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Introduction
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EUROfusion Roadmap

× Technical demonstration of large scale fusion power ςthis is the first goal of 
ITER(500 MW for 400 seconds);

× Electricity delivered to the grid via a DEMOnstration Fusion Power Plant 
(DEMO) hundreds of MW of electricity for several hours

× In parallel, a science, technology, innovationand industrybasis to allow the 
transition from the demonstration fusion plant to large-scale commercial 
deployment

https://www.euro-fusion.org/eurofusion/roadmap/

Visit the site:

https://www.euro-fusion.org/eurofusion/roadmap/
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EUROfusion Roadmap
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J oint European Torus 
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What we measure in JET ? 

V G Kiptily ïFusion Ŭ-particles diagnostics: from JET to ITER and DEMO6

~ 100 diagnostic instruments 
up to 18 GB of raw data per JET pulse
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Forthcoming DT experiments
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JET towards stationary fusion plasma 

Wfusion~ 50-75MJ,  Pfusion~ 10-15MW for 5s

Goal:
o Plasma Wall Interaction

o ITER scenarios

o Isotope effect

o -hparticle physics

o T-cycle (fuelling, retention etc)

o Fusion technology
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Fusion born Ȁ-particles
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5  Ҍ  5  Ҧ  ¢  όмΦлм aŜ±ύ  Ҍ  Ǉ  όоΦлн aŜ±ύ
Ҧ  3He (0.82 MeV)  +  n (2.45 MeV)

D  +  3IŜ  Ҧ  (h3.6 MeV)  +  p (14.7 MeV)

1 MW fusion power ~ 3.6 1017ʰҌƴκǎ
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Why should alphas be studied? 
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× Reactor plasma is self-heated by h -particles 

× But energetic h-particles may drive 
MagnetoHydroDynamicinstabilities and 
can in turn be re-distributed and, in some 
cases, lost

× Loss of bulk plasma heating is unacceptable 
for an efficient power plant

ü May lead to ignition problems

ü Damageto first wall

ü Can only tolerate fast alphas losses of a 
few % in a reactor
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What to be measured in DT Exp ? 
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× -hparticle birth profile and spatial 
distribution

× -hparticle energy distribution due to 
slowing down and losses

× Losses
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Ȁ-particle birth profile 

V G Kiptily ïFusion Ŭ-particles diagnostics: from JET to ITER and DEMO12

Off-axis T-beam

ne(0)å1.8x10-19 m-3

3T/1MA, ohmic2.2T/2MA, D-NBI 3T/1MA, ohmic

Off-axis T-beam

ne(0)å1.8x1019 m-3

Off-axis T-beam

ne(0)å4.5x1019 m-3

On-axis T-beam

ne(0)å1.8x1019 m-3

14-MeV neutron profile measurements in discharges with T-NBI blips, 
during the Trace Tritium Experiments in 2003

D. Stork et al Nucl. Fusion 45 (2005) S181ïS194
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How it can be measured ? 
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Neutron & Gamma-ray Cameras

Detectors:

- NE213scintillators (DD& DTneutrons) 

- Bicron-418scintillators (DTneutrons) 

- LaBr3 -g-ray detectors

Rigamonti D. et al Review of Scientific Instruments 89, 10I116 (2018)

Fernandes A et al 2014 Fus. Eng. Des. 89 (2014)259
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Fast ions and ɔ-rays
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g-ray emission is produced due to nuclear reactions of 
fast ions with fuel and with main impurities Beand C

Deuterons
9Be(d,pg)10Be
9Be(d,ng)10B
12C(d,pg)13C

Tritons

D(t,g)5He
9Be(t,ng)11B
12C(t,g)15N
12C(t,ng)14N
12C(t,ag)11B

Protons

D(p,g)3He

T(p,g)4He
9Be(p,g)10B
9Be(p,pôg)9Be
9Be(p,ag)6Li
12C(p,pôg)12C

3He-ions

D(3He,g)5Li 
9Be(3He,pg)11B
9Be(3He,ng)11C
9Be(3He,dg)10B
12C(3He,pg)14N



|

How ɔ-rays expose alphas ? 

