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A B S T R A C T   

SPIDER is the full-scale prototype of the plasma source of the negative-ion driven neutral beam injector for the 
heating and current drive of the ITER plasma. The uniqueness and complexity of the system requested this ad hoc 
test stand aiming at optimizing the performance of the RF inductively generated plasma, negative ion production 
and extraction, electron filtering, and robustness and controllability of all systems required to work together. 
After about three years of operation, presently SPIDER is in a long shutdown, in which the whole plasma source 
and accelerator were dismounted. In this phase, additional modifications with respect to the original design will 
be introduced to improve the system performance, driven by the experience acquired in the last years. 

These include the addition of further sets of permanent magnets in the plasma source expansion chamber and 
around the RF drivers, with the aim of improving the plasma confinement and consequently its density and 
possibly its uniformity. The present paper reports the study and the analyses behind this modification, which 
impacts on the original already complex magnetic configuration, made particularly difficult by the limited space 
available and the high voltages. The use of ferromagnetic shields, necessary to limit stray fields possibly 
increasing the breakdown probability, make the design particularly complex because of the greater impact on the 
previous configuration. An iterative process between analyses to determine the ideal configuration and CAD 
verifications was required. The analyses had to take into account the new magnetic configuration to be created in 
the particular area of interest, and the overall configuration in order to not compromise its efficacy.   

1. Introduction 

ITER, the experimental nuclear fusion reactor presently under con-
struction in Cadarache, France, is an international project aimed at 
demonstrating the feasibility of nuclear fusion as future clean and long 
lasting energy source. The main goals are filling the gap in the present 
understanding of burning plasma physics and the consequent achieve-
ment of a comprehensive control capability required to obtain and 
maintain plasma parameters necessary for significant fusion power 
production, together with the many technological challenges this en-
tails. The high temperature of the plasma, required for a sufficient 
amount of fusion reactions to occur, and the need of long pulse duration 
call for additional heating and current drive systems with respect to the 
only inductively generated plasma current and related Joule heating. A 
combination of Electron Cyclotron Resonance Heating, Ion Cyclotron 

Resonance Heating and Neutral Beam Injectors (NBIs) is foreseen for the 
required auxiliary input power of about 50 MW [1]. Two NBIs are 
foreseen to supply a total power of 33 MW, by accelerating negative 
deuterium ions to 1 MeV [2]. A dedicated Neutral Beam Test Facility 
(NBTF) was set up at Consorzio RFX (Italy) in order to develop for the 
first time a system capable of achieving simultaneously the ITER NBI 
requirements [3]. NBTF includes two experiments. MITICA (Megavolt 
ITER Injector and Concept Advancement), presently under construction, 
is the full-scale prototype of the whole ITER NBI, where the 1 MV 
voltage holding issues will be studied together with the neutralization of 
the negative ion beam. SPIDER (Source for the Production of Ions of 
Deuterium Extracted from RF plasma) is the full-scale prototype of the 
ITER NBI source with 100 keV beam accelerator, with the aim of 
achieving the requirements in terms of negative ion current (40 A) for a 
beam-on time of 1 h [4]. In particular, SPIDER aims at optimizing the ion 
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source performance in terms of uniformity of the source plasma and 
extracted current over a beam area of about 1.5 m2, negative ion current 
density (355 A/m2 in H− and 285 A/m2 in D− ) and beam optics, for 
continuous beam operation of 3600 s. 

The present paper describes the review and integration of the mag-
netic configuration during the present long shutdown, which started at 
the end of 2021, with new sets of permanent magnets (PM) and 
magneto-static shields (MSS) in order to improve the plasma confine-
ment in the SPIDER ion source, driven by the experience acquired in the 
last years. In Section 2 motivations of the modifications are explained; in 
Section 3 the new Driver magnet set is described; the new sets on the 
source case walls are described in Section 4; the overall magnetic field is 
considered in Section 5, with special concern to the uniformity of the 
field due the interplay among different sources; and finally conclusions 
are drawn in Section 6. 

