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Qutline

e Many discharges on JET ‘marginal’ to NTM onset scalings
 What is hidden variable triggering NTM?
— role of the sawtooth...
 How do we control NTM onset?
— Sawtooth control with ICCD
— fast particles, monster sawteeth and their control
— Tailoring sawteeth without ICCD
» Other influences on NTM onset
— error fields
— rotation
e Conclusions



* EFDATASK FORCE M EUROPEAN FUSION DEVELOPMENT AGREEBE¥
Expect NTM scalings to go with _p*

* Modified Rutherford equation:

T_d_W_A ra e 1/2(L /L )ﬁp[ 1 _j

> 1+wW /W W

~
Small island effects such as ion

polarisation introduce a p* dependence:
= [9(ve) (Ly/ Ly) €]1°°ag
e ...leads to a ~p* onset criteria:

L W, /W
—q = —rSA"7 = .9V, ¢)
Lp [1 WpoI /Wseed) ]

e Usually assumes a given seed size

(Similar form is possible for finite island transport model)
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p* scaling appear to do a good job

3,2NTMs ¢ Each experiment exhibits

4.0

| | . ]
By 35| Bestfiti(y ASDEX-U, linear scaling
PR G _ Collisionality
dependence has
2.5
been scaled out
2.0
15 ) 1 — scalings align at
| // JET chosen v value
1.0 /
05— &
' ITER-FEAT?
0.0 —

0 02 04 06 08 10 12
Normalised Toroidal Larmor
radius, py*x10-2

[La Haye et al., Phys. Plasmas 7 (2000) 3349]



* EFDATASK FORCEM.EUROPEAi\I FUSION DEVELOPMENT AGRE;V{EE;:
Initial guestions In JET data

60777 / 60776 / 60824
Pug /MW

« Slightly different NBI ramps
lead to very different
thresholds for 3/2 mode (
and blue)

* Further modification triggers
2/1 at AMW compared to

n= 2 amplltude /au
0.5¢ - -3/2-at 11|v|vv/_' TP Ny

(W 12MW with no-NTM in blue
: 3/2 at 5MW\. mm

n= 1 amplltude /au
o201 L AMW.T —
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Some cases stay at marglnalltg

using p*-v based onset fits

Ratio of experimental f to
predicted NTM onset S /

12

- -O - Local fit JET Pulse No: 47282
i | e - Discharge reaches predicted
onset level early
08" — In both local parameter
and global parameter fits
0.6
__________________________________________________________ i — stays close to marginality
: . o
04| oo T B ises 50% while 3 rises 50%
while ratio close to 1
0.2 1
3/2 NTM
0 T T T T T T
-7 -6 5 -4 -3 2 -1 0

time relative to NTM onset (S)
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(LyL %%,

3

Local NTM physics
parameters:

{ Discharge
trajectories

N

1 |
O
D

S
(\‘56\
0

Z,

0 corrected to 1=0.02

Many discharges run along scalings

 Shots follow scaling
once H mode Initiated

0 0.04 0.08

Pig

All from one
dedicated NBI-only NTM
onset experiment in 1999

Global A:
: —_
| Discharge 7
trajectories %
7/
7/
S 7 1
S A
O \

0.004 pi¢* 0.008
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~ We know that changing sawtooth
affects NTM threshold

* Include ICCD g=1 sawtooth modification experiments:

4

—— betan  NTM onsets largely lie
o morr along trajectories
3 | ® +90RF
Gu |l — some -90 cases follow

different path at low g*
due to strong RF

1 » Overall dependence is
steeper than NBI only fits:

Bu~Pgs

— wider data set

0 0.002 0.004 0.006 0.008
Dg x10°

NTM onset dictated by how sawteeth evolve?




