
prof. Emanuele Sartori

NBI principles: 
technology overview
22nd July 2026 – ITER International School 
Leshan, China

emanuele.sartori@igi.cnr.it - Università degli Studi di Padova and Consorzio RFX

Scientific exploitation manger/scientific leader of the ITER Neutral Beam Test Facility in Padova

thanks to all 

contributors from the 

NBTF team 

and international 
collaborators



What are Neutral Beams used for?
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fast ions
(H+/D+)

neutral beam (H0/D0)

• Power balance:
Toroidal fusion devices with 
magnetically confined plasmas:
neutral atoms can penetrate 
through the confining magnetic 
field

Plasma Heating

Current Drive

Fast neutrals → fast ions → non-inductive current

Toroidal Torque

Injected neutral flux imparts 
momentum, increasing plasma 
fluid rotation

(Plasma Fuelling)

Useful for core fuelling, negligible 
for larger devices

https://doi.org/10.1063/1.4897186

Plasma Diagnostics

CXRS, MSE – spectral 
analysis of light emission 
generated by collisions of 
fast neutrals with plasma

P. Vincenz, RFX

Balance energy loss, 

access to H-mode or 

target confinement 

regimes;

W. Kraus, CAS (CERN Accelerator 
School – Ion Sources) 2012

https://doi.org/10.1063/1.4897186


Neutral beam injectors: requirements
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fast ions
(H+/D+)

neutral beam (H0/D0)

• Power balance:
Toroidal fusion devices with 
magnetically confined plasmas:
neutral atoms can penetrate 
through the confining magnetic 
field

• neutral atoms can penetrate through the magnetic field
• Ionization by collision with plasma ions and electrons: 

fast neutrals → fast ions
• Fast ion trapped in the magnetic field transfers energy to 

plasma ions and electrons by Coulomb interaction
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Neutral beam injectors: requirements
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fast ions
(H+/D+)

neutral beam (H0/D0)

• Power balance:
Toroidal fusion devices with 
magnetically confined plasmas:
neutral atoms can penetrate 
through the confining magnetic 
field

fast ions
(H+/D+)

neutral beam (H0/D0)

Neutral beam 
intensity

Absorption 
length

shinethrough

𝜆 ≈
𝐸𝑏𝑒𝑎𝑚/𝐴

2 ⋅ 𝑛

n in 1018 m-3, 
E in keV, 
A in amu

• High densities and large plasma volume 
require high energy for depositing power at 
the core region of the fusion plasma

• Often, high-confinement regimes are 
achieved by neutral beam heating 
-> low plasma target thickness when neutral 
beam is activated, then, it evolves with time.

• Ionization depth in the fusion plasma: 
characteristic length scales as

current

Ebeam
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• neutral atoms can penetrate through the magnetic field
• Ionization by collision with plasma ions and electrons: 

fast neutrals → fast ions
• Fast ion trapped in the magnetic field transfers energy to 

plasma ions and electrons by Coulomb interaction



Positive and Negative-ion based NBIs
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Precursor ion beam:
Most tokamaks until now have used positive ions. 

 

Basic principle:
The ion beam is accelerated electrostatically, through 
multi-aperture electrodes (beamlets), then neutralised 
interacting with a thick gas target.

 

Ian Day, UKAEA 



Positive and Negative-ion based NBIs
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Experimental Measurement at JT-60U 
[M. Kuriyama, Fus. Eng. Design, 39-40:115, 1998]

Precursor ion beam:
Most tokamaks until now have used positive ions. 

However, neutralisation in gas cells of high-energy 
hydrogen ions is only possible from negative ions.

Positive ions
• Easy to produce (2400 A/m2)
• Multiple ion species (H+, H2

+,H3
+)

• Neutralisation efficiency decreases with energy

Negative ions
• Hard to produce (240-370 A/ m2)
• One species (H-)
• Co-extracted and stripped electrons constitute 

additional power load
• Neutralisation efficiency minimum 58%



Neutral beam injectors: requirements
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fast ions
(H+/D+)

neutral beam (H0/D0)

NBI physics
- Heating (temperature)
- Current drive (plasma current)
- Momentum injection (plasma fluid rotation)

NBI parameters
• Energy
• Direction: 

• Tangential: longer path into dense plasma, 
current drive and torque input

• Perpendicular: easier to integrate, short path 
into plasma, larger losses

• On-axis vs off-axis: central heating, longer 
path into plasma vs larger current drive

ON-AXIS

Ip

co-current  
tangential injection

(nearly parallel to B), 
good coupling 

with plasma

perpendicular 
injection

counter-current 
tangential injection 
(higher particle losses), 
control rotation

Neutron environment
- Reduced maintenance, 

and only by Remote Handling
- Low-activation materials



(counter-curr)

190 keV-6 MW
Negative-NBI 1180 keV-5 MW

Negative-NBI 2

180 keV-5 MW
Negative-NBI 3

40 keV-6 MW
Positive-NBI 4

40-50 keV-6 MW
Positive-NBI 5

(tangential, counter-curr)

(tangential, 
counter-curr)

(tangential, co-curr)

(perpendicular)

(perpendicular)

Neutral beam injectors: requirements
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Large Helical Device LHD  (NIFS, Japan)Joint European Torus JET (CCFE, UK)



ITER Heating & Current Drive neutral beam injectors 
compared to other injectors
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R0 a Ip Bt Installed heating power (MW)

(m) (m) (MA) (T) P-NBI N-NBI ECRH ICRH LH

TFTR 2.4 0.8 2.2 5 40 - - 11 -

JET 2.96 1.25 4.8 3.45 34 - - 10 7

JT-60U 3.4 1.1 5 4.2 40 3 4 7 8

LHD 3.9 0.6 3 12 16 5.4 3

AUG 1.65 0.65 1.2 3.1 20 - 6 8 -

EAST 1.7 0.4 1.0 3.5 8 - 4 12 10

DIII-D 1.67 0.67 2 2.1 20 - 5 4 -

JT-60SA 2.97 1.17 5 2.25 24 10 7 - -

HL-3 1.78 0.65 2.5 2.2 20 11 6 4

DTT 2.19 0.7 5.5 6 - 10 32 8 -

ITER 6.2 2.0 15 5.3 - 33-50 20-67 10-20 -

NBI heating is dominant in most past, present and planned devices

PLT, 3MW

ATC, 0.06MW
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Courtesy Lauro Trevisan 



ITER Neutral beam injectors: requirements
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1 DNB (H) V = 100 keV, Iacc = 60 A

tpulse = 3 s every 20 s, Fmod = 5 Hz

2 (+1) HNB (H, D)

•Ubeam=870keV (H), 1MeV (D)

•Pbeam = 2x 16.5 MW

•Tangential injection, 

vertical tilting ±10 mrad

• Iacc = 46 A (H–), 40 A (D–)

• tpulse = 400 s (3600 s)

•1/e divergence < 7 mrad

0.8 m 

1.8 m

~0.4 m

8 RF 

drivers

ITER H–/D– accelerator
• 5 acceleration stages 200kV each;

