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A local gyrokinetic Vlasov simulation code GKYV is extended to incorporate realistic tokamak equilibria
including up-down asymmetry, which are produced by a free-boundary 2D Grad-Shafranov equation solver
MEUDAS. By using a newly developed interface code IGS, two dimensional rectangular equilibrium data from
MEUDAS is converted to straight-field-line flux coordinates such as Hamada, Boozer, and axisymmetric coordi-
nates, which are useful for gyrokinetic micro-instability and turbulent transport analyses. The developed codes
have been verified by a cross-code benchmark test using Cyclone-base-case like MHD equilibrium, where good
agreement in the dispersion relation of ion temperature gradient (ITG) driven mode has been confirmed. The
extended GKYV is applied to two types of shaped plasmas expected in JT-60SA tokamak devices, i.e., ITER-like
and highly-shaped plasmas, and ITG-mode stability and residual zonal-flow level are investigated. Through the
detailed comparisons, more favorable stability properties against the ITG mode are revealed for the highly-shaped
case, where the lower ITG-mode growth rate and higher residual zonal-flow levels compared to the ITER-like

case are identified.
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1. Introduction

Turbulent transport of heat, particle, and momentum
is a dominant transport channel in magnetically confined
plasmas[1]. Understanding physics behind the turbulent
transport and predicting quantitatively the resultant trans-
port levels are, thus, important issues for the establishment
of self-ignited steady burning plasmas in future fusion de-
vices such as ITER and DEMO reactors. To this end, ion
temperature gradient (ITG) driven turbulence, which is ex-
pected as one of the main causes of ion heat transport, has
extensively been studied by means of gyrokinetic simula-
tions [e.g., see Ref.[2]]. A number of important results
on the ITG turbulent transport processes have been ob-
tained so far, and the ion heat transport suppression by
nonlinearly generated zonal flows is one of the most im-
portant findings [3,4]. In particular, local fluxtube gyroki-
netic model [5], which is utilized for investigation of lo-
cal micro-instabilities, fine-scale turbulence structures and
the related transport levels and mechanisms, is nowadays a
fundamental tool not only for theoretical studies, but also
for experimental analyses.

In view of turbulence control, the plasma shaping is
an effective method to improve the confinement perfor-
mance in tokamaks. In addition to MHD stability, micro-
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instabilities, turbulent transport, and zonal-flow properties
can be strongly affected by the plasma shape, such as
elongation, triangularity and up-down asymmetry, through
the change of the linear frequencies, mode-structures,
and trapped/passing guiding-center orbits. There are
some earlier works looking into shaping effects on micro-
instabilities and turbulent transport. Miller’s analytic lo-
cal equilibrium model [6] is widely used in the local flux-
tube model, then the fundamental dependencies with re-
spect to the elongation and triangularity parameters have
been investigated [7-9]. The impact of negative trian-
gularity on electron heat transport has also been inves-
tigated by using both global and local turbulence simu-
lations [10, 11], where the change of electron precession
drifts leads to the stabilization of trapped electron modes
(TEM). Many efforts have also been devoted for the cross-
code benchmark [12] and validation against experimental
observations [13, 14].

The plasma shaping can also affect the zonal-flow dy-
namics. Especially, an extension of linear zonal-flow the-
ory [15] has revealed that the residual zonal-flow level is
enhanced due to the plasma elongation [16]. The residual
zonal-flow theory including the plasma shaping has also
been applied to gyrofluid simulations [17] based on kinetic
closure model [18].

In our previous studies [19, 20] using a local fluxtube
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gyrokinetic Vlasov code GKV [21], a critical role of zonal
flows leading to successive nonlinear entropy transfer pro-
cesses in the regulated ITG turbulent transport has been
elucidated, where a simple concentric circular tokamak
geometry was considered. In this study, a realistic toka-
mak equilibrium calculated by a free-boundary 2D Grad-
Shafranov equation solver MEUDAS [22] is newly incor-
porated to GKV using an interface code IGS, in order to
extend the linear and nonlinear analyses to the tokamak
experimental conditions. The extension is also indispens-
able for the quantitative validation against experimental re-
sults and for the prediction studies towards future fusion
devices. By using the extended code, linear gyrokinetic
simulations are performed for two types of equilibria, i.e.,
ITER-like and highly-shaped cases, which are expected in
JT-60S A tokamak device, where the MHD stability has al-
ready been well investigated [23]. Then, the ITG-mode
stability and the residual zonal-flow levels are compared
in detail. These linear results provide one with fundamen-
tal insights for the later nonlinear gyrokinetic simulation
studies towards JT-60SA and ITER.

The rest of the paper is organized as follows. In Sec. 2,
the interface code IGS is presented, as well as some basic
introductions to flux coordinate systems. Then, calcula-
tion model in GKV and verification results are given in
Sec.3. In Sec.4, linear simulation results on ITG-mode
stability and residual zonal flows for JT-60SA plasmas are
presented. Finally, the summary is given in Sec. 5.

2. Realistic Tokamak Geometry

All the flux coordinates considered here are con-
structed by 2D data obtained from a free-boundary Grad-
Shafranov equation solver MEUDAS [22], where general
up-down asymmetric tokamak equilibria with the divertor
legs are calculated consistently with the realistic external
coil configurations. The interface code connecting the flux
coordinates to the fluxtube one used in local gyrokinetic
simulations is briefly presented in this section.

