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Introduction

/
(/

2.5MA/2.7T, Poui=16MW, By=1.2, 8=0.4

JET-C O

JET-LW O withN e Changing the first wall material from C to Be walls with W

14l divertor (ILW) led to reduction in pedestal pressure height
and temperature in JET.
1.2 D-gas injection and W radiation play a role but the
AT absence of carbon had crucial impact.
1.0f. o o O . o
E " R .. Oo Understanding the impact of extrinsic impurity on
§ 0.8 . o o“..._\ e the pedestal and disentangling its effect from that of
K _~ -@6* feD, G T other key mechanisms is necessary for robust JET-
6. o ee *% &' DTandITER predictions.
e Tl O@@ e
0.4 .8
) Neon is preferred extrinsic impurity for ITER, being not
0.21 e active chemically. Nitrogen leads to tritiated ammonia.
e, 3kPa
0.0 1 . | I | Neon is seed impurity of choice for power load control in
0.4 0.6 0.8 1.0 1.2 JET-DT. N is forbidden.
Neped /NGW
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Previous experiments in JET-ILW have compared N and Ne 7
. " " " \%.:?
and divertor configuration in low-B, plasmas
2.5MA/2.7T, P,=16MW, By=1.2, 5=0.4, v*, = 1-2
inner
\ ._ : —~ /; P _ \{-. {/, -

VH { ) Y, /\( W
outer/ /TN “h e ~* /T -
Nitrogen at 2% concentration Nitrogen at 2% concentration Neon at 1% concentration
y Llncregtlsed the pedestal - decreased the pedestal * decreased N eq

SNSILY Ne,ped density Ng peq
- raised pedestal temperature || * raisedin Tg qin pre-elm * decreased T peq
Te peq IN pre-elm interval
- increased of the pedestal * increased of pedestal * decreased the pedestal
pressure pressure pressure
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Summary of previous experiments

T e’ pedkeV )

JET

s~ With N

JET-C (o)
JET-ILW O<¢  withN @ with Ne ¢
‘i";!‘I.ET-C &bg.l Eu\‘/iéa.n
g.JET—Cl."'-_
type llI ELMs
| | ! | !
0.4 0.6 0.8 1.0 1.2
Neped /NGW

™ with Ne

(@)
\E’/)
ne,ped Te,ped Ti,ped
N lOW_BN VH / Te,ped=Ti,ped
VvV \ /
Ne | lowpy | VH |
\
VvV \
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In JET-DT, it would be beneficial if the use of Ne for power load control is optimised to
obtain the best performance

* Do condition exists where neon can increase the pedestal temperature, pressure as N
does ?

* How does nitrogen impact on the different transport channels? or Carbon ? C being
a better seed impurity for this investigation
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New experiments investigated the impact of D-gas and
C,D, on the pedestal of high- plasmas

1.4MA/1.9T Tile 5 configuration

00000000

P.,i~16.5-17.5MW kept constant
Bn=2.5 (at low el/s), 6=0.2 ‘

)
IDsep/PLH>2, v, =0.1-0.6 , qQg5=4.4

Zeff=1.5 / \ \\\\\\

Outer strike on tile 5

JET
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Impact of D-gas on the pedestal of high-\ plasmas

Ne,094 (1019 m_3) o P ped,0.04 (KP)
L o\\‘
4 o
8 \
o \
\ 0 \
o Q
' o
3t .
4O
2 4 . 1
1.21 tile 5 tile 6 Te’094 (keV) 1.9 Ti,094 (keV)
. OD only OD only
mwith C2D4| mwith Ne
1.0t 1.0
(o]
(o
o >o
5 0.8
0.8 .
O~
(o)
0.6 0.6
0|5111|5 0.5 1 1.5

[ (10%%ls)

[ (10%%ls)

D-gas scan:

Heg 1.05 > 0.9

By 26 =2 2.2
Vaim 29 =2 80 Hz

Pedestal values

Ne ped S

’p \‘
Te,ped ~~.
Ti,ped -

\
7

(//?
(
W
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Impact of C,D,on the pedestal of high-B plasmas

19 -3 L] . .
Neos4 (10°m”) o P ped 0.4 (kP2) - C,D,-gas scan at high el/s
4L i o\ oy
0
8— \\ %k
i o - Hos, Bns Zett, Vies Voirn DACK to
o, ', i 8 value of D-gas only at low el/s
3L AN
" 6L -nc/ne : 0.1 2 0.3%
(o)
5 | . . 4 , | | * Pedestal values with C,D, at
| ol [T o Te,004 (keV) 1ol . Tio94 (keV) hlgh el/s w.r. to D—gas
OD only OD only n
mwith C2D4| m with Ne e,ped / A
1.0 ] 1.0 . T g T Counterbalance
T oy e,ped > D-gas at high el/s
0.8t o 0.8- y,
o o ; -
o \Aof @d /
0.6- 0.6-
~ 05 1 15 0.5 1 15