EFDATASK FORCE M EUROPEAi\I FUSION DEVELOPMENT AGREEJAE;.T
Low NTM thresholds with long sawteeth

4:_I I | I : I | I 1.0 ICRH
- 1.6<x<1.8
L, 3<(05<3.5
T ok e os « Long sawteeth from:
- F s :
; -q:f — ICRH induced fast
E b %S particle
Q - B o ® ]
S ' 5 — or long ‘first’ sawtooth
o b pe R 3 on entry into H mode
[an) -
ocoe

: « Sawteeth >400ms trigger

b A NTMs easily

(] 200 400 60 804 1000 1200 N Bl

Sawtooth Period(ms)



* EFDATASK FORCE M. EUROPEA.N FUSION DEVELOPMENT AGRE;V{EE;:
...out not so obvious In NBI only data

60777 / 60776 / 60824
Pug /MW

e Sawtooth periods similar for
all cases

* If anything sawtooth
amplitude larger in high 3/2
NTM threshold case ( blue)

n= 2 amplltude /au
0.5¢ - -3/2-at 11|v|vv/_' TP Ny

3/2 at SMW—— mmm

n= 1 amplltude /au
o201 L AMW.T —

0 64 66
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Comparison with JET ITER database

5T -« Cut for approx match to:
- NTM discharges : 3.1<Qy<3.6
- — JET entriesto I TER H-mode : 1.5<k<1.65

4 confinement database E 0.2<5<0.33
» g . ) '
- ® NTM onset ] :

JF 1 * ITER database entries

V2N 1 occupy surprisingly

: 1 narrow range in

2F 34 parameter space, when
| cast against local p,*

1k - — indicates density
dependence on p*
s R R DR B *|N|F|1|99.4.3|4 pl?)l L ] e Simi I

05 5 . A o TIET Similar to NTM discharge

00 x10° evolutions

Problem of collinearity of discharge evolutions
and NTM thresholds is widespread...
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Neural network analysis

o |[dentify hidden parameters

? 5 71 with neural network:
: Data forms two clumps d

. of higher and lower — use NBI-only Sramp shots
. predictability ..
; \ — predict time to NTM

— optimise choice of 27 input
parameters for best network
performance

» Best network needed
just 3 parameters!

- O By Tst

B * Network does better than fits
0 0.5 1 15 5 — trend in correct direction

0.5

Predicted time to NTM (s)

Actual time to NTM (s) — (lower clump from slower
evolving high S shots)
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Neural network - key parameters

Parameters used Value of Removing p* has little
in network test residug Impact on network

; performance!
,BN Isawtooth ,Qqa }
:BN Isawtooth
By Ao « Sawtooth period more
By 35 87 important than p*!
Po 37.45
Tawtooth 48.83) —e but some measure
Tantooth Qg 37.46 of heating power

LBy V Do (35.60) needed

\Collisionality offers no benefit
— consistent with JET dependencies




e SO how to use this to
control the NTM...?

— Well, lets first review
some ICRH techniques...



Sawtooth period (s)

R (m)

Sawtooth control b
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|ICRF waves

H minority heating

PlCRH =5MW / PNBl =1.5MW/ nH/nH+nD“'5%

— Pulse 55506 (+90)
500 — Pulse 55505 (-90)
| |

+ JG02.524-4¢

Sweep deposition from inner side
to centre

Sawtooth destabilisation with - 90°
phased waves at inversion radius

Sawtooth stabilisation with:

—+ 90° phased waves at
inversion radius

—+ 90° and -90 ° in core: fast
particle pressure increase



* EFDATASK FORCE M EUROPEAN FUSION DEVELOPMENT AGREEJAE;:
Sawtooth control by ICRF waves

H minority heating

Picru (from 0 to TOMW) / no NBI / ny/ny+np~5%

e Sweep deposition from inner side

2000 __ pyjse 55828 (+90 at q = 1)
T 1500/ — Pulse 55827 (-90atq=1) to centre
© - . .
T 1000 e Sawtooth destabilisation with - 90°
3 500 phased waves at inversion radius
- 0 e Sawtooth stabilisation with:
= 0.8
S 4 —+ 90° phased waves at
Q@ ' . . .
= oal inversion radius
3 :
g 02~ —+90° and -90 ° in core: fast
& 0 L1 HE— - particle pressure increase
3.0 *
- 290 P Reoe(H) * P,cre ramp from 0 to 10 MW
z 2% Lo \ . ~ — Sawtooth activity small
sel* * * throughout
| ! ! | ! g
l I y

