just downstream of the ion dump, or to continue into the duct leading to ITER. The 
calorimeter allows the injector to be commissioned independently of ITER. The measurement 
of the neutral power arriving on the calorimeter, together with the measurement of the 
downstream losses when the beam is injected into ITER, allows the neutral power to ITER to 
be determined. 

Large cryopumps are placed each side of the beam path and the beamline components inside 
the injector to reduce the pressure downstream of the accelerator to the required value (see 
above) and downstream of the neutraliser exit. The latter is necessary in order to minimise the 
collisional re-ionisation of the D0 on the background D2 as any re-ionised particles so created 
would be deflected by the electrical field inside the RID or the stray field from ITER 
downstream of the RID onto the residual ion dump panels, the open calorimeter or the walls 
of the duct between the injector and ITER, thus reducing the power reaching the ITER plasma 
and unnecessarily heating the aforementioned components. A general cut-away view of an 
ITER heating neutral beam is shown as Fig. 1. 
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Fig. 1 Model of the HNB with the lid of the BLV partially open. One of the cryopumps can be seen, 
the other is against the opposing wall. 
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3 The injector vessels and high voltage bushing 
The combination of the ion source, extractor and accelerator is referred to as the beam source. 
This will be installed inside a beam source vessel (BSV) that is connected to the beamline 
vessel (BLV) which contains the beamline components and the cryopumps. Changes to the 
building housing the tokamak and the injectors made it possible to install an overhead crane in 
the neutral beam (NB) cell, i.e. that part of the building containing the injectors. To be able to 
use the crane to remove and install the beamline components and the cryopumps, for the 
initial installation and later maintenance operations, the BLV has been changed to have a 
rectangular cross section and a detachable lid and the cryopumps placed flat against the lateral 
walls of the BLV (see Fig. 1). 

All the services to the beam source – water cooling, electrical power and D2 - enter the BSV 
via the high voltage (HV) bushing which is connected to the top of the BSV. The HV bushing 
is the interface between the vacuum in the BSV and the high voltage transmission line from 
the power supplies. The transmission line carries DC electrical power at various potentials 
down to -1 MV, and the RF power for the ion source. Insulation between the various 
conductors in the transmission line is provided by SF6 at 0.6 MPa. The bushing itself is made 
up of 5 alumina cylinders of ≈1.6 m inner diameter, separated by stainless steel flanges. A 
double flange closes the top of the bushing and all water and power at potentials between 
-990 kV and -1 MV pass through that flange. Water and power at -800, -600, -400, -200 and 
0 kV passes through the intermediate flanges to the different stages of the MAMuG 
accelerator. 

4 The ITER neutral beam injector ion source 
The only types of ion sources capable of meeting the extracted D- current densities required 
for neutral beam injectors are the arc driven or radio frequency driven caesiated ion sources 
[1, 2, 3]. The radio frequency (RF) driven ion source has been chosen for ITER because no 
filaments are used during the 
operation and hence there is no 
need to regularly replace 
filaments. This is an important 
consideration for ITER as the ion 
source will become highly 
activated during operation and all 
such operations must be carried 
out remotely. The RF driven 
source has achieved the extracted 
D  and H  current densities and co-
extracted electron fractions 
required for the ITER system at 
the required filling pressure, 
0.3 Pa [1, 2, 3], and t

- -

he 
consumption of caesium during 
operation of the RF driven source 
is found to be acceptable, unlike 
that of the filamented source. An 
initial assessment of the 
consumption is 
3.5 x 10  g/s/aperture [4], which, 
if extrapolated to ITER gives 
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0.16 g/h of operation. Thus if ITER operates for 100 days a year and has twenty 400 s pulses 
per day, with neutral beam injection throughout each pulse, a Cs reservoir of 40 g will suffice 
for one year of operationa. A critical aspect of ion source operation on ITER is the ability to 
operate stably for long pulses. Stable operation of the RF source for 500 s has been 
demonstrated with good control of the co-extracted electron current, although at H- current 
densities less than required for ITER, there is no deterioration in the performance compared to 
short pulse operation [4]. Fig. 2 is a drawing of the ITER RF driven ion source. 

