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- Precessional Fishbone

e Energetic Particles (EP) excite a MHD wave. [McGuire, et al., 1983

Coppi, et al., 1986
White, et al. 1989]

e Most unstable mode: m,n =1,1
e Features:

* Frequency of the toroidal precession velocity of the EP, wp

e EP generated by :  Heating systems : NBI, ICRH,....

 Alpha particles
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. Energetic Particles : Deeply Trapped Particles
e Particles trapped in the low field side —

e Banana orbit: v, > v,

e Wcyclotron > Whounce > WD

Bounce 7
points

lllustration of the banana orbit in a tokamak,
Source : EUROfusion
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A Energetic Particles : Deeply Trapped Particles

e Particle
How do Energetic Particles interact with an MHD mode ?

DAV

e Banana orbit: v, > v,

e Wcyclotron > Whounce > WD

Bounce Z

points

lllustration of the banana orbit in a tokamak,
Source : EUROfusion
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e Banana orbit: v, > v,

[

Wave-particle resonance :

e Wcyclotron

low frequency wp = low frequency MHD mode

[Landau, et al., 1946
Bernstein, et al., 1957]

Hiustration or e pandarna oroit in a tokamak,
Source : EUROfusion
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retical

2 EP Kinetic Description

e Kinetic Vlasov equation :

ot
a:— { H'f}cp,mp =0

H=uB, +e®

« @ isthe bulk plasma electric potential

« Toroidal precessional frequency :

wp(r) = o<

u B 1
e R%) Bpoloidal r
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oretical

2 EP Kinetic Description

e Gyro average : 6D — 4D

2
mv : .. : :
> = ZBl = cst , adiabatic invariant since @ < W¢ycrotron
0]

e Bounce average : 4D — 2D

fﬂ,5b ((p' p(p)

> §p = cst K 1, adiabatic invariant since w < Wpoynce

o Dy =mRyv —eR WP (r) = —eRyWP(r) withW = A, parallel component of the vector potential

Gradient in r implies a gradient in p,,
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Resonant Interaction Mechanism

e EP density distribution function : e HKinetic Destabilization :
0F¢q
Fequ,(gb = AF.(r) 0D,

>0 = Destabilization

—1.6
ya Inverse Landau Damping
i, 2
EQ 128
g 5 At the frequency wp (1)
LT.‘Q —1.0
0.5+ : maximum gradient (ry) [Landau' et a|.' 1946
00F 7 | N iresonamtsurace@=D) g Bernstein, et al., 1957]
0.0 0.2 0.4 0.6 0.8 1.0
r|a]
Py
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Bulk Plasma Reduced MHD Description

e Advection of magnetic flux equation and vorticity equation :
(

0
— Y+ {d, ¥} = nAY
. ot

Destabilization

0 oo .
S0+ (0,00) = —(waw) e

S w =0, y~n

® : Velocity stream function |
[Coppi, et al., 1976,

White review, 1980]
epXVO

B

u;

Y : Parallel component of the potential vector
B, =e,xV¥
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Bulk Plasma with EP Contribution

e Advection of magnetic flux equation and vorticity equation :

( 9
— ¥ + {D, ¥} =AY
< ot
0
ka AD + {(D, A(I)} — —{LIJ, ALIJ} —(e(p XK). VPEPJ_
® : Velocity stream function Pep, : EP Perpendicular pressure
u, =2 >]<3vq> Pep, = J 2uB3 16, (9, Py )di

Y : Parallel component of the potential vector
B, =e,xV¥
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Bulk Plasma with EP Contribution

D

MHD [ KINETIC ]
L

H=uB, +ed
Evolution of @ and ¥ Hoe |::> Pep = fZ/,LB(% f5, ((p, p(p)d/,t
Evolution of f
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Simulation Setup

e Code : AMON [Semi-spectral code] [Poye, etal. 2014]

o Geometry :