J ET M (10%us) [ (10%ls)
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Impact of D-gas and Neon on the pedestal of high-By plasma (@)

——

Same plasma parameters as before

Tile 6 configuration

wwwwwwww

* Quter strike closer to the divertor pump
duct entrance

p

/

Outer strike point on tile 6
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Impact of D-gas on the pedestal of high- plasmas 7

with OS on tile 6

Me.094 (1 019 m-3 ) ; P ped,0.94 (kPa)
. _ o\\‘
4 \C\) 0- |
8l N
L o X \
\\Q \ \
o ﬁ.I i ) \
(o] \
3] ] QI 6
40\\ . B oo \\ﬁo
L AN o
S>> -
2 1 1 Il 4 | Il 1
1.2L tile 5 tile 6 Te’094 (keV) 1.2L = Ti,094 (keV)
' OD only OD only
Ewith C2D4| m with Ne
Q\
1.0 1.0L g
] O°‘~‘>ch \\
(o] \Q
0.8- T o %< o 0.8 RN
(o) \6 N f .\\ O~\\A o
\Ao? o
0.6 0.61
05 1 15 0.5 1 1.5

[ (10%ls)

\
)
Z

(//?
(
W

D-gas scan tile 6 :

Hyge 1.2->0.9

By  2.922.2

Zer 1.8

V' ped 0.6

Vem 40> 120 Hz

Pedestal values

ne,ped N\
Y
Te,ped N .
T \
i,ped \‘
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Impact of neon on the pedestal of high- plasmas ®)

with OS on tile 6

Me.004 (1 019 m'3 ) ; P ped,0.94 (kPa)
41 N 0\\‘ g
o © o
u 8L \\\ \ |
i \oO \\\ \\\ " |
°\ b " - - Q| n
\ (o] AN
3+ . Mo \ i
4(;\ | 6_ OO\\.AO
\\\\\. o —
- 63“-!> L
2 | 1 1 4 1 1 1 |
1.2L tile 5 tile 6 Te’094 (keV) 1.2L = Ti,094 (keV)
' OD only OD only
mwith C2D4| mwith Ne
Q [
1.0 1.0- g
L] Oo~‘-{>T<,. \\\
0.8 o 0.8t O
00‘5\ f\l\%\ l-Ao u
ot o
o l.l - | ]
|
0.6} . 0.6
1 15 0.5 1 15

M (10%us)

JET

[ (10°%ls)

\
N l\)
7

‘==
//F
l
\\.

/,
(\\

Pedestal value with Ne at high el/s
w.r. to D-gas only

nNe/ne 0.6 21.2%

Counterbalance
Ne ped e D-gas at high el/s

Te’ped N Opposite to
Ti’ped C2 D4
N
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Impact of neon on the pedestal of high-B\ plasmas 7

§C_27)
. . =7
with OS on tile 6
Neoss (10°m") S Pooes(kPa) - Pedestal value with C,D, at high el/s
al - o\ g wrt to D-gas only
e € o Counterbalance
i 0 - 8 .® . Ne,ped / D-gas at high el/s
S L : ERAN "
k (o] AN
i \ T
° " \Q\I CA 6| Cg\!\o eped N\
I ° o mm Opposite to
& I TI ped ~ C,D,
2 | | | 4 | | |
4 ol [fles file 6 Te,004 (keV) 12l m Tioo4 (keV)
' oD only OD only o If Wlth Ne
mwith C2D4| m with Ne @
Q
1.0 1.0} T\\. — V*e,ped <1
| S S== \\\ N N
T o5 g - Cne=0.6% ( low pedestal radiation)
0.8¢ o.. 0.8 O
OOB\\\A#I\Q l-A o™
o] oy = O nm u . .
0.6/ l_ 0.6/ 3 > Ti,eq@nd T, peq CaN be maintained at
A . l . similar values to those of D-gas injection at
0.5 1 1.5 0.5 1 1.5 | 1/ ith N *
JET [ (10°%ls) [ (10°%ls) oW €l/s Wi e (X) N
age



Low-B, high-6 plasmas with CD, (@)

