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Introduction to Sawteeth

Sawtooth cycle [S. von Goeler, PRL, 1974] divided into three phases:

e Sawtooth ramp: density, temperature and current

density increase in the core.
TIME(s)

« Sometimes a precursor phase: growing MHD 6.0 51 52 53 64
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4%3 Benefits of Sawtooth Lengthening

Sawteeth with long inter-crash times (long period) are expected to permit improved
performance - gradients can build up and stored energy increase.

In JET it was found that long sawteeth
were routinely generated with strong

auxiliary heating of fast ions, especially
with ICRH

Sawtooth crash occurred within slowing
down time of energetic 1ons following
rapid switch off of ICRH.

Strong evidence that the fast ions were
responsible. Theory demonstrated the
stabilising role of trapped energetic ions
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4%; Benefits of Sawtooth Lengthening

The improved performance with long
sawteeth led many machines to attempt
to routinely obtain sawteeth as long as
possible

A major motivation for JET and TFTR
was preparation of DT - fusion pulses.
Both attempting world record fusion
power.

Best hope of large fusion power:
transient DT fusion phase (within
maximum sawtooth free phase ~ 2s).
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¢%; Fusion Power and Sawtooth Period

Pulse No: 42675 Pulse No: 42676 ... .

— 15F
Two similar consecutive JET E 10
pulses. - or
3k
= 4 J |
The second 1s absent of sawteeth, 0 — £on 0 =S
and a fusion power world record _ " p, v
was obtained. = E_ :';'{;;':uu .
= 13: Woia T\ e
In the first pulse, the stored energy = s
and fusion power stopped rising OF
after the sawtooth crash. g
0
This indicates the benefit of long |
sawteeth. But, why didn’t the rise

in stored energy and fusion power
recover?

F. Nave, NF (2002)
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It appears that the reason why
62675 did not achieve record
transient fusion power was because
the sawtooth crash triggered
secondary, long-lasting MHD
activity.

At the sawtooth crash, an n=3, m=4
neoclassical tearing mode was
triggered on the g=4/3 magnetic
surface.

These large saturated island
structures impair energy and particle
confinement, and can in some cases,
disrupt the plasma.

(keV)

(a.u.)

Link Between Sawteeth and NTMs

Pulse No: 42675 ——
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F. Nave, NF (2002)
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(%D NTMs degrade plasma confinement

« NTM’s can cause ~15-20% drop in confinement

Separatrix .
P A Plasma Pressure Profile

[Chang and Callen, 1990]

pressure

distance from centre

Divertor 3. P. Graves, IISS, Austin, 31 May — 4 June 2010



In order to mitigate the possibility
of disruption, there are real-time
safety stems, which act quickly in
response to an island that has
become "too large’.

In this recent example, a long
sawtooth triggered an NTM in low-
confinement mode.

When the amplitude of the n=2
went over a standard pre-
determined safety threshold, the
auxiliary power was switched off,
and the current, field and density
ramped down.
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Growth Rate of Sawtooth Triggered NTM
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‘#Link Between Sawteeth and N'TMs
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Long period
sawtooth
triggers
saturated NTM

[this was
initially
suggested by
Cambell PRL
1988, and
Sauter PRL
2002]
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Motivation — ITER

« Why is this a problem for ITER? ITER will have large fusion-born alpha
' particle population in the core

!

Long sawtooth periods

|

Trigger NTMs and cause
confinement degradation (reduced
fusion power... etc), or worse
disruption

— Since NTMS can be at large
amplitude very rapidily, a prevention
approach recommended: keep
sawteeth small and frequent
J. P. Graves, IISS, Austin, 31 May — 4 June 2010




‘%; The Sawtooth Trigger

Well known simple sawtooth triggering criteria [F. Porcelli PPCF, (1996)]:

- e W o
1. Resistive two-fluid instability: T— < p and s; > s.(3)
51
" W Wi T
2. Ideal Instability: T < — ; A
51

OW 1s the energy associated with the 1deal internal kink mode. Fast
trapped 10ns, such as those from ICRH or fusion alphas, can yield a
large, stabilising (positive) contribution.