 Thermal Plasma : cylindrical 2D monohelicity (m = n) 0

* Energetic Particles : toroidal ¢, p,,

e Coupling MHD - Kkinetic through m,n = 1,1
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Linear Simulations

. S T ' 1021 S T ' ] ]

: Internal Resistive Kink = : e |

: Hybrid Simulations 1 [ ]

4
» >

= > ’ -3l .
£
—
R | 3

(] _ 10—4 - —]

L 5 [ ]

> n= 1076
> ®
4 10—7 [ )
2 o @ _ n= | = top(ry) o
. R | . _ o A A
10~ 1073 ¢ n=10"% 1075 10~ 1073
Feq [neq] . n= 102 Feq [neq]
Se——
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Linear Simulations

102K ] ] .
f e |
o Growthrate evolution: ‘ .
107 g
> Y11 ~ Feq, increasing with the S |
3
drive
_10-5 107*F =
[Chen, et al., 1984 n=10 >
Zonca, et al., 2000 > = 10~
> o
Idouakass, et al. 2016] = 107 | —— .
e
. n= 109 Feq [neq]
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e Growthrate evolution:
> Y11~ Feq, increasing with the

drive

[Chen, et al., 1984
Zonca, et al., 2000
Idouakass, et al. 2016]

20

Linear Simulations

e Linear frequency set by the EP dynamic :

> W11 = a)D(rg) , EP precessional
frequency where the drive is the
strongest

[Chen, et al., 1984
Zonca, et al., 2000
Idouakass, et al. 2016]
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Fishbone Eigenmode

3n/4

w2

=

i
o

L
%

~1.1)

Vg (m,n

21

e Comparison with [Idouakass, et al. 2016]
done in Slab geometry

4 |
| 1,11
O >
q=1 "
Resistive Internal Kink Eigenfunctions
without EP
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Fishbone Eigenmode

e T e Comparison with [idouakass, et al. 2016]

e el N done in Slab geometry
| /2
| wh 2

» 'I;f e Change of the kink mode shape without EP
:
7 l—u/4 3 > Double peak around g = 1 surface at :
R 7
e w11 = Lk Va(r)
| | --3n/4
g |

08
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bone
ration

NOnllnear F|Sh bOne (close to the threshold, MHD nonlinear effects : OFF)

e Bulk plasma kinetic energy
o Amplitude of the fishbone mode ¢, ;

10—21 , . [ , | | A |

0 5000 10000 15000 20000 25000
t[za]
. . . R T T T R
Exponential ~ Nonlinear Linear 10000 11000 12000 13000 14000 15000
growth Phase Kink t [z4]
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tion N on I | near F|Sh bO ne (close to the threshold, MHD nonlinear effects : OFF)

What nonlinear process is responsible for the saturation of

. b1,1
the fishbone mode?
1079 =
=
S 10—12_ —
~2
= 10715 = B
10—18 —
0 5000 10000 15000 20000 25000
t[zal
. : . D BN R S R
Exponential ~ Nonlinear Linear 10000 11000 12000 13000 14000 15000
growth Phase kink t[za]
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N on I | near F|Sh bO ne (close to the threshold, MHD nonlinear effects : OFF)

What nonlinear process is responsible for the saturation of

Resonant EP trapped by the fishbone mode

the fishbone mode? P11

‘ -

[Berk, et al., 1990
Berk, et al., 1992,
Todo, et al.,1995]

5000 10000 15000 20000

t[za]
Exponential  Nonlinear
growth Phase

Linear
Kink

]
25000
I I I I

10000 11000 12000 13000 14000 15000
t[zal
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Frame moving at wp(7y) in the direction ¢
» Isoline of Heq + H — wp (1),

t=10000.0 [74] o~ Feq + f

—0.05 3

I
o
o

()

——————— ———— —— |1 I R BN S R
VISFF/———— 4 10000 11000 12000 13000 14000 15000

——————————— < t[za]