2. Motivations 

Since the beginning of SPIDER operation in 2018, many issues have 
been solved, modification implemented, lessons learned and objectives 
reached. The influence of the magnetic field on the uniformity and 
overall performance of the system resulted to be of primary importance. 
In any negative ion driven NBI, the magnetic field is essential to reduce 
the electron temperature in the extraction region, in order to minimize 
the destruction rate of negative ions (the rate of electron detachment by 
electron impact decreases by a factor of 10 when the electron temper-
ature decreases from 4 to 1 eV). It also minimizes the diffusion of 
electrons towards the extraction, so that in the presence of negative ions, 
the co-extracted electron current from the plasma can be minimized. In 
SPIDER this is realized by the Filter Field (FF) produced with a DC (or 
slowly varying) electric current (up to 5 kA) flowing in the plasma facing 
electrode (plasma grid, PG) and closing in an assembly of bus-bars 
specifically positioned. In addition, different sets of PMs embedded in 
components of both the ion source and the accelerator are present, so 
that a complex magnetic field configuration is produced. The integration 
of permanent magnets in the plasma source walls, with a cusp config-
uration, is a typical expedient to minimize the plasma loss by interaction 
with the wall [5]; multi-cusp configurations are commonly used in 
negative ion sources [6]. In general, plasma electrons are magnetized by 
the cusp field so that the plasma-wall interaction takes place on a limited 
width w in correspondence of the magnets, usually called leak width. 
Fig. 1 shows the effect of the magnetic field on the plasma (left) and 
single electron trajectories (right) in a periodic particle-in-cell simula-
tion. The leak width, w, is also highlighted. The plasma density of 2 ×
1017 m− 3, electron temperature of about 2 eV, and the B field strength at 
the wall of 120mT, are somewhat relevant to the case of the SPIDER 
lateral walls. In SPIDER, cusp magnets are integrated in the rear disk of 
the RF drivers, and embedded on the lateral wall of the plasma expan-
sion chamber, the so called Source Case Later Wall (SCLW) where the FF 
lines cross the wall perpendicularly. 

In 2020 the bus-bar arrangement was modified with respect to the 
original design [7] in order to improve the plasma confinement in the RF 

drivers, by changing the topology of the magnetic field and reducing its 
intensity inside the drivers, as described in [8]. The modification was 
found to be successful, in the sense that the plasma density inside the 
drivers was measured to monotonously increase with increasing filter 
field strength (see [8] and [9]); the plasma confinement inside the driver 
is therefore a positive feature of the transverse FF downstream the driver 
region, when minimized inside the driver itself. Further analyses and 
measurements of the actual magnetic configuration were carried out, 
during SPIDER operation and shutdowns. From these results, it was clear 
that the PMs embedded in the lateral wall perturb the FF along the axis 
of the drivers, even at relatively high PG current (3kA), as shown in 
Fig. 10 of [10]. This is probably one of the underlying causes that 
contributed to the experienced left/right asymmetry of the source 
plasma properties: this effect was discussed in ref [11]. As reported, 
plasma light measurements of the left and right drivers show a 
discrepancy which depends on source parameters, the intensity of the FF 
and vertical position of the driver. 

Furthermore, at the lateral wall, the sheath voltage is much higher 
than floating potential, i.e. almost no electron loss occurs. Therefore, it 
seems that the magnetic field at the wall (Bwall) is needlessly higher than 
necessary to ensure a low loss fraction. On the other hand, at the surfaces 
not protected by cusp magnets, during the present shutdown the disas-
sembly of the source revealed rather clean surfaces indicating a certain 
level of plasma-wall interaction. This is the case of the drivers’ exit on 
the plasma driver plate, as shown in Fig. 2 (left picture). During oper-
ation, a plasma density between 2 × 1017 m− 3 with Te of 4 eV, and 5 ×
1017 m− 3 with Te of 10 eV, was measured at around the drivers’ exit in 
an ad hoc campaign [12]. Considering the rather large area of such 
surface, a considerable plasma loss is associated with it. Instead, at 
surfaces already protected by cusp magnets such as each driver back-
plate and the SCLW, darker/dirtier areas were found, indicating to a 
certain degree a reduction of the plasma-wall interaction at those 
positions. 

