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In order to save the computing time or to fit the simulation size into a limited computing hardware
in a gvrokinetic turbulence simulation of a tokamak plasma, a loroidal wedge simulation mav be
utilized 1n which only a partial toroidal scetion is modeled with a periodic boundary condition m
the toroidal direction, The most severe restriction in the wedge simulation 1s expected to be in the
longest wavelength turbulence, ie., 1on temperature gradient (ITG) drtven turbulence. The global
tull-f gyrokinetic code XGC1 1s used to compare the transport and turbulence properties from a
toroidal wedge simulation against the full torus sunulation i an ITG unstable plasma in a model
toroidal geomelrv. It 1s found that (1) the convergence study in the wedge number needs to be con-
ducted all the way down to the full torus in order to avoid a false convergence, (2) a reasonably
accurate simulation can be performed if the correct wedge number N can be identified. (3) the
validity of a wedge sunulation may be checked by performing a wave-number spectral analysis ol

the turbulence amplitude jdUj and assuring that the variation of dU between the discrete ky, values
18 less than 25% compared to the peak jdUj, and (4) a trequency spectrum may not be used for the
valdity check of a wedge simulation. Published by AIP Publishing.
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[. INTRODUCTION

In order to save the computing time or to 11t the simula-
tion size into a limited computing hardware in a gyrokinetic
twbulence simulation of a tokamak plasma. a toroidal wedge
simulation 1s often utilized in which only a partial toroidal
section is modeled with a periodic boundary condition in the
toroidal direction. In the past, most of the wedge simulations
have been performed under simphified delta-t algorithms
(c g.. Refs, |-4 and many others). in which the trbulence 1s
drven by fixed background fluid plasma gradient and
which the neoclassical plasma  dynamics 15 ignored
Recently, global full-f simulations are also beginning to uti-
including XGC 17" that is the
code used for this study. A deeper understanding of how the
wedge sunulations could be similar to or ditferent trom the
full torus simulations can be benehcial Lor proper application
of the wedge simulations.

A full-f code can perform a different comparison, {rom
what a della-f code can, between the wedge simulations and
the full-torus simulations since it can obtain not onlyv the tur-
bulence properties and the transport tluxes, but also such
information 1n a self-organized state between the plasma pro-
file and the turbulence. Predicting the self-organized plasma

. . . 5.8
lize the wedge simulations,”

prolile is the ultimate goal of the plasma transport and turbu-
lence studv

The most severe restriction to the wedge simulation 1s
expected to arise n the longest wavelength turbulence, ie.,
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the  won dlemperature gradient  (1TG) drven
turbulence. In llhc present work. we study the TG
turbulence and neoclassical 1on phyvsies together i
the full-f' gyrokinetic turbulence code XGUT m an
approximate steady state. Gyrokinetie woms with
adiabatic electron response are used i oa cireular
cross- section torus that resembles the so-callec
Cycelane base-case plasma |1 Behavior of the jon
heat flux. and the resulting  scll-organized 1on
temperature profile. with o .dslfcrcnrr torol- dal
wedge size is reported. Detailed behavior of the
turbulence spectitm s also desertbed. As a result ol
the present study, a sunple Fmdclmq. 1o check 1t a
wedge simulation can reproduce the Tull-torus resull
within a few percent ervor, is suggested,

The paper is organized as follows: Section 1 provides a

brief summary of XGC L. Section 11T describes the simulation

setup and the achievement of the approximate steadv state

Dependence of the radial heat flux, i the form of effective
heat conductivity, and the turbulence spectrtum on the wedge

size 1s reported m Secs. [V and V, respectivelv, Section VI is

devoted to conclusion and discussion

[I. A BRIEF SUMMARY OF THE FULL-F GYROKINETIC
PARTICLE-IN-CELL CODE XGC1

XGCT 18 a “full-f7 (or called “total-I." equivalently)
910,13

gvrokinetic particle-in-cell code that does not use the
perturbative  “delta-f  assumption that the background
plasma can be described by time-invarant thuid plasma
based on the Maxwellian distribution function. In the pertur-
bative deita-f scheme, only the turbulent perturbed part of
the distnbution function 1s calculated using moderate num-
ber of marker particles (50 particles per grid node,



usuallv). In the full-f kinelic code XGCI. on the other hand,
the whole plasma kinetics mcluding the background, neo-
classical. and twrbulence dynamics are simulated together
using large number of marker particles (several thousands of
particles per grid node)

