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Introductionion

Authority

EUROftisiondoadmap

x Technical demonstration of large scale fusion pogwhis is the first goal of
ITER500 MW for 400 seconds);

x Electricity delivered to the grid vill&=EMOnstration Fusion Power Plant
(DEMQ hundreds of MW of electricity for several hours

x In parallel, asciencetechnologyinnovationandindustrybasis to allow the
transition from the demonstration fusion plant to largeale commercial
deployment

Visit the site:
https : /i euro-fusion . orgjleuraiusion/roacmap
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EUROfusionRoadmap

JET

Graphic: EUROfusion/CCFE
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Whatwe'measureundiil 2ET ?

Authority

Divertor spectroscopy  Reciprocating

probe ,;b, 14MeV Meutron specirometer
LIDAR Thomson scattering
Divertor LIDAR Thomsan sczttenn:n-

Fast ion and alpha-particle diagnostic

2 SMey Time-of-flight neutron spectrometar
Fast ion and alpha-particle diagnostic
High energy neutral particle analysar

WUY and XUW ct of divertor pl
an spectroscopy of divertor plasma 3 ae heutron Reciprocating probe (a)

50KV lithium atom beam i spactromster s
WUV spatial scan S :
Multichannel far infrarad intarferometer

Laser injected frace alaments

- w Meutron activation

e 25MeV Time-of-flight neutron spectrametar

_____,.-: Active phase 14 Me Meutron
soft ¥-ray cameras SPectrometer

Bragg rotor x-ray spectroscopy,
VUW broadband spectroscopy
| ] TR & i i | o Aclive phase

iy i : L ard X-ray e neutral particla

e P S, iEwi 1 | ; mionitors e analyser

= i . =28 ! .

X 156 height spectrometa Grazing incidence XUy S
ray puise neig SIJEi rometer broadband spectroscopy

Bolometar -

‘.0 R cameras
- i et | *H-alpha and visible 3 ; e T .
2 5MeV Neutron speciromater - = - [ light monitors Bram __, I i [ Compact, in-vassa|
- : " g " soft x-ray camera

™ Campact, VUV camera

5 i Compact, re-entrant
Charge exchange e . A | soft %-ray camera
recombination : . i

Time-resolved neutron yield monitor

Q-mode microwave interfarometer ] ) j} , ¥ il ey Bolometer cameras

Active phase T .
soft X -raty cameras | Hard ¥-ray monitors

1 ngh resolution X- ray ?fﬂ

= crystal spectrosmpy e

Divertor g: gas analysm

using Penning gauge
!

Electron cyclotron emission elrod},rne -

Ik

Meutron yield profile maonitor and FEB

Endoscope E o i
CCD Viewing and Recording

Meutron activation

~ 100«tiagnesticnsiruments
up to 18(GB ofaaw datasper JETspulse
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Meutron activation
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Fonthceming (DT BXperimentsnents

JET towards stationary fusion plasma

15 Goadl:
= - JETELMfree e 0 Plasma Wall Interaction
= e o ITER scenarios
g’m_ ¥ shear mede (1697) o Isotope effect
2 o W-particle physies
35 EL"N@T e ) o T-cycle (fuelling, retention etc)
o Fusion technology
0 | e 1 |

! '\ T~ R |
0 1 2 3 4 5 6 7 g oSt
Time (s)

Wiygion = 5075M1, Py oop ~ 16-15MW for 5s
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Fusioniborarn A-particleses e

Authority

temperature [keV]
10* 107

T l_‘
1o
(=]

i
S

N

-

0—22 L
10-23 L

[m?3/sec]

[

S
N
B

— DT
— D-D

SRl — D-He3|
107 10™ 10° 10
temperature [billion Kelvin]

“He + 3.5 MeV 5
n + 14.1 MeV

=

<
N
8]

=

o
N
o]

=

o
N
~

reaction rate

b 5 Np) ¢ omMdnm
b 3He (0.82 MeV) + n (2.45 MeV)

D +3 S h@fH MeV) + p(14.7 MeV)

1 MW flusionrpower3 3.60100+b/y K a
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Whyyshbuld lalphasibesstudied2die d?

x Reactor plasma iselfheated by -particles

X But energeticd -particlesmay drive
MagnetddydroDynamicinstabilities and
can in turn be redistributed and, in some
cases|ost

X Loss of bulk plasma heatirgunacceptable
for an efficient power plant

U May lead toignition problems
0 Damagédo first wall

0 Can only tolerate fast alphas losses o
few % in a reactor
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Whatta bebmeasurediireDTIEXPT? Exp ?

