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Chapter 0. Introduction to my research group in Hanyang univ.
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Chapter 0. Introduction to my research group in Hanyang univ.

Nuclear Fusion and Plasma Computation Group
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 1 — ECH V&V and ML
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 2 — 4-D Fokker Planck code

® Development of 4-D FP heating and current drive code (FP4D) to
parallel and drift physics (c.f. 3-D bounce-averaged FP, CQL3D)

8f(7°, 97 v, UH)

+ (v +vp)-Vf=C(f) +Qrr(f) + Epc(f) + Sna(f) + ...

ot
01 Bootstrap C t
® Possible applications ol T )
(1) Interplay between the neoclassical ~ ow i //
current and RF driven current = 4
(2) Synergy between NB and RF =

(3) Neoclassical transport change driven
by RF (e.g. Tungsten impurity mitigation
by ICRF)
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 3 — Poloidal inhomogeneity in transport

® Effect of poloidal inhomogeneity 00w 0 —can
in tokamak transport code — ? o G
Development of ToTal-PI code — o
/A 3K \
® A poloidal inhomogeneous 2l 4 b | 4 o
particle source threshold for ‘3:" AL 'f{}
Hassam Spin-up instability ‘e 3 o 3 6
[Young-Hoon Lee, et. al. PoP e
(2023)] T o —sv  —_qaam
— 0.5¢ 1
® A new GAM (QGAM) by poloidal % N —
inhomogeneous heat source % N T
[Young-Hoon Lee, et. al. NF (2024)] > \-C
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 4 — Impurity transport

® KSTAR Tungsten injection

experiment, and a new wall
(2024)

® For a high flow (M\,~4), the non- |
monotonic dependency is found -

in the neoclassical transport

® 2-D impurity modeling with
FACIT and TGLF in multi-time
scale (short: parallel physics
+long: transport) is being
developed
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Chapter 0. Introduction to my research group in Hanyang univ.

Ongoing Project 5 — MHD equilibrium/stability

® Tokamak MHD equilibrium
code: ECOM
[J.P. Lee, Cerfon, CPC (2015) ]
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Marginally controllable elongation(nm)

vertical instability: AVSTAB 7] |

[J.P. Lee, Freidberg, NF 16 -_i:;p;z 4

(2017)] 1_ el
® Analysis on the maximum triangulariy(5) |

elongation of negative
triangularity plasmas
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Chapter 1. Introduction to entropy applications for fusion

Entropy: A good fluid measure

® Boltzmann entropy is definedas  S(x,t) = —[ dv f logf

® Several good properties in a quasi-equilibrium system
(1)A state. Conservativity > dS(x,t)/dt =0,$dS =0, S(P,T)

(2)Energy or heat exchange (1t thermodynamic law)
0Q =(E-J) = —T/dvlongqE df [dv =TdS/dt

(3)Irreversibility (2" thermodynamic law)

—xI'-F=JdvD
-Boltzmann Collision (H-theorem) ot J

-Force*Flux and quasilinear theory aS (af)z >0
ov
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Chapter 1. Introduction to entropy applications for fusion

Time-reversal of Vlasov-Maxwell's equation

of

E-I—v-Vf—l—q(E%—va)-va:O
OE
V X B:MO (Q/d’l)(vf)‘kEQE)
0B
E=——
V X 5

- Time reversal with the opposite velocity also satisfies the equations

f'=f(-t,r,—v), E' = E(—t,r) and B’ = —B(—t,r)

- Entropy cannot change in the total system

HYU e 1
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Chapter 1. Introduction to entropy applications for fusion

Entropy can change in a part of system

e Possible reasons to break the time-reversal

in a given system (not total)
%+V-Vf+q(E+va)-Vv(fl@@
(1) Collisions: - »

Krook collision operator 2 f(—t, —v)
changes only the left term, so cannot be a

solution - The wave-particle
interactions can change the
(2) External source for distributions: entropy of a small set of

system (e.g. zero-k, or low-
k), while its positiveness is
not determined yet.