0o w2 . 31/2 “on
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Frame moving at wp(7y) in the direction ¢
» Isoline of Heq + H — wp (1),

t=11000.0 [74] o~ Feq + f

—0.05 3

)

s —-0.10 —_

10000 11000 12000 13000 14000 15000
t[za]

s |[! | | | | |
_.‘N

0 /2 T 3n/2 2n
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Frame moving at wp(7y) in the direction ¢
» Isoline of Heq + H — wp (1),

t=11500.0 [74] o~ Feq + f

—0.05 : 3

)

s —0.10-

P

1 I T T I
10000 11000 12000 13000 _ 14000 15000

t[zal

—-0.15

0 /2 T 3n/2 2n
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Frame moving at wp(7y) in the direction ¢
» Isoline of Heq + H — wp (1),

t=12000.0 [74] o~ Feq + f

3

)

1 I T T I
10000 11000 12000 13000 _ 14000 15000

___________ — | t[za]
. 32
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Frame moving at wp(7y) in the direction ¢
» Isoline of Heq + H — wp (1),

t=12500.0 [74] o~ Feq + f

—0.05 3

)

1 I T T I
10000 11000 12000 13000 _ 14000 15000

t[zal

—-0.15
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bone

Resonance Condition Lost

ration
(close to the threshold, MHD nonlinear effects : OFF)
e Phase evolution of ¢ 4 :
o Evolution of the frequency of ¢ ; :
 Frame of the resonant interaction
Su/2 - "'"""""""'/.'_l_',_ X107
— On/4 i — 9L -
i P | A
= = 1
~ In/4 j 7 gL ” ]
E 32k v — — |
=S4 /./’/ = £ |
s oab s = =7 -
S 3w4E 7 - '
+ a2F i = 6 —— wn(ry) B
$owE . - H— o
o——""% T S N M | U
10000 11000 12000 13000 14000 15000 10000 11000 12000 13000 14000 15000
t[zal t[zal
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bone
uration

Resonance Condition Lost

(close to the threshold, MHD nonlinear effects : OFF)

e Lost of resonance between EP and ¢4 1 : « Evolution of the frequency of ¢ 1 :

> f1,1 changing their frequency for wp (p,, ) a0t o
9 N
> f1,1 frequency decreases as wp X py, i N ;
8 _

< |
= -
6__ wp(rg) =
Ja— wlI . I . I . I

1800011000 12000 13000 14000 15000
t[zal
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shbone
aturation

Resonance Condition Lost

(close to the threshold, MHD nonlinear effects : OFF)

e Lost of resonance between EP and ¢4 1 : « Evolution of the frequency of ¢ 1 :
> f1,1 changing their frequency for wp (py, ) a0 o
9 N
> f1,1 frequency decreases as wp X py, i ” ;
8 ]
< |
o New synchronization between EP and ¢4 4 : =7 R
6__ wp(rg) =
> New trapping of the resonant EP L | | |
10000 11000 12000 13000 14000 15000

t[zal
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

» Isoline of Heq + H — wy, , (t)py

t=13200.0 [74] o~ Feq + f
~0.05 | ;
< —0.10] 2
S,
' o I R AR SN S
—0.15 10000 11000 12000 13000 14000 15000
________________________________ t[zal
1 1 1 1o
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Isoline of Heq + H — wg, , (DD — T T

t=13650.0 [z4] o~ Feq + f
~0.05 3
< —0.10 2
S _
. I R R R B
-0.15 10000 11000 12000 13000 14000 15000
t[zal
Lo

2n
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Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : OFF)

e EP distribution function in the resonant EP :