X+ b-particle tbirth profile-and spatial
distribution

X+ b-particle energyldistributionl aduesto
slowing downaanddosses

X+ LOSSesS

=CCFE
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A-particle lirth profile

14-MeV meutronprofitemeasurements in discharges witiNBI blips,
during theTraceTThitiune Experimenis 2003

x10"m s blp 61238 6.120000 %10 !
ODraXiST'ﬁb{G 30
I o i ~
. ye(o 8x1 '.
- Los
40
2.0

20 25 3.0 35 20 25 2.0 3.5 20 25 3.0 35
R (m) B (mh R {m\

D. Stork et al Nucl. Fusion 45 (2005) S181i S194
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Vertical camera

__—Detector box
!!1!. 7

4450

Horizontal
camera

=

—

bR LA B i

N

=

Detector
box
Remotely

controlled
collimators

—

Howiticanzbe measured @?red ?

Authority

Neutron & Gamma-ray Cameras

Detectors:

- NE213scintillators PD& DTneutrong
- Bicron418scintillators DTneutrong
- LaBg - g-ray detectors

Rigamonti D. et al Review of Scientific Instruments 89, 101116 (2018)
Fernandes A et al 2014 Fus. Eng. Des. 89 (2014)259
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Fastionsiandnd 9-rayss

g-ray emissions produced due to nuclear reactions of

U? Atomic
Energy
Authority

fast ionswith fuel and with main impuritieBeandC

Protons Deuterons Tritons
D(p,g)3He ‘Be(d,pg)°Be D(t,g°He
T(p,9*He ‘Be(d,ng)1°B ‘Be(t,ng)'B
QBe(p’g)loB 12C(d,pg)13C 12C(t’g)15N
‘Be ( mBp 6 12C(t,ng)“N
‘Be(p,a g)SLi 12C(t,a 4''B
2C( p9'ico

V G Kiptilyi Fu s i epartidles diagnostics: from JET to ITER and DEMO

SHe-ions

D(®He,g)5Li
‘Be(*He,pg)!'B
‘Be(3He,ng)11C
‘Be(®He,dg)1°B
12C(3He’pg)l4N
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Howv 9-rayssexpgsesalphasi?as ?

15.11

13.76 n E , MeV p
) n g 2 L J
‘Be#+a - 13C - 12C' 2, 12C e v
11.97 nl
1.70
E . MeV 10.65 n, g
) ‘Be+a 4.44 v 2
Interaction ofaQand Beimpurity leads to:
g
0 Excitation of-3Cnucleus
0 v 0"
U Deexcitation by neutrons with excitation 6fC . e
.. o e
U Further deexcitation byo-rays _
V 94.44 MeV E > 1.7 MeV £
2 10°4
/2 ey o ey ) §
: [\/\A
10* . . . ;
1 2 3 4 5 6
Kiptily V.G., Fusion Technology 18 (1990) 583 E (MeV)
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Fastionn- & A-onbits initokaraksiaks

Authority

Toroidal
Direction

Separatrix

Banana
Trajectory

Projection of Trapped lon
Trajectories is Banana Shaped
(for illustration only)

X-point

o
lon gyro-motion N R

Divertor
Targets

Trappedand passing trajectoriesf fast ions in the plasma

16 | V G Kiptily i Fu s i epartidles diagnostics: from JET to ITER and DEMO




Spatiak | A-particle distribution .