2.5MA/2.7T, P., =16MW, B\=1.2, §=0.4
* Pedestal value with CD, at low

1 Te(ev) C.=0.7-0.8 %
% ne,ped /
iy

unseeded By=1.17
seeded 1.3
seeded 1.45

0 1 1 1 Il
094 096 098 1.00

'

« Existence of a threshold in D-gas rate at which C does not improve the pre-ELM pedestal
pressure (with C-<1%), also observed in N

- Significant increase of ne peq iN seeded plasma at lower D-gas injection rate, before increase in Tg peq
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Impact of impurity on pedestal values

JET

— Divertor configuration
— and value of Py,/Py

ne,ped Te,ped Ti,ped
N IOW‘ﬁN VH / Te,ped=Ti,ped
W N e
C high-By VH e e pd
Ne | low-By VH
\ —_
VV \
high-By Ve /' \ \
Y
Depends on

=0
)
\
=

/,
(\\

In comparison with D-gas
at high el/s

\

C & N-seeding
> increases
Te,ped and Ti,ped

J
Y\ Neon-seeding
decreases
> Te,ped and Ti,ped
S
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Impact of impurity on pedestal values

In comparison with D-gas
ne,ped Te,ped Ti,ped at high el/s

a A
Te,ped_Ti,ped

N | lowpy | Vv
VvV

C & N-seeding

/ > increases
Te,ped and Ti,ped
e e

C | high-By | VH

NZPERVZAA

Ne low-By VH :eon-seedmg
\ ecreases
VvV > Te,ped and Ti,ped
S \VC — — but at low enough
high-Py \ \ pedestal v', (low
) pedestal radiation loss)
A ~ 4 > JET- DT plasma ©

Depends on Effect of Cand N on

— Divertor configuration * T, increases as concentration increases
— and value of Py,/Py * Ngpeq S€EMS less dependent an increased

’ET concentration
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Impact of impurity on pedestal values

JET

1)
/]
/

:\:\\
7

(//?
(
W

In comparison with D-gas

— Divertor configuration * T;..q increases as conc| T, ,oqand T; ,eq With N and

— and value of Py,/Py Ne ped SEEMS less depen| increase ne peq With neon

concentration

r‘e,ped Te,ped Ti,ped at high el/s
\
N IOW‘BN VH / Te,ped=Ti,ped
C & N-seeding
W \ e . increases
— o —
c . VH Te,ped and Ti,ped
v ]
low-By VH Neon-seeding
Ne \ - decreases
VvV \t Te,ped and Ti,ped
— —
_ VC — — but at low enough
igh P / \ \ pedestal v’y (low
1 .
< — In high-By plasmas,
e recovered similar results
Depends on Effect of Cand N on to AUG with increase of
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Robust predictions for ITER would require that the ELM trigger is explained

®* Are we able to understand when the ELM is triggered in fuelled and seeded plasmas ?
Which MHD model is it necessary to use ?

JET Page 18
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Which MHD model is consistent with the ELM trigger conditions-?

* In JET-C: Ideal MHD model was able to explain the ELM
trigger with T,=T,, neglecting effect of rotation shear and
diamagnetic effect

Criterion for

ELM trigger acrit‘“OP‘ <072

be'ng aOP _ ] ; ! .
reproduced Qop Aot

* In JET-ILW:
» Standard method insufficient, in particular in high-By high D-gas injection [Maggi NF ‘15]

» Linear non-ideal MHD model (MINERVA-DI*) : T, measured, with ion diamagnetic effect
(o*;) and effect of rotation on PBM stability " Aiba PPCF 2016

- IDEAL : Ti measured

- DIAwoR: Ti measured + diamagnetic effect
- DIAWR: Ti measured + diamagnetic effect + rotation shear

= Assessment done for plasmas with y~1.2-1.5, v, >1, done in [Aiba PPCF ‘18] Aiba NF 2017
= Repeating this study for wider set of high-By plasmas Aiba PPCF 2018
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Linear MHD model DIAwWR agrees with the ELM @