2.1 Magnetic field representation

General expressions for the magnetic field B and the
current density j, as well as the ideal MHD force balance
relation, in a flux coordinate system (p, 6, ) are given by
(24]

B = V'VixVp+d'VoxVO+VpxVa (1)
= BVp +IVO+ IV +Vy, )
47ﬂj = J'VoxV{+I'VoxVO+VExVp, (3)
p = -I'B-VO-JB-V/+B-Vj, (4)

where p is the radial coordinate representing a magnetic
flux surface, and 6 and ¢ are the poloidal- and toroidal-
angle coordinates, respectively. The prime symbol means
the p-derivative: X’ = dX(p)/dp, and ¢ denotes the speed
of light. In addition to the contravariant representation for

B as in Eq. (1), the covariant one is shown in Eq. (2). The
toroidal magnetic flux, the poloidal one, and the toroidal
current inside the magnetic flux surface p are denoted by
2nd, 2x¥ and 2rl, respectively, while 2rJ represents
the poloidal current outside p. Ensuring physical single-
valuedness for B and j, the quantities a@(p, 6, {), B(p, 0,0,
and ¥(p, 6, ) must be doubly periodic functions with re-
spect to 8 and . It should be noted that Egs. (1) — (4) are
of invariance under the following transformation,

& = a+gp), %)
B =B+Hp), (6)
¥ = ¥-hp), ©)

where g and & are arbitrary flux functions depending only
on p, and note that 5 and ¥ should be simultaneously trans-
formed by A. The Jacobian +/gps; and the flux-surface-
average operator (- - - ) are defined as

Vgpur = Vox V-V, 8)
1 27
Xy = v d0digpe: X (0, 6,0) , )
2
Vo= ﬂ 642G (10)
0

where V’(p) is the radial derivative of the plasma volume
at p. Solvability constraints of the magnetic differential
equations, i.e., (B - Vy) = 0 and (B - VB) = 0 in Egs. (1),
(2) and (4), provide one with

(&)

pl _471_2

4#% (J+ q’ll), )

% (/' +q7'1) . (12)

where g(p) = @’/ ¥’ denotes the safety factor profile.
Although the above relations are consequence of gen-
eral discussions, irrespective of the choice of (p, 8, {), one
can construct more specific coordinate systems, which are
useful for theoretical and/or numerical analyses. Following
Pustovitov’s method [25], the most important three flux-
coordinate systems, i.e., Hamada, Boozer, and axisymmet-
ric (or natural) coordinates, are classified systematically.
First, from the definition of the flux-surface average
[Eq. (9)], one finds that the Jacobian can be written by an
arbitrary function f = f(p, 6, ),
1 4 f

NGz V' (O
Note that the physical dimension of f is irrelevant in the
above definition, and this is significant feature to define

various coordinates in the same manner. The above rela-
tion is applied to Eq. (1), then we find

VS

(13)

(B-VpxVa)-Vo = 4n 7@, (14)
5 L
(B-VpxVa)-V{ = 4rn Vi (15)
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Equations (14) and (15) are coupled equations with respect
to four variables, &, f (or \/gpe;), 6, and £, for given mag-
netic field B and the radial coordinate p. When any two of
them are given, one can obtain the corresponding flux co-
ordinate system determined by Egs. (14) and (15). Then,
Hamada, Boozer, and the axisymmetric coordinates are
classified as follows:

Hamada (o, 0y,ly) : @ =0, f = Const. , (16)
Boozer (p,05,¢5) : @ =0, f = B*, (17)
Axisymmetric (0, 04,84) : @=0, f=B-Vis, {a=¢, (18)

where @ = 0 makes the magnetic field line straight, i.e.,
dz/dé = B-V{/B-V6 = g(p), then such coordinates are
called the straight-field-line (SFL) flux coordinates. Rig-
orously speaking, @ = s(p) (s is an arbitrary flux function)
also gives the SFL flux coordinates, but one can always set
s(p) to be 0 by Eq.(5). Note also that the second condi-
tion in Eq. (18), f = B-V{y, is actually equivalent to the
flux-surface average of Eq. (15), and does not provide any
relevant equations for determining £. Thus, {4 = ¢ should
be imposed as an additional condition for the axisymmet-
ric coordinates, where ¢ denotes the azimuthal angle in the
cylindrical coordinates (R, Z, ¢). Each coordinate system
possesses different advantages, and their detailed proper-
ties and the components of B and j are summarized in Ap-
pendix A.

The coordinate transformation from one to another is
given by the generating function G(p, 6, {):

0=0+%G@p6,0), (19)
{={+PGp.6.0), (20)

where G is determined by the following magnetic differen-
tial equation,

1 1

9piz  \Gpoc .

For instance, G(p, 6p, ) giving the transformation from
Hamada to Boozer coordinates is

(5)

@ p(J+q7')

B -VG(p,0,0) =

21

G(p, 05, () = B (p,08.C5) . (22)

2.2 Numerical constructions of SFL flux co-
ordinates

The free-boundary Grad-Shafranov equation solver
MEUDAS provides one with 2D data of ¥(R, Z) for given
p(¥) and J(¥). These fundamental data are, then, in-
put to a newly developed interface code IGS, which pro-
duces Hamada, Boozer, and the axisymmetric coordinates
numerically. The basic idea in IGS is similar to that in
Ref. [26]. In addition to the original data format in MEU-
DAS, IGS can also treat the G-EQDSK format which is
widely used in the fusion physics field. The radial coor-
dinate is chosen as p = (¥/%edge)'/? Or p = (D] Peqge)'/?,
where Wegge and Pegge are the poloidal and toroidal mag-
netic fluxes at the plasma edge, respectively. In IGS,

the cubic-spline interpolation is applied to the 2D rect-
angular data of Y(R,Z). Then, the axisymmetric coordi-
nates, R = R(p,64), Z = Z(p,64), {n = ¢, are first con-
structed from ¥(R, Z) by solving dR/dl, = [V¥|'0¥/0Z,
dz/dl, = —|V¥["'0¥/OR, d0,/dl, = J/qRIV ¥|, where di,
is the arc-length element on the poloidal cross section. Af-
ter that, Hamada and Boozer coordinates, R = R(p, Op,5),
Z =2(p,0u8), {np = ¢ + DGy p(p, 6,4) are obtained from
Egs. (19) - (21).

