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Abstract. Consorzio RFX in Padova is currently using a comprehensive set of numerical and
analytical codes, for the physics and engineering design of the SPIDER (Source for Production
of Ion of Deuterium Extracted from RF plasma) and MITICA (Megavolt ITER Injector Concept
Advancement) experiments, planned to be built at Consorzio RFX.
This paper presents a set of studies on different possible geometries for the MITICA accelerator,
with the objective to compare different design concepts and choose the most suitable one (or ones)
to be further developed and possibly adopted in the experiment. Different design solutions have been
discussed and compared, taking into account their advantages and drawbacks by both the physics
and engineering points of view.
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INTRODUCTION
In the framework of the activities aimed at developing and optimizing the Heating
and Current Drive Neutral Beam Injectors for ITER [1, 2], the SPIDER and MITICA
experiments are planned to be built at Consorzio RFX in the PRIMA facility [3]. Several
physics and engineering analyses for the conceptual design of the MITICA accelerator
(see Fig. 1) have been carried out in order to choose the most suitable concept or
concepts to be further developed.
The geometries considered as starting points for the development of the MITICA
accelerator (see Fig. 2) are the one described on the ITER document DDD 5.3 [4] and
the one with 90 mm acceleration gaps and 10 mm thickness of the acceleration grid,
described in [5] and considered for physics evaluations by H.P.L. de Esch [6].
A comprehensive set of numerical and analytical codes is currently being used and
developed at Consorzio RFX, aiming at simulating the most important aspects inside
the negative ion electrostatic accelerator, the electrical and magnetic fields, beam aiming
and optics, pressure inside the accelerator, stripping reactions, transmitted and dumped
power, operating temperature, stresses and deformations of the accelerator grids. These
codes, which provide a description of the physical phenomena taking place in the
different components of the injector system (source, accelerator, neutralizer, electron and
ion dumps, calorimeter) are necessary for the engineering design optimization as well as
for the prediction of the operating conditions and the interpretation of the experimental
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CAD views of the MITICA beam source: (a) isometric view; (b) side view.
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FIGURE 2. Accelerator geometries considered as starting points for the analyses: (a) DIFF_GAPS_01:
reference MAMuG geometry from ITER document DDD 5.3 [4], with gaps of 6, 86, 77, 68, 59, 50 mm
and grid thicknesses of 6, 17, 20, 20, 20, 20, 20 mm; (b) EQ_GAPS_01: updated geometry with equal
gaps, proposed in [5], with gaps of 6, 90, 90, 90, 90, 90 mm and grid thicknesses of 6, 17, 10, 10, 10, 10,
20 mm; (c) detail of the extraction region (extraction grid and steering grid are at the same potential and
considered as a single grid).

results.
An integrated approach, taking into consideration at the same time physics and engineering aspects, is adopted for the conceptual design process here described. Particular
care has been taken in investigating the interactions between physics and engineering
aspects of the experiments. The codes used are some of the ones currently considered

also for the design of the SPIDER accelerator [7, 8]:
•
•
•
•
•
•

CONDUCT to estimate the conductance through the grids of a gas in low pressure
conditions;
STRIP for the pressure and density profiles inside the accelerator and the stripped
losses;
SLACCAD for the beam optics investigations;
OPERA for the evaluations of magnetic fields [9];
EAMCC for the estimation of the heat loads on the grid [10], transmitted beam and
amount of backstreaming ions.
ANSYS for the thermo-mechanical and magnetic analyses [11].

OPTICS ANALYSES
The SLACCAD code has been used to estimate the electric field inside the accelerator
by integration of the Poisson’s equation, with cylindrical geometry conditions [12]. This
is a modified version of the SLAC Electron Trajectory Program [13], adapted to include
ions, a free plasma boundary and a stripping loss module [14].
The CONDUCT and STRIP codes [6] have been used to generate the boundary
conditions for SLACCAD. CONDUCT has been used to estimate the conductance of
a gas in low pressure conditions across the aperture, following the classical approach for
molecular flow [15]. The molecular temperature during discharge inside the ion source
is assumed to be 1000 K, while the background gas in the acceleration gaps is expected
to be close to the room temperature. The gas density profile, which is important (together
with the cross sections of the stripping and charge exchange reactions) for the estimation
of the stripping losses, should be calculated for these temperatures. With a fixed flow
rate and molecular flow conditions, the velocity of the molecules V increases as the
gas temperature increases. In other words, the gas density in the ion source and the
accelerator decreases as the gas temperature increases, i.e. the conductance increases
with temperature. Regarding this topic, Krylov and Hemsworth propose the relation
0.5
V ∝ Tgas,source
[16]. The STRIP code requires as input a source pressure (for the region
upstream of the accelerator) and a tank pressure (for the region downstream of the
accelerator) to calculate the pressure profile inside an electrostatic accelerator. The code
also assumes a uniform temperature of 300 K everywhere. However, the temperature
in the actual MITICA ion source is foreseen to be about 1000 K. As it is not easy to
modify the source temperature in the code, a virtual source pressure pvirt is given to
the code instead of the filling pressure p f ill in order to compensate for the non-uniform
temperature. To make this, the following formula is used in the calculations:

