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Motivation of EMGK analysis

e Electromagnetic gyrokinetic simulation
enables us to study turbulent transport in

finite beta torus plasmas.
 Beta dependence of anomalous transport.

— Fusion reaction rate
— Fraction of bootstrap current
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A typical EM Iinstability
e Ballooning modes
— related to the edge localized mode.
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Zonal structure formation affects saturation

Qf instabilities

i PPCF (2001)

“® F Jenko and W Dorland, /

 Low beta: lon temperature gradient

mode (ITG)

— Stabilized by zonal flow structure.
Y. Kishimoto
(C) - w:

Mode structures of ITG and
KBM are similar. Both of

* High beta: Ballooning (MHD) instability
Acceleration by finger-like structure

them have ballooning

structure in the linear growth.

P. Zhu



Electromagnetic gyrokinetic equations
Numerical difficulty in EMGK

ELECTROMAGNETIC
GYROKINETIC EQUATIONS



Assumptions in GK
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o Spatial structure: Flute approximation

 Time scale: Drift-ordering

 Amplitude: Small
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Spatial structure: Flute approximation

b-VfIV, frexk 1
k///k_L ~eK1]

V_L = V—b-V
b = B/B



Time scale: Drift ordering

« MHD ordering v = Uy
— Perturbed electric field is so strong that ExB

flow velocity is comparable with the ion
thermal velocity.

e Drift ordering Vg = &V
— Perturbed electric field is weak and ExB flow

velocity iIs much smaller than the ion thermal
velocity
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Variables in GK equation

f. = Fy, + Jf,

2
F, = N, —exp| - myv, 1B
(27T, /m,) 2T T
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O (X, 1) = Zéfsk (Kyo Ky 2,V 1) €XPQIS, )
K

VS, =k, =(k,,k,) v=v,b+v,
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EM delta-f gyrokinetic equations
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Difficulties In electromagnetic
gyrokinetic simulations

o Cancellation problem
e Kinetic and adiabatic electrons
o Waves with high frequency
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Cancellation problem

 Time derivative of A //In E_// causes a
problem

6 qS S aéfs(h)
a[éfsk+v//CTMJOsA//kj 5tk -

S

A
(k2 "‘_n Zq Lo ) Ay = Zq jdV VlléfSE(h)‘]OS

Very large

 How to resolve the problem
— Numerically integrate F_M in the Ampere’s law

cT

S

A 4 F
KA, = TZ qudvsvl/éfs(kh)JoS _TZ qudV?’V,Z, Jetom Jos A
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Kinetic and adiabatic electrons

 Difficulties in solving gyrokinetic equation for
electrons because of small electron mass

— Numerical oscillation occurs between passing
and trapped regions.

— Elongated mode structure along the field line

« Adiabatic electron approximation

— Beta Is set to be zero, so that magnetic
perturbation vanishes.

— V_te =2 Infinity
— Computational cost is significantly reduced,
because we don’t need to solve electron GK eq.

B F F
VbV, —y@?@jk :_v,,qu—EMw;k AR
/l

e € ky;tO




Waves in homogeneous plasmas

Neglecting  Odf, q.F, K24 =4 5
drift terms ?kJrV,,b-Véfsk =V, T—MJOS E, 1 Zslqs sk

S
Ar
1Ty ~ prk; KT Ay :—ZQS&Jsk
. . . C 5
Dispersion relation

Q

21,2 _ 2 T, __ @
— P ki_ (_j -1 |:ZT_S(1+§SZ(§S)):| gs VTSk//\/E

VAk// S

o Kinetic Alfven wave Kk,V; << ® <<K,Vq,

— k_perp term reduces magnetic field line 2 21,92 2
bending stabilization, so that KBM is o" = (1- Pi kL)(VAk//)
destablilized.