* Isoline of Heq + H — wg, , (DD — T

t=13900.0 [74] x10~ Feq +Tf

—0.05 3

S_—{L10y

P

AR U SN R RV
10000 11000 12000 13000 14000 15000

—-0.15

t[zal
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Nonlinear

e Bulk plasma kinetic energy

| |
10—8 L
10—13 L
rg‘ 10—18 L
<
— 10—23 L
4
Lﬂ —_— m,n=1,1
10—28 | —_— m,n=0,0 |
' mn=2,2
—_— m,n=3,3
10_33 — — m,n=4,4 |
—_— m,n=2>5,5
10—38 Y A . . P B
0 5000 10000 15000
t[zal
Exponential growth Nonlinear
Phase
37

ts Non“near F|Sh bOne (close to the threshold, MHD nonlinear effects : ON)

o Amplitude of the fishbone mode ¢ ;

AR U SN R R
10000 11000 12000 13000 14000 15000

t[zal
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ts

Nonlinear

e Generation of zonal flow

* Amplitude of ¢ o dominates the saturation

a¢0,0
UGO,O(T)= P = WzF|,,

Coupling of the mode m = +1

Developed at linear resonance position

38

Ty

Ug 0,0 (7") [a-u]

Non“near F|Sh bOne (close to the threshold, MHD nonlinear effects : ON)

t=11500.0 [74]
T L L e

-=- ig=1 ]

0.10-

0.05

0.00

~0.05F
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Nonlinear

t=11500.0 [7a]

¢ —wp(re)t

t=12800.0 [74]

Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : ON)

t=12500.0 [74]

Saturation level
without MHD
nonlinear effects

39

10000 11000 12000 13000 14000 15000

t [TAE
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Nonlinear

e Phase evolution of ¢ 4 :

* Frame of the resonant interaction

3n/4 - T -

Vg + @p(rg)t (mn=1,1)

/4

O' . o ——— — . /
. — S — I I

t[zal

10000 11000 12000 13000 14000 _ 15000
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A Resonance Condition Maintained

(close to the threshold, MHD nonlinear effects : ON)

e Evolution of the frequency of ¢4 4 :

x1073

6T-———' 1

[ — Mlinear + WZF
A RN N | B P B A
1 8000 11000 12000 13000 14000 15000

t[zal
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D Nonlinear

e Maitainance of resonance between EP

> No down chirping as w4 1(t) seems

> No desynchronization

and 4)1,1 :

k. Resonance Condition Maintained

(close to the threshold, MHD nonlinear effects : ON)

x1073

e Evolution of the frequency of ¢4 4 :

L T Wi .
 — Mlinear + WZF
DR RN R | N P B A
1 8000 11000 12000 13000 14000 15000
t[zal
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Nonlinear

Energy Exchange maximization

(close to the threshold, MHD nonlinear effects : ON)
_ t=12800.0 [z4] 104
e Phase evolution of ¢ 4 : | === 3
* Frame of the resonant interaction g 010 i 2
T T T 1T _ |
~ 32k a —0.15
T swal = : ’
A 31T M 0o on
S | Phase jump: — / |
g/ - J p 4 /,/ ]
- ; - PR j t=13250.0 [4] e
’So 3n/d — | I.’l""/ — 0.05
~ I r - ] —0. —— 3
S TER D~ e
- - i
T sl byt ' - \ 2
/4 N — 0.10 2
S A 3 < AN"/
o=~ 7 TS T |
10000 11000 12000 13000 14000 15000 -0.15
t [za] —— ,
0 /2 b 3n/2 0
@ —@p(re)t
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Nonlinear

Energy Exchange between mode and resonant EP

(close to the threshold, MHD nonlinear effects : ON)

t=13250.0 [74] 10 t=13650.0 [74]

—

W

[S]

NN RS SEDUNURDUUN B I T B
10000 11000 12000 1300d 1I1000 15000

t[zal

L.
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Kinetic :

Kinetic

Kinetic :

Kinetic :

linear, MHD : nonlinear [Odblom, et al., 2002]

Zonal Flow Impact on Fishbone Saturation

e EVOlution of We,

for different types of simulations :