Therefore, the motivation for the proposed integration of new 
magnet sets into the source and the modification of some existing sets, 
described in detail in the following paragraphs, is threefold  

• To reduce plasma losses at the source and driver walls in order to 
improve plasma density and generation efficiency;  

• To reduce the interaction of the magnetic field produced by the 
SCLW on the FF, in order to eliminate the left-right non uniformity;  

• To reduce the FF inside the driver to further improve the plasma 
confinement and generation efficiency. 

• To achieve these three objectives three magnet systems were modi-
fied/integrated  

• Rear Driver Plate (RDP): a new set of magnets in cusp configuration 
was added on the back wall of the expansion chamber to minimize 
the plasma losses there (see Fig. 10);  

• SCLW: the original PM set was modified to minimize the interaction 
with the FF; 

Fig. 1. Example of Particle-In-Cell simulation of plasma –wall interaction in the 
presence of two cusp magnets (periodicity is applied on top/bot-
tom boundaries). Fig. 2. Plasma driver plate, internal driver surfaces and lateral walls after the 

first 3.5 years of operation. 
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• Around drivers: PMs are added to improve the plasma confinement 
and MSSs are introduced to concentrate their external flux and to 
minimize the FF inside the drivers. 

2.1. Plasma losses estimation 

The leak width w can be estimated as [13] 

w ≈
2
π(ρeρi)

0.5 d
(λeλi)

0.5 (1)  

where ρe and ρi are the Larmor radii and λe and λi the mean free path of 
electrons and ions (generally different) respectively. This expression is 
valid for electro-positive plasmas, although the presence of negative ions 
in our application is expected to increase the leak width [14]. A figure of 
merit for the confinement efficiency is the loss fraction f = w/d, where 
d is the pitch among permanent magnets. In addition, the cusp field 
shields the region close to the wall in between the cusp magnets from 
plasma diffusion: this volume without plasma extends from the wall for 
a distance called Plasma Exclusion Zone (PEZ). A zero-order estimation 
of the losses at various source wall regions was carried out. The calcu-
lation of ion and electron currents are based on Bohm velocity and 
electron current for planar probe; plasma potential next to the surfaces, 
plasma density and electron temperature are derived for the various 
regions from measured parameters (derived from measurements with 
movable probes carried out in ad hoc campaign [9], but also integrated 
probes as already mentioned). The overall neutrality is imposed in the 
current balance, considering the areas of the various surfaces. The 
plasma grid PG, bias plate BP, lateral walls LW, source rear (plasma 
diver plate) are considered together with the surfaces of each driver, the 
Faraday shields of cylindrical shape and the driver backplate. The 
calculation shown that a large fraction of the plasma is lost at the 
Faraday shield (FS), i.e. the lateral surface of the drivers. For this reason, 
a great effort was devoted to integrating a new set of magnets in order to 
minimize the loss in the drivers, as described in the next paragraph. 

3. New RF driver permanent magnets 

In order to reduce the plasma losses inside the drivers and thus 
improve the plasma density and generation efficiency, a set of PMs 
around the driver was proposed. Different configurations were tested, 
considering the following requirements  

• Maximized magnetic field at the FS inner wall;  
• Minimized magnetic field outside the driver in order to prevent an 

increased electrical discharge probability;  
• Uniform magnetic field along the driver circumference;  
• Installation and disassembly of PM without removing SPIDER from 

vessel. 

In particular, the second requirement imposes the use of MSS to 
channel the magnetic flux on the outer side of the driver inside the MSS 

itself. The presence of ferromagnetic material implies a change in the FF 
distribution, essentially in the driver region. This aspect is described in 
detail in Section 5. The limited space between two adjacent drivers and 
other pre-existing components around them, together with minimum 
PM dimensions in order to achieve a suitable magnetic field intensity 
and the presence of the MSS, implied a complete revision of the elec-
tromagnetic shield (EMS), including cooling circuit, RF coil support 
structure and part of the coil itself. In Fig. 3 the new design is shown: the 
complete assembly of RF coil, EMS and MSS is shown on the left, where 
the PMs are not visible; on the center-top of the figure only the EMS with 
the embedded PMs are shown; whereas at the bottom-right only MSS 
and PMs are shown. 