A new element in the design of the ion source is the recognition of the high power density at 
the rear of the source that will arise from backstreaming positive ions. Positive ions will be 
created in the accelerator by several processes, the most important being the direct ionisation 
of the background D2 by accelerated D-. The recently developed EAMCC code is capable of 
calculating the positive ion production in the accelerator and following them as they are 
accelerated back onto the grids or into the ion source. For the ITER ion source with the 
MAMuG accelerator the total backstreaming ion power is calculated to be 0.88 MW [5], with 
a power density of >50 MW/m2 in small (<2 mm diameter) spots on the metal surfaces of the 
rear of the drivers [6], and a sophisticated cooling system has been developed to cope with 
those powers and power densities. 

5 The ITER neutral beam injector extractor and accelerator 
Two 40 A, 1 MeV, D- accelerator concepts were developed for ITER NB injection: SINGAP 
and MAMuG, the former being developed by the IRFM, Cadarache, France, the latter by 
JAEA, Naka, Japan. Recently a version of the SINGAP accelerator has been tested on the 
MeV test bed at Naka, where the MAMuG concept has been developed. This allowed a direct 
comparison between the performance of the two accelerators on the same test bed with the 
same power system and diagnostics. The experiments confirmed that the voltage holding of 
the SINGAP accelerator is worse than that of the MAMuG one (by ≈200 kV), and that the 
power carried by electrons that exit the accelerator from SINGAP is much higher than from 
MAMuG [7, 8]. The electrons are created by a variety of processes in the accelerator in 
addition to the direct extraction from the ion source. The power in the exiting electrons from 
an ITER size SINGAP accelerator is calculated to be between ≈5.4 MW [8] and ≈7 MW [9]. 
The power in the electrons exiting the ITER MAMuG accelerator is calculated using the 
EAMCC code as ≈0.8 MW [6]. 

1560 
mm

Fig. 3 Aperture array on 
the plasma grid. 

With a MAMuG accelerator the ions are extracted and then 
accelerated through a series of aligned apertures in grids at 
increasing positive potentials. The ITER extractor/accelerator 
consists of the PG, an extraction grid and 5 acceleration grids, 
each at ≈+200 kV with respect to its predecessor. In order to 
have a 40 A D- beam 1280 apertures are needed. The aperture 
array is organised to produce 4 “column” beams that pass 
through the 4 channels of the neutraliser and RID (see below). 
The grid at each potential is divided into 4 “segments” vertically 
for ease of assembly and thermal expansion reasons. The result is 
16 groups of 5 x 16 apertures as shown in Fig. 3.  

                                                 
a Here it is assumed that the Cs consumption is due to loss through the apertures in the accelerator. It is possible 
that other mechanisms, such as oxidation, are the actual reason fresh Cs has to be introduced into the source. 
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ITER will begin operation with H+ or He++ plasmas as this allows ITER and all the sub-
systems to be commissioned without becoming radioactive. During this phase it is required to 
inject H0 beams, not D0 beams. This is technically feasible, within the limitations of the 
system. Operation with H- with good beam optics (as required to avoid excessive loads to the 
beamline components and good beam transmission) means operating at the optimum 
perveance of the accelerator. Practically that means that a full power (40 MW) H- beam will 
be obtained when the acceleration voltage is 870 kV and the accelerated beam current is 46 A.  

6 The beamline components 
The beamline components are the components located downstream of the accelerator, within 
the BLV. The basic concepts of the neutraliser, the residual ion dump and the calorimeter 
have not changed recently and have been previously described. Therefore only new or 
changed components are described here. 

6.1 The electron dump 

As mentioned in 4 above, it is calculated that ≈0.8 MW of electrons will exit the MAMuG 
accelerator along with the D- beam. Those electrons will be deflected onto the front of the 
neutraliser, the neutraliser floor and, if necessary, a water cooled electron dump.  

6.2 Cryopumps/ Gas flow/density distribution 
The gas flow into the injector and the cryopump configuration are extremely important factors 
in the design of a negative ion based neutral beam injector. The gas flow into the ion source 
determines largely the pressure in the accelerator, hence the stripping losses and the power to 
the acceleration grids. The gas flow from the ion source has been calculated using a Monte 
Carlo code. The results are that for a source filling pressure of 0.3 Pa the flow will be 
3.6 Pa·m3/s in D2 operation and 5.1 Pa·m3/s in H2 operation. 

