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Outline
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« Sawtooth model - importance of macroscopic drive 6W .

« Important kinetic effects often neglected in hybrid stability codes:

> Plasma rotation: effect on internal kink mode

> Finite orbit effects in adiabatic response: unbalanced NNBI and
asymmetric distributions of highly energetic ions.

> Anisotropy: degree to which auxiliary ions can represent role of
alpha particles

> Anisotropy: effect on the equilibrium

« Conclusions
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Model for Sawtooth Trigger
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Three distinct components to ITER sawtooth model: [F. Porcelli et al PPCF 38, 2163 (1996)].
1) Current and pressure profiles evolve during sawtooth quiescence.

2) Sawtooth Trigger. In JET it is argued that instability could be governed by threshold against
m = 1 reconnection with two-fluid effects [L. Zackharov et al Phys. Fluids B 5, 2498 (1993)]:

> Tsaw S resistive diffusion time:

SW SW
— > P < pi AND  s1 < s (B) — s1 > s5.(8).
S1 S1

where Larmor radius p; implies ion kinetic regime, and macroscopic drive:
1
5W=—§/d3x£*.(6j><B+j><6B—Vo5:P).

3) Profiles are relaxed at sawtooth crash. s; and (3, return to smaller values.
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Macroscopic Drive Terms employed in 96 ITER
Assodiation EURATOM - Suisse M (0] d EI

Bussac Toroidal term: ,
W ~ (1= a0) | (55) = 2]
The following assumes P;j, = Py(1 — (r/a)?) and €; = r1/R ~ (r1/a)*:
Trapped thermal ion term [M. D. Kruskal and C. R. Oberman, Phys. Fluids 1, 275 (1958)] assumes
w > { Wiy (Wmadi) }: )
SWio ~ ———B,:.
KO ™ vz

Isotropic ion population (e.g. alpha particles, balanced NBI ions, thermal ions) and assumption
w K {wih, {Wman) } [B. Coppi et al Phys. Fluids B 2, 927 (1990)]:

1
3T\ 2€1

Trapped thermal ions could be more stabilising than isotropic fast ions if 3; > 3.

5th ~ Bph-
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Effect of Toroidal Rotation in Dispersion Relation
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e Perturbed inertia evaluated in frame absent of electrostatic poten-
tial ®. e.g. without two fluid effects:

1 [ . , 1
0K =— | d’zp,y, |0V — Va|™ = —=
2/ TPm | o] 5

r
where Qg = —q®'/Bor and & = i(r€,.) > &, near g = 1. g,
e Magnetic precession is dominated by F/ X B drift: 0 \
| r
(Wq) = Wma + Qa(r). . ]
i o
e In plasma frame, normal mode and precession drift frequencies are:
W=w—Qs(r1) and (wma) + AQs(7)
where AQq(r) = Qa(r) — Qo (r1). S ,,
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Effect of Toroidal Rotation in Dispersion Relation
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The dispersion relation § K + 6W = 0 can then be solved for © = w — Qg (r1):

83V (@ — wa)]M?
(4

(:} — AQ(I)(T) — Wy
w + Weff — AQ@(T) — <wmd72>

= §Wnp+5i / d*zd’v (£ - k)®

3me2w g

1

o Rigid rotation only Doppler shifts mode w — © = w — Qg(r1).
o Solution for sawtooth mode typically @ ~ wy;.

o Third adiabatic invariant conserved for @ ~ wy; < (Wmdai) + AQa (7).