The revised design includes  

• Copper EMS, 12.25 mm thick with 24 cavities (2.25 mm min 4.1 mm 
max) to fit PMs with dimension 10 × 20 × 70 mm, in direct contact 
with the MSS;  

• 24 or 12 SmCo PMs with nominal remanence Br = 1.15 T (radial 
polarization, along 10 mm dimension);  

• Ferromagnetic MSS 4 mm thick, made of 6 arcs for ease of assembly, 
with screwed parts for magnetic continuity and insulating blocks 
between EMS and source body. 

3D finite element analysis, taking into account the non-linear BH 
dependence of the ferromagnetic material were carried out in the design 
phase. In the following, we will discuss the case with identical magne-
tization along each column of magnets, in the two options of 12 and 24 
columns. The magnetic field produced by these cusp configurations is, 
neglecting edge effects, on the r − ϕ plane. An alternative configuration, 
not simulated here, is based on alternate magnetization along the 
magnet column, i.e. alternating polarization for all columns along the z 
coordinate (e.g. all S/N/S). In this configuration, the field lines of the 

Fig. 3. Magnetic field norm along radial direction at φ=0◦ and different co-
ordinate z. Fig. 4. Comparison between the 12 and 24 PMs driver configuration – contour 

plot on the midline cross section. FS position indicated by dashed black line. 

Fig. 5. Absolute value of the magnetic flux density along radial direction at 
φ=0◦ and different coordinate z, for the two configurations with 12 and 
24 PMs. 
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cusp magnets would lay on the r − z plane. This alternative configura-
tion, similar to ref. [15], could provide advantages for our design. 

Fig. 4 shows the comparison between the magnetic field distribution 
across the midplane cross section of a single driver, produced by the new 
set of PMs only, in case 12 and 24 magnets are adopted. Contour regions 
where the field is higher than 35 mT are colored in white, value 
considered the optimal intensity at the FS wall. 

In the following figures (Figs. 5–8) the absolute value of the magnetic 
flux density along relevant paths is shown. 

In particular, the 24 PM configuration shows a more uniform field 
along the circumference, but it is more sensitive to discontinuities in the 
ferromagnetic shield and has a lower average intensity. Average mag-
netic field intensity and estimated loss fraction and PEZ for the two case 
are reported in Table 1. 

Previous analyses consider a perfect contact between the MSS sectors 
and the ferromagnetic patches to assure the continuity of the magnetic 
circuit, which are screwed on the main sectors. The same analyses were 
repeated inserting a 0.1 mm gap between sectors and patches to test 
possible non-perfect contact on the field distribution. Fig. 9 is reported 

Fig. 6. Absolute value of the magnetic flux density along radial direction at 
driver midline cross section and different coordinate φ, for the two configura-
tions with 12 and 24 PMs. 

Fig. 7. Absolute value of the magnetic flux density along axial direction z and 
different coordinate φ, for the two configurations with 12 and 24 PMs. Driver 
Back Plate (DBP) is a stainless-steel disk closing the driver on the back side. 

Fig. 8. Absolute value of the magnetic flux density along azimuthal direction φ 
and different coordinate z, for the two configurations with 12 and 24 PMs. 

Table 1 
loss fraction and PEZ estimated for the two PM configurations foreseen in the 
driver cylindrical walls: the first number is calculated with Eq. (1), whereas the 
second one, pejorative, is extrapolated from preliminary PIC analyses.  

PM # B0 [mT] w [mm] f [%] PEZ (mm) 

12 32 2.5–7 2.8–7.7 45–35 
24 21 2–9 4.4–20 27–11  

Fig. 9. Absolute value of the magnetic flux density along radial direction at 
driver midline cross section, for the two configurations with 12 and 24 PMs 
with and without 0.1 mm gap between MSS components. 

