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FT-2 tokamak: Gurchenko et al., Plasma Phys. Control. Fusion 53, 035010 (2010).
Tokamak simulation: Bafion-Navarro et al. Phys. Rev. Lett. 106, 055001 (2011).
AF5JE: Howes, TenBarge, Dorland et al., Phys. Rev. Lett. 107, 035004 (2011).
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Catto, Plasma Phys. 20, 719 (1978); Frieman & Chen, Phys. Fluids 25, 502 (1982);
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Schekochihin et al., Astrophys. J. Suppl. Ser. 182, 310 (2009).
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Fusion 50, 043002 (2010).



B =

—3=1

c EFAR—T3 ) UM EFHHDEE M
e 22l —323—F AstroGK, GS2 D=
e IEART—FDIZal—i 3y

« MART—FDZ2al—3y

« TILFRT—)LELR

ReFr &8k, BAYEFZSRES 67, 640 (2012);

Tatsuno, Dorland, Schekochihin et al., Phys. Rev. Lett. (2009);
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F95, pure MPI Hi 5| A —T >y —RXa—F:
http://sourceforge.net/projects/gyrokinetics/
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« BAFE (svn): M. Barnes, W. Dorland, G. Howes, R. Numata and T. Tatsuno.
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Numata, Howes, Tatsuno et al., J. Comput. Phys. 229, 9347 (2010).
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* F95, pure MPI Hi 5| A—T > —Ra—F:
http://sourceforge.net/projects/gyrokinetics/

e M. Barnes, W. Dorland, G. Howes, R. Numata & T. Tatsuno

o /IN—T3 EHEHY T Subversion

Terminal — bash — 100x22

[tatsuno@lame: trunk] svn blame agk.f9@ | head -20
56 bdorland |program AstroGK

1144 rnumata use job_manage, only: checkstop, job_fork, checktime, time_message

335 rnumata use mp, only: init_mp, finish_mp, proc®, nproc, broadcast

56 bdorland use file_utils, only: init_file_utils, finish_file_utils, run_name, list_name
1281 rnumata use file_utils, only: stdout_unit

56 bdorland use fields, only: init_fields
56 bdorland use agk_diagnostics, only: init_agk_diagnostics, finish_agk_diagnostics
56 bdorland use agk_diagnostics, only: nsave

641 tatsuno use run_parameters, only: nstep
56 bdorland use run_parameters, only: use_Phi, use_Apar, use_Bpar
568 rnumata use run_parameters, only: avail_cpu_time

56 bdorland use fields, only: advance

56 bdorland use dist_fn_arrays, only: gnew

56 bdorland use agk_save, only: agk_save_for_restart

56 bdorland use agk_diagnostics, only: loop_diagnostics

56 bdorland use agk_reinit, only: reset_time_step, check_time_step
1144 rnumata use agk_reinit, only: time_reinit

391 rnumata use agk_time, only: write_dt, init_tstart, update_time

56 bdorland use agk_time, only: time, dtime

249 ghowes| use agk mem, only: init mem,finish mem, highwater memory
[tatsuno@lame: trunk] ||

Revision User Main
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Numata, Howes, Tatsuno et al., J. Comput. Phys. 229, 9347 (2010).



Flux tube simulation domain

Turbulent fluxes calculated

in small regions of fine grid
embedded in “coarse”
radial grid (for equilibrium)

Courtesy of M. Barnes

o Steady-state (time-
averaged) turbulent fluxes
calculated in small regions
of fine grid embedded Iin

“coarse” time grid (for
equilibrium)

Flux tube simulation domain

Trinity web site: http://web.mit.edu/mabarnes/www/projects/trinity/
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#aE 33— : Trinity

Steady-state
turbulent fluxes
and heating

Fiustube 10 Go2/GENE
Flux tube 2 Gs2/GENE

| Flux tube 3 B Gs2/GENE

Macro Transport
profiles solver

M~

Courtesy of M. Barnes

Trinity web site: http://web.mit.edu/mabarnes/www/projects/trinity/
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Schekochihin et al., Astrophys. J. Suppl. Ser. 182, 310 (2009); Tatsuno et al., Phys. Rev. Lett.
103, 015003 (2009); Plunk et al., J. Fluid Mech. 664, 407 (2010).
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Tatsuno et al., Phys. Rev. Lett. 103, 015003 (2009); J. Plasma & Fusion Res.
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Navier-Stokes &L

* Navier-Stokes A2 w: FE, p: [£H, v: #&ME[/IDSLN)
Oiu+u-Vu=—-Vp+rAu
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Dorland & Hammett, Phys. Fluids B 5, 812 (1993).
Movie by G. G. Plunk
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Schekochihin et al., Plasma Phys. Control. Fusion 50, 124024 (2008).
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Schekochihin et al., Astrophys. J. Suppl. Ser. 182, 310 (2009); Tatsuno et al., Phys. Rev. Lett.
103, 015003 (2009); Plunk et al., J. Fluid Mech. 664, 407 (2010).
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INAT— )L AL ETEDH: Ricci et al., Phys. Plasmas 13, 062102 (2006).