> implies improved stabilisation for AQg(r) > 0 (co-rotation). Impaired
stabilisation for AQg(r) < 0 (counter-rotation).

o Fast ion response modified much less than thermal ion because typically
‘AQ@‘ S (wmdh>.

e Large co-rotation will yield KO stabilisation for thermal ions. Counter-rotation?
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Sawtooth Period and Toroidal Rotation
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Qlrad/s] x 10"
F. Nave et al, Submitted to Nuc. Fusion (2005)
Negative ion neutral beam (NNBI) in ITER-FEAT is pre-
dicted to induce central toroidal flows of Q ~ 1.5 x 10*
rad/s [R. Budny, 4th IAEA, Gandinhagar (2005)] for which
Q ~ Wipi -
Since normalised rotation €2/w.,,; is the important quantity, T
these predictions indicate that toroidal rotation will not have Q/,p;

such a large effect on sawteeth in ITER. J. P. Graves: PPCF 42, 1049 (2000)
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Asymmetric Negative lon Based NBI
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« Highly tangential injection (350 keV in JT-
60U) is employed. Passing fraction of par-
ticles is very large.

o Unbalanced NNBI produces asymmetric dis-
tribution. Choose to approximate with one

sided slowing down distributions: :
P¢ ;ﬁgg&e r' CO—NNB['
o _ [ ~3/2
by = —E73/25(\
h 23/27'(th0€an ( )
100 ‘ :
where P|| = Za ||0 and we define angle of Z’};)so
asymmetry units.) 60}
+ 40+t
DN i N Jk
P” P—l—l i P—l | | | |
| | -1 -0.5 0 0.5 1

Vi / [V (inj)|
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Solution to Fast lon Response
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o The perturbed distribution function describing the energetic ion response to stability is [P. Helander
et al Phys. Plasmas 4, 2182 (1997)]:

OF}
0Py

oF; = 5Fhf + 0 Fyi, where 5Fhf = —(Ze/mh)(£ . V¢p)

is the adiabatic (fluid) contribution, with & ~ exp(—im6 — in¢ — iwt) the MHD displacement,
and the non-adiabatic (kinetic) contribution & F}j can be approximately written as ‘bounce time’
T3 periodic function of time:

Ofnr = i 5F,§Q exp [—z’ (w +lwp +n <q5>> t]

l=—0

— N OF
where 5F}EQ = — W NWsh L X

w+n<q5>+lwb o0&

<<vﬁ+§)n-ae><p k (w+zwb+n<q5>)t]> (1)
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Solution to Fast lon Response
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Make progress by writing d F}, as a sum of MHD and non-MHD terms. Hence we expand about orbit
centres:

r = T4 Apcosf with Ab:q('r)v”
We
Ab _ V|
0 = x4+ (14s)—sinx with x = ——(t — to)
T q(")R
¢ = q@)x.

adiabatic response can then be written as:

Ay 19 me OF(r)

SFhs=—&H[ri — r] (exp(—i@) +o {1+exp(—120)}
r 2r Or or

N : . . A L
where exp(—i6) is the fluid term, the finite orbit term —2 cancels the non-adiabatic term of [S.

Wang, et al, Phys. Rev. Lett. 88, 105004 (2002)], but the finite orbit term %% rAy remains [J. P.
Graves, Phys. Rev. Lett. 92, 185003 (2004)].
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Finite Orbits Intersecting ¢ = 1 Radius
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Co—transiting ions Counter—transiting ions
Az Lz

q:] surface r=r+ ‘Ab‘ cosX r = ?—\Ab\ cosX

N fan)

g=1 surface

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

Jonathan P. Graves, CRPP Second IAEA TM on Theory of Plasma Instabilities, Trieste, March 2005 11



Centre de Recherches en Physique des Plasmas

Sawteeth in JT-60U

Associaion EURATOM - Suisse

o
w

ST-free period (s)

2 4 6
Resistive time (s)

K. Tobita et al, Proc. 6th IAEA Technical Committee Meeting on Energetic Particles in Magnetic Confinement
Systems, JAERI, Naka, Japan, p. 73

The sawtooth period does not simply increase linearly with the resistive diffusion time.
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NNBI in ITER-FEAT
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e TRANSP simulations of 1MeV NNBI demon- R e I o o L e e e

strates that locally pressure gradient of NNBI ] i
could exceed that of the alpha particles. ] -RY (fppar )} @240s 7]

e In particular could expect the response of =
asymmetic NNBI passing to compete with the 0.10+

stabilising response of trapped alpha particles
if

TdPNNBI b " Ir (L)2 dP, 005 _ il
dr |, 61/2 0 1 dr 0 . 0

e Nevertheless, these TRANSP simulations also
demonstrate a very large current drive effect 000
which could sustain ¢ > 1 for hundreds of 50
seconds.