The covariant metric tensor, g;; is calculated by the
following relation:

_OROR | GZ L 00 30
- 6141' auj 8ui Buj 6u,- 6uj’
where (u;,u;) = {p,6,{} (the coordinates label A, B, and
H are omitted). The determinant of g;; gives the Jacobian

Vgpec = det(g;;)'/?, and the contravariant metric tensor g/
is calculated by

gij (23)

; 1
e — (gjmgkn - gjngkm)s (24)
Foo;
where {i, j,k} and {l,m,n} are the even permutations of
{p,6,8}.
The examples of constructed flux coordinates are
shown in Fig. 1. Here, the Solov’ev analytic equilibrium

Q
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Fig. 1 Comparison of the SFL coordinates: (a) the original
2D data Y(R,Z) for the Solov’ev analytic equilibrium
with the up-down asymmetry, and (b) axisymmetric, (c)
Boozer, (d) Hamada coordinates constructed by IGS.
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with up-down asymmetry is considered:

14 1 [ -D)R*Z2-DZ% 1 .
o1 ) +-R -1y
lPedge 63 E2 4

V. - _
+ 2R -1Z, (25)
€

where R and Z are the positions normalized by the major
radius on the magnetic axis Ry, and €, = a/Ry, E, D, and,
Vasym are shape parameters related to the inverse aspect ra-
tio, elongation, triangularity, and up-down asymmetry, re-
spectively. One finds that the iso-angle surfaces of 8 in
Hamada coordinates are less deformed in comparison with
those in Boozer and the axisymmetric ones. Instead, in the
non-axisymmetric systems, Hamada coordinates show rel-
atively strong deformation of iso-angle surfaces of { which
leads to the spectral broadening on B in the toroidal mode
numbers [24].

A numerical accuracy of the constructed flux coordi-
nates is verified by comparisons with the analytic expres-
sion. Figure 2 shows the absolute errors indicating the de-
viation from the following analytic relations,

I 3Rlp,6]1 _  108pIRZ] 26)
Ngpor 00 R 9Z
9plR, Z] IpIR, Z] __|*
P =
g [p, 6] R VR + 57 vz| , 27

where p = (¥/ Weqge)'/? is considered here.

10° |
5 10°
5
2 101
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Fig.2 Comparison of the absolute errors in (a) Eq.(26) and

(b) Eq. (27), for axisymmetric, Hamada, and Boozer co-
ordinates, where the radial distributions for 64y =
{0, /2, 7,3m/2} are plotted in each coordinate system.

One can see that all the constructed flux coordinates
indicate the numerical accuracy up to ~ 1078, Besides,
the consistency among the metric tensor and magnetic field
components, €.g., By= BYggo + B¢ gce, have been confirmed
in IGS.

2.3 Local fluxtube coordinate system

Local fluxtube coordinates (x, y, z) used in gyrokinetic
simulations are based on the SFL flux coordinates. The
definition of each coordinate is given as

x=cxlp—po) y=cylgO-¢], z=6,  (28)

where (p, 6, ) are arbitrary SFL flux coordinates, and c,,
¢y, and pg are the normalization factors and the reference
radial position, respectively. Using the above definitions,
the magnetic field B is written as

B =cpVxxVy, cp= Y”c;]c;l . (29)
The partial-derivative operators with respect to x, y, and z

are given by

1 N
0 a qs6 0 (30)

ax " cdp  epdl”

P 19

6 __196 1
Ay ¢, 00 G
o 9 9

6 _96_ .9 2
oz~ a0 9 (32)

where § = pq’/q denotes the magnetic shear. Note that
d/0y = 0 for axisymmetric plasmas with /0 = 0. One
can also obtain the contravariant metric tensor and the Ja-
cobian as follows:

g™~ = Vx-Vx = 3¢, (33)
Xy — . - q_§9 Y 0 _ pf
g¥ =Vx-Vy =c, , g* +q9” -9 |, (34)
g =Vx-Vz=cg”, (35)
AN\ 2
9
9" =Vy-Vy=c [(%) 9" + 49" + g%
24%56 2456
+(q_)gﬂﬁ_2qg9§_(q_)gﬂ{] , (36)
P P
i 30
gW=Vsz=@K%;)¢9+%#—gﬂ}, (37)
gF=VzVz=4%, (38)
Ve = (Vxx Vy - Vo)™ = ci'c;" Vgpor - (39)

The wavenumber vector perpendicular to the magnetic
field and the differential operator along the field line are
defined by

ki, = k,Vx+k,Vy, (40)

K = kg™ +2kk,g" +kg" (41)
Cp 0

bV = —, (42)
BA\[gyy; 02

where b is the unit vector parallel to the magnetic field.
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As will be shown in Sec. 3, the radial coordinate of
P = (@/¢edge)l/2 and ¢, = a, Cy = apo/q(po), cg = Bax
are basically used in GKV, where B, denotes the magnetic
field intensity on the magnetic axis of p =0, and the plasma
minor radius is defined by a = (2Peqge/Bax)'/*. Note that,
in the local fluxtube formulation shown below, all the nor-
malized quantities and operators do not depend explicitly
on the plasma minor radius a, but on the inverse aspect
ratio €,. Although IGS gives us the complete metric infor-
mation of realistic equilibria from MEUDAS, the analytic
geometry model is still useful to subtract the shaping ef-
fects. The analytic expression of the concentric circular
equilibrium model and the simplified s—@ one are summa-
rized in Appendix B.

3. Local Gyrokinetic Vlasov Simula-
tion Code GKV
In this section, we present the simulation model im-
plemented in GKYV, as well as the verification and bench-
mark test with realistic geometry from the MHD equilib-
rium solver.