— Optimal effect for P,z =4 to
Time (s) o MW
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Sawtooth control by ICRF waves

NTM control

— Pulse No: 51794 — Pulse No: 51802
PicRH

| Central SXR

(MW)
a

ICRF resonance ~rq = 1

ﬁ15-PNB| B '[
%10— NTM onset §
5 P | S T S T TN T ST %
—— 155 160 165 17.0
2 Bn Time (s)
|ICCD sawtooth destabilisation
1_
Keep seed island of NTMs small
n=2 3.2 NTM
B No NTM just
sawteeth

Larger plasma beta without
triggering NTMs

O. Sauter et al., PRL 2000

16 18 20 22 24
Time (s)




EFDAT.ASK FORCE M EUROPEAN FUSION DEVELOPMENT AGREEMENT
ITER will have monster sawteeth

Pulse No:54170

e |In JET 4He accelerated 4He ions

MW
2o e
= O

A
@ 3

to MeV energy range i
— makes fast alphas -1 Wm/ﬂq «W‘JWI“WMW
e Fast alpha particles make long B ZM Te
sawteeth : T N\

MJ

— Provide seed island large enough
for NTM destabilisation

— Concern for ITER D-T plasmas

 This is direct observation that fast
alphas will lead to low NTMs
thresholds

Frequency (kHz)

— ITER will need monster
sawtooth control!

20
Time (s)
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Control of ‘monster’ sawteeth

with ICRF waves

Pulse No: 58934 Pulse No: 58939
PA:B-3MW at3.05m/+90°  PA%B=3MW at3.05m/+90°

PCiP=3MW at278 m/-90°  PCiP=3 MW at3.05m/ -90° / With all ICRH in core
- get monster sawteeth

T

A O

Central
T, (keV)

Two antennas at 42 MHz and +90¢°:
I — R,s(H) In centre
— Fast ions stabilised sawtooth

0000
N B~ O

Sawtooth
Period (s)

Two antennas at 47 MHz and -90¢°:
- Rres(H) - Rinv
— |CCD sawtooth destabilisation

R(m)
N
© ©

PICFIF

P\cre (MW)
S = N W

I

I

I

C+D :
I
I
1

I | I I | | | I I
16 18 20 22 24 16 18 20 22 24 2

©
i
0
[=2]
i)
o
]
(O]
=

Essential technique for ITER

Time (s)
L.-G. Eriksson et al., to be submitted



e Application...

— strategies used In a ‘real’
JET session that ran Into
unexpected NTM problems
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Example case with 2/1 NTM at SMW ICRF

* Typical ELMy H mode plasma for confinement studies:

Actions

- Changed RF to -90
phasing

- Modified NBI ramp-
up waveform to
have sawteeth
before final ramp
into H-mode

2" strategy also adopted in
high shaping high current
expts: 1 NBI plateau just

4 16 18 timze“[S] 22 24 26 pelow L-H threshold
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"~ Next pulse: more RF, long first
sawtooth and 2/1 NTM

JET #8887 Large loss in

E1 .................... ..... EL ............. o L .......... l ..... confinement
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” Strategy: delay RF ramp, long
flrst sawtooth and 2/1 NTM

: . | : : : — 58887
I E I — 58889 i

It worked !!!

_ Still marginal for 1st
= ST period.