2013.3.5 F1e6m TSXITEFHAES 27



I —F: X

T )LI4ILZ—REE
K={k:Kp—1/2< |klp< Kp+1/2})

_ Z SOkeik-'r

kel

I*wﬁ—&%@ﬂ
O(K,Q) =~ [ [ - (eonilea)m 9} AR o

IARILTF—DOERZEIL

d

T Z(l —To)|er|* = ZT (K, Q) — collisions
kek

Tatsuno, Plunk, Barnes et al., Phys. Plasmas 19, 122305 (2012).
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2D GK = 2D JE[E#& Euler

EhHEH T = IQ(b)e_b, b = k_QL,OQ/Q
Q(1 —To)pr = Q/ Jogk dv

]C_L—>O
=% k2 op = / gr A

crEROBS |
9
Q/der{%/gd’v} =0

%,
5 —Vie+{p, Vip}=0

2D JEIE#E Euler

0
8—z—l—v-V'v:0

V- v=0

A

v=Vp Xz

NB) for Boltzmann electron we get Charney-Hasegawa-Mima.

Plunk, Cowley, Schekochihin & Tatsuno, J. Fluid Mech. 664, 407 (2010).
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Plunk, Cowley, Schekochihin & Tatsuno, J. Fluid Mech. 664, 407 (2010).

2013.3.5 F1e6m TSXITEFHAES 33



2D GK ELifthvi5 NS BLifiAS
s NSELROBREFE - GKELRDAERRE=

1 -
ENSZ§/|VJ_(P’2d'r <p: EO( 5;(1—F0)|gpk’2

pA

1 kp — PUth

/7
/7

18
=

P
| 7/
|
|
|
|
|
|
|
|

‘ ENs
L

Plunk, Cowley, Schekochihin & Tatsuno, J. Fluid Mech. 664, 407 (2010).
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Plunk, Cowley, Schekochihin & Tatsuno, J. Fluid Mech. 664, 407 (2010).
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2D GK vs 2D JEIE#&E Euler

e 2D JE[E#E Euleregn. ¢ 2D GKeqgn. (kip< 1)
8 (Jg
5 Vie+{p,Vip} =0 <(%Jr{so,g}—O
g:=g-+ QFOVLSO —QVM — Q/gd'v
noq
0g .
% 4 (o5} = R
g —/—dfv r = const
/gd'v =0
= 7+ W;
. 1%7?%1 —y e
_ 2 N2 e AT—ILTIE Wg 22
Z=5 / (ZL@ dr = const DITHFHTENTE, £
Wy = 2’% dv dr = const NENDH R ERFF !
0
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Plunk, Cowley, Schekochihin & Tatsuno, J. Fluid Mech. 664, 407 (2010).
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PRL 110, 095001 (2013) PHYSICAL REVIEW LETTERS | MARCH 2013

Experimental Verification of Entropy Cascade in Two-Dimensional Electrostatic
Turbulence in Magnetized Plasma

Eiichirou Kawamori

Institute of Space, Astrophysical and Plasma Sciences, National Cheng Kung University, Tainan 70101, Taiwan
(Received 17 October 2012; published 26 February 2013)

The wave number spectrum (one-dimensional spectrum) of electrostatic potential fluctuations at sub-
Larmor scales was measured in two-dimensional (2D) electrostatic turbulence in laboratory magnetized
plasma. The spectrum at scales k| p; > 1, where k; and p; are the fluctuation wave number perpendicular
to the magnetic field and ion Larmor radius, respectively, supports the existence of the k~'%/3 inertial
range of the entropy cascade induced by nonlinear phase mixing. This indicates agreement with a
theoretical prediction [A. A. Schekochihin ef al., Plasma Phys. Controlled Fusion 50, 124024 (2008)] and
the result of a 2D gyrokinetic simulation [T. Tatsuno et al., Phys. Rev. Lett. 103, 015003 (2009)]. The
cutoff wave numbers of the spectrum, above which the entropy cascade is smeared by collisions, observed
in this experiment were consistent with those in the theory.
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