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What are Neutral Beams used for?

Plasma Heating
Balance energy loss, Slowing down

Enmergy transfer

aCCesSs to H-mOde or to ions and electrons

target confinement . .. /5(
% Current Drive

regimes;
P.Vincenz, RFX
Fastneutra Fast n e Uastioasl Ysnor¥inductive current
W. Kraus, CAS (CERN Accelerator
School wion Sources) 2012
Plasma Diagnostics
Toroidal Torque CXRS, MSE i spectral
Injected neutral flux imparts analysis of light emission
momentum, increasing plasma generated by collisions of

fluid rotation fast neutrals with plasma

(Plasma Fuelling)

Useful for core fuelling, negligible
for larger devices
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https://doi.org/10.1063/1.4897186

Neutral beam injectors: requirements

A neutral atoms can penetrate through the magnetidield
A lonization by collision with plasma ions and electrons:

fast neutrals Y fast ions
A Fast ion trapped in the magnetic field transfers energy to
plasma ions and electrons by Coulomb interaction

Adapted from A.C.Riviere, Nucl. Fusion 11 (1971) 363
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Neutral beam injectors: requirements

A neutral atoms can penetrate through the magnetidield

A lonization by collision with plasma ions and electrons:
fast neutrals Y fast ions

A Fast ion trapped in the magnetic field transfers energy to
plasma ions and electrons by Coulomb interaction

Adapted from A.C.Riviere, Nucl. Fusion 11 (1971) 363
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neutral beam (H/DO)

current

fast ions
(H*/DY)

i

Neutral beam n shinethrough
: R
intensity |~~~ ~2_Eoeam /

Absorpti'on

A lonization depth in the fusion plasma: 'ength

characteristic length scales as

y A nin 108 m,
w E in keV,
= cte Ain amu

High densitiesand 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.




Positive and Negative -ion based NBIs

Neutraliser gas

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

Acceleitor Vacuum envelope .
nEmEsE ’,-"‘ i
Source = 0 2N
gas 1
— 1] -~
- ’
- 1
1] p—
:E 7
lon %8 N ;
‘ eutraliser To plasma
source Scraper p
|
HVPS <+

Bending ~,
magnet |on beam

. _l
To vacuum I

lan Day, UKAEA um :
pamP - TP

lon dump

Basic principle:

The ion beam is accelerated electrostatically, through
multi-aperture electrodes (beamlets), then neutralised
interacting with a thick gas target.
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Positive and Negative -ion based NBIs

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

However, neutralisation in gas cells of higkenergy
hydrogen ions is only possible from negative ions.

Positive ions

A Easy to produce (2400 A/rf)

A Multiple ion species (H, H,*,H,")

A Neutralisation efficiency decreases with energy

Negative ions

Hard to produce (240370 A/ n?)

One species (H)

Co-extracted and stripped electrons constitute
additional power load

Neutralisation efficiency minimum 58%

> T To I
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ExperimentalMeasurementat JF60U
[M. Kuriyama, Fus. Eng. Design, 3310:115, 1999
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Neutral beam injectors: requirements

perpendicular
injection

counter-current
tangential injection
co-current (higher particle losses),

tangential injection control rotation
(nearly parallel to B),
good coupling

with plasma
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NBI physics

- Heating emperature)

- Current drive plasma current)

- Momentum injection (plasma fluid rotation)

NBI parameters
A Energy
A Direction:
A Tangential: longer path into dense plasma,
current drive and torque input
A Perpendicular: easier to integrate, short path
into plasma, larger losses
A On-axis vs offaxis: central heating, longer
path into plasma vs larger current drive

Neutron environment
- Reduced maintenance,

and only by Remote Handling
- Low-activation materials




Neutral beam injectors:
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requirements

Positive -NBI 57,
40-50 ke\t6 MW

(perpendicular)

Negative-NBI 2

180 keV5 MW
(tangential, co-curr)

Negative-NBI 1
190 ke\\6 MW
(tangential, counter-curr)

Negative-NBI 3
180 ke\5 MW
(tangential,
counter-curr)

Positive -NBI 4

40 ke\t6 MW
(perpendicular)




ITER Heating & Current Drive neutral beam injectors
compared to other injectors

NBI heating is dominant in most pastpresent and planned devices
NBI POWER INSTALLED ON FUSION DE

10%% 7600, 7 1 - Installed heating power (MW)
i 40Mw, " (m) | (m) [ (MA)| (T) | P-NBI | N-NBI | ECRH | ICRH LH
__ 102 ¢ 4 TFTR 24 08 22 5 40 . - 11 -
"-(”E) Ings 4 JET 296 125 48 345 34 i i 10 7
> 1020; ASDEX, JF60U 34 1.1 5 42 40 3 4 7 8
= : 20wy LHD 39 06 3 12 16 54 3
S 10w | AUG 165 065 12 31 20 @190key 8
J:_'jJ : @-rLt 5 EAST 1.7 04 10 35 8 - 4 12 10
o 101 L DIII-D 167 067 2 21 |26 : 5 4
- JTF60SA 297 117 5 225 24 10 7
jor L ATG008w HL-3 178 065 25 22 20 @ (@a0UKgY 4
1960 1980 2000 2020 2040 DTT 219 07 55 6 . 10 32 8
first year of operation ITER 62 20 15 53 - 3350 2067 10-20
@ 1MeV
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NEUTRALISER AND ELECTRON DUMP

RESIDUAL ION DUMP

CRYOPUMP RIGHT

BEAM SOURCE

CALORIMETER
CRYOPUMP LEFT

Courtesy Lauro Trevisan
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ITER Neutral beam injectors: require