=
i
/
\
~7
=

. - . . N =2
trigger conditions in high-B, plasmas h
dataset: C,D,and Ne series

v'e,95 <1
-  |DEAL model can underestimate o, and most
- IDEAL 6}
Lt unstable mode can be max. mode number
S 4 considered
c 2
! 2
o I O 1 e OO | « DIAWR model best able to understand the ELM
7 7 trigger
41 DIAWR | g : :
s _|_ > |Aa| >0.2 due to low time resolution of T,
< Al 4 measurement, necessary that v,,,,<100Hz
S i | 2 > DIAwoR (not shown here) sufficient for
ol | 1 | |_ ol plasmas with v*, <1 but not for high v*,
o4 _OLZ 0-_J0 25 o4 00 ° 20toro‘ilcg)al rr?gde r?t?mbe1r00 plasmas
|Aa|< 0.2 Ag = (acrit — aop) Alba NF 2017
= A NP Aiba PPCF 2018
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DIAWR agrees with the ELM trigger conditions in high-3 o)

plasmas at high D-gas rate -
dataset: Ne series and
- 0 0op low-B, with CD, series
o Ot DIAWR
St Only plasmas with
Veim<100Hz
x r o
® O
3L o°
@
i j
o
10 L
| | | | | Oop Ol
1.0 ﬂn 2.0 3.0

=» Linear MHD model with diamagnetic effect and rotation shear effect is in agreement with
the ELM trigger conditions for plasma with D-gas injection and seeding (criterion |Ao|<0.2 applied !)
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Robust predictions for ITER requires understanding the reason for higher T .4 in presence
of C (JET-C). Confirmation that neon can provide the same effect in ITER would be ideal

® Is neoclassical transport governing the ion channel in the pedestal
in the inter-ELM period ?

®* Which instability is causing heat and particle transport ?

JET Page 2



Evidence for ion heat transport not being neoclassical in )

JET pedestal

2.5MA/2.7T, Poi=16MW, By=1.2, 8=0.4

Total collisional ion heat flux

11111111

1.2] Q (MW)

0.9]

0.6

Unseeded
Seeded low Cy

0.3, Seeded higher C,

0.0

I | | I
0945 0960 0975 0.990

Un
I. Pusztai, S. Buller (Chalmers)

JET

Radially global neoclassical modelling of
JET plasmas done with PERFECT

lon heat flux is ~ one order of magnitude
lower than input power

lon heat transport carried by a significant
remnant ion scale turbulence

*M. Landreman PPCF 2014
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Ne IS higher than n; within the pedestal

top of pedestal

11111

I high-pn b low-pn
S
_ <
N N
~ ~
~ o o
B < -
= =
—_— low el/s D-gas high D-gas
?]? —_ - high el/s D-gas e - high D-gas + CD4
! high el/s with C dl reduced D-gas +CD4
L | L L L | L L L | " " L
0.94 0.96 W, 0.98 1.00

0.96 y 098

1.00

~'

2
N l\)/
7,
Z

|
\\\\

_ _din(T)
n=Lylly = din(n)

* 7. Is greaterthan n; from
experimental profiles

« High value of n, points towards
ETG dominated transport

* Improved pedestals in low-y and

high-By plasmas have reduced 7,
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Conclusions

(//'

® Nitrogen (or Carbon) and Neon impact on the pedestal density and temperature
- Impurities can lead to either a decrease or increase of the pedestal density
- N or C increased the pedestal temperature
- no increase of the pedestal temperature observed with Ne injection
—> if pedestal radiation low enough, signs that high temperature can be maintained

Important to obtain confirmation for ITER that neon can provide the same effect as N in JET-ILW
- increased neon compression is needed

Robust predictions for ITER require understanding the reason for higher T,.4 in presence of N, and
also predictions of the pedestal density.

® Complex problem linking core, pedestal and SOL physics
® Linear MHD model with rotation and ion diamagnetic effect agrees with ELM trigger conditions ( |Aa|< 0.2 )

® Key role of the ion temperature. lon heat transport not neoclassical in JET pedestal

JET =CCFE
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Increase in T, is reason for the dependence of @)
the pedestal height on divertor configuration

¢
|
\\

file 5 tile 6 tile 5
OD only OD only
: : : 00000000 : : : b 11111111
| | | Ti/ Te (Wn=0.5) !
: : I?)ed,tqt (kPa) 161 ( ! ) ! e
: L | .7
8- I 9 14r | 0% o
: °o | |
: 7N . |
S 12| .
| / (@) | I ,/’@
I / (o) | -
6 -/ ‘| A
./ L Q
:I/ | ,// | 10 - |
p Oq-—’l/ E i : :
? o(? : : : | Hyun-Tae Kim EX/P1.5
4 . l ! . : - L . Hyun-Tae Kim NF 2018
0.8 1.2 1. 0.8 1.2 1.6
<ﬁpo|> ) <ﬁpo|>

- Both configuration can reach P4, =6 kPa, but <f,,> is higher for plasma with
tile6 configuration

* Increased core pressure contribution mostly due to T, for plasma with tile 6 configuration
=» Decoupling of T, and T, key to improved confinement in JET-DT scenarios
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