3.1 Calculation model

Calculation model in GKV is briefly summarized
below including electromagnetic effects. One can also
find the implementation of VMEC equilibria for 3-
dimensional helical/stellalator plasmas in Ref.[27]. The
wavenumber-space representation of electromagnetic gy-
rokinetic Vlasov equation for the particle species of s is
given by

a . C ’ "
(E +ub-V + l(UDs)(Shskl - EZA: b-(k' xk') 6¢skj_6hsk1

EQF S 6 .
‘TSM (E . zwm) S, + Cy(6ha.) 43)

where 6hg, = Ohy, (z,v), 1) stands for the non-adiabatic

part of the gyrocenter perturbed distribution function & ffg ,

ie. oha, = OfY + euJolkov,/Q)0¢k Fys/Ts, and m,
es, Ty, and Qg = e;B/mgc are the particle mass, the elec-
tric charge, the equilibrium temperature, and the gyrofre-
quency, respectively. The parallel velocity vy and the mag-
netic moment y are used as the velocity-space coordinates,
where y is defined by y = mg? /2B with the perpendicu-
lar velocity v,. The potential fluctuations averaged over
the gyrophase are denoted by oyrg, = Jo(k v, /Q2s)[0Pk, —
(v/c)0A|k, 1, where Jy is the zeroth-order Bessel function,
and the former and latter terms mean the electrostatic and
electromagnetic parts. Since we often focus on the finite
but low-8 plasmas, the parallel magnetic field fluctuation
OBy, is ignored here. The equilibrium part of the distri-
bution function is given by the local Maxwellian distribu-
tion, i.e., Fys = ng(mg/27T)3? exp[—(mSv|2I + 2uB)/2T],
where ng represents the equilibrium density. The symbol
> A appearing in the nonlinear term of Eq. (43) means dou-
ble summations with respect to k', and k’/, which satisfy

the triad-interaction condition of k, =k, + k. Collisional
effects are introduced in terms of a linearized model colli-
sion operator Cs.

The magnetic and diamagnetic drift frequencies, wps
and w.rs, are given by

cTs )
wps = ki b (uVB + mgifb-Vb)
c(msvz+,uB)
= # (kax + 7(yky) P (44)

€sCp

cT;
esB

msvﬁ+2,uB 3
WiTs = 1 + Ns| ———

o, —E]]kL-bXVInnS

2
1 1 (mev+2uB 3
—t+— | — - ||k, 45
L,1,+LT[ T, 2| (45)

s

Ty

€sCp

where 5, = L, /Ly, with L,, = —(dIn ng/dx)~! and Ly, =
—(dInTy/dx)"". The geometric coefficients K and K, are
defined as follows:

~ g%g"¥ —g%g* 0InB  dInB

%, , 46
B?/c3 0z dy o
gig¥ —g¥g¥*0InB  9InB
_ . 47
y BZ/C% oz * ox @7

The electromagnetic potential fluctuations are deter-
mined by the Poisson-Ampere equations:

(k2 + 257) 0w, =47 > e f dvdos(kiv, /Q) Shae, . (48)
S

K2 5Ap, = 4?” Dle f dv vy Jos(kLv. /Qy) Shy, (49)
S

where Ap = (3, 4nnge?/Ts)~'/? is the Debye length. Note
that, in the adiabatic electron limit with k,p < 1, the
gyrocenter perturbed distribution for electrons is approxi-
mated by fdv 5fe(,fi = —ene(6¢x, — {6k, ), Ok,0)/Te, Where
Pts = MsCls/|es|Bax means the gyroradius evaluated with
the thermal speed v = (T/ mg)'/?, and the field-line aver-
age is defined by (Xi. ). = [ dzvGxy: X/ [ dzn/Guyz-

By using the above gyrokinetic Vlasov and Poisson -
Ampere equations, one can derive another important equa-
tion describing the balance and transfer of the entropy
variable defined as 6Su, = ([dv|6f5 */2Fy):. The en-
tropy balance equation [e.g., see Ref.[28]] provides us
with many physical insights closely associated with the
turbulence saturation, and is formulated with the relation
among the development of fine-scale fluctuations on the
distribution function, the turbulent transport, and the col-
lisional dissipation, as well as the linear and nonlinear en-
tropy transfer dynamics. The detailed numerical analyses
of the entropy balance and the transfer processes in ITG
turbulence are shown in, e.g., Ref. [19-21,29].

3.2 Code verification and benchmark test
The implementation of realistic MHD equilibria on

GKYV is verified by the benchmark test with other gy-

rokinetic codes, GENE [30], GS2[31], and GKW [32]. In
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Fig. 3 Cross-code benchmark result on the ITG-mode disper-
sion relations with the analytic s — @ equilibrium and
Cyclone-base-case like MHD equilibrium produced by
CHEASE.

this benchmark test, the same geometry data for Cyclone-
base-case like MHD equilibrium from an MHD solver
CHEASE [33] , which is used in Ref. [34], is also applied
to GKV. The fluxtube geometry on the axisymmetric co-
ordinates with p = (¥/%.qee)!/? is considered here. The
growth rate and the real frequency of electrostatic ITG
modes with the adiabatic electrons are compared in Fig. 3,
where the detailed physical parameters are shown in Ref.
[34]. In addition to the realistic MHD equilibrium, the re-
sults with analytic s—a models are also compared. The im-
plementation of the realistic MHD geometry to GKV and
IGS has successfully been verified with good agreement in
the dispersion relation of the ITG-mode.

4. Linear Gyrokinetic Analyses with
JT-60SA Tokamak Equilibria

The extended GKV with IGS is applied to linear sta-
bility and residual zonal-flow analyses for the typical plas-
mas expected in JT-60SA tokamak device.

