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A 70 keV 40 A hydrogen beam injector has been developed at Cadarache for plasma diagnostic purpose (MSE 
diagnostic and Charge exchange) on the Tore-Supra Tokamak. This injector daily operates with a large size ions source 
(called Pagoda) which does not completely fulfil all the requirements necessary for the present experiment. As a 
consequence, the development of a new ion source (called Cybele) has been underway whose objective is to meet high 
proton rate (>80%), current density of 160mA/cm2 within 5% of uniformity on the whole extraction surface for long 
shot operation (from 1 to 100s). 
Moreover, the main particularity of Cybele is the module construction concept: it is composed of  five source modules 
vertically juxtaposed, with a special orientation which fits the curved extraction surface of the injector; this curvature  
ensures a geometrical focalization of the neutral beam 7m downstream in the Tore-Supra chamber.  
Cybele will be tested first in positive ion production for the Tore-Supra injector, and after in negative ion production 
mode; its modular concept could be advantageous to ensure plasma uniformity on the large extraction surface (~1m2)  
of the Iter neutral beam injector. 

A module prototype (called the Drift Source) has already been developed in the past and optimized in the laboratory1 
both for positive and negative ion production, where it has met the Iter ion source requirements in terms of D- current 
density (200A/m2), source pressure (0.3Pa), uniformity and arc efficiency (0.015A D-/kW).  

 
I. INTRODUCTION 
 

In the field of Thermonuclear Fusion research, 
Neutral Beam Heating is one of the most important 
way to ensure the plasma heating for present and future 
Fusion machines (Iter). The power coupled to the 
fusion plasma2 are in the range of several tens of MW 
per injector, with strong  consequence on the setup 
dimensions. The constraint on the ion source based on 
both positive or negative are very stringent : a high DC 
current ions density uniformly produced over large 
extraction surfaces with good discharge electrical 
power efficiency and low source filling pressure 
(<0.3Pa). An additional problem is that ion sources of 
different size or shape are to be developed depending 
on the specific requirements of each particular fusion 
experiment. At Cadarache laboratory a concept of 
modular source is now under investigation. One 
module consists in developing a very compact ion 
source with a size which covers an extraction grid 
(10cm x 20cm) of the Tore-Supra injector. It is 
designed in such a way that it can be mounted side by 
side (horizontally or vertically) with other identical 
modules allowing intense beams of any required size 
or shape to be produced.  
The development of large size sources for ITER (40A 
of D- with 200-300A/m2 over ≈ 1.0m2 of extraction 
surface), which significantly exceeds the present size 
devices is very expensive and presents some 
uncertainties concerning, for instance, the plasma 
homogeneity or the choice of an adequate magnetic 
filter to limit the co-extracted electrons. 
A uniform ion flux on the entire extraction surface is 
an essential issue to be solved in a near future.  

To reduce the electron current extracted with the 
negative ions, which could be up to ≈ 60 e- per ion, to 
less than one electron per ion, a magnetic filter is added 
in the present multicusp sources. Nevertheless, the 
extrapolation of this method to large devices poses 
difficulties as the penetration of the filter field either 
inside the ion source and in the beam accelerating 
channel can produce plasma drift and in-homogeneities 
in the ion source, and  perturbations (deflexion) on the 
ion beam trajectories. All these reasons plays in favour 
of a large size ion source of module construction. 

This paper recalls the confinement concept of 
one source module, the concept of Cybele, the 
simulation of ionization in the source, and the first 
experimental results. 

 
II Description of one module  
 

The (x,y,z) dimensions of the source 
discharge chamber are : 22 x 16 x 21 cm3 (volume 
about 7.4 litres) ; ‘z’ being the ion beam axis (figures 
1). The essential components of this chamber are two 
water cooled rectangular copper plates (called “magnet 
plate”) parallel to each other 16cm apart in vacuum, on 
which are disposed arrays of permanent magnets (type 
1 and 2) which create the magnetic field configuration. 
The discharge plasma is laterally confined (on the oy 
direction) by the multi-cusp field created by small 
permanent magnets (type 2) of 0.09cm2 cross section 
arranged over the surface of each plate (figures 1 and 
3), whereas the confinement in the other two directions 
is provided by a transverse peripheral magnetic field 
created by four lines of permanent magnets type 1 
(1cm2 cross section) along the borders of each plate 
(see figures 1 and 3). 
 



 
 
 

 
 

 
 

Figure1 : Horizontal cross sections of the source 
 
 

Figure 2: Horizontal cross section of magnetic field 
 

The transverse field created across the ion 
extraction plane acts also as a magnetic filter 
(~150Gauss.cm) necessary to repel the energetic 
electrons toward the source centre; this local low 
temperature plasma acts in favour of a strong 
dissociation of molecular ions which provide the high 
proton rate (>80%) . In case of negative ion production 
mode, this filter magnitude is higher (~ 500Gauss.cm) 
to reduce the co-extracted electrons current. 
With this magnet arrangement a region of 
approximately zero magnetic field strength exists near 
the centre of the discharge chamber (figure 2 and 3) . 
The discharge primary electrons are supplied by three 
tungsten filaments whose heating current feed-through 
are placed at the rear of the device on a vacuum-tight 
flange, such as to allow the side by side source 
disposition. The plasma grid on the source front (from 
which ions are extracted) is parallel to the rear of the 
source, 21cm away. The transverse magnetic field 
gradient (directed from the centre to the outside of the 
chamber) generates a plasma electrons rotational drift 
in the median plane ; owing to this diamagnetism, the 
plasma density peaks near the centre of the source 
where the magnetic field vanishes. 
 