Authority

Effect ofrmagneticifieldtopology-apray imageof ‘He-ions
in a-particle mimicking-experimentile-ion acceleration)

Non-monotonic q-profile  ,ipp. Monotonic g-profile ot st
— ] - Safety factor

q=B/RE

50 2.0

4.0 8.0

1.0

3.0 6.0

Z(m)

R

-1.0

Kiptily et al Nucl. Fusion 45 (2005) L21

2.0 25 3.0 35 2.0 25 3.0 35
Rim) Rim)

Tomographic secenstructions pfofilesmeasured in different gprofile phases of the plasma discharge in JET.
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Is; it measurable inl DTreXperiment?iment?

Vertical camera

#19 ' #11

4450

___—Detector box

Remotely
selectable

Sl
: ]O> collimators

Neutron attenuators foo—ray measurements

Ol G:Sy dzt (2 NAR

Horizontal

#10

H

6055
| 7620

\l AN T

#1

orizontal
Detector

box
Remotely

controlled

collimators
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o-raysfromifusionalphasphas

graysafterglow measurements in
D-plasma discharges witikNBI blips

Spect t E during bli 12
pectrum counts vs Energy (during blip) 44ANEY gammrays:
260
I 0 — PuseNo.61044
220 ' J ——— PuseNo.61048
I | ~———  DT-neutron rate
., 08 f
180} 5 i
L > ]
G ' Hot plasma
140} g o8 J
} 3 | Cold plasma
100 g 04 |
S [T-blip
60T 02 HLL
i
oL %5 10 15 2.0 25
grayenergy (MeV) Time (s)

gray spectrum recorded Relaxationofidi4deV gray

just after the TFblip
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1.0 §

0.8 1

o
)

t , s (measured)

9

0.0

o
D
1

The method used
In the first time

U? Atomic

Energy
Authority

Results

2.25-3.4T, 2.0 - 3.0 MA, monotonic q profile
2.47T, 2.0 MA, monotonic q profile (q,>1)

3.2 T, 1.0 MA, monotonic g profile

3.2T, 2.0 - 2.5 MA, current hole

TRANSP calculation

T T T
0.2 0.4 0.6 0.8

t

Tt s (calculated)

Jvst+ G in discharges with

intensity inhot andcold plasmas anticipatedgoodand bad confinement

Kiptily et al. Phys Rev Letter 93 (2004) 115001
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UK Atomic
Energy
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JETis the tokamak closest to thd& ERparameters
with unique capabilities dfritium operation

JET ITER
R m 3.1 6.2
a, m 1.0 2.0 :
|, MA to5 to 15 =l ; /0
p up up _LKW ;‘ =
B, T up to 4 up to 5.3 e n G

Be-wall & W-divertor -

\ &
=/ A —
T
]

JG03.483-3¢c

VlTER/ Vier™ 10

Ao
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Is;it measurable iINETERI7ER ?

Authority

Neutron & 9-ray Camesas

WEE =
_|.
= PORT CELL
@ == |
o ﬂ |
|
|
|
|
— i |
n J 1AL
Y |
it = ([l | porreen
- X \
: | o
- 2N [ [T 1T 1
-
a7t
SRRy ‘_:;/ . ‘
3 / = | “9-ray detectors  roxr
& = | | |
{T=rf R : 6m ] R=25

1

i)

fou
LN

|

|

. T
e

0

-

i

]

_|_

|

|

//‘ -
b= %f
b
N

;\‘ ,‘JI N

=CCFE
V G Kiptilyi Fu s i epartidles diagnostics: from JET to ITER and DEMO S



Classieahmethod:
Neutral Particle Analysers

Plasma

accelerating HV

CX neutrals ’—I ions

—
carbon

Csl (TI) + PMT

stripping
foil

o
JIE

—

LUl

A\ 4

Pre-amplifiers

electrostatic
plates

>

CODAS/JIPF

Qe
Xk

A-particle lenergydistributiorbution

Authority

NPA providesdinelintegrated tenergyeray

Jaonet distributiomand fluxesxes
U Neutrals are generated via CX processes
i Carbon foils (300 A) re  -ionize the neutrals
U Acceleration provide boost to increase

detection efficiency

U 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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A-particle lenergyidistributiofbution