• 88 mm accel. grid gap, 17 mm thickness; 

• 1280 beamlets (homogeneous), single-

beamlet aiming

neutralization

@1MeV
H− η⁓60%

H+, Hx
+  η⁓0%

24.5 m

𝜆 ∝ 𝑈𝑏𝑒𝑎𝑚/𝑛

divergence < 7 mrad



ITER Neutral beam injectors: requirements
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1 DNB (H) V = 100 keV, Iacc = 60 A

tpulse = 3 s every 20 s, Fmod = 5 Hz

2 (+1) HNB (H, D)

•Ubeam=870keV (H), 1MeV (D)

•Pbeam = 2x 16.5 MW

•Tangential injection, 

vertical tilting ±10 mrad

• Iacc = 46 A (H–), 40 A (D–)

• tpulse = 400 s (3600 s)

•1/e divergence < 7 mrad

0.8 m 

1.8 m

~0.4 m

8 RF 

drivers

ITER H–/D– source
• Jext = 330 A/m2 (H–)

• Extraction grid (10kV)

• Cs-assisted plasma-surface production

• 8x RF drivers (total RF power 800 kW)

neutralization

@1MeV
H− η⁓60%

H+, Hx
+  η⁓0%

24.5 m

𝜆 ∝ 𝑈𝑏𝑒𝑎𝑚/𝑛

divergence < 7 mrad



Negative-ion based injectors for ITER
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[1] K. Ikeda et al 2019 Nucl. Fusion 59 076009
[2] M. Hanada et al. J. Plasma Fusion Res. SERIES, Vol. 9 (2010)
[3] M. Kashiwagi et al. Rev. Sci. Instrum. 93, 053301 (2022)
[4] D. Wünderlich et al 2025 Nucl. Fusion 65 014001
[5] Jianglong Wei, et al 2026, Nucl. Fusion 66 056006



ITER Neutral Beam Test Facility
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Padova

ION SOURCE 
PROTOTYPE
SPIDER

INJECTOR
PROTOTYPE
MITICA

Buildings completed 2015 

SPIDER started op. 2018
MITICA will start op. in 2027



Learning goal Difficulty: 

ITER Neutral beam injectors: calculating beam power

56%

𝑷𝑯𝑵𝑩 = 𝑬𝒃𝒆𝒂𝒎 ⋅ 𝒋𝒆𝒙𝒕𝑨𝒆𝒙𝒕 ⋅ 𝑻𝒂𝒄𝒄 𝟏 − 𝒔 ⋅ 𝑻𝑮𝒆𝒐𝒎 ⋅ 𝒀𝒏𝒆𝒖 𝟏 − 𝑹 ≥ 𝟏𝟔. 𝟕𝑴𝑾

Beam losses inside accelerator: 
direct interception and stripping

Beam acceleration energy and 
extracted current

Neutralization yield and 
reionization losses

Single beamlet optics and aiming 
compared to beamline acceptance

jext= Extracted current density 
         (330/290 A/m2) 
Aext=PG aperture area=0.197m2

Ebeam=beam Voltage 
            (870keV/1 MeV)
Tacc =beam transmission 
          in the accelerator 
S= stripping Losses (25/29%)
YNeu=Neutraliz. Yield (56% )
R =Re-ionization Losses (5%)
TGeom ( Beamline geometry, divergence,   
             misalignment, beam tilting ) 

Courtesy P Veltri

E Sartori – 15th ITER International School – Leshan, China



Outline
• Part 1 - Introduction to neutral beam injectors & requirements

• Beam energy and precursor negative ion beams
• Present international R&D in view of ITER

• Part 2 - NBI Systems (general examples and ITER case)
• Ion source
• Accelerator
• Neutraliser
• Residual ion dump and calorimeter 
• Cryopump

• Part 3 - Virtual visit to the ITER Neutral Beam Test Facility
• NBTF plan integration in ITER plan
• power supplies
• Beam diagnostics 

7/27/2026 E Sartori – 15th ITER International School – Leshan, China
16



Ion source
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SPIDER source: an RF-driven 
negative ion source 
(view from rear side)

⁓180 cm

JET PINI: a filament driven 
positive ion source

60 cm 

Large Kamaboko source of JT60-U
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1016

[m-3]

Te~1 eV, Ti~0.1 eV PIC simulation, 100 million particles, grid size 3λD

Negative ion extraction from the source plasma
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E1 E2

PG EG GG

P. Veltri, ITER



Negative ion sources: caesium and filter field
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[D. Faircloth, CERN 
Accelerator School]

𝑛− =
(𝑑𝑛_/𝑑𝑡)𝑝𝑟𝑜𝑑𝑢𝑐𝑡𝑖𝑜𝑛

𝜈𝑟𝑒𝑚𝑜𝑣𝑎𝑙

given the quite short λ_ of negative ions before
extraction, uniform H- production yield at the 
extraction region is needed

Negative hydrogen ions H- produced by dissociative attachment of 
vibrationally excited H2 molecules... and they are easily destroyed 
due to the low binding energy of 0.75 eV... 

Use of caesium to produce negative ions:
• Coating plasma electrode, lowering work function 

(binding energy for electrons in a solid)
• H and H+ can capture electrons to become H-

• Extractable current density increases by factor ⁓10

H+ or H0

At Te=2 eV, electron detachment 
is 3 times more effective

than at Te=1 eV
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low Tehigh Te

• magnetic filter field to reduce diffusion 
of hot electrons (tandem concept)

• difficult design to get of uniform 
effectiveness, given large dimensions

• Magnetic filter implies vertical drifts 
(magnetised electrons):

𝑣𝐸×𝐵
𝑑𝑟𝑖𝑓𝑡

= 𝑬 × 𝑩/𝐵2

𝑣𝛻𝑝×𝐵
𝑑𝑟𝑖𝑓𝑡

= −𝛻𝑝𝑒 × 𝑩/𝐵2

𝑣𝛻𝐵
𝑑𝑟𝑖𝑓𝑡

= (𝑚𝑣⊥
2/2𝑞𝐵) 𝑩 × 𝛻𝐵/𝐵2

𝐷⊥ =
𝐷//

1 +
𝜔𝑐
𝝂𝒎

2

Low ne
Low Te
High n_

High ne
High Te

B

H– beam 

B field used in negative ion sources to 
separate in two regions the plasma:



Negative-ion source for ITER: SPIDER
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Difficult optimization of B⊥ , requires 

uniform effectiveness: 

PG current IPG creates horizontal 

filter field (before PG, about 1.6mT/kA)
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Negative-ion source for ITER: SPIDER

• Bias plate 
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EDM
Fe

BP PG
EG

GG
PG bias
BP bias

- + UaccUext - +

- + 
- +

EMS

FS
gas

Cs

LWRF

PM

• ICP driven at 1MHz RF frequency: losses on metals

• Source in vacuum, different vacuum levels:
«external» antenna

• Slitted Faraday shield: remove capacitive coupling & 
protect dielectric cylinder from damage and deposition

• EMS Electromagnetic screen: minimize mutual coupling 
between RF antennas

• Matching circuit on board

• Triode accelerator: Plasma Grid (PG), Extraction Grid 
(EG), Grounded Grid (GG)

• Electron deflection magnets (EDM) to deflect co-
extracted electrons

• Plasma Grid (PG) and Bias Plate (BP) can be biased 
from the ion source



Negative-ion sources for fusion

8

Y. Takeiri, M. Osakabe, K. Tsumori, Y. Oka,

O. Kaneko, E. Asano, T. Kawamoto, R.

Akiyama and M. Tanaka, J. Plasma Fusion Res. 74, 1434 (1998)

M. Hanada, N. Akino, et al., J. Plasma Fusion Res. Ser. 9 (2010) 208.
Y. OKUMURA et al., Rev. Sci. Instrum., 67, 1018 ~1996!.