Energetic particles =2 f is given

(3) External fields is given or dissipation is
given 2 B+ —B(—t 1)

OFOFLHTHT]




Chapter 1. Introduction to entropy applications for fusion

Entropy Application on Fusion Plasma Physics

® MHD equilibrium by maximizing magnetic field energy [Taylor (1974)]

® Free energy balance for drift/MHD turbulence [Sugama (1996), Schekochihin (2009)],
Self-organized transport, Turbulent equipartition [Yankov (1994), Hahm (2007)]

® A large system efficiency [Hasegawa (2014)] — EC input, Alfven wave output?

“A new concept of a fusion device as an open system is presented in which the desirable plasma
structure is produced by continuous injection of negentropy (or free energy) from and ejection of
increased entropy to external environment.”

® Controversy of usefulness for an open, nonlinear, non-equilibrium
system.

(1) Transport by entropy balance [Property 2 ] = Chapter 2

(2) Nonlinear saturation of Energetic particle instability (Berk-Breizman
model) by maximizing entropy [Property 2 and 3] = Chapter 3

OFOFLHTHT]




Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Free energy balance for drift-kinetic turbulence

® Turbulence by zonal and non-zonal components [Sugama (1996, 2009)]
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Free energy reservoir is captured

® For the plasma perturbation by electromagnetic fields, the field and kinetic
energy can be expressed by [Kruskal and Oberman (1958), Morrison (1990)]

m )
=— 2[5
H 2‘ (lf/(ll (1 dx + /(() dx
F()() J.,F
=V 4 Ow

||E (k,w)|I”
® Non-resonant wave-plasma interaction can be captured in the entropy part

® Related with the non-linear saturation by the sub-dominant modes [Hatch
(2011)] instead of the saturation by zonal flow shearing

® Nonlinear saturation by negative mode [Fried (1971), Dewar (1973)] g_j) <0

BHOF L Ot




Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Some TEM turbulence show weak zonal flow interplay

* Trapped electron mode (TEM) cases in CGYRO nonlinear simulations

=3.0 =1.0
0.5 e 0.5 e ,
~-% Viin » ,4‘;'__.—-.'\‘-\_
—k (.dz;:,k' ; ¥ 4 "'/ \‘-
| / ] ,
0.41 o kpVs A 0.4 b
— - A1/
g Ey
< 0.3 0.3 é H
g il
s i)
£ 0.2 0.2 !/
5 .
b4 i/
0.1 0.1 ,'/’ -%- Vin
’ ’ {’ —a— WzF
& —o— kypsVzr

0.0 - T T . T v 0.0 v . r . T
0.00 0.25 0.50 0.75 1.00 1.25 1.50 0.00 0.25 0.50 0.75 1.00 1.25 1.50
kL Ps kl Ps

® E X B shearing rate(wzr, )[1] shows that zonal flow
saturation is weak in 1, = 3. ( ¥;in~0.5wzp, )

® TGLF saturation model assumed Vzr = ¥in max/ky [2]
which is not satisfied in n, = 3.

. 1] R. E. Waltz and C. Holland (2008) Phys. Plasmas 15, 122503
. — 2
Zonal flow velocity : Vzr = \/ka x|k @, | 2] G. M. Staebler et al. (2016) Phys. Plasmas 23, 062518
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Some TEM turbulence show weak zonal flow interplay

* Weak ZF in Trapped electron mode (TEM) case: T./Tp =2,n, = 3(a/L, =1,a/Ly, = 3)
—> Electron heating dominated case

TEM (n, = 3) TEM (n, = 1) ITG (STD
Fluctuation intensity Fluctuation intensity Fluctuation intensity
10"
I WL bW ARV
10
107 -
P e 10 e
— /(e — (sl low
\‘/<\“.‘,M\~’>/,,,,, 10-3 \“3“‘<‘m,">’> /pep
) ) 100 1 )“ ( ) ) 10 101 15( 00 ( Y 50 30( 0 100 150 0 50 100 150 7)2[;? 250 300 350
ne = 3.0 case = 1.0 case STD case
0.6 0.6 Ne 0.40
ZF
054 T* Vin T QrGLFYerr,k, =0 o5l —* Vin —*— arir¥éf s -0 0351 —e— yin  —*— QrGiFVar i, -0
0.30 -
0.4 1
0.4 0.25 1
© r ~
T 03 ~ 0.3 ~ 0.201
= 3 A S
= TGLF saturation 015
> 0.2 > 0.2 >
is not good for this case 010
0.1 /\/\ 0.1 1 0.05 -
0.0 % 0.0 0.00
T T T T T T T ; . . : - r T —-0.05 . . . : ; r
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kyPD kpr

Where the effective growth rate by ZF yeZJff,kl
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Excitation: Strong electron channel Tz .