 
 
 
 

 
 
 
Figure3 : Vertical juxtaposition of 3 modules: magnet 
topology (left), magnetic field map (right) 
 
III. JUXTAPOSITION OF MODULES 
 

The juxtaposition of modules on the vertical 
direction is possible due to the transverse magnetic 
field which separates each plasma from the others 
(figure 3); metal wall separation between the modules 
should not be needed. Cybele is composed of  the 
vertical juxtaposition  of  five modules. 

The extraction surface of the Iter injector is an 
array of 4x4 grids on a surface of ~1m2. The ion source 
would requires either vertical and horizontal 
juxtaposition of modules. The horizontal juxtaposition 
would consist in preserving the arrays of permanent 
magnets type 1 used for the transverse field on the 
median plane between two adjacent modules. This can 
be done by enclosing these magnets into a peripheral 
water cooled frame.  

This horizontal juxtaposition has not yet been  
tested. 

 
IV. PLASMA SIMULATION 
 

A 3D code has been developed to simulate the 
trajectories of the energetic electrons (15-70eV)  in the 
plasma source, taking into account of inelastic 
collisions (ionization, excitation). The  electron 
trajectories are calculated by solving the 3D dynamics 
equation Mdv/dt= q(vxB)+ Fcol, following a Runge-
Kutta method, where, v=dx/dt, B is the 3D magnetic 
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field, and Fcol is the collision term calculated using a 
Monte-Carlo method. The plasma parameters (ions & 
neutral densities, ion & electron temperatures) are 
assumed to be constant in the source, there values 
comes from experimental measurements made on the 
Kamaboko source3, for a similar arc discharge. The 
primary electrons are launched isotropically from the 
filaments located in the source centre (in the minimum 
B); they are propagated in the plasma undergoing 
collisions until there energy become less than 10eV.  

The present calculation only concerns the magnetic 
field topology described in figure 3 for positive ions 
production mode, with only 3 modules juxtaposed. The 
simulation reveals that the filament location is a very 
important parameter to yield vertical plasma 
uniformity; figure 4 shows for example a simulation of 
the ionization rate when electrons are emitted by only 
one filament (upper filament) in the central module. 
The filament position has been displaced on the z axis 
(∆z=-1,0,+1cm) from its central position in the 
minimum B. We can observe a vertical shift of the 
whole plasma when ∆z=-1cm which results from the 
electron drift in the magnetic filter. 
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Figure 4 : ionization rate with the upper filament in the 
central module 

The filament positions in Cybele have been set 
following the code assessment, to achieve plasma 
uniformity on the whole extraction surface. 
 
V. CYBELE DESCRIPTION (see figure 6) 
 

The (x,y,z) dimensions of the discharge chamber 
are 126 x 16 x 21 cm³ (volume about 42 litres). On 
both sides of the chamber, 16 cm apart, two vertical 
stainless-steal frameworks (see figure 5), contains the  
2x5 magnet plates which create the vertical 
juxtaposition of the 5 modules. All these pieces are 
under vacuum in a tank which also insures the 
mechanical support of the assembly. 

We can notive on figure 5 that the magnets plates 
are spatially oriented to fit the curved extraction 
surface of the injector (see figure 6 right). The 5 sets of 
three filaments are located on the rear face of the 
source. Their respective location in each module is the 
same, they also follow the source curvature.  

 
 

 
 

 
 
 

 
 

Figure 5: Stainless-steal framework with magnet 
plates arrangement 

The first experimental test only consists to measure 
the plasma density distribution along the source 
surface. The source has been mounted on the injector 
where 26 Langmuir probes has been installed on the 5 
plasma grid level. There are two types of Langmuir 
probes: 12 transverse probes (named T1 to T12) (see 
figure 6) measure the vertical distribution of the 
plasma density, and 2x7 longitudinal probes to 
measure the plasma distribution in the central and 
lower modules. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Figure 6 : The Cybele source (left) and the plasma 
grid (right) 

 
VI. CONCLUSION 
Cybele is now under commissioning, the first 

experimental test will start in a near future, mainly 
dedicated to steady plasma uniformity on the whole 
extraction surface.  
1A. Simonin, G. Delogu, C. Desgranges, M. Fumelli,Rev. Sci. 
Instrum., 70,.4542 (1999) 
2 R.S. Hemsworth et al., “Neutral Beams for ITER”. Rev.Sci.Instr, 
67  1120-1125 (1996). 
3 U. Fantz  et al ; to be published ; ICIS2005 
 
 

Central module 

1 3 4 52
 

magnet  plate 
spatially orientated framework 

 

 filaments    12 transverse 
Langmuir probes 

2 X 7 longitudinal 
   Langmuir probes magnet  plate 