G. Serianni et al. Rev. Sci. Instrum. 93, 081101 (2022)
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1.8 m

0.35

1.45

0.21

48 filaments

0.55 m 
0.68 m 

1.22 m

LHD H- source

JT60SA H- source

Volume 0.11 m3

Surface 1.23 m2

1998 (concluded)

Jext=370 A/m2

div=5.5 mrad

Volume 0.41 m3

Surface 3.2 m2

1996 (mature)

Jext=210 A/m2

div=8 mrad
0.9 m

4 RF drivers

ELISE

½ ITER source

Test stands for the ITER H-- source

Volume 0.24 m3

Surface 2.9 m2

2013 (mature)

Jext=330 A/m2

Volume 0.44 m3

Surface 5.2 m2

2018 (R&D ongoing)

Jext=220 A/m2

(filament-arc sources)

SPIDER

full-size

(RF sources)

8 RF drivers

Y. Takeiri, M. Osakabe, K. Tsumori, Y. Oka,

O. Kaneko, E. Asano, T. Kawamoto, R.

Akiyama and M. Tanaka, J. Plasma Fusion Res. 74, 1434 (1998)
M. Hanada, N. Akino, et al., J. Plasma Fusion Res. Ser. 9 (2010) 208.

RF source design: 
• Faraday shield (protect dielectric from direct plasma 

power and metal redeposition, remove capacitive 
coupling, ...)

• Power coupled to plasma about 50% (i.e. coupling 
efficiency, loss on metallic structures) 

When coupling efficiency is taken into account, the same 
conversion negative ion current/coupled power is 
found (about 0.2 A/kW)

⁓0.2 A/kW

Y. OKUMURA et al., Rev. Sci. Instrum., 67, 1018 ~1996!.

G. Serianni et al. Rev. Sci. Instrum. 93, 081101 (2022)

U Fantz Front. Phys., 29 September (2021) Volume 9



Negative ion sources
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on electrons, dominant term in the 
bulk plasma, if potential is uniform

JT60SA H- source
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2D PIC simulation, example with only one RF driver active: hot electrons 

drifting downward -> Hall current of hot electrons towards the extraction region
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Courtesy R Casagrande



Negative-ion source for ITER: SPIDER

• Bias plate 

15/9/20256

Courtesy E Zuin, A Pimazzoni

H- beam →

Beam footprint: beam uniformity as well as the 

single-beamlet properties (aiming , divergence…) 

can be obtained on a diagnostic calorimeter 

STRIKE [1]

example with ¼ of the accelerated beam 

( 4 groups 16x5 beamlets ) 

→ good result, but it can still be improved



Exercise n. 1
Optimize the Caesium injection procedure: reduce the 
experimental time dedicated to conditioning , yet 
minimizing the risk of “overcaesiation” 

Difficulty: 

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CsOvens.html

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CsOvens.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CsOvens.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CsOvens.html


Use of Caesium
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Caesium 
evaporation 
from three 
ovens, and 
ballistic 
distribution

Caesium re-
distribution by 
plasma

• Caesium ovens evaporate Cs vapour inside 
the plasma source

• Ratio between coextracted electrons and 
H- quickly responds to caesium effect

• nCs0 between plasma pulses somewhat 
proportional to instantaneous injection from 
Cs ovens; effect of daily conditioning; in 
part, cumulated effects

• Avoid «overcaesiation»

Extracted 
negative ion 
current 
density

e/H- ratio

Performance 
plot

[1] A. Rizzolo et al., Fusion Eng. Des., vol. 146, pp. 676–679, Sep. 2019.
[2] E Sartori, IEEE Trans Instrum Meas 69 (7), 4975-4986



Use of Caesium
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Caesium 
evaporation 
from three 
ovens, and 
ballistic 
distribution

Caesium re-
distribution by 
plasma

• Caesium ovens evaporate Cs vapour inside 
the plasma source

• Ratio between coextracted electrons and 
H- quickly responds to caesium effect

• nCs0 between plasma pulses (measured by 
Laser Aborption Spectroscopy) somewhat 
proportional to instantaneous injection from 
Cs ovens; effect of daily conditioning; in 
part, cumulated effects

• Avoid «overcaesiation»e/H- ratio



Ion beam acceleration 
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SPIDER acceleration grid with 
1280 apertures

LHD N-NBI accelerator

JT60-U 500keV accelerator

Extractor and accelerator of MITICA 
duing alignment procedures
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1014

1015

1016

[m-3]

Te~1 eV, Ti~0.1 eV PIC simulation, 100 million particles, grid size 3λD

Ion beam extraction from the source plasma
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E1 E2

PG EG GG

P. Veltri, ITER

Beam composed by multiple beamlets 
Ions are extracted from the source plasma 
through multiple small apertures (10-15 mm 
diameter) forming “beamlets”  

Multiple electrodes are used to extract ions 
from the plasma and accelerate them

Multiple-Aperture-Multiple-Gap (MAMuG)

VACC
VEXT

GGEGPG

Ion 
source 

VBIAS

Arc power /
RF power

⁓10-40V ⁓10kV ⁓50-200kV



Exercise n. 2
Balance the applied extraction field and the plasma 
density to avoid incurring in the space-charge limit. 

Difficulty: 

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_CL_RF-1.html
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Ion extraction from the source plasma

7/27/2026 E. Sartori - Neutral Beam Injectors for Fusion32

E1 E2

PG EG GG

P. Veltri, ITER

Child-Langmuir law: current density in 
a infinite planar diode is limited by the
space charge of charges being accelerated. 

Langmuir-Blodgett law: correction for 
spherical diodes adding one parameter R

V=0 V=Va

d

V=0

V=Va

d

R

𝑗𝑠 ≈
4𝜖0

9

2𝑒𝑧

𝑚
1 − 1.6

𝑑

𝑅

1

𝑑2
⋅ 𝑉3/2

𝑗𝑠 =
4𝜖0

9

2𝑒𝑧

𝑚

1

𝑑2
⋅ 𝑉3/2

«Meniscus» equipotential surface 
separating plasma and beam

Meniscus shape depends on beam space 
charge, described by the perveance

(for d/R<0.4)

𝑗𝑠 =
4𝜖0

9

2𝑒𝑧

𝑚
⋅

1

𝑅2

1

𝛼2 ⋅ 𝑉3/2

𝜇 = ln
𝑅

𝑅 − 𝑑
, 𝛼 = 𝜇 + 0.3𝜇2 + 0.075𝜇3 + 0.0143𝜇4 + 0.00216𝜇5+. . .