Using a 3D Monte Carlo code capable of taking account of particle collisions the D2 flow 
from the neutraliser is calculated to be <19 Pa·m3/s [10] for the optimum neutral yield from a 
1 MeV D- beam, and <43 Pa·m3/s for the optimum neutral yield from an 870 keV H- beam.  

An acceptable gas density distribution in the beamline vessel can be achieved with cryopumps 
located each side of the beamline components, against the walls of the BLV, which start at the 
entrance of the neutraliser and extend downstream for ≈8 m ≈2.4 m high if the effective 
capture coefficient (at the 80 K thermal screen surface) for D2 is ≈0.3. A practical design of 
cryopumps with that characteristic has been developed [10]. 

7 The NB duct and the downstream components 
A “fast shutter” is connected to the exit of the beam source vessel, followed by an absolute 
valve, the “NB drift duct”, and the “NB duct”.  

7.1 The Fast Shutter 
The fast shutter is basically a light metal sliding door that when closed shuts off the NB 
injector from the NB duct and the tokamak. It is designed so that in the closed position the gas 
conductance is low (<10-4 m3/s with molecular flow conditions applying). The fast shutter will 
normally be closed when there is no beam injection. It serves two purposes: Firstly it allows 
the periodic regeneration of the injector cryopumps with insignificant gas flow to the 
tokamak. Secondly it prevents the ingress of gases (including T2) into the injector from the 
tokamak except when injection is taking place. This is important when the tokamak is 
starting, when it is filled with gas to >0.01 Pa with D2/T2), and at the end of the pulse when all 
the gas leaves the tokamak, either via a controlled shutdown or by a disruption. The shutter is 
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“fast” in that it will open/close in <1 s, which is short compared to the vacuum time constant 
of the NB duct and the tokamak. 

7.2 The absolute valve 
Maintenance with the beamline vessel open (see below) could allow any tritium in the 
machine to escape into the NB cell as the proposed fast shutter constitutes a low gas 
conductance and not an absolute seal. In that situation the NB cell would have to be classified 
as a “red” area, into which man access would be forbidden, making the envisaged 
maintenance schemes untenable. Therefore an absolute “gate” valve has been introduced 
between the exit of the injector and the duct to the tokamak. Because of the neutron and 
gamma radiation expected from ITER, no conventional organic seals can be used, so an all 
metal valve is mandatory. The use of the fast shutter as described above means that the valve 
will only be used for maintenance operations and the number of foreseen open-close 
operations during the lifetime of ITER is <100, which allows the design to be with zero 
maintenance. The valve for the ITER injectors has to have a 1.6 m diameter opening which is 
larger than any existing valve, and ongoing R&D is aimed at qualifying the extrapolation 
from proven designs. 

8 Maintenance 
Although the main concept of the ITER injectors has not changed greatly over the past few 
years, the maintenance scheme has. A change in the organisation of the equipment in the 
levels above the NB cell allowed the removal of the mezzanine floor and its replacement by a 
smaller balcony. That allowed access from above to the BLV, so the BLV was adapted so that 
the top could be opened (or removed) for access to the beamline components using an 
overhead crane. The chosen solution is a rectangular vessel (see Fig. 1) with a lid that can be 
fully opened. For various reasons the HV bushing still connects to the BSV from above, so the 
maintenance of the beam source is still “horizontal”, i.e. the rear flange on the BSV is opened, 
coolant, gas, instrumentation and electrical connections are disconnected, the source placed on 
a trolley in the BSV and the source removed horizontally via the rear of the BSV. 

9 Power supplies 
The ITER ion source will be held at high negative voltage (-1 MV) and the negative ions will 
be accelerated up to ground potential. In the 2001 design all the power supplies for the ion 
source (arc supply, filament supply etc.) and the extraction grid were located inside the so 
called “HV deck” which was placed in the floor above the NB cell, above the beam source 
vessel. Some diagnostics and controls have to be located in the HV deck; this consideration 
and the difficulties in maintenance associated with the SF6 filled HV deck led to the decision 
to locate the ion source and extraction power supplies outside the tokamak building and to 
have the HV deck insulated using atmospheric pressure air.  