2 (+1) HNB (H, D)

_— (=4 AU,...=870keV (H), 1MeV (D)
 Lode| oot W AP, =2x16.5 MW
. | ’c‘ ATangential injection,
ey T Ol vertical tilting"NlO mrad"
divergence < 7 mrad Ao =46 A(H'), 40A (D)

K156 = 400 s (3600 s)
Al/e divergence < 7 mrad

| neutralization
| @1MeV
| ( d 60%

245m 5
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ITER H/DT accelerator
A 5 acceleration stages 200kV each;

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

A 1280 beamlets (homogeneous), single-
beamlet aiming




ITER Neutral beam Injectors: requirg 'Ter H/D source

A Jext = 330 A/m? (H")
— 2 (+1) HNB (H, D) A Extraction grid (10kV)

) 2 Apeam=870keV (H), 1IMeV (D) A Cs-assisted plasma-surface production
Sl ede| | &t e PPoeam =2x 16.5 MW A 8x RF drivers (total RF power 800 kW)
| }c. ATangential injection,

oY R o vertical tlltlng"NlO mrad"

divergence < 7 mrad Ao =46 A(H'), 40A (D)

A e = 400 s (3600 S)

Al/e divergence < 7 mrad

fesa ) :,

I neutralization
| @1MeV
1 ( d 60%

— ( hC d0%

245m 5
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Negative -lon based injectors for ITER
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[1] K. Ikeda et al 201Nucl. Fusion 59 076009

[2] M. Hanada et al. J. Plasma Fusion Res. SERIES, Vol. 9 (2010)
[3] M. Kashiwagi et al. Rev. Sdinstrum. 93, 053301 (2022)

[4] D.Wiinderlich et al 2025Nucl. Fusion 65 014001

[5] JianglongWei, et al 2026 Nucl. Fusion 66 056006

13 7/27/2026 E Sartori i 15" ITER International School i Leshan, China




ITER Neutral Beam Test Facllity

Padova

L =

T By
SANEEUNET Y

Consiglio
Nazionale delle
Ricerche

= L}

o
I

1l

o Sy T

=3 e | gﬁﬁﬁﬁlﬁﬁgi:: : . ::a\m L)

o] || e

w

........

unesco

World Heritage site

Buildings completed 2015 i __—— N _— SR S S

SPIDER started op. 2018 INJECTOR —

MITICA will start op. in 2027 PROTOTYPE PROTOTYPE
SPIDER MITICA

14 | 7/27/2026 E Sartori 1 15" ITER International School i Leshan, China




Learning goal Difficulty: X T TC

ITER Neutral beam injectors: calculating beam power

Beam acceleration energy and  Beamlosses inside accelerator: Neutralization yield and
extracted current direct interception and stripping reionization losses
....... A N r M h 1
bt Trattmeae @i Vidha a6 7 8 iy
——

Single beamletoptics and aiming
compared to beamline acceptance

lex= Extracted current density

(330/290 A/n?) -29% _ 7 96%
A.=PG aperture area=0.197rh el Y(
E ..n=beam Voltage NEumAﬁZER |R0E5|33:ALP
)

(870keV/1 MeV)

5
T... =beam transmission f Vaive, Duct, Liners.
in the accelerator : ; 4\
S= stripping Losses (25/29%) | )
Yo, =Neutraliz. Yield (56% )
R=Re-ionization Losses (5%)
Tseom ( Beamline geometry, divergence,

S misalignment, beam tilting )
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Outline

APart 1- Introduction to neutral beam injectors & requirements
ABeam energy and precursor negative ion beams
APresent international R&D in view of ITER

APart 2 - NBI Systems (general examples and ITER case)

Alon source

AAccelerator

ANeutraliser

AResidual ion dump and calorimeter

A Cryopump
APart 3- Virtual visit to the ITER Neutral Beam Test Facility
ANBTF plan integration in ITER plan

Apower supplies
ABeam diagnostics
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SPIDER source: an RHriven
negative ion source
(view from rear side)

Large Kamaboko source of JT60
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Negative ion extraction from the source plasma

PICsimulation, 100million particles, gridsize3' T.~1eV,Ti~0.1 eV
150 [ 150 m—
= o= 1017
10012 1005
k. ] | 1016
& N t=325 ns
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| 1015
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Negative ion sources: caesium and filter field

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

Use of caesium to produce negative ions:

A Coating plasma electrode, lowering work function
(binding energy for electrons in a solid)

A H and Hcan capture electrons to become H

A Extractable current density increases by factor 10

oH OH*orHO

[D. Faircloth, CERN 1
Accelerator School] A Mo

given the quite shorte- of negativeions before
extraction, uniform H- production yield at the
extraction regionis needed
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At T=2 eV, electron detachment
is 3 times more effective
than at T=1 eV
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B field used in negative ion sources to
separate in two regions the plasma:

A A |
High n, Lown, |,
High T L LowT,
¥ Highn_
| Hubeam
_ %
> ()

A magneticfilter field to reduce diffusion
of hot electrons (tandem concept)

A difficult design to getof uniform
effectiveness , given large dimensions

A Magnetic filter implies vertical drifts
(magnetised electrons):

0 av ¢ n 6|| oro
O ro 78
O no |76




Negative -ion source for ITER: SPIDER

Difficult optimization of B, requires
uniform effectiveness:

B .
Y creates horizontal
filter field (before PG, about 1.6mT/kA)

By causes perpendicular difts
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