0.5
Troom
pvirt = p f ill ·
(1)
Tgas,source
where:
•

pvirt is the virtual source pressure, to be used as input for the stripping calculations
with the STRIP code;
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FIGURE 3. Pressure profile, density profile and stripping percentage on beam axis, calculated with
STRIP with the DIFF_GAPS 01_and EQ_GAPS_01 geometry.
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FIGURE 4. Average divergence angle of the beamlet at the accelerator exit with the DIFF_GAPS_01
and EQ_GAPS_01 geometries as a function of the Extraction Grid voltage and extracted current density.
The extracted current density of 50% 60%, 70%, 80%, 90% and 100% of the nominal value are considered.
The PG, AG1, AG2, AG3, AG4 and GG voltages are fixed respectively at 0, 209, 409, 609, 809 and
1009 kV, while the EG voltage is variable between 8 and 12 kV. The points close to the minimum are
interpolated with second degree polynomial curves, to estimate the minimum θRMS , corresponding to the
optimized configuration. D− trajectories and θRMS in the optimized configuration are reported for the two
geometries.

p f ill is the filling source pressure, intended with no source operation and the system
at room temperature. This is taken equal to 0.3 Pa to the ITER requirements;
• Troom is the room absolute temperature (300 K);
• Tgas,source is the gas absolute temperature inside the source, assumed to be 1000 K.
•

The ITER DDD5.3 reference geometry (DIFF_GAPS_01) and the updated geometry
(EQ_GAPS_01) have been considered. The profiles of the effective pressure, density
and stripping losses calculated with STRIP are plotted in Fig. 3, while Fig. 4 shows the
sensitivity analysis on the extracted current and EG voltage calculated with SLACCAD.
It can be observed that:
•

stripping losses are slightly higher with EQ_GAPS_01 geometry; this is due to the
fact that the accelerator is 70 mm longer;
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FIGURE 5.

EQ_GAPS_03 and EQ_GAPS_04 geometries. All the dimensions are in mm.

with both the considered geometries, the values of the average divergence angle
(θRMS ) are rather low (< 2.5 mrad) in the optimized current/voltage combination,
satisfying with some margin the ITER requirement θRMS < 7 mrad [17];
• the minimum values for the θRMS are similar with the two geometries and reached
at slightly different VEG ; both geometries are quite sensitive to changes on extracted
D− current density and grid potentials; these plots can give some trends that could
help the tuning of the accelerator operating parameters during the operations in the
MITICA testbed;
• the DIFF_GAPS_01 is slightly better performing when the perveance match is not
reached, especially when the EG voltage is higher than the optimized one (this can
be seen by comparing the two sensitivity plots on the region with VEG between 10
and 12 kV).

•
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FIGURE 6. EAMCC simulations with EQ_GAPS_03 and EQ_GAPS_04 geometries: trajectories of
particles. Boundary conditions: Electrical field from SLACCAD (taking into account space charge and
stripping losses), density profile along the accelerator from STRIP, magnetic fields by OPERA, 106 macroparticles.