03000A37
T T 7 T 1 71 71
0.5 1.0

¥ = [oreidal flux label

R. Budny, 8th IAEA Technical Meeting on Particles General Atom-
ics, San Diego, CA, Oct 6-8, 2003
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Anisotropy
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Recipe for separating isotropic, anisotropic and finite orbit terms:

Separate 0 Fy, = S F) 5 + 0 Fpy, where 6Fpy = —(Ze/mp) (& - V) 0F,(Py) /0Py
Expand 0 F}, ;s around orbit centre:

0Fnr = —& - VOF}, + adiabatic finite orbit terms

Choosing diagonal pressure tensor yields fluid potential energy d Wi, :

! .VB\ ¢ - VB
MO _5/ d (5 V(P + Put) — (B + B+ O ) :

B B
where Cj, = 2my, [ dv® (uB)*0F},/0v.

We wish to combine the isotropic part of 6 W} ¢ with the core plasma MHD contribution. Hence
we need to identify anisotropic corrections.

For isotropic plasma C}, + Py, + P = 0 and (P + Pr1)/2 = Pr(v)

For strongly anisotropic plasma for which Py, /P ~ € we have:

Ch ~ 6_1PhL and
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Anisotropy
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1 midplane Z=0 -
0.8
0.067 E
)-8 [p\—
| \"h/
0.2} E P
2 253354
For a distribution function of the form R(m)
(P(r)) c(r)

Fn(&, p,7) = exp[—(X = Ao)”/ANT]

£3/2

where we choose A = Bou/E = 1 and A\ = 0.1 to give (P) / <P||>}T:0 = 14.
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Separating MHD and anisotropic terms
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We can calculate fluid response by either

(1) Using e.g. TERPSICHORE [Cooper, Varenna 1992] - capable of evaluating growth rates for

anisotropic fluid plasma

(2) Analytically separating MHD isotropic and anisotropic contributions:

o Given a distribution F'(&, u, 1), conservation of £ and p gives:

1 OB

o
( hL h||) ( hLl h| h)B Y

e This differential equation can be solved for B = By(1 — e cos 0) to give
A A
Phi + Py = (Pus + Pyy) + Py (0) + Py (0)
e Hence we can write

SWy = 6Wnp (Peore + (Pry + Par) /2) + W}
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The Internal Kink Mode with Anisotropy
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Assume symetric but anisotropic distibution. Include effects of toroidicity, anisotropy and trapped
kinetic effects:

6W = 3(1 = qo) [{By(core) + By(hot) }* — 0.3°| + 614 + 5W

o 8W 4 provides stabilisation mechanism for parallel anisotropy (P, ) / (Pp) < 1
o Anisotropy of (Pp1) / <Ph||> ~ 10 is most stabilising, for which SW ;.. dominates.

Effect of anisotropy on hot ion stabilisation

e Without self-consistently separating 0.05¢ 5/;/V
. : : hA

toroidal and anisotropic effects due to 0.04l A
fast ions, we incorrectly find that § W, oW,
is insensitive to (Pp1) / <Ph||> 0.03] 8/\

0.02; Wora

0.01]

0
~0.01} M
0.1 0.5 1 5 10 50

/ \ // \
B) /)
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Effect of Anisotropy on Equilibrium
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e Equilibrium recon.structlon sho.ul.d gene_rally l_)e able Shaftanov shift A(Y(r), B=0.1
to account for anisotropy. This is possible with e.g
— AN=1
VMEC [Cooper, PPCF 47, 561 (2005)]. = s
e Thiswould be particularly important in spherical toka im :g
maks having large By, and (P1p) / (Pjn) > 1. — AN=7.5
e The effect on cross section shaping has been reportec = im : ig
in [Madden and Hastie, Nucl. Fusion 34, 519 (1994)] — AN =20
Shafranov shift modified as: = imiig
-0.2 AN=P, /P,
dA L; A
T € §‘|‘<ﬁp>‘|‘5ph
where 7 !