XGCI possesses other special strengths of including the
realistic diverted magnetic-tield region in the simulation
domain, handling the plasina particle loss to the material
wall, recycling the ueutral particles, and calculating the
Monte-Carlo  neutral particle transport with a charge
exchange and ionization nteraction with the plasma. As an
ion bit the material wall boundarv, it is converted into a neu-
tral atom at I'rank-Condon cnergy (3 ¢V is used in the pre-
sent study) with a random initial angle toward the plasma
Since we do not start the neutral particle recveling from their
molecular form, we normally prescribe some distance for the
birth ol the neutral atoms from the divertor plates. XGCl
also includes magnelic axis in the central core. Thus. the
simulation domamn of XGC1 1s the whole volume from mag-
netic axis to material wall, and across the magnetic separa-
rix. In a circular model geometrv with the outer simulation
boundary placed 1nside the last closed magnetic surface.
XGC1 has an option to return the escaping ions back into the
plasma by calculating the return point using the conservation
of energy and canonical angular momentum. This is the
option we take in the present study. The outermost grid
nodes are set to a ime-constant electrostatic potential (usu-
ally zero). When the outermaost grid points are on malerial
surface, the Debye potental drop is caleulated using a logi-
cal sheath method'~ (ie. an electrically insulated wall
condition).

In arder to simulate the particle-field dynamics in the
complicated edge geomelry, XGC1 uses unstuctured trian-
gular mesh on each poloidal plane. with the mesh nodes
being closely parallel to the magnetic field lines. Generation
of ficld-aligned mesh m a cylindrical coordinate system
requires a special and creative scheme. Npy,-number of
poloidal planes are located at the toroidal angle interval 2p/
Nptne:  Field-aligned mesh on a flux surface is generated by
(1) starting an initial mesh node at a poloidal angle (sav,
h %0 at outer midplanc) on a poloidal plane, (2) copving the
initial mesh node at all poloidal planes at the same poloidal
angle, axisvmmetricallv. (3) following the magnetic field
line from the imtial mesh node to the next poloidal plane in
the positive (or negative) poloidal direction to find the next
nmesh point, (4) copyving axisymmetrically this second mesh
nade at all poloidal planes at the new poloidal angle, and (3)
repeating this process until the mesh nodes cover the entire
poloidal angle, The last mesh node, in general, will not come
back to the inittial mesh node exactly, Thus, some minor
adjustments can be made in the poloidal angle intervals of
the mesh nodes so that the final mesh node coincides with
the mitial mesh node. The (approximately) field-aligned
mesh s then axtsymmetric, being identical at all the poloidal
planes. In this schenme, the poloidal mesh node interval on a
flux surface will be inhomogeneous due to the variation of
By=B,. The value By=B,. thus the mesh node distance, can
even approach zero near the magnetic X-point. In this region.

is extremely small i this region. this coarsening still vields
approsimately the tield-aligned mesh. When the radial mesh
distance becomes too coarse due to a large tlux expansion,
such as i the vicinity ot the magnetic X-point, then we can
refine the radial mesh in that subspace, forming a locally
field-aligned mesh structure.

