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1. Code & model
Hybrid MHD-PIC

2. Sensitivity study for ALES
Numerical resolution, dissipation

3. EP-induced magnetic islands
Magnetic chaos, resistive decay



Hybrid model

Bulk plasma: Single-fluid MHD Energetic particles: Gyrokinetic PIC

| streaming, _L drifts, gyroaverage,
collisions, sources, wall losses.

Long-wavelength Alfvén modes.
Dissipation of small-scale struct.

MHD waves, reconnection EP motion_

Todo et al,

Phys. Plasmas 5
(1998) 1321;
Nucl. Fusion 45
(2014) 104012.
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Hybrid model

Bulk plasma: Single-fluid MHD

Long-wavelength Alfvén modes.
Dissipation of small-scale struct.

MHD waves, reconnection

Vpb (
—[Vx(vprXub)+ 4

=—pyu,'V u, -

3
=—-VXE, E=

MEGA
code

J—- heff) X B
V(V_pr'Ub)]

—u, XB+ndJ

Energetic particles: Gyrokinetic PIC

| streaming, _L drifts, gyroaverage,
collisions, sources, wall losses.

EP motion
—

(t): 4th-order Runge-Kutta,
Atmhd =~ 1 ns

(R, ¢ ,Z): finite differences,
non-slip b.c.
EP current density pert.
Viscous,
resistive,
thermal diffusion.
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Long-time simulation (100 ms scale)

» Multi-phase method: Speeds up the simulation by a factor 2-3.

EP motion

ON continuousl|
+ src.+coll. y

OFF f ON  OFF @ ON

MHD A4ms I1ms 4ms 1ms

Todo et al, Nucl. Fusion 54 (2014) 104012.
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Long-time simulation (100 ms scale)

» Multi-phase method: Speeds up the simulation by

v

v

a factor 2-3.

EP motion : ® 04 S—
ON continuously o 0| Passing
+ src.+coll. 5 .| Particles ) ’ . |
OFF ON OFF ON § 10 ms 20 ms 40 ms 79 ms
MHD 4ms Ims 4ms [ 1ms o
~ o ~ o 200 400 200 400 200 400 200 40(
.7& @ -.'Q @ Energy E [keV]
» Major milestone reached: Simulated sequences of 3 ALEs.
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Sensitivity study for ALEs

- Numerical resolution
- Dissipation



Procedure

» Selected ALE #2 att = 129~130 ms. Short-time initial-value simulations.
Without sources and collisions.
- Use snapshotatt =129 ms , , , ,

= asnew initial condition. 10°
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Procedure

» Selected ALE #2 att = 129~130 ms. Short-time initial-value simulations.
Without sources and collisions.
- Use snapshotatt =129 ms , , , ,

— as new initial condition. 10° |
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» Simulate few millisecs. with different parameter settings:

(1) Check numerical sensitivity (2) Reduce dissipation coeff.

Resolution, A vy — N — i
noise Ny xN,xN_ N, At/ns uolr]—v—)(—l.Ox1O6VAOR0

384x352x96 6.9M 1.0 ﬁ 0.5x10°

800x720x96 27/.8M 0.5 0.3 x 10°



Sensitivity study: 1. PIC noise effects (# particles)

10° | Ny =384

107 Noise floor | 7_|V| \
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Sensitivity study: 2. Spatial resolution

10° | N =384

129 1295 130 | 1305
2 xfiner
@,Z mesh
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Well reproduced.
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Sensitivity study: 3. Dissipation effect (n=v =)
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Sensitivity study: 3. Dissipation effect (n=v =)
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EP-induced magnetic islands

- Magnetic chaos
- Resistive decay
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Before large event

Magnetic fluct

Mode amplitude evolution

ERY No islands.
S Only waves
s L | ~ (40-50 kHz).
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After large event

Mode amplitude evolution

Safety factor profile
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Questions:
(1) How did they form? 17

\\(2) How do they evolve?