240 (Prni + Ppy)
5Ah — <—) < cos 26
v =\ B2 >

e A can change sign in the core! i.e. obtain reverse
shift. Purely toroidal MHD modes (e.g. interna
kink) are expected to be strongly modified.
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Conclusions
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o Investigated are effects of auxiliary heated ions on the internal kink mode. Special attention given
to important effects typically ignored in kinetic-MHD hybrid codes.

e NBI induced toroidal rotation is analysed. Sheared flow significantly modifies the collisionless
thermal ion response.

> Predictions of relatively small flows in ITER indicate that NNBI induced rotation is not likely
to have a large impact on sawteeth.

e A mechanism has been identified where unbalanced injection of NNBI can stabilise the internal
kink mode.

> Predictions of large local NNBI pressure gradients in ITER indicate that NNBI stabilisation
could compete with stabilisation from alpha particles.

e Anisotropy is found to significantly modify the stability of the internal kink mode. All except very
strongly trapped hot ion distributions are found to be stabilising.

> The damping rate of RF distributions with (P}, 1) / (Py)) <10 is found to be around twice
as large as for an isotropic distribution (i.e. alphas) with the same energy content.
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Ideal Internal Kink Stability with NNBI
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e The finite orbit, MHD anisotropic, and MHD isotropic contributions combine as:
<2u0> ( 2F(w)> d Py,
— A — or —
By TS dr |,
1 <2M0> /7‘1 <r>2dP
2 \ By 0 1 dr

+3€1(1 — qo) [5§rit - B,((P1) /2 + Pc)] :

A describes asymmetric adiabatic response. F'(w) describes the non-adiabatic response which is smaller

Ay

L]

W = —61_1

and depends sensitively on w 4 qw, — <¢> [J. P. Graves, Varenna conf. proc. 2004].

J. P. Graves, Phys. Rev. Lett. 92, 185003
(2004)

0.5
| T o
Employ typical JT-60U parameters and solve ‘5,
ideal dispersion relation at marginal stability é 0.3}
5

o
N
:‘@
~
(@
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~
Il
-

N

~0.75-0.5-0.25 0 0.25 0.5 0.75 1
A
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Anisotropy
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/
B/ B ) =14 <PhL>/<Phn> =14
. magnetic axis R=R 0 :
1 : 1t . midplane Z=0 -
0.8} E 0.8l :
0.6/ i | 0.6 i
0.4 : 0.4; :
| | / JE—
| <Ph>7 (B
0.2 . 0.2} :
B : b
-1  -0.5 0 0.5 1 2 253354
Z(m) R(m)

For a distribution function of the form

(P(r)) c(r)

i XP[— (A = X0)"/ANT]

Fn(&,p,r) =

where we choose A = Bou/E = 1 and A\ = 0.1 to give (P) / <P||>}T:0 = 14.
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Separating MHD and anisotropic terms
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We can calculate fluid response by either

(1) Using e.g. TERPSICHORE [Cooper, Varenna 1992] - capable of evaluating growth rates for
anisotropic fluid plasma

(2) Analytically separating MHD isotropic and anisotropic contributions:

o Given a distribution F'(&, u, 1), conservation of £ and pu gives:

1 0B

a(P + Py) = (PryL + Py + Ch)
hl hl|) = (Lhl h|] hB(‘?Q

e This differential equation can be solved for B Bo(1 — ecos ) to give
Pui 4 Py = (P + Py + PY + P || where

27

" " 1 27 a
PhJ_+PhH —= —€ 1——/0 do (PhJ_+Ph||+Ch) COS@—LCZ@ COSQ%(P}LL—I—P;L”—I—C}L)

e Hence we can write Wy = dWymp (<P|| + PL> /2) + 5Wf‘ where

1 - VB *. VB
5WJ24 — _5/ d’x (g : V(P;:|‘| — P;:‘L) — (Pp + Pr1 + Ch)£ ) £

B B
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