Fig. 10. New SCLW (purple) and RDP (gray) magnet sets; all PMs are arranged 
in a chessboard configuration. 
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to proof the negligible effect of the lack of magnetic continuity on the 
field distribution. In particular, only a slight increase of the field just 
outside the MSS is present in the case with gaps. 

It is worth noting that the magnetic field due to the new PMs in the 
driver will of course affects the plasma generation. An increased plasma 
density is expected, but since only experimentation will be able to prove 
it, the design has been conceived in a modular fashion, allowing for 
permanent magnets and ferromagnetic material to be easily assembled 
and disassembled, in order to test different configurations by steps. 

4. New configuration for lateral walls and rear driver plate 

The original configuration included a set of PMs on the SCLW, ar-
ranged in four columns alternatively polarized, as described in [10]. 
This arrangement results in a plasma-wall interaction along the whole 
length of the magnets. The change to a chessboard configuration was 
proposed with a twofold purpose: on the one hand to further reduce the 
plasma-wall interaction to a smaller area at the center of each alternated 
magnet; on the other hand to cancel out on average the interaction 
between the magnetic field due to the magnets and the FF, as described 
in Section 5. Addition of PMs, again in chessboard arrangement, was 
proposed as well for the Rear Driver Plate (RDP), which is the back wall 
of the source case. The whole free space in between the drivers was used, 
taking into account the presence of previous constraints, such as diag-
nostic lines-of-sight and thermocouples. A 3D view of the SCLW (purple) 
and RDP (gray) magnet sets is shown in Fig. 10. A front CAD view of the 
top half of the RDP with the magnet grooves, to which the contour plot 
of the normal component of the magnetic field is partially superimposed 
to highlight the chessboard pattern, is shown in Fig. 11. 

The number of columns of SCLW PMs was increased to six, at a 
shorter distance from each other and with PMs of smaller dimensions. As 
a matter of fact, the intensity of the magnetic field of the original set at 
the SCLW was measured to be between 110 and 120 mT and considered 
excessive. Magnets on the corners were added, following the same 
change in polarization as the lateral ones. Concerning the RDP magnets, 
some of them are embedded on the steel plate that constitutes the actual 
RDP, whereas others on the bus bars which carry the PG current pro-
ducing the FF. Dimensions and distances of the magnets were optimized, 
considering the two sets simultaneously, in order to preserve symmetries 
around the drivers and between the source case walls, and taking into 
account preexisting geometrical constrains. SmCo was chosen for all 
PMs, for their quite high remanence and excellent thermal behavior up 
to 250 ◦C. In particular the following sets are foreseen 

• PMs of 9 × 13 × 25 mm and nominal remanence of 0.94 T (polari-
zation along 13 mm dimension) on the SCLW; 

• PMs of 9 × 13 × 35 mm and nominal remanence of 0.94 T (polari-
zation along 13 mm dimension) on the SCLW corners; 

• PMs of 7 × 7 × 25 mm and nominal remanence of 0.94 T (polari-
zation along 7 mm dimension) on the RDP; 

• PMs of 7 × 9 × 25 mm and nominal remanence of 1.15 T (polari-
zation along 7 mm dimension) on the PG bus bars. 

The optimization of the magnetic field produced by the RDP magnets 
was carried out taking into account also the presence of the cesium 
ovens. Indeed, the localized magnetic field produced by the new PMs, 
whether suitably arranged, can be exploited to protect the oven tip 
against the plasma. Two configurations were considered in this respect: 
one with only two columns of PMS embedded in the central PC current 
bus-bar, exploiting the magnetic field produced by themselves on the 
horizontal plane as magnetic mirror; the other with three columns of 
PMs and a pair of additional PMs above and below each of the three 
ovens, producing a magnetic field on the vertical plane. Advantage of 
the first choice would be to have the same number of PMs on the central 
and lateral bus-bars, thus facilitating the PG current distribution, and 
not to break locally the symmetry of the magnetic distribution due to the 
RDP magnets. Advantage of the second one is to maintain the same pace 
between neighboring PM columns, to maintain an overall left-right 
symmetry (which makes the right combination between RDP and 
lateral SCLW magnets on both left and right sides) and finally, by 
adopting ad hoc PMs, the magnetic field in front of the oven is higher 
and consequently the field lines are longer (larger PEZ), as shown in 
Fig. 12. 