4.1 ITER-like and highly-shaped plasmas

In this study, two typical plasmas expected in JT-
60SA are considered. One is an ITER-like plasma with
single-null separatrix [Figs.4 (a) and 4(b)], and the other
is the highly-shaped plasma with quasi-double-null sepa-
ratrix [Figs.4 (c) and 4(d)], where the basic equilibrium
parameters are summarized in Table 1. The highly-shaped
plasma shows higher plasma current I, normalized-8 B,
elongation «, and triangularity ¢. Besides, the global shap-
ing factor S = gosl,/Baxa is 1.45 times larger than that in
the ITER-like plasma, where gos = g(o =0.95). Note also
that the highly-shaped plasma is almost up-down symmet-
ric (ks = k9™, Sgs =~ 69"™), while the ITER-like plasma
shows the up-down asymmetry (ko2 < k92", 6o7 < 592™").
The g- and §-profiles for both cases are plotted in Fig. 5.
The ideal MHD stabilities have been well examined in

0.9 y (b) T T T
0.6 —\ - s
_03 KL - -
§ ‘
5 0 - :
N \
N, L
03 (\ B i
-0.6 j - -
-0.9 “' ] ] |
05 075 1 12505 075 1 1.25
R/R R/R
0.9 — —
0.6 .
0.3 s

S
oSS0
SN

-0.9 :
05 075 1 12505 075 1 125
RIR,, R/R,,

Fig.4 Comparisons of the original 2D data ¥Y(R,Z) for (a)
ITER-like and (b) highly-shaped equilibria produced by
MEUDAS, and of [(b), (d)] constructed Boozer coor-
dinates by IGS, where Z,, means the vertical eleva-
tion of the magnetic axis. The flux surfaces for p =
{0.30, 0.50, 0.75} are shown by red thick lines in (b) and
(d).

Ref. [23], where the ballooning stability diagrams for both
the above ITER-like and highly-shaped plasmas have been
identified.

In the following, the electrostatic ITG-mode stabil-
ity and the residual zonal-flow levels are examined, where
gyrokinetic ions and adiabatic electrons are considered.
The fluxtube geometry on Boozer coordinates with p =
(D/ @edge)l/ 2 is used, and we look into three different radial
positions, i.e., p = {0.30, 0.50, 0.75}, which correspond
to different flux-surface shapes. In order to focus on the
impact of local shaping effects on the ITG-mode stability,
the normalized density and temperature gradient parame-
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Table 1 Equilibrium parameters.

up d up d
Rix[m] alm]  Bui[T] [LIMA]  qos BN Kys  Kos' ' Ogs O " S
ITER-like 3.10 1.32 2.51 2.49 432 202 163 1.83 029 044 325
highly-shaped 3.18 1.61 2.61 5.00 397 311 182 181 046 043 472
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6 Comparison of structures along the magnetic field lines at different p for [(a),(b)]the magnetic field intensity B, [(c),(d)] the drift

frequency wpi(kyi =0, k04 =0.5, v /vy =2.5, uB, /T; =0), and [(e),(f)]the squared perpendicular wavenumber k2 (ko =0, kypi =
0.5), where the circular cases with same local values of g, § and € are also plotted by dashed lines. IT: ITER-like, HS: highly-

shaped.
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Fig. 5 Radial profiles of the safety factor g and the magnetic
shear § for the ITER-like (IT) and highly-shaped (HS)
cases.

ters are assumed to be constant in the radial region of inter-
est, where Ryx /L, = 2.0 and Ry /Ly, = 6.0 with T; = T..
These are not the exact values obtained from equilibrium
calculations, but are still feasible. Note also that these pa-
rameters appear only in w,r, [see Eq. (45)] which does not
depend on geometrical quantities.

4.2 Structures along confinement magnetic
field

Comparisons of the confinement field and linear ad-
vection operators, which are closely associated with the
ITG-mode stability, are first presented in this section. In
Fig. 6, the magnetic field intensity B, the drift frequency
wps, and the squared perpendicular wavenumber k> along
the magnetic field line are compared between the ITER-
like and highly-shaped plasmas, where the circular cases
with same ¢, §, and € = pe, shown in Appendix B are
also plotted. One finds that the deviation of B from the
circular case becomes more significant for the outer side
of the plasma [Figs. 6 (a) and 6(b)], where the magnetic
field strength increases (decreases) in the low (high) field
side of z ~ 0 (z ~ ). These features are also seen in
the drift frequency wps for p = 0.30 and p = 0.50, while
the qualitatively different structures with the multiple sets
of nodes appear for p = 0.75, and the deviation from the
circular case is more pronounced for the highly-shaped
case [Figs.6(c) and 6(d)]. Similarly, in the squared per-
pendicular wavenumber ki, the deviation becomes drastic
for both the ITER-like and highly-shaped cases [Figs. 6 (d)
and 6(e)], and then the slightly stronger up-down asymme-
try is seen in the ITER-like case, e.g., the asymmetry at
p=0.5 and p=0.75 is more apparent.

The comparison of the trapped-passing boundaries at

1403029-7



Plasma and Fusion Research: Regular Articles

Volume 9, 1403029 (2014)

4
2
Z 9
>
-2
1T —
4l - ~_ - HS —
B . T Circlular - -
-1 -0.5 0 0.5 1

Fig. 7 Trapped-passing boundaries for different p-coordinates
in (a) ITER-like and (b) highly-shaped equilibria, where
the circular results are also plotted by dashed line. The
highly-shaped case shows slightly wider region in com-
parison with the ITER-like case.

p = 0.75 is shown in Fig. 7, where the circular cases are
also plotted for the ITER-like plasma. As compared with
the circular cases with the sinusoidal boundary shapes, the
narrower trapped region with sharper boundaries is found.
Also, the trapped region becomes slightly wider for the
highly-shaped case, and these features indicate an impact
on the trapped-electron mode (TEM) stability.

4.3 Comparison of ITG-mode stability

In this section, we make detailed comparisons on the
ITG-mode stability between the ITER-like and highly-
shaped equilibria. The linear growth rate yipg and the real
frequency w, are shown in Fig. 8, where the correspond-
ing circular cases are also plotted for comparisons. In the
ITER-like case [Fig. 8 (a)], we see that, for p = 0.30 and
p = 0.50, the maximum growth rate is similar to that in the
circular case, while the profiles are shifted to the higher-k,
region. The up-shift of yirg-profile is more significant for
p=0.75, where the maximum growth rate also increases as
compared to the circular case. The real frequency w; also
shows the up-shift feature with increasing p. The similar
qualitative features on the spectral up-shift of yipg and w;
are also identified for the highly-shaped case [Fig. 8 (b)],
whereas the magnitude of the growth rate is lower than
that in the ITER-like case for all three radial positions.
Since the low-wavenumber modes around k,p; ~ 0.5 are,
in general, considered to make dominant contributions to
the ITG-driven turbulent transport, the stabilization in the
lower-k, region are expected to reduce the transport levels.