9.00

: nonlinear, MHD : linear 875

nonlinear, MHD : nonlinear

775\

T¥b00 9000 10000 11000 12000

nonlinear, MHD : nonlinear without ZF
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kinetic : linear, MHD : nonlinear

kinetic : nonlinear, MHD : linear

kinetic : nonlinear, MHD : nonlinear

= kinetic : nonlinear, MHD : nonlinear without ZF

t[za]




Kinetic :

Kinetic

Kinetic :

Kinetic :

Nonlinear

linear, MHD : nonlinear [Odblom, et al., 2002]
> No saturation
> Frequency explosion

: nonlinear, MHD : linear

nonlinear, MHD : nonlinear

nonlinear, MHD : nonlinear without ZF
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Zonal Flow Impact on Fishbone Saturation

e EVOlution of We,

for different types of simulations :

9.00
8.751

8.50

775\

T¥b00 9000 10000 11000 12000

amu @ PN.?V‘T\ 2nd ECMRP

8.00 !

x1073

kinetic : linear, MHD : nonlinear

kinetic : nonlinear, MHD : linear

kinetic : nonlinear, MHD : nonlinear

= kinetic : nonlinear, MHD : nonlinear without ZF

t[za]




Nonlinear

linear, MHD : nonlinear [Odblom, et al., 2002]
> No saturation
> Frequency explosion

Kinetic :

Kinetic : nonlinear, MHD : linear
> Saturation
> Frequency down-chirping

Kinetic : nonlinear, MHD : nonlinear

Kinetic : nonlinear, MHD : nonlinear without ZF
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Zonal Flow Impact on Fishbone Saturation

e Evolution of wgy_ ,
for different types of simulations :

9.00 X9

8.751

7.75 _ kinetic

kinetic :
kinetic :

= Kkinetic :

linear, MHD : nonlinear
nonlinear, MHD : linear

: nonlinear, MHD : nonlinear

nonlinear, MHD : nonlinear without ZF

T3¥b00 9000 10000

t[za]

11000
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Nonlinear

linear, MHD : nonlinear [Odblom, et al., 2002]
> No saturation
> Frequency explosion

Kinetic :

Kinetic : nonlinear, MHD : linear
> Saturation
> Frequency down-chirping

Kinetic : nonlinear, MHD : nonlinear
> Saturation
> Frequency up-chirping

Kinetic : nonlinear, MHD : nonlinear without ZF

a7

Zonal Flow Impact on Fishbone Saturation

e Evolution of wgy_ ,
for different types of simulations :

9.00 X9

8.751

7.75 _ kinetic

kinetic :
kinetic :

= Kkinetic :

linear, MHD : nonlinear

nonlinear, MHD : linear

: nonlinear, MHD : nonlinear

nonlinear, MHD : nonlinear without ZF

T¥000 9000 10000 11000

t[za]
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Nonlinear

linear, MHD : nonlinear [O
> No saturation
> Frequency explosion

Kinetic :

9.00
Kinetic : nonlinear, MHD : linear 875 f
> Saturation |
> Frequency down-chirping _ 8507
£ 825
Kinetic : nonlinear, MHD : nonlinear - 800 ;
> Saturation :
> Frequency up-chirping 775 p—
TXboo

Kinetic : nonlinear, MHD : nonlinear without ZF

Zonal Flow Impact on Fishbone Saturation

e EVOlution of We,

x1073

for different types of simulations :

kinetic :
kinetic :
kinetic :

= Kkinetic :

linear, MHD : nonlinear
nonlinear, MHD : linear
nonlinear, MHD : nonlinear

nonlinear, MHD : nonlinear without ZF

9000 10000

t[za]

11000
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Kinetic :

Kinetic

Kinetic :

Kinetic :

Nonlinear

linear, MHD : nonlinear [O
> No saturation
> Frequency explosion

: nonlinear, MHD : linear

> Saturation
> Frequency down-chirping

nonlinear, MHD : nonlinear
> Saturation
> Frequency up-chirping

nonlinear, MHD : nonlinear without ZF
> Saturation
> Frequency down-chirping

Zonal Flow Impact on Fishbone Saturation

e Evolution of wgy_ ,
for different types of simulations :