The magnetic and wall geometrv can be read into XGC' |
[rom a realistic experimental analysis data in the form of the
equilibrinm fitting (FIT) g-egesk file,' " or from an analytic
description. For more detaled intormation ol the [ull-f
XGCI code that 1s most relevant to the present work, we
refer the readers 1o Ku et al. ™"

The full-f XGC1 gyrokinetic particle code has various
simulation  options.  All of them use gyrokmetic ions
Flectrons can be drift-kinetic, gvrokinetic, or fluid, Coulomb
collision operation has the fully nonlinear I'okker-Planck-
Landau option'™'® for modeling the non-Maxwellian edge
plasmas or the linearized Monte Carlo collision option”'*"’
for near-Maxwellian core plasmas. The nonlinear Fokker-
Planck-Landau collision operator is more expensive than the
linearized Monte-Carlo colhision operator in the computa-
tional cost. In the present study ol the ion-temperature-gradi-
ent (ITG) driven turbulence. deuteron i1ons species with
adiabatic electron model are used n a circular flux-surface
geometry torus. The linear Monte Carlo collision operator is
utilized since the pedestal and the scrape-oft plasma is not
included 1n the simulation. A core heating and edge cooling
is used for heat-llux driven plasma simulation to achieve a
(approximate) steady state plasma proftile. Particle and
momentum sources are tumed off for a simpler studv of the
subject. tor the wedge number N (with the whole torus rep-
resented by N 44 1), the total number of marker particles are
reduced by I/N. Sources and sinks are also reduced by 1/N
Five simulations al different N (N % 1. 2. 3, 6, 12) are com-
pared using an identical mitial plasma profile and magnetic
equilibrium,

[T SIMULATION SET UP AND THE APPROXIMATE
STEADY STATE

Since XGC1 15 a tull-f code, the plasma profile (ion
temperature profile in this case) evolves to reach a selt-
organized state in respouse to the turbulence and neoclassical
dvnamics. and to the heating and cooling sources. For the
present study, the simulation 1s set up as follows. We use a
toroidal concentrie circular magnetic geometiy: B4 1,141
at magnetic axis, Ry 4 1:7m: a %4 0:dm; a=Rq 44 0:235:
q % 083 p 2:18r=ab” % 0:85 39:2640r=Rb” . where B, R,
a. q represent the magnetic field strength. major radius.
nunor radius, and safety factor, respectively. The subscript
“(" denotes the magnetic axis position, These parameters are
chosen to vield a similar q and its shear to the conventional
Cyclone geometry ' However, a smaller a/R,, value is used
to reduce the computing time (the plasma minor radius a is
reduced from 0.61m of the Cyclone case to 0.40m for
Ro % 1.7m chosen here, or a/Ry is reduced from 0.36 o
0.235). Deuterons are used for the ion species. At the deu-
teron 1on temperature Tp % T "% 1keV. we have qx Y qif



B % B.. The whole toroidal domain 1s decomposed into 96
poloidal planes. Thus, a wedge simulation has 96/N poloidal
planes covering 0 :::/ << 2p=N. where / is the toroidal
angle and N % 2. 3, 6. and 12 for the N 6% | cases. On
cach poloidal plane. the mesh distance 1s 4 mm in the radial
direc-
tion and 3mm 1n the poloidal direction, resulting in 55,763
mesh nodes on each poloidal plane. About 1.500 deuteron
marker particles are initiated per mesh node, on the average
Convergence studies show that this manv particles are
needed to vield enough statistics for full-f particle simulation
of I'TG turbulence mn this larger aspect-ratio circular geome-
try. In realistic separatrix geometries with Kinetic electrons.
we olten use more namber of particles per mesh-node per
species. Total number of ion marker particles for the full-
torus simulation (N % 1) is about 8x10°, with a reduction to
810N for the wedge simulations. Radial domain is set as
00 Wy 0.9, where Wy s the normalized poloidal 1lux with
zeror % 0 and unity at r Yaa We supply 3 MW of ion heating
int the core region, 0::r Wy 222 0.35, and 3MW cooling in edge
region, 0.8 Wy 2 0.9 for the full-torus simulation (N % 1).
For wedge simulations, the heating and cooling power are
reduced to 3MW/N. Initial density and temperature profiles
arc shown in Iig 1. Electron temperature profile is fixed to
the initial lon temperature profile. We initially set R/
o4 2.2 and Ry/lL144 7.5 over the whole volume in order 1o
mnduce the growth of [TG maodes. The radial gradients around
the magnetic axis collapse well before the approximate-
equihibrium is reached