A qualitative explanation on the physical mechanism
leading to relatively lower growth rate in the highly-shaped
case is given as follows. By considering a fluid limit
ignoring the wave-particle resonance and finite gyrora-
dius effects, the ITG-mode growth rate is evaluated by

yirG = [wpwp, /(1+7ckp2)]'? for w.pwp, > 0, where

kypti

Fig. 8 Comparisons of linear ITG-mode dispersion relations
among (a) ITER-like (IT) and (b) highly-shaped (HS)
cases, where the circular results are shown by dashed
lines. The highly-shaped case shows lower growth rate
in comparison with the ITER-like case.

wyp, = =k, (1 +n)cTi/eicpLy, <0, 7 = Te/T;, and wp,(2)
and k2 (z) depend on the metric components [see. Egs. (41)
and (44)]. The reduction of |wp,| and the increase of k%
due to the shaping effect are, thus, responsible for the de-
crease of yirg. Actually, for wp, < 0, the magnitude of
lwp,|/(1 +Tekipt2i) in the highly-shaped case is lower than
that in the ITER-like one for all three radial positions.

In Fig.9, linear eigenmode structures along the field
lines are compared, where the eigenmodes giving the max-
imum growth rate are plotted. Reflecting the different
structures of B, wps, and ki shown in Fig. 6, the deviation
of the eigenmode profile from the circular case becomes
larger as p increases. One also finds that the highly-shaped
case indicates more strongly localized peak near 6 ~ 0, as
compared with the ITER-like (and also circular) case.

4.4 Comparison of linear zonal-flow dynam-
1CS

Finally, we present the comparisons of linear zonal-
flow evolutions in this section. Figure 10 shows time evo-
lutions in the linear zonal-flow damping and the radial-
wavenumber (k.p;) dependence of the residual zonal-flow
levels for p=0.30, p=0.50, and p=0.75, where the circu-
lar cases are also plotted for the ITER-like cases. We see
that the geodesic acoustic mode (GAM) frequency does
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Fig. 10

[(a), (b), (c)] time evolutions in the linear zonal-flow damping for k,p; =0.1 at p=0.30, p=0.50, and p=0.75, and [(d), (e), (f)]

the radial wavenumber dependencies of the residual zonal-flow level evaluated at =70, where “R-H” shows the analytic circular
result of (1 + 1.6¢%/€'/?)~! [15]. The higher residual zonal-flow level is confirmed in the highly-shaped case for all three radial

positions.

not change much in all the cases, while the residual zonal-
flow levels are enhanced as the shaping effects become
more significant [Figs. 10 (a) — 10(c)], i.e., “circular case”
< “ITER-like case” < “highly-shaped case”, and “inner
side (o = 0.30)” < “mid-radius (0 = 0.50)”< “outer side
(0 = 0.75)”. Particularly, for k.04 = 0.1 which is a typ-
ical wavenumber for nonlinearly generated zonal flows in
the ITG turbulence, approximately 2 times higher residual
level is identified in the highly-shaped case.

Another important finding is difference in the radial
wavenumber dependence of the residual level [Figs. 10 (d)
—10(f)]. As derived in Ref. [15], the k,-dependence of the
residual zonal-flow level in circular tokamaks appears only

in the higher order in €. Indeed, such weak k,-dependence
is confirmed in the present numerical simulations with the
circular equilibrium. In contrast, the strong k,-dependence
of the residual levels is revealed for both the ITER-like
and highly-shaped cases, where almost linear dependen-
cies with —0.08k, for p = 0.30 and p = 0.50, and with
—0.16k, for p = 0.75 are identified for k,p4 >0.5.

5. Summary

Realistic tokamak geometries have been success-
fully implemented to a local fluxtube gyrokinetic Vlasov
code GKYV, by using a newly developed interface code
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IGS which can construct straight-field-line flux coordi-
nates systems from MHD equilibria produced by a free-
boundary 2D Grad-Shafranov equation solver MEUDAS.
The accuracy of the flux coordinates, i.e., the axisymmet-
ric, Boozer, and Hamada, constructed by IGS has been ver-
ified with the analytic Solov’ev equilibrium model. As an-
other verification of GKV with IGS, cross-code benchmark
test has been carried out by using Cyclone-base-case like
MHD equilibrium, and good agreement in the dispersion
relation of ITG-mode are confirmed.

By using the extended GKV, the ITG-mode stability
and linear zonal-flow dynamics are investigated for two
types of shaped plasmas expected in JT-60SA tokamak de-
vice, i.e., ITER-like and highly-shaped plasmas in which
the MHD stability has been well examined. The detailed
comparisons including the conventional circular equilib-
rium reveal that both the ITER-like and highly-shaped
cases show the up-shift of yirg- and w,-profiles to the
higher-k, region in comparison with the circular cases. The
maximum growth rate is similar to or less than the circular
case for the inner sides of plasma (p =0.30 and p = 0.50),
while the outer side with p = 0.75 show the higher maxi-
mum growth rate at higher k,. It is also found that, when
the ITER-like and highly-shaped cases are compared, the
latter case shows relatively lower growth rate for all the ra-
dial positions examined here, where the maximum growing
eigenmode structure around 6 ~ 0 becomes sharper. Lin-
ear zonal-flow damping simulations clarify that the resid-
ual level is significantly enhanced by the shaping effects,
and the radial wavenumber dependence becomes stronger
in both the ITER-like and the highly-shaped cases.