10 Padua Research on Injectors with Megavolt Acceleration (PRIMA) 
All the development of the ITER accelerators and ion sources has been carried out on 
relatively low powered test stands. Thus there remains the need to finalise the development of 
the full size, full power ion source and accelerator at full pulse length. Experience gained 
from the development of the high power positive ion based systems has made very clear the 
advantages of having a full power test bed, the main one being that all development can be 
carried out independently of the final user, the tokamak plasma. These considerations led to a 
decision to build a full power neutral beam test facility at Padua, Italy, which is to be called 
PRIMA (previously referred to as the Neutral Beam Test Facility, NBTF). PRIMA will 
consist of a 1 MV test bed, the test bed for Megavolt ITER Injector Concept and 
Advancement (MITICA), which differs from an actual injector only in the diagnostic 
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capability, and an ion source test bed, the test bed for the Source for Production of Ions of 
Deuterium Extracted from an RF plasma (SPIDER), which is to be capable of testing a full 
size ITER ion source at full parameters. (Previously SPIDER was called the Ion Source Test 
Facility, ISTF. The latter will be equipped with a 100 kV accelerator for diagnostic purposes. 
An overview of the layout of the test facility on the Padua site is shown as Fig. 4 [11]. 

11 Summary 
The design of the ITER neutral beam system has been refined and new concepts of ion source, 
maintenance and power system configuration have been adopted, each of which brings 
significant advantages. New experiments and developments in calculations of secondary 
processes in negative ion accelerators have enabled a choice to be made in favour of the 
MAMuG accelerator concept as opposed to the SINGAP concept, and detailed design 
calculations have verified the basic concept of subdivided neutraliser and the electrostatic 
residual ion dump. The design of the injectors has reached a mature state but, importantly, it 
has been recognised that the lack of a high power test bed capable of producing beams with 
energies in the MeV range means that significant R&D remains, and a new test facility is 
required to carry out the remaining R&D for ITER NBI. It has been decided that in addition to 
a full power test bed, an ion source test bed, which can start operations earlier than the full 
power one, will be an essential to ensure rapid progress with the required R&D. In brief: 
• The injector is based on the acceleration D- ions to 1 MeV and their neutralisation in a gas 

target. To keep the length of the system reasonable the neutraliser is subdivided into 4 
vertical channels. After neutralisation the charged fractions will be removed from the 
beam using an electrostatic ion dump. 

• The ion source chosen is the RF driven ion source as this has achieved good performance, 
yet needs less maintenance than the filamented source. 

• The 5 stage 1 MeV MAMuG accelerator has been chosen in preference to the SDINGAP 
concept because of the significantly lower electron power that will exit the accelerator, 
and also because of a better voltage holding ability. 

Control room 

1 MV 
transmission 

line 

50 m

Fig.4 Padua Research on Injectors with Megavolt Acceleration (PRIMA, ex-NBTF) 
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• It has become possible to replace the mezzanine floor in the NB cell with a smaller 
balcony, which permits the installation of an overhead crane in the NB cell. This opened 
up the possibility to access the beamline components from above, which enables greatly 
simplified maintenance of the beamline components. To realise this capability has 
required changing the beamline vessel shape to have a rectangular cross section with a 
removable lid and to modify the cryopumps from being quasi cylindrical to flat 
rectangular pumps on the side walls of the BCV. It has also been necessary to add an 
absolute, all metal, gated valve between the injector and the tokamak. 

• The beam source vessel shape has bee modified to fit to the new beamline vessel shape, 
and, most importantly, to allow better arrangement of the electrical (high voltage) 
connections from the bushing to the source and accelerator. 

• The SF6 insulated high voltage deck close to the injectors has been changed to be an air 
insulated HV deck outside the tokamak building to allow for easier maintenance. 

• A separate ion source test stand is to be established at the same facility. This will start 
before the main 1 MV test bed and will allow an early test of a full size, full power ion 
source using extracted beams at lower energy than the main test stand, 60 keV. 

• A separate test stand capable of testing the full size ion source is also to be built at the 
same site as the main 1 MV test bed. 
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