® \/elocity space integral and field line average of G.K. eq. [Sugama (2009), Nakata (2012)]
<Free energy balance>

d
PT: (2 Ss + Wem) = z Tzrs + Dzp
S S

® Nonlinear entropy transfer from non-zonal flow components to zonal flow (ZF)

T7ps = XrezF XpeNzF 2igeNzF Ts < b - ky,Xk, f Re [0y, hs ghsr — 8Yghs phg ] d3v>

® Where ZF excitation is weak, Tz . largely remains.

Entropy transferred from NZF to ZF SImUIatlon domam

035‘ - ion / k}; ¢ 0 k:y = O \
0.30 1 electron
-1
025 Ly"Qp
LN: 0.20 1 > -»T
K E VF 1
F°0.151 SS,R’J_ + Wem Fl z Ss,ZF + Wem
0.10 1 s
0.05 - \ /
0.00 - I I
Ne= 1.0 128 166  2.20 3.0T *Dkl *DZF
Ne Case

SHOFL O
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Excitation: T, does not excite the fields much

® Entropy balance eq. can be compared with the <Vorticity modeling> [Chen (2022)]
Poisson eq. [Ishizawa (2019)]

d
® For high n,, the contribution to the field N, by XECPZF =|g(a;pop+ —a_pyp_)
electron channel is small. Most entropy is
transferred to the kinetic part.

<Field energy balance>

TEM (., = 3) TEM (ne =1) 60 d d
2 ’
Nzre < (Tzre — Nzr.e) = 5 Pz = 7 Wes = + § Lzr + Dyp
» zF ee e— Nze (e) i Tzr — Nzr (€) 2 dt dt
o S
Q3 3
S : i Simulation domain 4Dzr
g / ky, # 0 k,=0 | \
.________________________________;n[__]__w__jo___ L NZF Wes — Z(l _ IWOS)Ié‘(l)lZ
L; Q. . s
zr = Nzr (i — Nz (i) — Tx-NzxGy | Do Iy T ——"— gy ———— - -
. B k ( 1.00{ | h‘ T f, ‘\ S,k_L
S @ 3 on W M| S T N (9)
K 5 050 NI \ ‘,'.‘ q ( b‘} —
o | I ™Y (h ‘w\"v‘ 8 " E Ssg + Wem
= 0.25 S
L o @ % w k I I /

[Jiheon Song, PRE (to be submitted)]
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Chapter 2-1. Entropy analysis for TEM turbulence saturation : entropy balance

Saturation: Energy transfer to Non-zonal components

- Ne = 3.0 case ole Ne = 1.0 case
® In terms of the free energy, - vn e e v e i
NZF Diss 051 - YEZ’;:FO ——— VERE VB <0 0.5 = ng;:~=0 —=- YNERFZG + vEEY <o
Verr = Yefr * Veff * Vefy o= oay- S
® High ratio of 7/ stands for the 5 o 03
perpendicular diffusion for high > WAl %
0.11 s i Moo 0.1
ne . . . 0.0 ¥ A 0.0
® (Quantitative ratio can be useful
-0.1 T T T T -0.1 T T ) T
H 0.00 0.25 050 0.75 1.00 125 1.50 0.00 0.25 050 0.75 1.00 125 1.50
for the saturation model il il
5S Y. T s
_ 1 k a a,k_l_
Yeff = 25se, ar —vL = Sa 26301, (eff. growth rate) - 55,
ZF _Za(Tak_L Tak_,_) ff h b ZF :: —’—. sy
Yeff = 5 26301, (eff. growth rate by ZF) S~
wzp - ZaTak, (eff. growth rate by NZF) B
yeff ZaZSSa’k_L ' :
Zaﬁ . . . 1 "
Diss _ “%7ak) eff. growth rate by Dissipation k __HEEN
yeff - Ya 25§a’kl ( 9 y P ) —N,./2 % ¢ N,/2 ke

akl = Y k' Ta <f d3v b- (ki xk')Re [t/)akr HegHae, ]>/QGBDLTe (Entropy transfer rate with ZF mediated)
= Yk'enzr Lr"enzr la <f d*v Rb (ki x ki)Re [¢a K akL a,kJ)/QGBDLTe (Entropy transfer rate w/o ZF mediated)
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Chapter 2-2. Entropy analysis for turbulence: Positiveness