V G Kiptily ïFusion Ŭ-particles diagnostics: from JET to ITER and DEMO15

9Be+ a­ 13C*  ­ 12C* ­ 12C 
n g

Interaction of aΩǎand Beimpurity leads to:

ü Excitation of 13C nucleus

ü De-excitation by neutrons with excitation of 12C

ü Further de-excitation by ɔ-rays

Vɔ4.44 MeV,   Ea> 1.7 MeV

V ɔ3.21 MeV, Ea> 4 MeV

Kiptily V.G., Fusion Technology 18 (1990) 583
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Fast ion - & Ȁ-orbits in tokamaks
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Trappedand passing trajectoriesof fast ions in the plasma 
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Spatial Ȁ-particle distribution 
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Tomographic reconstructions of profiles measured in different q-profile phases of the plasma discharge in JET. 

Monotonic q-profile

Effect of magnetic field topology on g-ray image of 4He-ions 
in a-particle mimicking experiment (4He-ion acceleration)

Kiptily et al Nucl. Fusion 45 (2005) L21

r/aR

Safety factor
q=rBt/ RBp

Non-monotonic q-profile
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Is it measurable in DT experiment? 
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Horizontal

Vertical

Neutron attenuators for ɔ-ray measurements

KS3 
frame

Middle 
frame

όŀǘǘŜƴǳŀǘƻǊǎ ŀǊŜ Ғ ǘǊŀƴǎǇŀǊŜƴǘ ŦƻǊ aŜ± ɔ-rays)

Zoita V. L. et al, Fus. Eng. Des. 84 (2009) 2052
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ɔ-rays from fusion alphas
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g-rays afterglow measurements in            
D-plasma discharges with T-NBI blips

g-ray spectrum recorded 
just after the T-blip

g-ray energy (MeV)

Hot plasma

Cold plasma

Kiptily et al. Phys Rev Letter 93 (2004) 115001

Relaxation of 4.44-MeV g-ray 
intensity in hot and coldplasmas
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JET vs ITER
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JETis the tokamak closest to the ITERparameters 
with unique capabilities of tritium operation

JET ITER

R, m 3.1 6.2

a, m 1.0 2.0

IP, MA up to 5 up to 15

BT, T                  up to 4                  up to 5.3

Be-wall & W-divertor

VITER/ VJET~ 10
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Is it measurable in ITER ? 
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X

Neutron &  ɔ-ray Cameras

ɔ-ray detectors
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Ȁ-particle energy distribution 
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Classical method: 
Neutral Particle Analysers

CX neutrals ions

carbon 
stripping
foil

accelerating HV magnet

electrostatic
plates

H

D

T

CsI (Tl) + PMT

Pre-amplifiers

ADCs CODAS/JPF

Plasma

NPA provides line integrated energy 
distribution and fluxes

ü Neutrals are generated via CX processes

ü Carbon foils (300 Å) re - ionize the neutrals

ü Acceleration provide boost to increase 
detection efficiency

ü Momentum separation via B field         
Mass separation via E field.

Afanasyev V. I. et al Review of Scientific Instruments 74, 2338 (2003)
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Ȁ-particle energy distribution 
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NPA in 4He-ion acceleration experiments
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are normalized at ~ 200 keV

4He0 neutral has been measured detecting 4He+

Afanasiev et al, Ioffe Institute
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KF1
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Ȁ-particle energy distribution 
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Neutron

shield

JET 

Vacuum
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flight tube
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Horizontal g-ray spectrometer

Zoita V. et al., Fusion Engineering and Design 88 (2013) 1366
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Ȁ-particle energy distribution 

V G Kiptily ïFusion Ŭ-particles diagnostics: from JET to ITER and DEMO25

HpGe

LaBr3

NaI:Tl

Neutron 

attenuators

ɔ

Na(Tl), LaBr3, HpGe

Vertical g-ray 
spectrometers
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Ȁ-particle energy distribution 
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Na(Tl), LaBr3 & HpGe

Vertical g-ray 
spectrometers
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Shevelev A. et al Nucl. Fusion 53 (2013) 123004 

An example: fast D-ions studies

ɔ(Be+D)
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Ȁ-particle energy distribution 
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ü
3He-ions were accelerated with ICRF

ü Doppler broadening due to nuclear reactions 

of MeV 3He-ions and C and Be impurities 

ü <T3He> has been inferred 

Kiptily et al Nucl. Fusion 50 (2010) 084001

Tardocchi et al PRL 107 (2011) 205002

Nocente et al Nucl. Fusion 52 (2012) 063009

g-ray Doppler broadening 
measured with HpGe-detector

This technique used in the first time 
(developed in 1987)

Kiptily V.G., Fusion Technology 18 (1990) 583
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Ȁ-particle energy distribution 

in ITER 
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Bioshield

Inner Outer

Gamma-ray 

spectrometers

LENPA

Cryostat

HENPA
NPA &g-ray spectrometers