« High frequency mode KV, <<w<<k,v, (B.<<m,/m)

— This mode restrict time step size of ‘ 2 -
simulation in low beta. 0° = iQi s
ki m 16
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Instabilities
Parity

LINEAR ANALYSIS
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Coordinates

Flux tube geometry

(X, ¥, Z,V, 1) d line label)

(X, Y) Fourier expansion

(,v,, 1) Finite difference .
X (radial)

(along the
magnetic field line)

byt O
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Instabilities which drive micro-
turbulence

 Drift wave instability
— lon temperature gradient (ITG) mode
— Trapped electron mode (TEM)
* Electromagnetic instabllity
— Kinetic ballooning mode (KBM)
— Micro-tearing mode (MTM)
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Parity

* The linearized equation is invariant for
Z—>-2, V, >—-V,, 6, > -6 .
I I Yk k O = —kz/(ky8)
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Parity
e Ballooning parity
Iy (=2,~v,,—0,) =4 (z,v,,6,)

¢k (_Z’_Qk) — ¢k (_Z’_Qk)
An(=2,-6,) =-A, (-2,-6,)
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 Ballooning parity

Parity
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Trapped electron modes
« TEM can have elongated mode structure
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Parity symmetry
Conservation of quadratic quantity (Entropy balance equation)

ANALYSIS OF NONLINEAR
SIMULATION RESULTS
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Parity exchange

* Nonlinear mixture of parities come from
the Poisson bracket nonlinear term.

Ballooning parity 9 (=2,—V,,—6,) =4 (z2,v,,6,)
Tearing parity ~ &_ (-z,~v,,-6)=-&,(z,v,,6,)
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Entropy balance equation
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Entropy balance equation
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Entropy transfer

* We can study the saturation mechanism of
turbulence based on the conservation of
guadratic quantities (entropy balance).
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Beta dependence of turbulent transport
Saturation of turbulence in finite-beta plasmas

NONLINEAR SIMULATIONS
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Beta dependence of turbulent
transport
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* Transport decreases faster than the linear
growth rate.

M. J. Pueschel, PoP (2008)
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Y/ Ps

Dimits shift in EM

e Electromagnetic TEM/ITG turbulence
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Transport by .5+

magnetic ol

perturbation =
 Parity exchange

causes stochastic

magnetic field

| B,dz = [ik,A,,dz =0 ol
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Transport by magnetic perturbation

 |ITG produces stable tearing ¢ Micro-tearing mode (MTM)

parity modes and causes » The Rechester-Rosenbluth
stochas_tlc magnetic field. model is in good agreement
* Magnetic flutter at high amplitude, while the
i 1 model breaks down at small
b -V=b-V——[AJ,., ] amplitude.
B —
S8  .em is | X =1370aR (Ba/Bo) g
BE em . 2 J9 T /Lype variation o o
; © ( Q$m|,"‘;Qies)lin Q':J * JB . ] 3 L o L_:'if: wu'i;l:.irm 4 A °
0.4 F i = |
£ 2 (Q™/Q7) noni 1 = 25 ’
0.3 — | 1 & o #
0.2F e = o
3 | o ¥ia
0.1 &t - E 0.5
E s o ‘ te,
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ﬂ /‘/ % T S e }
Pueschel, Phys. Plasmas, (2008) H. Doerk, et.al, Phys. Rev. Lett. (2011). 34

D. Hatch, PRL, (2012)



Zonal flows are weak in finite-beta plasmas

SATURATION PROBLEM IN
EMGK
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Saturation problem in finite beta plasmas

Failure of the transport levels to saturate at finite beta
In gyrokinetic simulations in flux tube geometry

Cyclone base case (tokamak)
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R. E. Waltz, Phys. Plasmas, (2010)

Zonal flows are weak.

M. J. Pueschel, Phys. Rev. Lett., (2013)
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Saturation
problem
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Saturation

Cyclone base case
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Possible mechanisms of the
transition

8 ——mmmmmr——r—rreeer ey

 Nonlinear subcritical | 1o
iInstabllity due to the
Increase of local
pressure gradient.