𝑗𝑠 = Π𝑙𝑖𝑚 ⋅ 𝑉3/2

Space charge limit:

𝑗𝑒𝑥𝑡 = min(𝑗𝑠, 𝑗_)

𝒋𝒆𝒙

𝒋𝒆𝒙

𝒋𝒆𝒙

Short gap d, high extraction voltage V. 

Perveance contribute to 
beamlet optics (R=focal distance) 
and to maximum current limit 

Small Π
→ short R
→ overfocusing

Π𝑒𝑥 =
𝑗𝑒𝑥

𝑈𝑒𝑥
3/2

Convenient units: 1 μPerv = 10-6 Am-2V-3/2

R R R

𝒋𝒔
𝒋𝒔𝒋𝒔

under-perveance 
condition

over-perveance 
condition

perveance 
match

High Π
→ large R
→ ions lost on EG



d1 d2

f

V1 V2

Ion beam optics
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E1 E2

PG EG GG

P. Veltri, ITER

Vacc/Vex

Too low

Too high

Just right

V beam energy at electrode,

E1 and E2 electric fields upstream and 

downstream the electrode

f focal distance (f<0 diverging beamlet)

𝑓 =
4𝑉

𝐸2 − 𝐸1

VACC
VEXT

GGEGPG

Ion 
source 

VBIAS

Arc power /
RF power

⁓10-40V ⁓10kV ⁓50-200kV

An optimum ratio of potentials Vacc/Vex
shall be applied for minimizing the beam divergence:

d1

V1

f

Electrode apertures act as electrostatic 
lenses: unbalanced electric fields cause 
focusing or defocusing (thin lens 
approximation Davidson & Calbick):

The grounded electrode is always defocusing: 
E2 = 0  → f < 0

𝑓 =
𝐸2 − 𝐸1

4𝑈

Davisson C J and Calbick C J 1932 Phys. Rev. 42 580



Ion beam optics
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E1 E2

PG EG GG

P. Veltri, ITER

Vacc/Vex

Too low

Too high

Just right

VACC
VEXT

GGEGPG

Ion 
source 

VBIAS

Arc power /
RF power

⁓10-40V ⁓10kV ⁓50-200kV

An optimum ratio of potentials Vacc/Vex
shall be applied for minimizing the beam divergence:

𝑓 =
𝐸2 − 𝐸1

4𝑈Example of ray tracing simulation of SPIDER triode accelerator, increasing perveance 
by increasing the current density at the meniscus.

The beamlet focusing at the exit of the accelerator can be calculated from the RMS angle 
of ion trajectories with respect to the beamlet axis: “divergence” 

OPERA (CTS Studio) was used for the design of the ITER accelerator. IBsimu 
(https://ibsimu.sourceforge.net/ ) is also being used recently. 3D ray-tracing codes are the 
standard.  

177A/m2 355A/m2 461A/m2

θ

under-perveance 
condition

over-perveance 
condition

perveance 
match



PG EG GG

PG EG GG

Vext scan
(Vacc/Vext=const)

Iext/Vext
3/2

discharge 
power scan

Ion beam optics: experimental characterization
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E1 E2

PG EG GG

P. Veltri, ITER

VACC
VEXT

GGEGPG

Ion 
source 

VBIAS

Arc power /
RF power

⁓10-40V ⁓10kV ⁓50-200kV

→ perveance, I∙V -1.5

→ electrostatic lenses, f=4U/(E2-E1)

Experimentally, what are the knobs? 

- Power into plasma discharge
(arc power, RF power...)

- Extraction grid voltage Vext

- Acceleration grid voltage Vacc

→ plasma density→ extracted current
→ perveance, I∙V -1.5

→ electrostatic lenses, f=4U/(E2-E1)



Ion beam optics: from triodes to ITER MAMuG

7/27/2026 E. Sartori - Neutral Beam Injectors for Fusion36

Example beam acceleration @SPIDER 



ITER beam optics: removal of co-extracted electrons
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PG

EG

GG

• Permanent magnets in extraction grid deflect co-extracted 
electrons to avoid accelerating them to full energy…

courtesy P Agostinetti, F Veronese

18 MW/m2

Example for nominal case D- (je 355 A m−2 at 9.4kV)
Localized cooling on electrodeposited Cu 



ITER beam optics: removal of co-extracted electrons
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Result in BUG, 
courtesy B Segalini

z
y

Plasma meniscus

𝛽~ න
𝑧𝑚𝑒𝑛

+∞

𝐵𝑦𝑑𝑧 ≠ 0

Y

X

𝛽~ න
𝑧𝑚𝑒𝑛

+∞

𝐵𝑦𝑑𝑧 = 0

Y

X
Hallbach-like arrayElectro Deflection Magnets

• Permanent magnets in extraction grid deflect co-extracted 
electrons to avoid accelerating them to full energy…

• They also slightly deflect ions despite higher mass! 
uncompensated deflection is unacceptable (5 mrad)

• Compensation methods required for ions:
Electrostatic compensation at EG (steering grid), 
or compensating magnets inside EG or GG...

G. Chitarin, et al., Rev. Sci. Instrum. 85, 02B317 (2014)
G Orozco, et al, Fus Eng Des 189 (2023) 113471 



ITER beam optics: multibeamlet complex interactions
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• Complex interactions between beamlets: 
coulomb repulsion (acting especially in the low 
energy part of the accelerator)

• Compensation must be applied to correct the 
steering angle

G. Serianni - Optics of a negative beam for fusion reactors - Erice 29 May 2015 39

Complex Aiming:
• Horizontal beamlet aiming
• Horizontal beamlet group aiming
• Vertical beamlet group aiming

P Agostinetti, et al., Nucl. Fusion 56, 016015 (2016)
H.P.L. de Esch et al 2015 Nucl. Fusion 55 096001
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• Complex interactions between beamlets: 
coulomb repulsion (acting especially in the low 
energy part of the accelerator)

• Compensation must be applied to correct the 
steering angle

• Design and dimension must consider
 the expected deformations at 
steady-state temperature 
(i.e. correct aiming achieved 
only after grid thermalization!)

G. Serianni - Optics of a negative beam for fusion reactors - Erice 29 May 2015 41

kW

0°C 94°C

Courtesy P Agostinetti

ITER beam optics: multibeamlet complex interactions



ITER beam optics: multibeamlet complex interactions
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• Complex interactions between beamlets: 
coulomb repulsion (acting especially in the low 
energy part of the accelerator)

• Compensation must be applied to correct the 
steering angle

• Design and dimension must consider
 the expected deformations at 
steady-state temperature 
(i.e. correct aiming achieved 
only after grid thermalization!)