Figure 2 shows the time evolution of radially-averaged
plasma heat flux for the tull torus case. Each circle is aver-
aged over 0,450 Wy 0007 spatiallv. and Dt % 751s tempo-
rally in order to smooth out the shorter-time avalanche
fluctuations. The heat-tux saturates to 3 MW_ with a bursty
behavior (or tast-ime averaged avalanche behavior), thal is
equal lo the central heating power, and the turbulence prop-
erty and T profile reach the approximate-equilibrium without

a noliccable change. The avalanche and burstv behavior of

heat flux has previously been reported in other full-f simula-
. KA - - . .

tions ™" All the wedge simulations are also performed till
the approximate-equilibrium is reached. As an example. the

heat flux for N4 6 1s depicted in Tig. 3. again showing

b
|".\
i N N )
LR D-nsity i
A II\\. = -TempexalureJI
] ~o N . ]
' e |
| o fl ==
£ | : 4
i S |
| |
| .|
| |
0 Q.2 0.4 o 0.6 0.8

FICy 1 Toitial density n (hlie dotted line) and temnerture T fred solid Tine

127 e et e |
10 E (o= Spatio- Tamporal Averaged Heat Fiux
H | o Lecal Minima
g ;
= ‘ |
= 5 |
I Pow
& J SEAR 1y ',
4&,,51:: KVerkb B 4 A sr'_‘-f |
i LREIL [| b el o iy |
o . ! w ff 1~ g{;| h"fnﬁ% AL} Whsns |
' .i
0 : |
0 5 10
tirne  [ms)

FIG. 2. Radial heat flux versus time for N ;1

saturation at 3 MW. Compared to the full torus case, the
level of bursts 1s higher and the periods between bursts are
longer for N % 6. This appears to be from insufficient non-
linear interactions among different wave numbers in a wedge
simulation. as explained later. I we regard the lime beiween
two adjacent tocal minima. marked as red circles, as one
burst period in Figs. 2 and 3, the tme averaged heat [lux
over > and 10 burst periods in Fig. 4 shows the relative devi-
ation of the heat tTux to the mput power towards the end of
the simulation. It can be seen that the relative deviation {rom
the 10-avalanche averaging 1s only n63% toward the end of
the simulation, giving the meaning to our definition of
“approximate-equilibrium.” All the simulations presented
here are perlormed until this n63% imbalance between the
heat input and heat out-flow 1s reached with 10 burst averag-
ing. Likewise. all the physics analyses presented [rom this
point on uses the 10 burst averaging as defined above, unless
otherwise stated.

Figure 5 shows the radial profile ol the 1on temperature
T. the 1on heat tTux Q. the temperature scale length Ry=l 4
14 0Ry=ThdT=dr, and the effective heat dilfusivith v for
N4 1 at two different times atter reaching an approximate-
steady state. Here, 1 1s the plasma minor radius along the out-
board midplane and the effective heal ditfustvity is defined
as v % —Q=0ndT=drP. Betnween two dilferent approximate-
steady times, the difference is :83% compared (o the maxi-
mum value. Figure 5 serves as an uncertainty estimate m the
approximale-equilibrium  macroscopic  quantities obtained
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tfrom the simulation: For the temperature and heat [lux pro-
files, there 1s Iittle uncertamty (<« 3%). For the temperature
gradient and the effective heat conductivity, which are first-
order derivative quantitatives. the uncertainty s up to r:3%.