Authority

NPAiin*He-ion acceleration-experiments

“HeP neutral has been measured detectifige’

10’ KR2 -
4 # 79171 :
| =
6 e ©
< 10y ¢ "~
S ]
@ 1055 “
- 5 n. KF1
= 10 =
© ] N
5 1 NBI4+NBI§ RN
o 10°- =
Z : L
- I Afanasiew-et alloffe Institute % of
10 ; ; ; ' ' il
0 200 400 600 800

4HeO Energy, keV

HighEnergy NPAKF) & Low-Energy NPAKRZ data
are normalized at 200 keV
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A-particle lenergyidistributiofbution

Authority

JET

Vacuum Horizomntal g-ray spectrometer

Vessel

----------------

7’ ” » \
II Southwall Concrete  Gamma-ray
,  penetration tunnel ector
n&y n (collimator)
/ - n
/ 1 |
KX1 % :
1 J
flight tube m B

!
|
! 0
_r,- b pe———— =S
!
g L

— — .
: i
e
1
/ v v ]
| Front Rear 1
collmator  collmator |
[ ! /
JET  Octant8 - KX1 x-ray
plasma  vacuum port " spectrometer
\ components
\ /
~ s

Wall

Gamma-ray
shields ¢
& KX1
LiH-neutro bunker
attenuators

Zoita V. et al., Fusion Engineering and Design 88 (2013) 1366
BGO(decommissioned
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-particle lenergydistributiofbution

Authority

Vertical g-ray
spectrometers

Na(Tl), LaBg HpGe

=

Roof
laboratory

7

JG09.419-3a

Concrete
shielding

Precollimator

Upper vertical
diagnostic port

Horizontal
diagnostic

/ port = N> ,v.ff,iﬁ‘ —5 e — |
g ' Neutron

4 // @\ Support structure _ » o atten uati

and radiation shielding

Divertor region : O\ ‘ -
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A-particle lenergydistributiorbution

Vertical g-ray
specirometers

Na(Tl), LaBy & HpGe

=

Roof
laboratory

7

JG09.419-3a

Concrete
shielding

Precollimator

Upper vertical
diagnostic port

. Horizontal
diagnostic

/ port
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An exampleffasbibns studies
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Shevelev A. et al Nucl. Fusion 53 (2013) 123004
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A-particle lenergydistributiofbution

dN/dE

400

Authority

g-ray Doppler breatening This technique used in the first time
measurethwithHpGedetector (developed in 1987)
Kiptily V.G., Fusion Technolatfy(1990) 583
13703
662 keV 0 SHe-ions were accelerated with ICRF
U Doppler broadening due to nuclear reactions
i :‘;‘1’ i of MeV 3He-ions and C and Be impurities
ey i <Ta,.> has been inferred
“CCHe,p)"*N = — -
200 + | 1635.2 KeV - S o
23126 keV 7 I <
/ 12 3 14 \
‘ 7 C(He,p,9" N \
/ “Be(3He,p))'B // \
100 | adaskeV ka MO0 %HE%‘ 3
| l 1 1 L'Iéll I%{EE \
WLN LY YRy z| ; I
. - = Z ;
0 . I . | ! I ‘ _% 3 }i ’
0 1000 2000 3000 4000 \ . # s /
E, keV \ Sipay R %ﬁé&igsﬁ;ﬁ
g \ | | i
Kiptily et al Nucl. Fusion 50 (2010) 084001 M 0 oA
Ipty et al NUcl. Fusion \ 7/
Tardocchi et al PRL 107 (2011) 205002 N gravenergy (keV)
Nocente et al Nucl. Fusion 52 (2012) 063009 S~ _--"
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A - . "pa X i &
A-particlelenergydistributionbution

imITERR
NPA& gray spectrometers

HENPA
Bioshield LENPA

Inner Outer

Cryostat

Gamma-ray
/| spectrometers
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