• Steering constants: error angle on beamlet 
trajectory vs positioning error or grid tilting

G. Serianni - Optics of a negative beam for fusion reactors - Erice 29 May 2015 42

P. Veltri, et al., Fus. Eng. Des. 107 (2016) 64–69
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Stripping losses and power loads on electrodes

7/27/202643 E Sartori – 15th ITER International School – Leshan, China

E Sartori, et al., Rev. Sci. Instrum. 85, 02B308 (2014)



Stripping losses and power loads on electrodes

7/27/202644

Kashiwagi

In Negative ion beams, electron detachment from H- is highly 
probable → stripping. 

 −=
GGx

gs dxxnxVL
0

)())((

H−, H2 →   H, H2, e 

P
 [

k
W

]

(up to 30% of negative ion current 
is lost in MITICA/ITER HNB!!)

• If it occurs at incomplete acceleration, neutral particles are 
useless for plasma heating! With σ total stripping cross-
section, the stripping loss reads:

• the stripped electron is accelerated by the electric field onto 
the electrodes: losses of efficiency and large heat loads

Calculations for 
MITICA accelerator, P Agostinetti

X

E Sartori – 15th ITER International School – Leshan, China



Exercise n. 3
Optimize the RF power to maximise the 
transmitted negative ion current.

Difficulty: 

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html

E Sartori – 15th ITER International School – Leshan, China

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_acc_sim-1.html


Angular distribution and ion losses

7/27/202646

Beamline horizontal 
acceptance angle

MITICA single beamlet simulation with IBIsimu, H– , Ebeam 870kV 

Angular distribution vx,vy distribution compared to the beamline horizontal acceptance angle:

Fraction of the extracted 
beam current accelerated 
within the beamline acceptance 
angle

Fraction of the extracted current 
reaching full acceleration

𝐼𝑎𝑐𝑐/𝐼𝑒𝑥𝑡 = 𝑻𝒂𝒄𝒄 𝟏 − 𝒔

𝐼𝑎𝑐𝑐/𝐼𝑒𝑥𝑡 = 𝑻𝒂𝒄𝒄 𝟏 − 𝒔 𝑇𝑔𝑒𝑜𝑚

E Sartori – 15th ITER International School – Leshan, China



High Voltage conditioning on ITER source mockup

• proceeds by applying an increase voltage to the electrodes, 
causing the emission of charges, up to a breakdown;

• When the voltage is applied again, a slightly higher voltage 
can be reached:

7/27/2026 E Sartori – 15th ITER International School – Leshan, China47

Breakdown particle 
trajectories 

&
 discharge probability

electric field strength on surface of 
electrodes  (kV/mm) at nominal voltage

about 100 h of 
HV applied 

obtained at  nominal 
H2 pressure ~3-4 10-2 Pa

Beam source 
(rear side)
at -1 MV 

accelerator
grids Vacuum 

Vessel at 
ground 
potential 

single
gap

https://www.iter.org/node/20687/successful-round-tests-mitica

What are these points? 
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High Voltage conditioning on ITER source mockup

Target:
- 1 MV during D- beam 
acceleration 
- 870 kV during H- beam 
acceleration

E Sartori – 15th ITER International School – Leshan, China

Courtesy G Chitarin, T Patton 



Neutraliser cell 

7/27/2026 E Sartori – 15th ITER International School – Leshan, China49

MITICA neutraliser

Neutraliser integrated with each 
ion source at JET

⁓10m long neutraliser cell in JT60-SA



Ion beam inteaction with gas: neutralization

• dfs
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H-,H2-->H+,H2,2e
 H,H2-->H+,e,H2

• Beam neutralization: normalized fluxes of 
beam species evolve as a function of x:

• Cross-sections σij (e.g. Barnett’s ORNL “Red book”, IAEA “Aladdin”) ±20/25%

• Competing charge-changing channels are always present, for instance: 

𝐻− + 𝐻2 → 𝐻 + 𝐻2 + 𝑒

𝐻− + 𝐻2 → 𝐻+ + 𝐻2 + 2𝑒

𝐻 + 𝐻2 → 𝐻+ + 𝐻2 + 𝑒

neutralization

double electron detachment 

reionization

vs

𝑑Γ

Γ
= ±𝜎𝑖𝑗𝑛𝑔 𝑥 𝑑𝑥

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1

0 100 200 300 400 500

io
n 

fr
ac

tio
n 

integrated density (1018 m-2)

D-

D0

D+

neutralization yield as a function of the 
integrated gas density (or “target 

thickness”) has a 
maximum, then decreases due to 

reionization losses. 

Example: deuterium D- beam accelerated at 1 MV

Ebeam/A (eV/amu) 

σ
(m

2 ) 

D– @1MeV
H– @0.87MeV

Need for a component along the 
beam line dedicated to dump 40% 
of the beam power, of the negative 
and positive ion fractions: 
RESIDUAL ION DUMP

Exceeding the optimal target 
thickness only causes reionization 
losses: optimize gas profile along 
the beamline



Ion beam drift: beam plasma formation

• dfs

7/27/2026 E Sartori – 15th ITER International School – Leshan, China51

• Ion beam cannot propagate in a vacuum: beam ions are “repelled” by Coulomb 
interaction

• Space Charge Compensation (SCC): potential well produced by beam charge 
density traps secondary charges of opposite sign

• electrons compensate H+ beams, H2
+ ions compensate H- beams; positive ion 

beams are usually slightly undercompensated, negative ion beams are slightly 
overcompensated.

• Beams can travel long distances in low density gases! Studied in the 70s for 
space-war applications

• If complete compensation is assumed, the beamlet optics is fixed after the 
accelerator (fixed divergence angle ω).

Ionization of background gas by beam particle

Ionization of background gas by secondary electrons

Stripping of beam particle (Negative Ion Beam only)

t (μs)
Beam ions

Background charge of opposite sign
Background gas

G Serianni, et al., New Journal of Physics 19 (4), 045003 (2017)



Ion beam drift: beam plasma formation

• dfs

7/27/2026 E Sartori – 15th ITER International School – Leshan, China52

• Ion beam cannot propagate in a vacuum: beam ions are “repelled” by Coulomb 
interaction

• Space Charge Compensation (SCC): potential well produced by beam charge 
density traps secondary charges of opposite sign

• electrons compensate H+ beams, H2
+ ions compensate H- beams; positive ion 

beams are usually slightly undercompensated, negative ion beams are slightly 
overcompensated.

• Beams can travel long distances in low density gases! Studied in the 70s for 
space-war applications.

• If complete compensation is assumed, the beamlet optics is fixed after the 
accelerator (fixed divergence angle ω).