[V. COMPARISON OF THI HEAT TRANSPORT
BETWEEN THE FULL AND WEDGE SIMULATIONS

[n this section, various macroscopic physical quanti-
ties—heat tlux, temperature. temperature gradient scale-
length, and effective heat ditfusivity—are compared between
the (ull-torus simulation and the wedge simulations. IHeat
(lux in approximate-steady state 1n the source-sink free
region 0.45 <Wy<0.70 are shown in Fig 6, showing the
achievement ol an approximate steady state under 3 MW of
central heating and 3 MW of edge cooling. Red. green blue.
cyan, and magenta lines correspond to full-torus, half-torus,
1/3 torus. 1/6 torus, and 1/12 torus, respectively. Deviations
from the heat input power are within or around 63%, show-
ing an achievement of the approximate-steady state to the

In Fig. 7(a), Deuteron temperature T at approximate-
steadv state 15 displayed for N4 1, 2, 3, 6, and 12. Because
of the edge cooling, the edge temperature becomes similar
regardless of the N-values. Temperature profiles for N 44 1
and N %2 are visually indistinguishable over all radial
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domains. Temperature profiles for N%3 and 6 are also  Similar conclusion can be made from the effective heat dif-

almost indistinguishable. Thus, if we consider only N %12,
6, and 3. 1t appears that the convergence in the ion tempera-
ture profile 1s achieved at N %46, However, there is a non-
neghgible jump between N % 2 and N % 3. about 10% differ-
ence in the central temperature. Thercfore, the half-torus
stmulation only can reproduce the full-torus result in this
plasma. In order to quantity the convergence, we plot the rel-
ative root-mean-square deviation (in the % unit) between N-
wedge temperature pr%; i v h nus temperature

Tt W= T W0

prolile in Fig. 7(b): 4 T x 100, here. M

(% 72) 1s the total number of radial points on which the tem-
perature is recorded during the simulation. A false conver-
gence between NZ46 and 3, and the true convergence
between N % 2 and N % [ can be clearly scen

The important quanfity in the sell-organization of the
[TG turbulence with the background profile is the 1on tem-
perature  gradient length  1=L~ % ddT=drb=T. The
dimensionless temperature scale length Ry/Ly is plotted in
Fig. 8(a) asy a tunction of minor radius for each N. It can be
seen again that Ryl 1s virtually indistinguishable between
N % | and 2. except near the magnetic axis Wy =S 0.1 where
the [TG mode 1s stable and only the non-locally spread [luc-
tuations exist. N7 3, 6. and 12 show a non-negligible or sig-

scale

nificant difference from N/% 1 and 2. Since the radially
averaged gradient scale-length 1s meaningful for the global
turbulence and transport, the spatially averaged temperature
scale length Rq=L [ 15 depicted in Fig 8(b) lor each N for a

quantification of the convergence. It can again be seen from
Frg. &b that the convergence {rom NZ46 and 3 is a false
one. Only the convergence trom N4 2 to | is the true one.

fusivity v and the spatially averaged v in Fig. 9. All these
analyses show that the half-torus simulation 1s needed in
order to obtain a high-fidelity resull in the modeled plasma.
However, for an approximate study allowing For rv10% error
in the central temperature, N %4 6 can be used.

V. COMPARISON OF TURBULENCE SPECTRA
BETWEEN THE FULL AND WEDGE SIMULATIONS

It 15 of interest to understand how the turbulence solu-
tion changes and why the transport becomes different as the
wedge size becomes smaller. In Fig. 10(a). the radially aver-
aged k;, spectrum of the turbulent electric potential 1s
displayed, where k), vepresents the poloidal wave number.
The radial average 1s performed over [S radial points,
Wi % 0:05.0:1,0:15: ., 0:75. In Fig. 10(h), the area under
the turbulence intensity curve dui is plotted together with
the radially-averaged effective heat diffusivity ¥. Both fig-
ures contirm that the turbulence solution converges at N /42,
not at N ;2 3. Convergence of ¥ is similar to the convergence
of the turbulence energy du” | as expected.