The standard means of early crash triggering 1s to attempt to
deliberately increase the magnetic shear at the q=1 surface, s,
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Current

Safety factor, q

ow does driving current trigger sawteeth?

i\ | MW p

* Trigger condition: 7= @ <C, r—
1

A perturbation is applied to the
initial current profile (inside q=1)

, J

More current means more
poloidal field, so q drops

q=1 is moved outwards

J

Magnetic shear at q=1, s,
radius (~gradient of q) increases




TCV EC Systems

mirrors
e I| 'l
| 1

stepper motors control

poloidal and toroidal angles
i "._..

 Electron cyclotron heating & current drive
systems are a useful tool for controlling
the sawtooth period.

“* Modify the local current profile.

« TCV has a3 MW X2 EC system

¢ 6 gyrotrons, 6 launchers real time
control of power and ‘poloidal’ angle

1 launcher (500kw) used in these
experiments

¢ Toroidal angle set to generate co-
ECCD/ECRH

“* A motor adjusts the launcher poloidal
angle.

-+ lines of sight
:,:, SOft X-ray



‘.%; Real-time control via ECCD in TCV

» Sweep EC deposition in vicinity of q=1,
in both directions. Generate shear
modification by ECH (as before) and with
electron cyclotron current drive (ECCD)

» Peak shifts due to movement of g=1 surface

» Used to build a control model of the plasma
response

s angle vs period lookup table

¢ also includes shift in peak due to
launcher position history.

[J. I. Paley et al, Plasma Phys. Control.
Fusion 51, 124041 (2009)]
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‘.%; Real-time control via ECCD in TCV

14 : ,
« Deposit EC outside the peak in the ,| Region of
. control
period. ~
e 10}
=
2 8t
“* If period <ref, increase angle 9
¢ If period > ref, decrease angle s 6f
Q
Z 4
A
. C : ) |
Ensure target period is < maximum <plasmacdge  plasma core -
0

12 14 16 18 20 22 24 26 28
‘ Launcher angle (deg)
» Ensure controller gains are not too large.

¢ Overshoot could lead to an unstable system.

[J. I. Paley et al, Plasma Phys. Control. Fusion 51, 124041 (2009)]



‘.%; Real-time control via ECCD in TCV
tﬁ I

* Drive the launcher at two speeds:
¢ Fast (20deg/s) if:
» Target < 4ms
» Target > 4ms & observed period < 4ms
¢ Slow (2deg/s) if:
» target and observed > 4ms

[J. I. Paley et al, Plasma Phys. Control.
Fusion 51, 124041 (2009)]
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¢%; Tore Supra: Feedback control

* Tore-Supra has both ICRH and ECRH systems.

« ICRH can be employed to initially lengthen sawteeth, and 1n this way,
the RF 1ons simulate the expected role of fusion alpha particles.

 Since the sawteeth are initially much longer than Ohmic sawteeth, one
can empoly ECCD, or ECH, to reduce the sawtooth period (the opposite
to the real-time TCV pulses shown earlier.

» This work has recently been published by M. Lennholm et al, PRL
20009.



ECRH on Tore Supra

Toroidal angle +/-28°
Only top Mirror Used

-10° Sawtooth
invesion
radius

ECCD current |
profiles from |
REMA ||

Poloidal angle = -1°
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Tore Supra: Feedback control

ECCD Contrel Computer
: L "MEE ECED mirror
*Determine plasma response 'QAZT;'O” | ety | movement
Implement real Time: Veasied
— Injection
. . enira angle
- Sawtooth period detection Control
Computer 7
- Injection angle ECCD
algorithm -
control e
Sawtooth
. . lod —{.
- Communlcatlon Eeigfence )
] ECE diagnostic computer
- Control algorithms .
Real Time 32 channel Electron
Measured Sa\f.ftooth e Temperature
Sawtooth AL | easurement profie
period determination
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et al, PRL 2009

Tore Supra: Feedback control

1 1: Controller moves

mirror until measured
Sawtooth period <
request

2: Distance (do) between
Inversion Radius and
ECCD location at this

4 moment noted

3: Feedback control
keeping the Distance
between the measured
sawtooth inversion radius
and the ECCD location =
do+2cm



ITER ECH/ECCD Design

UPPER (4x)

8 beams/port
# P. =2 0MW/beam

2 steering mirrors
Poloidal scan A6=24°

Fixed toroidal angle ¢~20°
| | Optimised for peak jqp

T |(H / .thUATDRIALHx]

24 beams/port

P, =1.0MW

3 steering mirrors

Toroidal scan A¢=25°

Fixed poloidal angle 6=0°
Up to 24, 170 GHz gyrotrons Optimised for maximum I,
Proy = 20MW