9.00 1
8.75 ¢
8.50}
= f
£ 825k
8.00 ¢ —r :
[ kinetic : linear, MHD : nonlinear
[ kinetic : nonlinear, MHD : linear
775 N kinetic : nonlinear, MHD : nonlinear o
== == kinetic : nonlinear, MHD : nonlinear without ZF
73¥h00 9000 10000 11000 12000
t[7a]

amU @ riim— e |00
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Kinetic :

Kinetic

Kinetic :

Kinetic :

Nonlinear

: nonlinear, MHD : linear

linear, MHD : nonlinear [O
> No saturation
> Frequency explosion

> Saturation
> Frequency down-chirping

nonlinear, MHD : nonlinear
> Saturation
> Frequency up-chirping

nonlinear, MHD : nonlinear without ZE
> Saturation
> Frequency down-chirping
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Zonal Flow Impact on Fishbone Saturation

e Evolution of wgy_ ,
for different types of simulations :

x1073
9.00 ——
8.75}
8.50 ¢
8.25F
8.00} — :
[ kinetic : linear, MHD : nonlinear
kinetic : nonlinear, MHD : linear ]
7.75 N kinetic : nonlinear, MHD : nonlinear ]
[ = kinetic : nonlinear, MHD : nonlinear without ZF ]
12000

10000 11000

t[za]

7380009000
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Nonlinear

¢ MHD nonlinear effect are dominated

by the zonal flow growth

9.00

8.751

"o

amU @ riir—  zveowe

Zonal Flow Impact on Fishbone Saturation

e Evolution of wgy_ ,
for different types of simulations :

x1073

775\

kinetic :

kinetic :

kinetic :

= Kkinetic :

linear, MHD : nonlinear

nonlinear, MHD : linear

nonlinear, MHD : nonlinear

nonlinear, MHD : nonlinear without ZF

10000

9000




Conclusion

= Saturation occurs through kinetic nonlinear trapping of EP
= Nonlinear MHD effects are dominated by the growth of the ¢, , mode
= Nonlinear MHD effects increase the saturation level

= Advection of the fishbone mode by ZF preserves the resonant interaction by preventing
a frequency down-chirping
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Tokamak Plasma

Toroidal field magnet

Poloidal Vacuum
field magnet cha r o

\, (:O Plasma confined by

plasma a « Toroidal » and a « poloidal »
magnetic field .

Typical density
in the core :
10%° ions/m?3
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Tokamak Plasma

Toroidal field magnet

Poloidal Vacuum
field magnet

A

|
| |
| |
Twisted magnetic ~ Nested magnetic surfaces
field lines = surfaces of constant
A magnetic flux
Safety factor: q = =2

2T
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Overview

Precessional fishbone Diamagnetic fishbone

Bg SIGNAL
(ARB.UNITS)

2

Burst of MHD activity

detected by Minrov coils, [McGuire, et al.,, 1983
McGuire, et al., 1983 Coppi, et al., 1986

White, et al. 1989]
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Simplified Kinetic Instability

Propagation of a wave

@ w < o
— - @ o
a vphase — k
@A < @ e
o o g
- @ (] — o
(1]

o7

Distribution of velocity

N

—>
(%

vphase
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Simplified Kinetic Instability

Propagation of a wave

Particles synchronize their velocity with the v, :
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Simplified Kinetic Instability

Propagation of a wave

Particles synchronize their velocity with the v, :

-> [\ Energy gain for the wave (‘ particles decelerate)
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Simplified Kinetic Instability

Propagation of a wave

Particles synchronize their velocity with the v, :

-> [\ Energy gain for the wave (‘ particles decelerate)

-> @ Energy loss for the wave (I particles accelerate)
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Simplified Kinetic Instability