(=2}
T

<{d In P/dr> at
B

2F Aoy~ 38
- GA-std Be=0.3%
0 --------------- 0l ---------------
-63p P +63 p
S S x% S

Waltz, Phys. Plasmas (2010)
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A saturated state of turbulence at high beta by adopting small
electron temperature gradient

Entropy transfer analysis

TURBULENCE AT HIGH-BETA
WITH SMALL ELECTRON
TEMPERATURE GRADIENT
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Small electron temperature gradient
1 dT T

= <<1 ey OB Ne=0 —+—

Te dr Q:f 82 Ne=0.2 —x— :

e ETG is stabilized 2 2 ]

S 0.1 -

e Saturated state  § ° e
IS obtained. 02 5 U4 08 8 |

Heat and particle flux

1 | 1 | 1
0 50 100 150 200 250 30043

A. Ishizawa, et.al., Nuclear Fusion, (2013) Tima



Entropy transfer

* We can study the saturation mechanism of
turbulence based on the conservation of
guadratic quantities (entropy balance).

d L i _ " O Tlok
— 38k + Wesp + Wemp | =Y (Top + —5 + =2 4+ Dy i
o (Z( gk T Wes k : .k) Z ( L 7 Lpﬂ + .A)

s

Tor = ) Te(k;k',K")
kl .kll
Entropy transfer function

T(k;k', k") = <jdV3 5 Oy gD KK (g hye sk'Zsk")>

qs
hy = fg T_¢k‘JOSFMS o = (@ — ViV Ay ) dos

S

T(k; k', k") +T(k';k", k) + T(k";k, k') = 0



Saturation mechanism of KBM turbulence

6=2% n,=0 T (k;k', k") for dominant KBM

KBM in tokamak 08 . - L] 0.01
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e The dominant KBM (k. k,)=(0,0.2)) js
saturated bv nonlinear interaction with
(k.k,)=(1.,0.2) connecting to (k,.k,)=(0,0.2)

 Twisted modes appear along the field
line and cause saturation of the KBM.




Saturation of KBM in a tokamak
(a) Plot in physical space

e Twisted modes

Kinetic ~ 4% appear along the
Ballooning mode -

(b) Plot in field-aligned coordinates field line and
cause saturation
of the KBM.

 Mode structure
along the

magnetic field line
play an important
role in the
saturation.

S. Maeyama, et.al., Phys. Plasmas, (2014)



Saturation of KBM turbulence In
helical plasmas
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Saturation mechanism of KBM

 Turbulence iIs saturated

by nonlinear interactions  T(k\k") forkem (m.k)=(4.2)

of oppositely inclined 10 T 1 I 0.03
convection cells through 0.02
mutual shearing. ST @y T o
— The entropy of KBM with k *__ o
(MK)=(4,2) is reduced by ~ 0 -~ ———>#- 0
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A. Ishizawa, et.al., Phys. Plasmas (2014)



Saturation mechanism |

Diagram of nonlinear entropy transfer in the Fourier space

Saturation of the KBM turbulence is caused by nonlinear
Interactions between dominant unstable modes with finite
radial wavenumbers
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Saturation mechanism ||
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KBM turbulence Is not efficient in the
transport compared with ITG (Helical)

LHD standard: Spectrum
100 T I I | |
[ KBM B=1.7%

10 _ ITG B=0.2% —— - Energy flux
: TG Q ~5n,Tv,p?/L2
NA 1
= KBM Q ~3nTv, p? /L2
v 0.1 -
0.01
0.001 [ | | l | l |
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e Zonal flow of KBM turbulence is much weaker
than that of ITG turbulence.

A. Ishizawa, et.al., Phys. Plasmas (2014)



Summary
e Electromagnetic gyrokinetic simulation enables
us to study turbulent transport in finite beta torus
plasmas.

o Conserved guantities

— Quadratic conserved gquantity (Entropy variable)
« Entropy transfer in the Fourier space

— Parity symmetry along the field line (Linear)
« Ballooning parity: ITG, TEM, ETG, KBM
e Tearing parity: MTM
 Nonlinear simulations
— Beta dependence of turbulent transport
— Saturation problem of turbulence at finite-beta

— Turbulence at high-beta with small electron

temperature gradient >