J. P. Graves, IISS, Austin, 31 May — 4 June 2010



‘a%, ITER ECH Launcher Functionality

Upper Launcher
Advanced design:
« Deposition: 0.3 <p:<0.95
 NTM stabilisation & Sawtooth control

6000
soo0l 1 0=1.0
4000} . ‘
a000| ! 1 0 =0.8
| | Up. L
' p=0.6
X

°r 1 :
-1000 - 1 0 =0.4 :
- Eq. L
| 0=02
4000 |-
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AIM:

* To analyse capabilities in controlling
ST period by optimized UL

« To provide potential range of the g
profile control achievable by this EC
system optimization.

* 3 selected full-field H-mode scenarios
at EOB:

* Scen 2 (standard. 15 MA)

* Scen 3a (hybrid. 12 MA)

* Scen 4 (RS, 9 MA)
* Different ¢, T, n. BS profiles.

J [MA/m?]

ECCD and ITER Scenarios

Selected scenarios comparison

2
— SCcen 2
Ip_1 SMA Scen 3
1.5 Scen 4
—— -
1
nls \/‘\-
u I i A I
o 0.2 0.4 0.6 0.8 1
Frar
Selected scenarios comparison
I’=0.783, §_=0.521
& ! P
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o4

[— Scen 2
Scen 3

2r | Scen 4 |

0 0.2 0.4 0.6 0.8



‘%, Shear Modification with ITER UL

-

2 0.25 0.3 l].:]!'b 0.4 0.45 0.5
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* Deposition of co-ECCD 1nside or outside

~mversion radius allows changing s, by

large range (s,~0-0.4). [Zucca et al].

* Stabilise sawteeth with s,<0.2 or at least
significantly delay 1 sawtooth?



‘#' Sawtooth Control in Fusion Grade Plasmas

Let us return to the standard sawtooth trigger model:

I. Resistive two-fluid instability: 22N c, P

Sy Iy

We have seen that sawteeth can be controlled via modifying s, in TCV and
TORE-SUPRA

There are two obvious 1ssues to be addressed however:

1) InITER, alpha contribution to oW expected to be large and stabilising,
and p small. Control via shear modification might be difficult.

2) Sawteeth in JET are controlled with very modest current drive
perturbations.



Effect of Passing Energetic Ions on oW

Az SO YA o
Co—transiting ions Counter—transiting ions

=1 surface

q=1 surface

ENNNNI7N
&

Region good Region poor Region good Region poor
curvature curvature curvature curvature

[Graves, PRL, 92, 2004]

* Only get net effect on stability when distribution asymmetric:
Fi(v) # Fulvy)
« Effect increasingly strong for increasing /\,. (increasing fast ion energy)
 Destabilisation for: [}, (’Uﬁr) > F, (’U[) and VFy|,, >0
or: Fh(vﬁr) < Fr(v) and V[, <0
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Sawtooth Control using co-current NBl in JET

Co-NNBI gives:
Fh(vﬁr) > Fh(vﬁ)

so destabilisation only with off-axis:

VFhlrl > 0

Modelling shows fast 1on effects
dominate and NBCD effect is very
small.



Orbit Width Effect and NBI, NNBI, ICRH

Effect of fast asymmetric passing ions become more significant with increasing effective

orbit width:
A = tﬁ(g =0\ 1 /2?T df &
- 2y ) 27 Jo R

2 a2

()] | |

Two ways to enhance effective orbit width:

1. Large thermal velocity (NNBI
in JT-60U and ITER).

2. Large fraction of barely passing

e=0.3~ . .
- — ions (NBI in JET and MAST
B T I S T T and others).
Deeply Passing — Trapped

passing Pitch Angle boundary Both 1. and 2. are satisfied with ICRH




Asymmetry in counter current ICRF pulses

 Parallel velocity asymmetry in F, seen for trapped and passing ions
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Asymmetry in RF counter-ICRF Pulses

The internal kink theory extended, accounting for more general distribution function,
including one applicable for toroidally propagating ICRF waves [Graves, PRL 2009].