Destabilisation of the wave

Since < , the wave gains more energy than it gives



Internal Resistive Kink Mode
without Energetic Particles

< Constant radial displacement &, of the magnetic @
surfaces. w

¢ Resonance of the modem =n =1 at: Nested magnetic surfaces
. _om\ _ v &,
** (helicity ( = g) =
% Zero frequency mode and y~n9%33. |91
[Coppi, et al., 1976, ov___________ R
White review, 1980] q=1 T

Eigenfunctions
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Internal Resistive Kink Mode
without Energetic Particles

Magnetohydrodynamic model —> Resonance >  Kink mode
B=B. +e. XYW q(rRes) = Ghecilitvmn = — » The kink is defined by a radial
® @ ym, n : :
e XVD displacement ¢, of the magnetic
u=-—2 B surface, triggered by the resonance of
themodem =1,n=1.
r
o,
< ¥,
n,
\P =0
Linear theory :
A=A+ A

Perturbation in cylindrical theory :
A(r,0,9) = Ay (r)e™0+ ¢ 4 ¢ ¢
real space fourier space
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Internal Resistive Kink Mode
without Energetic Particles

Using the MHD equations and keeping the term of order one :

di 3 2 m,
ot or? + (2

6 (2o 0 (2

The growth rate of the mode is given by

For r < 1Rrgs

erES

o 8dr

')/~

&r(r) ~ up(r) = cst

64

Resistive
ldeal MHD MHD

TRES

(¥o)?

|deal MHD

rg

0.33

= cst

)&
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Flux Computation Surfaces




Helicity

< ¢»
The helicity is defined by the

direction along which
the mode does not vary.

® in (r,0) surface
corresponds to @
in (¢, By) surface
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Simulation Setup

0 Benchmark of the resistive internal kink without EP : y~nY33 [Coppi et al. 1976]
v 2D/cylindrical
102 - ~ o33 : v—
=
S
s 1073 -
Y | N | | |
107° 1078 1077 10°° 10°° 107
n [1/s]
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EP precessional frequency profile

%102 run: baseparam_initonlyf MHDNL_FPNL
Ty -y ]
20 | T 1
I : ---qg=1
: ! — wp (1) ]
1.5+ | _
— | : :
<7, i | l
o [ I l
= 1.0 — : -]
- | I
I I
I I
! I
| :
I | AR I N RN RN B
0.0 0.0 0.2 0.4 0.6 0.8 1.0
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9.529”

Mode and resonant EP frequency evolution :

Measured on ¢4 4

9.0

8.5

8.0

7.5

[1/za]
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55—
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| |
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t[za]

15000

x10-

Down chirping

Measured on f; 4

mn=baseparam_initonlyf_FPNL

Frequency measured from f; at r=0.25 [a] x10~°

Measured on f; 4

mun=baseparam_initonlyf_FPNL

Frequency measured from f; at r=0.35 [a]
T

— lwn(ry)

T T T T 9.5

I [ [

— lwn(ry)

A |

6.0

55+

|

[1/74]

| | |

5'?0000

51'8000

11000 12000 13000 14000
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Mode and resonant EP frequency evolution :

Ls10m
Desynchronization w
Measured on f; 4
g x10° t = 11005.0 [z4] t = 12505.0 [74] t = 13205.0 [74]
_l'\'l"'l"'l"' .l'\'l"'l"'l"" "'I"'I"'I"':rg"_
g~ A
7 gL 5
[ | iy
6F -
| [ i ] t=13200.0 [7a] x10~
S W Y R EPU | | A O N R S I O O Y HU N Y X
20.06 —0.08 —0.10 —0.12 —-0.14 -006 -008 —-0.10 —-0.12 —-0.14 -006 -008 —-0.10 —0.12 —0.14
Py Py Dy
s —0.10 2
(N9
1
—-0.15
R

o
a
(%)
A
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Amplitude [neg]