DEFLECTION OF ELECTRONS: COMPARISON BETWEEN
TWO POSSIBLE APPROACHES
Though the EQ_GAPS_01 geometry is found to have some drawbacks regarding optics (slightly higher sensitivity to out-of-reference operating conditions), it is considered
better performing than DIFF_GAPS_01 for voltage holding [5], and is here considered
for further developments.
For the design of the SPIDER accelerator, a plasma grid optimized for the RF
ion source (based on the IPP experience) and an extraction grid optimized for long
pulses (with enhanced cooling system suitable for long pulses) were developed [7]. For
MITICA, a similar design for these two grids is foreseen, with some small modifications
regarding the EG thickness (that has been increased by 2 mm) and the Co-extracted Electron Suppression Magnets (CESMs) dimensions (increased from 4.6 mm x 5.6 mm to
6.6 mm x 5.6 mm).
Regarding the acceleration grids, two magnetic configurations, shown in Fig. 5, have
been proposed and compared. In fact, while the co-extracted electrons are deflected in
both the options by the CESMs embedded in the EG, two different approaches are chosen for the suppression of the electrons generated by stripping and charge exchange reactions (lately referred to as “stripped electrons”). In one approach, named EQ_GAPS_03,
the stripped electrons are suppressed by means of an horizontal filter field (with an average value for Bx along the accelerator of 1 mT), generated by two filter permanent magnets at the sides of the plasma source and a current flowing along the PG (analogously
to the case considered in the DDD5.3 [4]). In another approach, named EQ_GAPS_04,
permanent magnets (named Stripped Electrons Suppression Magnets, SESMs) are em-

bedded in all the acceleration grids and grounded grid. The SESMs are chosen with the
same properties as the co-extracted electron suppression magnets (Sm2 Co7 with 1.1 T
magnetic remanence). These magnets give a By field in the acceleration region, which
should horizontally deflect the stripped electrons.
The CONDUCT, STRIP, SLACCAD and EAMCC codes are used to compare the
operating behaviour foreseen with each option.
The main results of these analyses are:
•

•

•

•

•

•

The pressure, density and stripping profiles are identical for the EQ_GAPS_03 and
EQ_GAPS_04 geometries. The stripping losses, with the same hypotheses assumed
for the DIFF_GAPS_01 and EQ_GAPS_01 geometries, are estimated around 34%
(slightly higher than in Fig. 3 because the pressure in the extraction gap is higher).
The minimum θRMS (average divergence angle) is calculated as 1.7 mrad and
reached with the nominal extracted D− current density (293 A/m2 ) and VEG =9.4
kV. The curves are very similar to the ones of EQ_GAPS_01 in Fig. 4.
The trajectories of the co-extracted electrons are almost identical in the
EQ_GAPS_03 and EQ_GAPS_04: nearly all of these electrons are foreseen to
impinge on the EG after a horizontal deflection due to the CESMs; the consequent
heat load on the EG is about 0.5 MW for both the geometries.
The trajectories of the stripped electrons are different for the EQ_GAPS_03 and
EQ_GAPS_04 geometries, with consequent differences on the power loads on the
grids and transmitted electrons (see Fig. 6):
– in the EQ_GAPS_03 case, they are vertically deflected by the horizontal filter
field onto the acceleration grids; the consequent heat loads are quite high (up
to 2.5 MW for a single acceleration grid); the stripped electrons that exit from
the accelerator together with the negative ions have a power of about 1.5 MW;
– in the EQ_GAPS_04 case, they are horizontally deflected by the SESMs; the
heat loads foreseen on the grids are in this case lower (up to 1.5 MW on a
single grid), but the power of the electrons at the accelerator exit is much
higher (about 7 MW).
The heat loads foreseen on the grids with EQ_GAPS_03 are about 15% higher than
the ones foreseen in [10], where a similar magnetic configuration was simulated.
This could be due to the fact that in that case also the lateral pumping inside the
accelerator was considered, hence the density profile was lower and the so the
stripping losses. Moreover, a geometry similar to the DIFF_GAPS_01 was there
considered, hence the accelerator was about 70 mm shorter.
The EQ_GAPS_03 geometry is better performing than EQ_GAPS_04 regarding
the capability to filter the stripped electrons, producing better results in terms of
suppression of stripped electrons inside the accelerator. Nevertheless, this option
has the important drawback that the vertical deflection of the negative D− ions
is not uniform on the beam source cross section, because of the non-uniformities
on the filter field (due to the edge effect). In fact, until now it has been found
difficult to have an acceptable uniformity for a horizontal filter field generated by
two filter permanent magnets at the sides of the plasma source and/or a current
flow along the PG. Hence, a local approach for the suppression of the stripped
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FIGURE 7. Out of plane deformation contour plot [m] of the AG2 with the EQ_GAPS_03 geometry,
cooling channels dimensions 4 mm x 4 mm and cooling water velocity 10 m/s.

electrons, like EQ_GAPS_04, is at the moment preferred to a global approach, like
EQ_GAPS_03.
• The power of the stripped electrons at exit is considered excessive in both cases;
hence, further developments are foreseen to keep this power under acceptable
values.