ALE ramp

Magnetic fluct

amplitude (a.u

=
L=

'_I

Mode amplitude evolution

: a« N
L(a) : n=1 - . .
: n=2| Islands appear within < 0.2 ms,
=Sl during B chaos & avalanche.
9.2 129.4 129.6 129.8 130 Time
P t [ms]
1293

oincaré plots
of B = Beq + OB.

gnored 6EXB.

ppare left-shift due to
3 4 plotting left to right.
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ALE ramp

Mode amplitude evolution

31l ! n=1 . A
= ; n=2 Islands appear within < 0.2 ms,
= O = :
9 32 n=>3 during B chaos & avalanche.
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ALE peak

Mode amplitude evolution
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ALE peak

Mode amplitude evolution
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After ALE: Multi-time-scale decay

Time scales

S5 1@ n=1f - (ar/a~0.2):

O n=21: |

iy n=3| . Alfvén

a 3 . i —~

55 : 1~10 - continuum

G c 3 M 5, \‘: o

> 1029.2 129.4 139.6 129.8 ?o Time HS \‘phase mixing
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ALE peak After ALE J, - 100 EP

129.6 ms 3 : s ~avalanche

1~few ms . Current

0.4
O.[2)
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[MA m] - diffusion
Iﬁ:?;ﬂ?l | Tearlng -stable system
density. returns to unperturbed state.

0B _ _
ot VxE
1 E=-uxB @
R [m] R [m] n/y, = 10° vV ,R,~W /
Major part of pert. decays faster v, /R, ~10°s™, R /a ~ 3
(~ 0.2 ms) than resistive time (~ 1 ms). wa=01-1~1ms
Presumably: NL structs. vanish with avalanche.




ALE-induced islands: Resitivity dependence
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 Smaller resisitivity yields
similar or larger islands!

Because:
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v .2 S
02 .= OF= .
" m— u — e S
T = >x= nw ©
=N @S sV >
n'e oo o a“mw.ww
Qo cowsSgR
MB = O 1o m Q.
(] S A £ W DCEOCOCT] e e
(PPN - 2 . m 586066000 {C 5oese o= o G
7+ 1oy = —_———— ———
DN TS 7 S 9 o
] { i m
[

119

118.5

100 L
1072

— oM

i mn
c cCccCc

N
C
130.5

130

Q
©
O
7))
O
)

0
S
-
o
>
©
O
)

©
| —

@
>
(@)
)
| _—

=

o
©

-
=
)
=
)

N

129.5

129

nU

—
e "1PN|} GHW

o
o
—

w

d




Summary: Simulations show reconnection during ALEs

'—I
T

Magnetic fluct
amplitude (a.u

=
N e
w
MJ

130 Time

Results:

v Confirmed sim. results with
higher resolution & lower noise.

v Lower dissipation reduces
threshold for ALE onset
but amplitude remains large.

ot 1 e

™ Time

v Island decay time:
~1ms

resistive

v |Island formation to be clarified:
~0.2ms< T

island resistive

Reducing dissipation by 1/2
gives similar (or larger) islands.

y. . .
- Tentative conclusion:

» Phenomenon seems to be physical
within realm of resistive MHD

(not a numerical artifact).
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Discussion: Open questions & relevance

- : : .
S 1(a) n-1f To be examined:
v Q : n= ,
83 n=3: « How can 50 kHz Alfvén waves
s ; : Vo | reconnect B field?
= 129.2 1294 129.6 129.8 130 Ti[me] ° Ana|yze Combined eﬂ:eCt

' t[ms :

1 - of chaotic B & 6ExB

on EPs, bulk (... & vice versa).
« Experimental check?

Relevance:

 May explain enhanced
electron transport observed
during ALEs in JT-60U exp.

Ishikawa et al, Nucl. Fusion 45 (2005) 1474.

X  May also be relevant for

9 y space plasmas; e.qg.

“flux transfer events (FTE)”
In magnetopause.

Uberoi, J. Plasma Phys. 62 (1999) 345.
Prikryl et al. Ann. Geophys 20 (2002) 161.
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Question: How can 50 kHz Alfvén waves reconnect B field?

Educated guesses for parity mixing mechanisms:

(a) Chaotic B field effect:
Interference of large-amp. MHD

waves with multiple helicities m / n.
- Mixed-parity low-frequency beats?

— Drive 3D reconnection at

many locations?
- Merging
micro-islands?

(b) Collective NL interaction with EPs:
Interactions with both oscillating 0ExB
and quasi-steady 0B causes phase space
to be “reconnected” around resonances.
— EP phase space islands are

MF topology
t=130.1 ms

Orbit topology
400 keV EP
||/V = 0.73)

Large
B drift

E
N

See also:
Thursday, P2-22
Shinohara et al.
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or. momentum p

-0.8

imprinted onto B field via EP current?
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