0

Thus some of
10 following pulses had
s @ mode (but only 3/2)
and some had none

0




* EFDATA-SK FORCE M EUR.OPEAI:I FUSIO.N DEVELOPMENT AGRE;V{EE;:
Final optimisation

e So got from 3MW ICRF 2/1 disruption to 7MW RF
occasional 3/2 mode by tallorlng ramp-up

0.5

- 58892

h — 58893 ' : : :

L : : : : Al L s rovwssvovoes| T T | O SO

< 58894 -t | — 58802 |1 i
e wiafe| S i

L T y sl
?+12_: . ... .........::::._
______________________ __5 g : | : i :
f_gll—: 5 : f L N N e R— 5 ..................... S
10 x 10 ': i j j | 0 12 A ”"'"'"i:i::if._._...:i::"i:i:'i'ii:':i'ii"::::::::.

Dﬁ 1+11 I L

% :

= 3 3.2 3.4 3.3 3.3 4

f— I 1 i 1
14 16 18 20 22 24 26

 Further development: lowering initial ICRH power avoided
mode completely for later Trace Tritium session
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Summary of avoidance technigues

» Get plasma sawtoothing while at low power
— preferably before L-H - avoids broadening current profile
— allows plasma density to rise before high heating

» Avoid strong fast particle population

— +90 and dipole ICRH phasings trap fast particles from ICRH in
the core

— -90 phasing ejects fast particles
— more fuelling helps
« Use g=1 current drive (-90 phasing)

« 2/1 NTMs particularly prevalent with monster sawteeth and
low Qs

» Also more recently: get power on at higher field and current
and then ramp to desired...
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Controlling NTM onset with TF ramp

-1.50 ' ' ' ' —— 1357 MAGN/BYAC
1 an Seq=8 {D)
a0 ] — 61362 MAGN/BWAL
ﬁ-mu Seq=19 {D]
T o1B0E
-1.40
- 15U ; i ' ' —— 61357 MAGH/IPLA
o -140 P = Seq=8 (D)
& -1850 iy gy i —— B1382 MAGN/IPLA
T a0 Seq=9 {0
o =170
2 _1a0
-19.0E
1.9 E . L] IE —— 61357 NBI/PTOT
- 2E 1 E Seq=15 (0]
£ 08 E E ——R1362 MNBIPTOT
0.5 E = Seq=15 (0]
) 04 E- =
- 0.2 =
00 g =
20F = ——B1357 TIN/RNT
—_ = 3 Saq=29 (0]
o 1.5 F = —— 61362 TIN/RNT
- 1.0 E- 3 Seq=29 (0]
S osE 3
E:H E =

— 1357 DASC1-03102

NTM , N0 NTM | | —— 61362 DA/C1-G102

SEC.



*Other parameters
affecting NTMs...
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\What about error field effects?

e Old result from DIII-D shows 6
thresholds fall as ideal limit 5}
approached

DII-D

— generally locked modes

— error field amplification effect? ol
- 2/1
locked
1} mode
onset

0 1 2 3 4 45 6
B (%) 3.5 l/aBy

Critical B,y1/By|, (1074
w

1992 La Haye experiments
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NTMs at lower 8 with pre-existing errors

Z: ba 1003 114791 ._—., \: = . - .
NBJ o 1 ¢ Pre-existing error field in

| P s \ {1 coloured cases (not black)
1o /0ge leftbeams | e Leads to 2/1 NTMs or error
ol L‘*’“ﬂ%n ] field modes during beam

08 - ramp up

““Trotatign@q~2 (kHz) ] |
1 — plasma slows first
r m \j\. - — goes rapidly to locked mode

B

++B 1« Using ‘left’ beams helps
| T Ny -

avold modes

2
0.004

oo -
DoO0E -
0.001 = I I!il“ ﬂ ‘ | -
00025 — '
00015E|0Cked mode
0.0005f= MJ

-0.0005
-0.0018

—-a“w‘u"q DIII-D

1000 2000 2000 4000




EFDATASK FORCE M EUROPEAN FUSION DEVELOPMENT AGRE
Error fields also lower thresholds