PRELIMINARY THERMO-MECHANICAL ANALYSES
The most critical grid by the thermo-structural point of view is the second acceleration
grid (AG2) in the case of EQ_GAPS_03 geometry. The thermo-structural behaviour of
this grid has been investigated by means of a tri-dimensional model in the ANSYS finite
element code. The model (see Fig. 7) represents a slab region of the AG2 with full width
and reduced height (two cooling channels and two aperture rows).
A first thermal analysis is carried out to evaluate the temperature in every point.
Periodic boundary conditions are applied on the upper and lower surfaces. The expected
heat load is applied on the surfaces and the convective heat flux to the channels walls.
The convective heat transfer coefficients are calculated along the cooling channels [18],
following the Sieder-Tate formula. Then, a structural analysis is carried out considering
the temperatures calculated in the first step. For this analysis, the water pressure is
applied and the following boundary conditions: z displacement blocked at the four
corners, x displacements blocked at the left side corners, y displacements blocked at the
horizontal midplane. These boundary conditions simulate the way the grids are mounted
on the frame.
In the case of the EQ_GAPS_03 geometry, the AG2 grid is subject to a total power
load of 2590 MW (2140 MW on the front surface, 420 MW on the aperture internal
surfaces and 30 kW on the back surface).
An elasto-plastic model is used for the material, with the properties of a specific type
of copper obtained by galvanic electrodeposition and analogous to the one to be used for
the grids manufacturing, measured during a dedicated thermo-mechanical test campaign
[19].
The cooling water velocity in the channel is 10 m/s (considered as a limit due to

TABLE 1. Sensitivity analysis on the thickness of the acceleration grids cooling channels: main results. In all cases, the water velocity along the cooling channels is 10 m s−1 ,
considered as a limit for vibrations and erosion.
Cooling channels dimensions [mm]
4x4 5x4 6x4 7x4
Cooling water inlet temperature [◦ C]

35

35

35

35

Cooling water outlet temperature [◦ C]

93

81

73

68

263

253

247

244

Maximum Von Mises stress on the grid [MPa]

65

70

71

69

Maximum Von Mises elastic strain on the grid [%]

0.058

0.062

0.063

0.060

Maximum Von Mises plastic strain on the grid [%]

0.071

0.070

0.069

0.067

Maximum temperature on the grid

[◦

C]

In plane deformation [mm]

1.4

1.3

1.2

1.1

Out of plane deformation [mm]

5.6

6.9

8.0

8.9

Total water flow on the grid [kg/s]

10.7

13.4

16.0

18.7

Pressure drop along the channel [MPa]

0.275

0.243

0.221

0.216

the erosion processes). As the flow rate changes with the cross section, also the water
temperature increase is different with different channel geometries.
Tab. 1 reports the main results of the preliminary thermo-mechanical simulations,
while Fig. 7 shows the grid deformation contour plot in the case of a 4 mm x 4 mm
cooling channel of the grid.
It can be observed that:
The estimated operating temperatures, equivalent Von Mises stress and equivalent Von Mises strain (plastic and elastic) are rather high, due to the considerable
amount of power deposited on the grid. These values are to be lowered by improving the design and to be checked regarding fatigue life;
• The in-plane deformations of the grids are acceptable and coherent with the ones of
the PG and GG, while the out-of-plane deformations are too high and not acceptable
for the usage in MITICA; in fact the beam optics and aiming would be spoiled by
such high deformations. Further concepts are being considered in order to solve
this problem, like increasing the grid thickness, changing the cooling channel
characteristics (dimensions, flow, number of channels, position) and changing the
magnetic configuration.
•

CONCLUSIONS
A thorough investigation of the existing conceptual designs of MITICA accelerator
[5, 4] is being carried out using a comprehensive set of codes (STRIP, SLACCAD,
OPERA, EAMCC and ANSYS).
Improved solutions are currently being developed, aiming at better operating behaviour in terms of voltage holding, compatibility with a Radio Frequency ion source,
long pulse operation, satisfaction of the requirements on beam optics (in terms of divergence and deflection), suppression of co-extracted and stripped electrons inside the

accelerator, reduction of secondary electrons inside the accelerator and better thermostructural behaviour.
After selecting one or more suitable design concepts, further investigations will be
carried out regarding the complete thermo-mechanical assessment of the grids (stress,
strain, deformation, fatigue life), strategies on overall beam aiming, beamlet-beamlet
and beamlet-wall interactions (to be studied with multi-beamlet models) and capability
to absorb the stripped electrons exiting the accelerator with a suitable electron dump.
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