Positiveness of turbulent diffusion

® As in neoclassical transport, the turbulent transport by linear gyrokinetic equations has
the Onsager symmetry [Sugama and Horton (1998)],
iGisHis =1y Wis ixXis,ix where dlnn;;  0InTj,
Kisie =7 or ' or

Fig = Re[<_inisi:i;swis,ix>] — ij Lis,ix,jx Xis,jx

_ _1\* —> Hermition matrix does not gurantee
Lis,ix,jx = Re[<_l(WiSJijs ) Wis,iX>] the positiveness of the single diffusion coeff.

- Time dependency can be ignorable
Lis iz jx (B' Vo (/)(t)) - Lis,jx,ix(_B: Yo ¢(_t)) for a bounrée avera;’e °

® \With the Hammett-Perkins closure in Gyro-Landau-fluid code, the symmetry is broken
— Corrected form the positive-definiteness in the coefficients of the moments

[Staebler et. al (2023)]

BHOF L Ot




Chapter 2-2. Entropy analysis for turbulence: Positiveness

Quasilinear Onsager symmetry

® |f a resonance broadening kernel is considered, the diffusion coefficient could be
positive. in QualiKiz [Bourdelle (2016)]

1 dfOs
[y = E I - —=el|p|?
s m[(l)—nﬂj‘l'lVQL]n d] eS|¢|
nw

® For Kubo number<1, the decorrelation time is shorter than the eddy turn over
time - Valid random walk model . The QL approach shows 15% RMS error in
temperature profile reconstruction [Bourdelle (2016)]

VoL =Y

® Then, how much does the nonlinear coupling affect the positiveness? Any
kinetic structure, which is preferential to the positiveness?

HYU #2222
HANYANG UNIVERSITY
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Nonlinear saturation of energetic particle instability

1 'Experim'em‘

® Berk-Briezman model: A 1-D model
explaining the nonlinear saturation
for an instability by the energetic
particles by dissipation

[Berk, Briezman, Pekker (1996)]

Amplitude (a.u.)

] Slmulo’ri|0n -

® Diffusion and drag in collision
[Lilley et. al. (2009), Duarte (2017)]

Central line
— Up-shifted sideband (it
----- Down-shifted sideband | /*

Amplitude (a.u.)

® Frequency Chirping, 5256 526 1\5(2.:54) 5268 5.2:.72
[Berk (1999), Duarte (2019)]

<Comparison between JET TAE measurement
and BB model [Fasoli (1998)]

t 1 F,
f, = dS elu(t=s)+v(t=s1) Z (y2¢ (g 1)0( 0t fo(s1)) 0“)3 — /fl(h — YWk

2% ou and eOmA

HXU e where wp = (ekE/m)/? 273




Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Entropy partition and energy balance

* Entropy can be partitioned for each Fourier component

dS, OFlogFy 0 f 12 3
dt /d“ T —/dva— ((Fo + )(log Fo + 7 — 2F3 +O(e )))
f.of _d

dv(1 + log F;
/ v(l+log o+ )5 = o
* Entropy change by wave-particle interaction and collisions can be partitioned

— (557 + 557 + 817 + 59,

olab) = /dvfc(a)fc(b) (a+b) is the order of the electric fields (not necessary)

952
8(7)5 = /dv log Fy afto ~ EJSQ(OQ) +a()Q(O’4)]+ Jg}(o,g)>

Field evolution equation (Ampere’s law)

085" 1 0fs Q(2.2) | C(22) -
— d 2 ( 9 9 >
ot / ok, ot~ \70 T _8£JE + 6P =690 4 &39”’4)}
T
IR 1 off Q1) |, QB , Q1,3 , C@,1) ~4
41T
o

OFOF LY O} 7] Gn =1, —2




Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Free energy balance given by FO and fields

® A new equation for the free energy balance is defined by

0 &
A S A D -1
(UE — S ) — 0 5 .002) _ v [ mik :
87_ o = _UO dva ( )/FO & k 27’(“6‘2&)
where pe
is the entropy source from energetic particle

