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What are Neutral Beams used for?

27/07/2026 E Sartori ï 15th ITER International School ï Leshan, China2

fast ions
(H+/D+)

neutral beam (H0/D0)

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

Plasma Heating

Current Drive

Fast neutrals Ÿ fast ions Ÿ 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 ï 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 ш 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)

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

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

fast neutrals Ÿ fast ions
Å 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)

ÅPower 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

‗
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n in 1018 m-3, 
E in keV, 
A in amu

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

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

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

current

Ebeam

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

fast neutrals Ÿ fast ions
Å 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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ExperimentalMeasurementat 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
Å Easy to produce (2400 A/m2)
Å Multiple ion species (H+, H2

+,H3
+)

Å Neutralisation efficiency decreases with energy

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

additional power load
Å 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
Å Energy
Å Direction: 
Å Tangential: longer path into dense plasma, 

current drive and torque input
Å Perpendicular: easier to integrate, short path 

into plasma, larger losses
Å 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
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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)

ÅUbeam=870keV (H), 1MeV (D)

ÅPbeam = 2x 16.5 MW

ÅTangential injection, 

vertical tilting Ñ10 mrad

ÅIacc = 46 A (Hï), 40 A (Dï)

Åtpulse = 400 s (3600 s)

Å1/e divergence < 7 mrad

0.8 m 

1.8 m

~0.4 m

8 RF 

drivers

ITER Hт/Dтaccelerator
Å5 acceleration stages 200kV each;

Å88 mm accel. grid gap, 17 mm thickness; 

Å1280 beamlets (homogeneous), single-

beamlet aiming

neutralization

@1MeV
( ɖ60%

(ȟ(   ɖ0%

24.5 m

‗θ Ὗ Ⱦὲ

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)

ÅUbeam=870keV (H), 1MeV (D)

ÅPbeam = 2x 16.5 MW

ÅTangential injection, 

vertical tilting Ñ10 mrad

ÅIacc = 46 A (Hï), 40 A (Dï)

Åtpulse = 400 s (3600 s)

Å1/e divergence < 7 mrad

0.8 m 

1.8 m

~0.4 m

8 RF 

drivers

ITER Hт/Dтsource
ÅJext = 330 A/m2 (Hï)

ÅExtraction grid (10kV)

ÅCs-assisted plasma-surface production

Å8x RF drivers (total RF power 800 kW)

neutralization

@1MeV
( ɖ60%

(ȟ(   ɖ0%

24.5 m

‗θ Ὗ Ⱦὲ

divergence < 7 mrad



Negative -ion based injectors for ITER
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MTF [3]

ELISE [4]

CRAFT NNBI [5] 

ITER DNB
ITER HNB

Hт
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filament-arc
RF driven 

[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%
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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 т 15th ITER International School т Leshan, China



Outline
ÅPart 1 - Introduction to neutral beam injectors & requirements
ÅBeam energy and precursor negative ion beams
ÅPresent international R&D in view of ITER

ÅPart 2 - NBI Systems (general examples and ITER case)
ÅIon source
ÅAccelerator
ÅNeutraliser
ÅResidual ion dump and calorimeter 
ÅCryopump

ÅPart 3 - Virtual visit to the ITER Neutral Beam Test Facility
ÅNBTF plan integration in ITER plan
Åpower supplies
ÅBeam diagnostics 

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



Ion source

7/27/2026 E Sartori ï 15th ITER International School ï Leshan, China17

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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Te~1 eV, Ti~0.1 eV PIC simulation, 100 million particles, grid size3 D͘

Negative ion extraction from the source plasma
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P. Veltri, ITER



Negative ion sources: caesium and filter field
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[D. Faircloth, CERN 
Accelerator School]
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given the quite short ɚ_ of negative ions before
extraction, uniform H- production yield at the 
extraction regionis 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:
ÅCoating plasma electrode, lowering work function 

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

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

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

Å Magnetic filter implies vertical drifts 
(magnetised electrons):
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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 BṶ, requires 

uniform effectiveness: 

PG current IPG creates horizontal 

filter field (before PG, about 1.6mT/kA)

BṶcauses perpendicular difts 
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