EP transport for £ ~ 1071

w

Kinetic : nonlinear,

Kinetic : nonlinear, MHD : linear Kinetic : nonlinear, MHD : nonlinear MHD : linear
t=13750.0 [z4] %10~ 1=13800.0 [7.] T T T T
R B S R T 1 T 1 T ™~ " ]
. — . 30 — in :
i --- :g=l j [ —— :g=l <
A P Fg 41 1 1 =1 0 e Feq E S
: —— Feq+faveraged over(p_- 2.5 L —— Feq+faveraged over KP- :_ N i
| ‘ 1 S
1
1
1
i —4 | = 20F —
1 g | | | |
| =] 1 10000 11000 12000 13000 14000 15000
i © < t[za]
i 11 B 15 ]
: = < Kinetic : nonlinear,
1 = r 1 .
| g 10: : MHD : nonlinear
i - V= ]
i ] | | |
: |
} — 0.5 — \\
l : -
! _ 3
: : | S103 - —
L I - 0.0 - - =
00 | L1 | | F | [ S
0.0 0.2 0.4 0.6 0.8 1.0 0.0 0.8 1.0
r [a]
10000 11(I)00 12(I)00 13(I)00 4(I)00 15000
t [za]
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Zonal flow impact for MHD nonlinear
effects only for £ ~ 1071

04r

8.8

[1/za]

8.6

8.4

w

[Odblom, et al., 2002]

w11

ol Wlinear+wyp
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q profile nonlinear evolution

run: baseparam_initonlyf_MHDNL_|

1=18000.0 [z.4]

FPNL

I I I
= P ]
1.5 y -1 —
— >~ 10
14 w 4
|
13 I =
1
- i
Z12F ; -
i
1.1 : -
|
[}
Lo i -
i ——  kinetic resonant surface
09 } === MHD resonant surface 7]
: ----- g profile equilibria
0.8 : —— g profile perturbed E
| | | 1 L L
0.0 0.2 0.4 0.6 0.8 1.0
run: b&sepamm_inimnlyf_.—\';l0-_4_MHDNL_FPNL
1=4300.0 [z4]
L6 | T T
I
|
I
15k ! ]
I
1
1
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1
I
I
13F ! B
I
1
ERp)- : .
o C 1
— 1
i
L1 i ]
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|
[
Lof 8 .
i ——  kinetic resonant surface
09 : === MHD resonant surface ]
: ----- g profile equilibria
0.8 | .......... i | : ] g profile perturbed
1 1 L
0.0 0.2 0.4 0.6 0.8 1.0
r [a]
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run: baseparam_initonlyf_A510_4_MHDNL_FPNL

1=6700.0 [z4]
I i I I
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]
]
15 ! .
)
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]
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1
1
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1
1
ERp]= i 4
Z 12 ;
i
L1 : ]
]
| -
1O i -
X i —— : kinetic resonant surface
0.9 /\// : === MHD resonant surface ]
N RE g profile equilibria
0.8 | oot : ! —— g profile perturbed 5
l l l 1 l 1 1
0.0 0.2 0.4 0.6 0.8 1.0
run: baseparam_initonlyf_A10_3_MHDNL_FPNL
t=3060.0 [z4]
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09 : === MHD resonant surface 7]
: ----- g profile equilibria
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0.0 0.2 0.4 0.6 0.8 1.0
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Py

Possible chaos for% ~ 101

=15500.0 [z4] run: baseparam_initonlyf FPNL =15500.0 [z4] run: baseparam_initonlyf_FPNL

F,: with H,x — wp,, 150 contours F,: with H,x — wp,, 150 contours
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pling 1/ Yy
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Amplitude [neg]
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Full modes coupling 1/2
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Full modes coupling 2/2

)4 _
— ~10"1
w
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Amplitude of ¢l [a.u]

Energy exchange 1/2
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Full modes coupling
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Energy exchange 2/2

~ 1071
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Kinetic : nonlinear, MHD : nonlinear

Kinetic : nonlinear, MHD : nonlinear
Full modes coupling
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