® Normalized entropy —5’32) represent kinetic energy, while the change of
total entropy of the non-oscillating mode is given by 532) + 554)

dH m (Wpe 2 0fo Wp6/ dfo 85(()2)
= — ~ =T
dt dv ( K +v> ot =M | Wy = s,
® Tpp = —2m(co/c1)(wpe/k) isan equivalent temperature for BB model
. . . . O)pe
due to the given distribution Fy = ¢y + ¢4 (v — . )
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Chapter 3-1. Entropy analysis for energetic particle instability : entropy balance

Kinetic energy decreases and electric fields increases

<high collision, v/y; = 0.3> <low collision, v/y; = 0.18>

vl =3, =0, =0, 7/, =09 40

)73 Vaoan L0700 Varag (1)

0.2

@y -
—e—sPu =1 |

01 Iy 1g)=18, Voo (0 19700 V(7 -79)=0, 7417 =09 351 0
: \ ——s%u,
N L @
i 0.05F 30 \ - 21/D/1/
3
3 - = =-05v_/v
0 — L L L 1 25 § b
0 50 100 150 200 250 300
x10°3 sy 20
57— v - . . .
> E
2 @
2 YeSg 15
0
w s | 10
~o 50 100 150 200 250 300
" an
o 10210 (1o ‘ 5
s
§
55 == —0arS0?) 0
g, 1 B
o !
£ - N 5r
® 5
0 50 100 150 200 250 300
10 . L . .
0 0.2 0.4 0.6 0.8 1

1//7L (krook)

* In a steady state, §(§2) increase

(kinetic energy decrease), giving the « The low ratio of géz)/UE for the high

field energy Ug increase collision is good for high conversion from

kinetic energy to fields (e.g. alpha
6(?(04)= 67) channeling)

e Saturation occurs when (6(?(02) +

. . A2
* Ina periodic case, Sé ) and Ug are
also periodic.

OFOFLHTHT]




Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Entropy equipartition

® For two microstates for n particles, maximizing possible states numbers (entropy)

|

S « log ( - (g_x)n)!) = -xlogx+(1-x)log(1-x)

results in x=0.5 when the number of particle is constrained.
® Maximizing entropy L= — [dv (flogf) + A(J dv f — n)

- with the Lagrange multiplier for density constraints = uniform distribution
- with the Lagrange multiplier for energy and density constraints 2 Maxwellian
distribution

® The reason of the maximum entropy can be originated from H-theorem in the

: I ds
quasi-equilibrium = >0

OFOFLHTHT]




Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Quasilinear (bilinear) diffusion in a velocity space

® For the wave-particle interaction, the bounce-averaged quasilinear diffusion is
positive-definite [Kaufman (1972), Jungpyo Lee (2019)]

A
o1 L oSt —wi o ol
djo _ ([ —wWBOJ1 —Wp 01 +
ot _< 2 ou 2 8u)+0(f0> /\ s o+ fo
/ >u
%+.f_—w%é?(Fo+fo)_w%*8f2+C(f) // \/
Ot w = 2 ou 2 Ou 1 / Diffusion of

/ overshooting by f,

df 1 « 0 t o (f— _ d(Fo+fo+/12) N i t—t! _¢!
> = L wF @5, ([ ds eI @ () TR 4 (1) (=)D 4 0 (fy)

(2), 4 *
A(So "+So D\ _ [t —iut , 2 d(Fo+fo) t —ius , .2 d(Fo+/o)
K < dt >b B (ft_tdec dte “B (t) ou ) (ft_tdec dse “B (S) ou ) =0

® |nvalidating the positiveness could be due to the collision in phase, weak decorrelation from
f1(t"), and the contribution from f,
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase
Frequency Chirping = Flattening + Collapse + Energy

® Process of the frequency
chirping [Berk (1997) PLA]

— Like BGK mode, action variable can be A

(1) Plateau is formed used by g(J) = f(J) — Fy(wg + Q)
(2) As the plateau width becomes

large, the sharp gradient T T777°" Ss.g
makes the negative wave N e <0
mode makes the collapse. dw

(3) The energy dissipation make
the move of the plateau

-
o

v’l 328 /dw 2 27 | | 10

i
il . 1.5
i ! b p

-' 110
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Semi-adiabatic chirping with h = 1