Ionization of background gas by beam particle

Ionization of background gas by secondary electrons

Stripping of beam particle (Negative Ion Beam only)

E Sartori, et al., Rev. Sci. Instrum. 87, 02B917 (2016)



1E+17

1E+18

1E+19

1E+20

024681012141618202224

n 
(m

-3
)

x (m)

0
0.1
0.2
0.3
0.4
0.5
0.6
0.7
0.8
0.9
1

024681012141618202224

fr
ac

tio
ns

x (m)

ITER gas profile optimization in HNBs

15/9/2025 E Sartori – 15th ITER International School – Leshan, China2

1 DNB (H) V = 100 keV, Iacc = 60 A

tpulse = 3 s every 20 s, Fmod = 5 Hz

REION NEU SCC

SCC: The precursor negative ion beam 
can only propagate in a gas 
(space charge compensation): 
0.01-0.02 Pa 
→more than enough density 
naturally occurring in between beam 
source and gas neutralizer

NEU: integrated density «target 
thickness» is required to reach 
60% neutralization
∫n∙dx =1.25x1020 m-2

→ provide proper gas density profile: 
Q between 32 and 43 Pa m3/s in H2

REION: Neutral beam is reionized 
(=lost) in residual gas (e.g.15m at 
1.5x1018 m-3 = 10% loss) 
→minimize gas densityFrom here on, D–/D+ trajectories 

already affected by E-RID fields 
(and unshielded Btokamak)

D–

D+

D0



• Close coupled neutralisers in 
positive ion beams (only minor 
issues if gas permeates the 
accelerator)

• Separate 

7/27/2026 E Sartori – 15th ITER International School – Leshan, China54

• Required gas throughput at the 
neutraliser reads:

• Due to cryopump limited 
capacity, the operation time is 
inversely proportional to Q

• Because of the beam 
divergence 𝜔, the transmitted 
power F decreases with the 
total beamline lenght:

𝑄 ∝
1

(𝐿𝑛𝑒𝑢)2

𝐹 ∝ erf
𝑇

2 ⋅ 𝐿
⋅

1

𝜔

ITER HNB neutralizer
L/2

L/2

a

b

Q

p0

ptank

to 
pump

to 
pump

Gas flowing out of a 
rectangular duct with 
injection in the center. 

Total throughput:
Q = 2 ⋅ 𝐶1/2 ⋅ (p0-ptank), 

with gas conductance
𝐶1/2 ∝ 1/𝐿𝑛𝑒𝑢

• Gas throughput Q shall be pumped → requirements 
for vacuum pumping system

• Due to cryopump limited capacity, the operation 
time is inversely proportional to Q

• space constraint: relatively small a, large L (see JT-
60 N-NBI, L~10m) → Q is minimized

• In ITER: neutron radiation, tritium, volume of 
activated material shall be minimized → short L 
~3m, four parallel beam channels to minimize a

𝐶1/2 ≈
9.7

0.5𝑳𝒏𝒆𝒖

𝑇

𝑚
⋅

𝒂𝟐⋅𝑏2

𝑎+𝑏

Target thickness=0׬

𝐿
𝑛 ⋅ 𝑑𝑙



BS

NEU
RID

CAL

Gas 
baffle

3D molecular flow 
simulations [1] for 
MITICA 

Non uniform gas load 
(specific throughput ෨𝑄)
on cryopanels: gas baffle 
separates the beamline into a 
high-throughput region (source 
and neutalizer) and a low-
pressure region (after 
calorimeter)

ITER HNB Cryopump design and requirements

7/27/2026 E Sartori – 15th ITER International School – Leshan, China55

J Buckerfield,et al., Fus. Eng. 
Design 215 (2025) 114991

ITER HNB cryopump
• A = 38 m2

• S = 4700 m3/s
• Q = 48 Pa∙m3/s
• p = 3x10-2 Pa

One of the two 

cryopanels of 

MITICA

One of the two cryopanels of MITICA



J Buckerfield,et al., Fus. Eng. 
Design 215 (2025) 114991

ITER HNB cryopump
• A = 38 m2

• S = 4700 m3/s
• Q = 48 Pa∙m3/s
• p = 3x10-2 Pa

ITER HNB Cryopump design and requirements

7/27/2026 E Sartori – 15th ITER International School – Leshan, China56

BS

NEU
RID

CAL

Gas 
baffle

3D molecular flow 
simulations [1] for 
MITICA 

Non uniform gas load 
(specific throughput ෨𝑄)
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charcoal sticking probability

Deuterium

Hydrogen

2 cryo circuits (LHe,LN2), feedthroughs, pipes, cryoplants; safety (active system);  energy 
consuption (1M€/y); radiative heat exchange 500W(LHe)+12kW(LN2); stray electrons[1,2]; 

LN2 LHe

[1] P Veltri, et al. Rev Sci Instr 87, 02B313 (2016)
[2] E Sartori, et al., Fus Eng Des 109, 377-382 (2016)



ITER HNB Cryopump design and requirements

7/27/2026 E Sartori – 15th ITER International School – Leshan, China57

J Buckerfield,et al., Fus. Eng. 
Design 215 (2025) 114991

ITER HNB cryopump
• A = 38 m2

• S = 4700 m3/s
• Q = 48 Pa∙m3/s
• p = 3x10-2 Pa

JET cryopump
• A = 40 m2

• S = 8000 m3/s
• Q = 25 Pa∙m3/s
• p = 5x10-3 Pa

JET NB Injector cryopump

JET NBI (H2)[1]

[1] G Duesing, Vacuum 37 309-
315 (1987)

[2] M. Dremel, et al, Nucl Fus
49 075035 (2009)

One of the two cryopanels of MITICA

ITER NBI (H2)[2]



-400

-300

-200

-100

0

100

200

300

400

-26-24-22-20-18-16-14-12-10-8-6-4-20

ITER beamline geometrical transmission

15/9/2025 E Sartori – 15th ITER International School – Leshan, China2

1 DNB (H) V = 100 keV, Iacc = 60 A

tpulse = 3 s every 20 s, Fmod = 5 Hz

HORIZONTAL SECTION
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𝜔𝑦

𝜔𝑧

• Beamlet-group focal point at 7.2 m 
(RID exit), focal point for beamlets within groups at 25.5 m

• RID panels are at the same angular distance from each 
beamlet axis (caveat) 

• Power density as a function of angle 𝜔 and x distance 
from GG: gaussian distribution with 1/e divergence 𝜔𝑐

x (m)

𝑞 𝜔

𝑃𝑡𝑜𝑡
=

1

𝜋 𝑥𝜔𝑐
2

exp −
𝜔

𝜔𝑐

2

• fraction of beam power 𝐹 within the limit angle 
𝑤lim can be calculated as: 𝐹 =  erf

𝑤𝑙𝑖𝑚

𝑤
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1 DNB (H) V = 100 keV, Iacc = 60 A

tpulse = 3 s every 20 s, Fmod = 5 Hz

Horizontal 

acceptance 

angle at RID 
⁓6.5mrad

3D effects: top view

3D effects: side view

Calorimeter

Duct liner

RID NEU

𝜔𝑐 = 7 mrad

𝜔𝑐 = 3 mrad

[1] P Veltri, presented NIBS conference 2022

If divergence < 0.7 mrad, 
Tgeom > 0.8

[1]

3-7 mrad



Exercise n. 4
Simulate the beam power of the ITER HNB. 
Tune the extraction and acceleration voltage, the extracted H- current 
density, the neutralizer gas throughput Q, and see the effect of non- 
uniformities in the source plasma!