From these analyses, it is expected that the highly-
shaped equilibrium shows less ITG-driven turbulent trans-
port than that in the ITER-like one, due to the reduction of
the ITG-mode growth rate and the enhancement of resid-
ual zonal-flow levels. It should be noted that since the
actual zonal-flow generation in ITG turbulence also de-
pends on the turbulence intensity, which is well correlated
to yirg/ ki [35,36], the reduction of the ITG-mode growth
rate can also decrease the source of zonal flows. However,
the enhancement ratio of the residual zonal-flow level from
the ITER-like to highly-shaped cases exceeds the reduction
ratio of the ITG-mode growth rate. The detailed compar-
isons on the nonlinear zonal-flow generations and turbulent
transport levels are demanded in a future work, and will be
reported elsewhere.
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Appendix A. Hamada, Boozer, and
Axisymmetric Coordinates

The fundamental properties of each coordinate system
are briefly summarized here.

A.1 Hamada coordinates (=0, f=Const.)

VI
- Al
Vne) = 1 (A1)
y//
BHH(p) = BVGH :471'27,

B%(p) = B-V{y = 4712% ) (A.2)
From Egs. (1), (2), (4), (11), and (12), one finds

BZ
<B2> [@ - 1], (A.3)
0 = Bu=Ppulp). (A4)

B-Vin

B-VBu

The equation (A.4) is the necessary and sufficient condi-
tion for Hamada coordinates, but one can always set #’(p)
in Eq. (6) such that 3}, = 0, i.e., h(p) = — [’dp Bu(p). Be-
sides, no h(p) exists to vanish ¥y, = ¥u(p, 0, {x) — h(p)
at any points in (g, {y) for a given p. Then, the covariant
components of B are given as

y;
B,(0,6u,{n) = 6—”, (AS5)
0
0y;
Bo, (0,0, {n) = 1+ ﬁ (A.6)
0y;
B, (0, 0n,ln) = J + ﬁ (A7)

where ¥}, is determined by Eq. (A.3) (Note that B - Vyy =
B-V¥j,). Also, the contravariant components of j are given
as

")y =T, j*“p) =T (A.8)

In Hamada coordinates, both the magnetic field and
current density lines become straight on the flux surface.
Although the Jacobian depending only on p is significantly
simplified (especially, for the flux-surface average), the co-
variant components of B become rather complicated.

A.2 Boozer coordinates (@ = 0, f = B?)

v (B)
4n2 B2

@B(p’ 03? gB) = (A9)

1403029-10



Plasma and Fusion Research: Regular Articles

Volume 9, 1403029 (2014)

BY(p.0.05) = B -V = 4712%% ,
B%(p,0p,(5) =B -V {p= 471'2%% . (A.10)
From Egs. (1), (2), (4), (11), and (12), one finds
. B?
B-VBp = p’[l - @}, (A.11)
B-Vyg =0 = yp=75p). (A.12)

The Eq. (A.12) is the necessary and sufficient condition for
Boozer coordinates, but one can always set /i(p) in Eq. (7)
such that ¥ = 0. The covariant components of B are, then,
given as

B,(p,05.{5) = By . (A.13)
By,(p) = 1, (A.14)
B{B(p) =J, (A.15)

where /3’;, is determined by Eq. (A.11) (Note that B-V3y =
B Vﬁ;). The contravariant components of j are given as

; B . oB*
0 =7 B =7
.] (p’0394’3) ‘] +6§B’ ] (p,eB,é’B) I +6GB .
(A.16)

In Boozer coordinates, only the magnetic field line be-
comes straight on the flux surface, but the covariant com-
ponents of B are simplified. This feature is advantageous
to solve numerically the guiding-center equations of mo-
tion.

A.3 Axisymmetric coordinates (@ = 0, f =

B-V{s, {a=0¢)

v, P'R?
Vaa(p 02 8) = 1 (RP) R = —— . (A7)
BHA(,O’QA’(M = BVQA = W s
J
B¢(p,9A,¢):B-V¢=F. (A.18)
From Egs. (1), (2), (4), (11), and (12), one finds

- , R
B-VB4s =p [l—m , (A.19)

- B? R

In contrast to Hamada and Boozer ones, the axisymmet-
ric coordinates show the finite B - VB4 and B - Vy,. It
is, however, noted that when the poloidal magnetic field
strength By, = P’|Vp|R™" is negligibly small, the ax-
isymmetric coordinates coincide with Boozer one, i.e.,
B - V¥4 — 0 (B? - B2, = J’R7?). The covariant compo-
nents of B are given as

-0y P2
By(0,04,0) = fa+ 5lpA = —qTVp-VGA (A21)

Ha _ q¥”?

B , 04, =1+—==
GA(p A ¢) OGA 7
By(p) = J, (A.23)

Vo-Vo, (A22)

where, Vp-V¢ = 0, VO4-V¢ = 0, and 9/0¢ = 0 are used.
Finally, the contravariant components of j are given as

. ’ . ’ BB

J"0y=T, j%0.6x,8) =1 + . (A24)

00,

In the axisymmetric coordinates, only B, and ;¥ are sim-
plified, i.e., By = Bs(p) and j® = j®(p), and this coordinates
are widely used for theoretical and numerical analyses of
tokamak plasmas.

Appendix B. Metric Components for
Circular and s-o Models
Analytic expressions of the concentric circular equi-
librium and the simplified s—a one are summarized here.
The detailed descriptions are shown in Ref. [34].

B.1 Concentric circular equilibrium

For toroidal plasmas with concentric circular flux sur-
faces, the axisymmetric coordinates (o, 84, ¢) are useful,
where p = (@ Pegge)'/? = r/a with a = (2Pegge/Bax)'?
is considered here. By using geometric polar-angle from
the magnetic axis, 6y, in (o, 8y, ¢), the SFL poloidal-angle
coordinate 6,4 is written by

04 = 2tan”! {(1 ; z)z tan(%o)}. (B.1)

The magnetic flux surfaces for given g are determined by
d¥/dr = Bur/q, where g = (1 — €2)!/?q. Using these
definitions, one can calculate the magnetic field intensity,
its derivatives, and the contravariant metric components as
follows: (Note that gy = g(po) and go = g(po).)