’ 4« B___rises rapidly
- Error field thresholds fall close to | § with NBI momentum ¥
the 2/1 NTM onset 3 on JET 7
S . ...but falls
—> Increased error field sensitivity 2 close to 2/1
9 NTM onset S
o JET .
0 , ; 3
* Also observed on D3D... 0 1 2 g 3 4
N
— here modes formed rotating +
i i 10 :
at intermediate (3 7 |Locked\ | Rotating
= EF is directly assisting § _|modes R} modes
NTM onset mechanism =t
-2
2 _
. DIlI-D
0 0.5 1 15
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DIII-D: error field - NTM interplay

 Fix at subcritical 3

g 1 - apply EF ramp
=T , | , 1 —EFs assist NTM onset

B N eS| — at medium B modes born

Af—  betan 114795 — rOtatlng = NTMS

o= = T ' ' ' — low B: standard locked
1000f= 7 —_
DUE— <7 114793 \mi mOdeS
ADDDp— 7@ 11479 _
bzggg : ; . ; 12
DDDE_rLE_nl'! 114792 — 10 ] E
0002k  datanoor 1147E ‘ ‘ 4 = LOCked E ROtatlng
0.001b— datanool 114785 g 8 - .
U%g?g Fohdtly i e e L W < mOdeS
ool 10GKed mode 1 2 6
D.00DGk= ==l 1147@ = c
0,000 o ereni i - 8_ 4 -
-0.0005 m
1000 2000 3000 4000 2
DIlI-D
0 ‘
0 0.5 1 15
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...but rotation has a weak effect

e Vary beam momentum:

— similar 3/2 NTM — 10% higher 2/1 NTM onset
threshold on JET@I\| By threshold on DIII-D:
JET #60775 / 60777 4 D3D #114789 / 114791-

= g
3 H:L tangential : 2o -
| { o =—

Percentage “left” beams

10

P
=t

i INTM onset time | Ot e
: :fromspectrogram 1 10} . .

0.5

okd=2 rotation (kHz)
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JET: try more reproducible ramp

e Vary beam momentum:

— rotation dip leads to
same threshold!

JET #60947 / 60948

s

- NTM onsets from
5 spectrogram

20 21 22 23 24 25
Time (S)
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* NTM p* - v based onset scalings are non-predictive of NTM
onset time on JET

— discharges extremely sensitive to detailed form of heating power
ramp-up

— sawtooth period (not p* values) is the hidden parameter
 NTM thresholds can be controlled via the sawtooth
— direct control by ICCD can lower period and raise NTM onset 3
— fast particles stabilise sawteeth, lowering NTM thresholds
— ‘monster’ sawtooth control uniguely demonstrated on JET
— changing heating power ramp-up
e Error fields can lower 2/1 NTM threshold} insight into

 Rotation has weak effect seeding process
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Testing sawtooth Iisland triggering

Apply saddle fields to couple through to 1/1 mode.. .

8 IV i i ; | AT ' Wi 1 iy | Frequf5a28thag_Cont K CI_C:003t-60.881 _62.050Mwc T8 Range:100-0.%
(ki) I I ' W 100.0C
B 10.00
i 1.00
i 010"
2
| 0.01
£1.00 géff GZ'F;J £7 50 t(s) 61.00 61,20 61,40 61,60 62.00  (s)
Freqg not well matched Freq well matched
Fre\-'t5929'|5}{R cont 25UkHz KJS— CGUEt BU 881 52 052Mu><2 anewU 0?
g} : iy | ' : Sl 000
(i) ! ‘kHz)
]
P 8 0. 100
. foo4 + A
Fo4 0.010
vi

0.007

61.00 £1.20 £1.440 £1.64 £1.80 62,00  1(s)
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o effect on sawteeth in well matched case

——5592591 DBAJ5-S¥R<SE:010

——55201 DASC1-G101

oL

0.5 510 G 520 2.5
SEC,

Evidence against/lack of validation of Gimblett Has  tie model!