Difficulty: 

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_sim.html

𝑷𝑯𝑵𝑩 = 𝑬𝒃𝒆𝒂𝒎 ⋅ 𝒋𝒆𝒙𝒕𝑨𝒆𝒙𝒕 ⋅ 𝑻𝒂𝒄𝒄 𝟏 − 𝒔 ⋅ 𝑻𝑮𝒆𝒐𝒎 ⋅ 𝒀𝒏𝒆𝒖 𝟏 − 𝑹 ≥ 𝟏𝟔. 𝟕𝑴𝑾

https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_sim.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_sim.html
https://www.igi.cnr.it/wp-content/uploads/2026/07/ITER_HNB_sim.html


Residual ion dump and calorimeter
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JET NB deflection magnet, 
residual ion dumps and 
calorimeter

Electrostatic Residual Ion Dump and 
swirl-tube calorimeter in MITICA

Calorimeter in SPIDER
F. Dhalla et al, Fusion 
Engineering and Design 96–
97 (2015) 458–462



ITER Electrostatic Residual ion dump
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Remaining ions (positive and/or negative) need to be removed from the 
beam before reaching the tokamak field. Residual ion dump based on 
electrostatic deflection (ERID) minimize the required volume with respect to 
magnetic deflection.

Concept from Kurchatov Institute (Moscow, Russia); with positive ions [1]

Initial experimental verification with negative ions up to 170 keV @ ASIPP 
(Hefei, China) in 2024 [2].

F. Dhalla et al, Fusion Engineering and Design 96–97 (2015) 458–462
E. Surrey et al, AIP Conf. Proc. 1097, 402 (2009)

R S Hemsworth et al 2017 New J. Phys. 19 025005 

R.I.D.

E

E

NEUTRALIZER

[1] A. A. Panasenkov, E. D. Dlougach, AIP Conf. Proc. 2052, 040019 (2018)
[2] J. Wei et al., Nucl. Fusion 66 (2026) 026020
[3] A.F. Lifschitz et al. 2014 Nucl. Fusion 54 043020

-25 kV 0 kV



ITER Electrostatic Residual ion dump
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F. Dhalla et al, Fusion Engineering and Design 96–97 (2015) 458–462

ITER E-RID
• Sweeping voltage:

-20kV ± 10 kV
• Design heat fluxes: 

from 3 MW/m2 (7 mrad 
divergence) 
to 8.5 MW/m2 (3 mrad 
divergence)

• 18 BSE: CuCrZr “Beam 
Stopping Elements” each 
having 4x cooling channels 
with swirl tapes 

E. Surrey et al, AIP C
onf. Proc. 1097, 402 (2009)

R S Hemsworth et al 2017 New J. Phys. 19 025005 

ωc=3 mrad, -20 kV

Fast voltage sweeping 
± 10 kV distributes 
power density profile 
over the BSE

[4] E Sartori et al.  AIP Conf. Proc. 1655, 050006 (2015



Calorimeter
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Use:
• Needed for beam conditioning outside of 

tokamak pulses (HV, Cs…)
• Measure beam power, beam footprint, 

neutralisation fraction

Thermomechanical design: 
• High Heat Flux component design

(∼15–20 MW/m2): use of swirl tapes or 
hypervapotron to enhance local heat 
transfer coefficient. 

• Number of beam cycles: fatigue life
Beam on/off cycles
Breakdowns

• Material activation: subject to direct 
neutron flux from the torus →minimize 
volume, low-activation materials

ITER calorimeter

• From 7.3 MW/m2 (7 mrad divergence) 
to 14.3 MW/m2 (3 mrad divergence)

• 13 MW/m2 (swirl tubes)

• Steady-state: 100 kg/s cooling water

MAST-U calorimeter

• 12 MW/m2 
(hypervapotrons)

✓ Boiling & turbulence to improve heat transfer 

coefficient

✓ Stress from internal pressure of coolant

✓ Material considerations limit temperature of 

element e.g. CuCrZr<450C to avoid precipitation 

of Cr leading to hardening



Outline
• Part 1 - Introduction to neutral beam injectors & requirements

• Beam energy and precursor negative ion beams
• Present international R&D in view of ITER

• Part 2 - NBI Systems (general examples and ITER case)
• Ion source
• Accelerator
• Neutraliser
• Residual ion dump and calorimeter 
• Cryopump

• Part 3 - Virtual visit to the ITER Neutral Beam Test Facility
• NBTF plan integration in ITER plan
• power supplies
• Beam diagnostics 

7/27/2026 E Sartori – 15th ITER International School – Leshan, China
65



Virtual visit of the 
ITER Neutral Beam Test Facility
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V. Toigo et al 2019 Nucl. Fusion 59 086058
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source



Virtual visit of the 
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)

⁓8.7 MW/m2

@5 mrad div.

MITICA Calorimeter
HHF design based on 
parallel swirl-tubes 

Key correction of tube 
alignment to avoid 
shine-through; panels 
can open/close 

M Dalla Palma et al.,Fus Eng Des  96-97: 557-562 (2015) 

M Dalla Palma et al. Fus Eng Des 171: 112559 (2021)
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)

⁓8.7 MW/m2

@5 mrad div.

MITICA Calorimeter
HHF design based on 
parallel swirl-tubes 

Key correction of tube 
alignment to avoid 
shine-through; panels 
can open/close 

M Dalla Palma et al.,Fus Eng Des  96-97: 557-562 (2015) 

M Dalla Palma et al. Fus Eng Des 171: 112559 (2021)

Temporary tilting support for grid positioning:
metrology of grids in reference position (laser 
tracker), apply correction in lay-down position, 
rotate back to check result (iterative procedure!)

7 grids, 1280 
apertures:
alignment 
tolerance for 
each aperture 
±0.2 mm 
from beamlet ideal 
axis 
(correction for 
hot alignment)

P Agostinetti, et al., Nucl. Fusion 56, 016015 (2016)
D Marcuzzi, et al., Rev. Sci. Instrum. 87, 02B309 (2016)
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)

⁓8.7 MW/m2

@5 mrad div.

MITICA Calorimeter
HHF design based on 
parallel swirl-tubes 

Key correction of tube 
alignment to avoid 
shine-through; panels 
can open/close 

M Dalla Palma et al.,Fus Eng Des  96-97: 557-562 (2015) 

M Dalla Palma et al. Fus Eng Des 171: 112559 (2021)

Temporary tilting support for grid positioning:
metrology of grids in reference position (laser 
tracker), apply correction in lay-down position, 
rotate back to check result (iterative procedure!)

7 grids, 1280 
apertures:
alignment 
tolerance for 
each aperture 
±0.2 mm 
from beamlet ideal 
axis 
(correction for 
hot alignment)

P Agostinetti, et al., Nucl. Fusion 56, 016015 (2016)
D Marcuzzi, et al., Rev. Sci. Instrum. 87, 02B309 (2016)

J Buckerfield,et al., Fus. Eng. Design 215 (2025) 114991

HNB Cryopump 
Area (2 panels) = 38 m2

S ⁓ 4500 m3/s
Q = 48 Pa∙m3/s

gas adsorption first test carried out in 2025:
simulation-based analysis gives തS⁓3250 m3/s 

Target for next tests (Oct 2026): 
+20% (cryoplant improvements)
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)

⁓8.7 MW/m2

@5 mrad div.