2\2
B.x
B=(1+€—2] — (B.2)
gy) 1+€cosby
OB B €
- = Oy — —— si 29
9x ~ BuxRux(1 + €cosfy) [COS oTrme i
e(1 - §+€q3/q7) -
0
0B (qo Besin 6, B.4)
dz  \go)1—€cosbycosb, '
Vxyz = qoRax (1 + cos 6p)* (B.5)
gxx:q_% Xy:q_% 50 _@ESineA (B.6)
@ a4 g 1-¢ '
w_ 40 sin 6, B.7)
S ql-é’ '
2 _ .
2 6
g =0 [ﬁzei _ 05, S0 ;‘}
N q0 1-€
9_3 (1+€/g}) . €2 sin” 6, B8)
g (L+e€cosbp)?  (1-€>)? |’ '
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Yz _ 1 q0 %0 sin 6,4 51(2) 1
g = — |- Lgg 2 + 2 2
Ra| qo " 1-€  q5e(l+ecosty)
€% sin®
+m] ’ (B.9)
1 6_]3 1 sin2 HA

TR e + B.10
! R [q% (1 + €cos@p)? (1 — )2 (B.10)

B.2 s-a equilibrium model

The so-called s—a equilibrium model used in gyroki-
netic simulations is a simplified model of the above con-
centric circular one. By expanding Egs. (B.1) — (B.10) with
respect to €, but keeping the lowest or the first order terms,
one can obtain the expressions in s—a@ model as follows:
(Note that go = go and 04 = 6,.)

0B B, cos 6

B = By (1- 6y), — = , (B.11

(1-€cos ) o R (B.11)

0B . R.x Bax

P = Byesinby, V.= 610% , (B.12)

gxx =1, gxy = §6,, gxz:() , (B.13)

1 1

W=1+56, ¢°=-—, ¢°=——. (B.l4

g § 0 g RaXE g R§X€2 ( )

It should be noted that, in contrast to the concentric circu-
lar model, the s—a model no longer holds the consistency
between the metric components and the magnetic field in-
tensity given as B* = c3[g™g" — (¢g"™)*].

[1] W. Horton, Rev. Mod. Phys. 71, 735 (1999).
[2] X. Garbet, Y. Idomura et al., Nucl. Fusion 50, 043002
(2010).
[3] A.M. Dimits, G. Bateman et al., Phys. Plasmas 7, 969
(2000).
[4] PH. Diamond, S.-I. Itoh et al., Plasma Phys. Control. Fu-
sion 47, R35 (2005).
[5] M.A. Beer, S.C. Cowley et al., Phys. Plasmas 2, 2687
(1995).
[6] R.L.Miller, M.S. Chu et al., Phys. Plasmas 5, 973 (1998).
[7] R.E. Waltz and R.L. Miller, Phys. Plasmas 6, 4265 (1999).
[8] E.A.Belli, G.W. Hammett et al., Phys. Plasmas 15, 092303
(2008).
[9] E.A. Belli and J. Candy, Phys. Plasmas 17, 112314 (2010).
[10] Y. Camenen, A. Pochelon et al., Nucl. Fusion 47, 510
(2007).
[11] A. Marinoni, S. Brunner et al., Plasma Phys. Control. Fu-
sion 51, 055016 (2009).

[12]
[13]
[14]
[15]

[16]
(171

(18]
[19]
[20]
[21]

[22]

[23]
[24]
[25]

[26]
[27]

(28]
[29]
[30]
[31]
[32]
[33]
[34]
[35]

[36]

1403029-12

A. Burckel, O. Sauter et al., J. Phys. Conf. Ser. 260, 012006
(2010).

T.L. Rhodes, C. Holland et al., Nucl. Fusion 51, 063022
(2011).

R.V. Bravenec, J. Candy et al., Phys. Plasmas 18, 122505
(2011).

M.N. Rosenbluth and F.L. Hinton, Phys. Rev. Lett. 80, 724
(1998).

Y. Xiao and P.J. Catto, Phys. Plasmas 13, 082307 (2006).
O. Yamagishi and H. Sugama, Phys. Plasmas 19, 092504
(2012).

H. Sugama, T.-H. Watanabe er al., Phys. Plasmas 14,
022502 (2007).

M. Nakata, T.-H. Watanabe et al., Phys. Plasmas 19,
022303 (2012).

M. Nakata and Y. Idomura, Nucl. Fusion 53, 113039
(2013).

T.-H. Watanabe and H. Sugama, Nucl. Fusion 46, 24
(2006).

M. Azumi et al., in Proc. 4th Int. Symp. Comput. Methods
Applied Sci. Engineering, Paris (North-Holland, Amster-
dam, 1980) p.335.

N. Aiba, S. Tokuda et al., Plasmas Fusion Res. 2, 010
(2007).

N. Nakajima, J. Todoroki et al., Kakuyugo Kenkyu 68, 395
(1992).

V.D. Pustovitov, J. Plasma Fusion Res. SERIES 1, 456
(1998).

T. Takeda and S. Tokuda, J. Comput. Phys. 93, 1 (1991).
M. Nunami, T.-H. Watanabe et al., Plasma Fusion Res. 5,
016 (2010).

H. Sugama, T.-H. Watanabe et al., Phys. Plasmas 16,
112502 (2009).

S. Maeyama, A. Ishizawa et al., Comput. Phys. Comm.
184, 2462 (2013).

F. Jenko and W. Dorland, Plasma Phys. Control. Fusion 43,
A141 (2001).

W. Dorland, F. Jenko et al., Phys. Rev. Lett. 85, 5579
(2000).

A.G. Peeters, Y. Camenen et al., Comput. Phys. Comm.
180, 2650 (2009).

H. Liitjens, A. Bondeson et al., Comput. Phys. Comm. 97,
219 (1996).

X. Lapillonne, S. Brunner et al., Phys. Plasmas 16, 032308
(2009).

M. Nunami, T.-H. Watanabe er al., Phys. Plasmas 19,
042504 (2012).

M. Nunami, T.-H. Watanabe er al., Phys. Plasmas 20,
092307 (2013).