® For alow collision
v/(yL —vq) < 0.8, the
hole and clump formation
and frequency shift

® Adiabatic action-angle
variable analysis results in
h = 1and Q% « y,t [Berk
(1999)]
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Finding h by the entropy maximization

< Variational method for Equipartition>

® Objectives: Using the model, find / and 4, 60
by maximizing the entropy of Séz) + 554) Q,

I h=1 (adiabatic)
| I | >

Three constraints by Lagrange multipliers:
(1) Particle number

(2) Energy balance (Long time response by dissipation )

(3) Frequency change (Short time response by Ampere’s law)

L=28%+ 38+ \( / dv fo) + Ao (S — / dtop) + A\3(w?E? — (47)2J?)

S8 ~ 2h(Qy /7) 260
SV ~ —h*(Qy /7)%60
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Agreement between simulations and variational method

® Using BOT simulations, the results for the average h agrees with the
variational method results

1 : ,
variational w/o coll
10 7 variational f, = 0.2
5t 28 /5 (/)| 0.8} ~255" /8¢ of 7 = 0.7|{
-y -l — 254" /S},j) of o = 0.6
—28W/8% of 5 = 0.8
i 06} ]
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@ = (kv =)/ « is the ratio between the entropy transfer

from n=1 to n=2 to one from n=1 to n=0
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Quasilinear, Nonlinear, Collisional contributions

8f0(v,t) o ‘6‘ * 0
ot - 2m E(t )81)
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Why the entropy maximization works with nonlinear terms?

* Postulation: Consider a stability of the entropy balance equilibrium

0S

—— = 0QL T|o
57 —aL

* Long time entropy change is determined by external dissipation
oor ton =D < ogy
* For this chirping case, the quasilinear term is larger than the dissipation term
autocorrelation time D

Kubo = , , ~
advection time ogL

1/v. 11 6802
(&)‘1 hv (yat)'/?
ot
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

A stability of the equilibrium solution of entropy balance

15 Entropy of BB model

* The perturbation from the
| equilibrium determines the
parameter change in a short time

502

(S — §*)

5 = (0qr —oqr) + (oL —oxL)
Kubo «' 1
S S* 3h o0Y/TONL 80@1; o donL/oGL) 5h
oHL 7QL oh
h
ook /ot T : . Oloyr/o¢
(1) <0Ngf/LJQL) ~ 0 makes unstable equilibrium and increases §h until xe/ogn) _

oh
(2) 8(0]\’520@) — 0 could be equivalent to the maximizing entropy with the constraints
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

The entropy analysis is useful to understand h

® Chirping frequency rate generally
increases by the reduced h
- less time and energy loss to develop h

® Electric fields (trapping width)
maximized by a certain h

® Larger a makes the decrease of h,
and the increase of the chirping
frequency
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Chapter 3-2. Entropy analysis for energetic particle instability : entropy increase

Implications of the smaller h

® The smaller his the increase of the negative energy mode [Fried (1971), Dewar
(1973), Lilley (2014)], which is the nonlinearly unstable.

2
e Q,+60Q ((91+59)2+y§) : :
™ 1 = (10602 < 0 can be more likely negative

—> Easy access of the plateau collapse

® Advection (frequency chirping) could be faster for the smaller h.

autocorrelation time 1/v 11 6§02
Kubo = - - ~ 1~ T 1772
advection time (agl) hv (ygt)Y
ot

- in the long time, it becomes quasilinear (Kubo <1). However, a smaller h makes the
Kubo number larger (strong turbulence)
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Chapter 4. Summary

Conclusions

Even in the open, nonlinear, non-equilibrium plasmas, the entropy can be
useful to understand the energy transfer and the preferential direction for
equipartition.

In TEM turbulence, the perpendicular diffusion as well as the zonal flow
saturation can be described by the entropy calculation

The energetic particle instability by the BB model can be explained by the
free energy balance by defining the effective temperature and heat transfer.

The entropy change of fO system shows the strong equipartition, which is
likely positive-definite. Maximizing the total entropy with the energy balance
and Ampere’s law constraints results in the height of the hole and clump,
which is useful to understand the BB model in the quasi-adiabatic process.
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Thank you for your attention.
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