MITICA Calorimeter
HHF design based on 
parallel swirl-tubes 

Key correction of tube 
alignment to avoid 
shine-through; panels 
can open/close 

M Dalla Palma et al.,Fus Eng Des  96-97: 557-562 (2015) 

M Dalla Palma et al. Fus Eng Des 171: 112559 (2021)

Temporary tilting support for grid positioning:
metrology of grids in reference position (laser 
tracker), apply correction in lay-down position, 
rotate back to check result (iterative procedure!)

7 grids, 1280 
apertures:
alignment 
tolerance for 
each aperture 
±0.2 mm 
from beamlet ideal 
axis 
(correction for 
hot alignment)

P Agostinetti, et al., Nucl. Fusion 56, 016015 (2016)
D Marcuzzi, et al., Rev. Sci. Instrum. 87, 02B309 (2016)

J Buckerfield,et al., Fus. Eng. 
Design 215 (2025) 114991

HNB Cryopump 
Area (2 panels) = 38 m2

S ⁓ 4500 m3/s
Q = 48 Pa∙m3/s

gas adsorption first test carried out in 2025:
simulation-based analysis gives തS⁓3250 m3/s 

Target for next tests (Oct 2026): 
+20% (cryoplant improvements)

HV Gas-
insulated 

transmission 
line 

(6 bar SF6)

Acceleration Grids 
Power Supply: 

5x step-up 
transformers +
DC Generators

(200kV, 400kV...1MV)

MITICA
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SPIDER (H–/D–)
Jext=355/285 A/m2 
Ebeam=0.1 MeV
P=0.3 Pa
Ele/Ion < 0.5/1
Uniformity  ±10%
Beam on time=1000/3600s

In Operation 
since 2018
Addresses the 
challenges of the 
Beam Source

SPIDER pumping module

384 NEG cartridges  
pumping speed for H2 
⁓300 m3/s

H2 Capacity for 384 NEG 
cartridges 440000 Pa·m3

E. Sartori, et al., Vacuum 214: 112198 (2023) 

E. Sartori et al, J. Vac. Sci. Technol. B 41, 034202 (2023)

⁓8.7 MW/m2

@5 mrad div.

MITICA Calorimeter
HHF design based on 
parallel swirl-tubes 

Key correction of tube 
alignment to avoid 
shine-through; panels 
can open/close 

M Dalla Palma et al.,Fus Eng Des  96-97: 557-562 (2015) 

M Dalla Palma et al. Fus Eng Des 171: 112559 (2021)

Temporary tilting support for grid positioning:
metrology of grids in reference position (laser 
tracker), apply correction in lay-down position, 
rotate back to check result (iterative procedure!)

7 grids, 1280 
apertures:
alignment 
tolerance for 
each aperture 
±0.2 mm 
from beamlet ideal 
axis 
(correction for 
hot alignment)

P Agostinetti, et al., Nucl. Fusion 56, 016015 (2016)
D Marcuzzi, et al., Rev. Sci. Instrum. 87, 02B309 (2016)

J Buckerfield,et al., Fus. Eng. 
Design 215 (2025) 114991

HNB Cryopump 
Area (2 panels) = 38 m2

S ⁓ 4500 m3/s
Q = 48 Pa∙m3/s

gas adsorption first test carried out in 2025:
simulation-based analysis gives തS⁓3250 m3/s 

Target for next tests (Oct 2026): 
+20% (cryoplant improvements)

HV Gas-
insulated 

transmission 
line 

(6 bar SF6)

Acceleration Grids 
Power Supply: 

5x step-up 
transformers +
DC Generators

(200kV, 400kV...1MV)

MITICA

Primary cooling circuits: 
- MITICA, SPIDER, Auxiliaries: total of 70 MW
- Chemical Control System (CCS) produce 
ultrapure water (very low conductivity for 
cooling of HV components)

and secondary cooling circuits:
- cooling towers and dry coolers 23 MW 
- water basins



Overview of NB System at ITER

Key System requiring Validation at NBTF
Power Supply (JADA, F4E), transmission line, are 
required for the first assembly stage (Pre-SRO) of ITER: 
mostly Validated; Final HV test planned Q1-2027. 



Power supplies
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Overview of NB System at ITER

Key System requiring Validation at NBTF:
Components that depends on the NBTF Research (Beam source,  Beam 
Line Components) are required for the second assembly stage (Post-
SRO) of ITER; manufacturing shall start in 2033



ITER, NB and NBTF Baseline Plan

NBTF
MITICA power supply 
integrated tests

MITICA beam source 
voltage holding tests

20242023

HNB 
pre-
SRO

JADA and F4E power 
supplies, NB vessel, drift 
duct, PMS, duct liner, SF6 
plant...

ITER Baseline 2024

NBTF

International 
collaborations QST, IPP

MITICA operation in H

SPIDER operation in H

20242023

Pre-SRO Assembly IC-1 SRO IC-2 DT-1Post-SRO Assembly

Manufacture

Assembly

tests

870 kV

MO-1

MTF (QST)

SO-3

ELISE (IPP)

MU-1

MO-2

MU-2

MO-3

HNB 
post-
SRO

Beam source

Beam line components

Design Tender MRR Manufacture Assembly

Design Tender MRR Manufacture Assembly

SU-3 SO-4 ...

First Beam, 700 kV, 240 A/m2, <1s

800 kV, 300 A/m2, >1s

11 MW Neutral Beam, >50s 
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  F ∝   erf ⁡   (   T  2 ⋅ L ⋅  1 𝜔 )


  2 ⋅  C  1 / 2 ⋅


   C  1 / 2   ∝ 1 /  L  n e u


   C  1 / 2 ≈   9 . 7  0 . 5  𝑳  𝒏 𝒆 𝒖    T m ⋅    𝒂 𝟐 ⋅  b 2  a + b


   ∫ 0 L  n ⋅ d l


   Q ~


   Q ~


   𝝎  𝒍 𝒊 𝒎 = 6 . 5   mrad


   𝜔 y


   𝜔 z


  𝜔  


   𝜔 c


    q  ( 𝜔 )   P  t o t =  1  𝜋    (  x  𝜔 c ) 2   exp ⁡   (  −    (   𝜔   𝜔 c ) 2 )


  F


   w  lim


  F =   erf  (     w  l i m w )


   𝜔 c = 7   mrad


   𝜔 c = 3   mrad


   𝑷  𝑯 𝑵 𝑩 =  𝑬  𝒃 𝒆 𝒂 𝒎 ⋅  𝒋  𝒆 𝒙 𝒕  𝑨  𝒆 𝒙 𝒕 ⋅  𝑻  𝒂 𝒄 𝒄  (  𝟏 − 𝒔 ) ⋅  𝑻  𝑮 𝒆 𝒐 𝒎 ⋅  𝒀  𝒏 𝒆 𝒖  (  𝟏 − 𝑹 ) ≥ 𝟏 𝟔 . 𝟕 𝑴 𝑾
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