A more detailed understanding of the turbulence prop-
erty can be obtained by analvzing the k, spectrum at one
radial Jocation. especially on a mode rational surface. Figure
11 shows the turbulence spectrum on the q % 1.5 swiface,
which corresponds to Wy 045, and v 022 m. The local
turbulence intensity becomes spiky in kj, as N increases. Ax
can be seen from Fig, 11, only the toroidal mode number
n%0. N, 2N: ... can be captured in the wedge simulations.
The ku( % ng/r) value of the reselved modes n the wedge
simulations, thus. can be expressed as multiples of Ng/r
Thus, Dk,% Ng/r between the local maxima in the ky
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spectrum becomes approximately 20, 40, and 80 (rad/m) for
N3, 6, and 12, respectively. This is described as blue,
cvan, and magenta arrows in [ig. 11 It can be scen that the
Ky, spectrum for N4 2 approximatelv follows that of N 4 1
throughout the entire k;, range, with the fluctuation between
different k;, values being less than 25% compared to the max-
imal turbulent jdtlj. However, the spectrum for N 443 devi-
ates significantly from that of N% | at a lower k;, range
where most of the turbulence energy resides, and the heat
transport 1s driven: The fluctuation between different k;, val-
ues is noticeably greater than 25%, compared to the maximal
turbulent jdUj.

[t is interesting to notice that the frequency spectrum is
less sensitive to the wedge number than the wave-number
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spectrum, as can be seen from Fig. 12(h). N4 1, 2. and 3
show a similar frequency spectrum. Thus. the use of the fre-
quency spectrum to measure the validity of the wedge simu-
lation can yield an emratic conclusion. The reason for this
observation can be understood from Fig. (3. plotted at
Wy n 045 Even though the k; spectnun shows a discrete
behavior, the trequency specttum shows overlaps. Figure 13
also shows gaps in the ky, spectrum 1n the wedge simulations,
Only N4 2 case shows a relatively insignificant gap between
the discrete ky, spectra in the model plasma used here.

Note here that the degree of gap between the discrete ky,
spectra is determined by the gap distance Dk, % Ng/v and the
turbulence spread in the k;, direction at cach discrete kj, val-
ues, which can be a function of plasma equilibrium (e.g., dis-
tance between mode rational swfaces, ion gyroradius q;,
magnetic shear, and others). For the same ¢, the relation
DKy, % Ny/r states that the gap distance becomes smaller at
greater r and the turbulence physics states that the spread in
Ky, 1s proportional to . Thus, the convergence wedge num-
ber N can be greater than 2 in the normal cvelone geometry
where the plasma minor radius 1s 1.5 times greater, and the
1on gvro-radius is also greater by the same factor for the
common a/q; % 100 ratio. Thus, N 42 for the valid wedge
size 1s a rather conservative number for conventional toka-
maks with a similar aspect rauo (Ri/a) as the Cyclone base
case. The present study suggests, however. a method to iden-
tify the validity of a wedge simulation. A wave number spec-
trum needs to be studied and the fluctuation of jdUj in the ky,
spectrum can be checked to be below 25% of peak jdUj as a
necessary condition for a rehable wedge simulation in a
global tull-f code such as XGC1. The wedge number N may
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VI. SUMMARY

Deviation of the thermal transport and the turbulence
characteristics caused by a wedge simulation is investigated
in the full-{' gvrokinetic code XGCI using a model toroidal
geomelry. It is found that (1) the convergence study in the
wedge number needs to be conducted all the wav to the full
torus in order to avoid a false convergence, (2) a reasonably
accurale simulation can be performed 1f the correet wedge
number N can be identified, (3) the validity of a wedge simu-
lation may be checked by performing a wave-number spec-
tral analysis of the turbulence amplitude jdU; and assuring
that the variation of jdUj between the discrete ky, values is
less than 25% compared 1o the peak jdUj. and (4) a fre-
quency spectrum mayv not be used for the validity check of a
wedge simulation. However, we also note that this 25% con-
dition in the Kk, spectrum has not been thoroughly investi-
gated in various tokamak geometries and can only be used as

FIG. 12 (a) Spatial averaged fre-
quency  spectrum  over 15 different
radial locations and (b) the [requency
spectrum at Wy 0.45 of turbulent
potential at outboard mid-plane

- N W b X

Voend fone

FIG. 13. f - k;, spectrum of turbulent
clectric potential at Wy v 0.45.
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