 Parallel velocity asymmetry in F, seen in the ICRH current [SELFO code,Hedin et al]

Passing ion current(-90 phasing)
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& i Exicess\of co-passing 1ons
g 0.05] P g
~ L
< :
> 0
N— [
s i
—0.05
-0.1"]
- Excess of chtr-passing ions
-0.15}
0 0.2 0.4 0.6 0.8 1

1 r(m) jo(r) ~ eZp, / dv®y v Fy




Asymmetry in RF ¢

The internal kink theory extended, accountin

ounter-ICRF Pulses

g for more general distribution function,

including one applicable for toroidally propagating ICRF waves [Graves, PRL 2009].

 Parallel velocity asymmetry in F, seen 1n the

Passing ion current(-90 phasing)

ICRH current [SELFO code,Hedin et al]

r, in here 1s destabilisir

A

2 ,
SW o — / dv* (% + Uz) A,

Jo(r) = E’Zh/d?*’g Z’t“’lth

OF,

or

!




Asymmetry in RF counter-ICRF Pulses

The internal kink theory extended, accounting for more general distribution function,
including one applicable for toroidally propagating ICRF waves [Graves, PRL 2009].

 Parallel velocity asymmetry in F, seen in the ICRH current [SELFO code,Hedin et al]

Passing ion current(-90 phasing)
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JET Experimental Configuration

DL  Hel- H  (Fundamental
resonance ranges)

__,_._.;?"H'-_" S
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2k PP == r N N &
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7 A 4 g B

JET CONFIG: DIF-CMOD

ITER relevant JET experiments have recently been devised employing
minority *He. Until now it was thought minority *He could not generate

- sufficient current drive in order to affect sawteeth. Luckily the new fast

ion mechanism doesn’t require net driven current.



Sensitivity to the *He resonance position
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‘%; Verification of Fast lon Mechanism(1)

Sawtooth Period
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Repeat with Higher Auxiliary Power

2.9T<B<2.96T

\
18

- magnetics n=2 (-90)
S 0.2 | —— magnetics n=2 (+90)

0 | |
16 18

-Graves et al, NF 2010]



ICRH in ITER

[Laxaback, NF 45, 1510 (2005)]

| 3
k

90 (68) F

ITER will usually operate

at full field (5.3T)
80 (60)5

=5.3T (4T)

The primary minority will .=

: 70 (53) F
be 3He during DT phase.

60 (45) £

With the antenna range
40-55MHz, the minority
3He will be on the low-
field side (LFS) at full
field. For this reason, we
are attempting
simulations, and JET
experiments with
resonance on the LFS

Frequency [MHz], B

50 (38) |

40 (30)




ICRH in ITER

* The antenna range in ITER 1s 40-55MHZ, compared to 28 — 5SIMHz in the JET A2
antennas. As a result, resonance will have to be on the high field side. There will be less
passing 1ons close to the trapped-passing boundary, and probably less control on
sawteeth.

* Moreover, it will not routinely be possible to ramp the toroidal magnetic field in ITER,
even by 2 percent over the pulse, as was done in the JET experiments here. There would
be considerations on the power supply: 1 percent drop in the field over the pulse length
would remove 2 percent of the energy, about 1GJ, so I0MW over 100s. This would lead
to fatigue 1ssues, unless undertaken only a few hundred times.

« However, it seems that some of these restrictions are offset by the excellent real-time
control possibilities of the ICRH system in ITER. In JET, it is only possible to change
the antenna frequency by S00KHz (less than 5 percent of minor radius), over a few
seconds. This has made real-time control a real challenge. But, in ITER, it will be
possible to rapidly change the frequency by 2MHz (about 15 percent of minor radius).



Conclusions

he control of sawteeth 1s expected to be particularly important in ITER. NTMs
triggered by long sawteeth have impaired fusion power in JET.

e In TCV and TORE-SUPRA, advanced real-time techniques have been developed to
control sawteeth by manipulation of magnetic shear, even in the presence of fast ions.

 In ITER, it remains to be seen how effective shear control will be. An alternative control
approach involves fast ions with asymmetric distribution in the parallel velocity.

« Mechanism explained NBI sawtooth control experiments in various machines.

» Realising the importance of barely passing 1ons, the work has been extended to treat
toroidally propagating ICRH minority ion populations.

 Further verification of the fast ion mechanism was achieved by creating experiments
capable of eliminating all other known control mechanisms.

« Used techniques to destabilise monster (NBI lengthened) sawteeth in H-mode.

» That fast 1ons can so dramatically, and directly, affect sawteeth 1s encouraging for ITER.
In JET, ITER-relevant real-time sawtooth control using ICRH has had some success [M.
Lennholm, to be published]