Estimation of the loss fraction for the final configuration, taking into 
account Eq. (1), gives f ≈ 2.5%. It is worth noting that the latter is an 
underestimation of the actual loss fraction, since it does not take into 
account the presence of negative ions and it is not validated for check-
erboard configuration. However, it provides a good motivation for 
adopting the proposed configuration. 

It is worth nothing that in principle the loss fraction on the lateral 
walls has probably increased compared to the old configuration (both 
the distance between the magnets and the field strength have been 
reduced), but the main goal of the adopted design is the reduction of the 
interaction of SCLW PMs magnetic field with the FF. 

Fig. 11. CAD view of the top half of the RDP showing the magnet grooves, to 
which the contour plot of the normal component of the magnetic field is 
partially superimposed, showing the chessboard pattern. 

Fig. 12. Comparison between the magnetic field produced around the Cs oven 
tip by the two PM configurations considered: with three PM columns and 
dedicated PMs on the central bus-bar (left, vertical cross section), with two PM 
columns on the central bus-bar (right, horizontal cross section). 

Fig. 13. Simplified schematics of the three testing conditions for the upgraded 
driver magnetic configurations. 
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5. Overall magnetic field 

The modification of the FF configuration described in [8] improved 
the plasma generation in the driver [16–18], which however is still 
affected by the FF intensity [10]. The addition of magnets and MSS 
around the drivers allows testing three different conditions regarding 
the FF in the drivers, as sketched in Fig. 13, that is  

• Pre shut-down condition, without MSS nor PMs;  
• Addition of MSS only should reduce the FF inside the driver, thus 

changing plasma confinement properties related to the plasma bulk 
and not to its boundary; 

• MSS and PMs: in addition to the reduction of FF due to the ferro-
magnetic shield, the plasma boundary is also improved. 

3D FEM analyses, similar to those described in [10], were carried out 
in order to verify the new configuration as a whole. Specifically, the 3D 
model takes into account all the magnetic field sources (PG current, 
permanent magnets and ferromagnetic material on the Grounded Grid 
and drivers), except the PMs on the drivers, whose contribution was 
studied in detail in the dedicated analyses described in Section 3. 
Compared to the results presented in [10], Fig. 14, which reports the 
magnetic field distribution without the ferromagnetic shield around the 
drivers for 1.5 kA PG current, shows that choosing the chessboard 
arrangement for the SCLW PMs cancels the left-right asymmetry of the 
overall magnetic field distribution inside the source case, as expected. 

The presence of the ferromagnetic structure around each driver 
(even though discontinuous) reduces the transverse field inside the 
drivers due to PG current, as shown in Figs. 15 and 16, in particular from 
3.5mT to 1.5mT at the center for 3kA PG current. 

The driver MSSs contribute also to make more symmetric the field 
distribution inside the drivers and to make it more uniform in front of 
the PG. The only possible disadvantage one can conceive of at the 
moment is the intensified magnetic field between pairs of drivers hori-
zontally and at the side back ends, which reaches 20 mT and peaks of 30 
mT respectively. This could increase the breakdown probability, which 
is difficult to predict in advance. Hence a step-by-step strategy is fore-
seen at the restart of SPIDER, testing first the new configuration without 
both PMs and MSS on the driver, then adding the MSS and eventually the 
PMs, with the possibility to test both the configuration with 12 and 24 
PMs per driver. 

6. Conclusions 

Taking advantage of the long SPIDER shut-down started at the end of 
2021, for necessary maintenance and planned refurbishments, modifi-
cation and addition of sets of permanent magnets in the plasma source 
expansion chamber and around the RF driver was studied and proposed. 
The new configuration aims on the one hand at improving plasma 
generation efficiency and maximizing plasma density, and on the other 
hand at reducing the residual left-right asymmetry. 
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