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A new electromagnetic kinetic electrdi particle simulation model has been demonstrated to work
well at large values of plasm@a times the ion-to-electron mass rafié. Chen and S. E. Parker, J.
Comput. Phys.198 463 (2003]. The simulation is three-dimensional using toroidal flux-tube
geometry and includes electron-ion collisions. The model shows accurate shean Afxe
damping and microtearing physics. Zonal flows with kinetic electrons are found to be turbulent with
the spectrum peaking at zero and having a width in the frequency range of the driving turbulence.
This is in contrast with adiabatic electron cases where the zonal flows are near stationary, even
though the linear behavior of the zonal flow is not significantly affected by kinetic electrons. Zonal
fields are found to be very weak, consistent with theoretical predictiong foelow the kinetic
ballooning limit. Detailed spectral analysis of the turbulence data is presented in the various limits.
© 2004 American Institute of Physic§DOI: 10.1063/1.1689668

I. INTRODUCTION field-line-following coordinate’s and includes electron-ion

R | | . Kinetic simulati collisions. The simulation reported here uses a time step only
ecently, a new electromagnetic gyro met!c simu at.'o.none—third smaller than the time step typically used in adia-
model has been developed that works well with a reaI|st|cb<,:1,[iC electron simulations

massl_ ratio andd a,B? typical OT toka_makhplas_maalsz. _Here, d In this paper we present our most recent simulation re-
new linear and noniinear results using this simulation mo €5its on microturbulence with both ion-temperature gradient
are reported. This simulation has been linearly benchmarked trapped-electron drive for typicekmode plasmas. The

n tor40|dal geometry with the contlnuum-codmf and spectral features of this type of turbulence are examined. We
GYRO" and shows good agreement. Until recently, three'focus on wavelengths in the p;~0.1—1 range and do not
dimensional gyrokinetic particle simulations with realistic address electron—temperature-lgradiéﬁTG) turbulence on
geometry have usegd4the adiabgtic electron approximation. p. scale lengthdwherep; ion gyroradius ang, is electron
Contlnuum modef™ haye previously reportgd electromag- gyroradius. This makes the drift-kinetic approximation valid
netic results. Both continuum anéf particle-in-cell (PIC) for electrons

models may be of value in various limits. Both models, to- We begiﬁ by giving a very brief overview of the simu-
gether, prowde_ an |mp0rtan'F _nonlmear cross ch_eck. PICiation model. Further details can be found in Refs. 1 and 2.
models are typlcal!y more efficient at solving kinetic prob- We then show that the simulation model works well on two
lems that require fine phase-space resolutforience, they basic electromagnetic test problems: shear Aifwsave

?re l:jgeful fqr er}surr]mg convergence in terms of resolving th%iamping, and the collisionless tearing mode instability. Next,

Ive-dimensional phase space. we discuss recent linear and nonlinear results where the ion
The difficulty with a fully kinetic treatment of electrons .4 ¢actron gradient scale lengths are the s -

in. gyrokinetic particle simulat.ions using théf-method is a given speciesy=(i,e), ratio of temperature graldieno'([ to

arises from the fapt that for typical tokamak p!asmas, V\.’her%ensity gradient. Past reported results used a zero electron-

the electron and ion temperatures are of similar magn'tquemperature-gradient to avoid ETG drive. It turns out that

the electrons move a factor of ym; /m, (m; andm, are the settingz,=0 was unnecessary. Finally, spectral analysi$

masses of the lon and_the elect}cﬁmter than the lons along the turbulence is given showing the features of zonal flows in
the magnetic field. This poses a stringent constraint on th?ne adiabatic and electromagnetic limits

timestep kv At<1, wherek,~1/(gR) is the wave number

along the magnetic field line ang, is the thermal speed of

the electrons. To overcome this constraint a new kinetic elec)- MODEL EQUATIONS

tron model that uses a generalized split-weight schEme,  Three analytical/numerical techniques are used for direct

where the adiabatic part is adjustable, along with a parallesimulation of kinetic electrons in three-dimensional geom-

canonical momentum formulation has been develdfed. etry with electromagnetic perturbations. The first, is a ca-

This was done in three-dimensional toroidal geometry usingionical parallel momentum formulatibhis used to elimi-
nate numerical instabilities associated with finite-

apaper FI15, Bull Am. Phys. Soa8, 84 (2003. differencing thedA;/dt term in the parqllel electr?c figld,
Pinvited speaker. E,=—Vi¢—0A,/dt, and the second is, a split-weight
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method?is used for the electrons that permits larger time
steps. Third, careful numerical evaluation of thef)&(/cz)A” —0.0020¢ ]
term that appears in Ampes law in the canonical parallel

momentum formulation permits accurate electromagnetic K —0.0015

simulations at moderatg, see Ref. 1 for details. ~ —o0.0010F i
The canonical momentum formulation of the gyrokinetic & ]
equations are used whem,=v,,+(9,/m,)(A,) is a ca- —0.0005 3
nonical coordinate. The gyrokinetic equation is ]
0.0000 L . . ;
%—'—VG Vi "‘bu ﬂzc(f ) (1) 0.0 0.5 1.0 1.5 2.0
at ] o T “ g (%)
wherea=i,e, FIG. 1. Damping rate vg for the shear Alfva wave. The solid line shows
the damping rate from the kinetic dispersion relatitmeory) compared to
p”a=%5-v<¢>— %B‘VB“L V)o(b-VDb)-vg that from simulation shown as triangles.
n &v V(A @ the kinetic dispersion relation is possible for comparison
m, °¢ " with theory. This is an important test of the simulation and

this particular problem has been used by many others in
developing electromagnetic kinetic electron mod&fg!
Figure 1 shows the damping rate versBisThe solid line

. shows the damping rate from the kinetic dispersion relation
=(E)Xb/B. Here(l, is the gyrofrequency. The electrons theory compared to that from simulation shown as tri-

are described by the drift-kinetic equations due to their smal ngles. Good agreement between theory and simulation is
gyroradii, hence{¢)=¢, etc., for electronsC(f,) is the observed. For this caskp;=7.14<10°% k,p;=0.2, k
collision operator where only electron-ion collisions are con-_  + _ m /m.= 1é37 Ax:A),/:g) ép ,A;

1 | e | e ’ . [l

sidered and a Lorentzian operator is uset:1?Equation(1)
along W!th gyrokiqetic Poisson equatic;(rquasineptrality A second important electromagnetic test of or simulation
and Ampee’s equation make a complete set. Details on thesf‘nodel is the collisionless microtearing mca#e?* Here, we

equations and the methods used to solve them can be fourgge a two-dimensional bounded slab model and neglect the

in Ref. 1. ion responseSn; = 0. The dimensionality of the simulation is

_T_he_ S|mu_lat|0n IS tor_0|dal and uses a I(ﬁvmagn_eng reduced from three to two by settikg=0. An electron cur-
equilibrium with concentric flux surfaces. The magnetic field layer is initialized having the formc, exp—(x

strength is B(r,0)=Bg[1—(r/Rg)cosh]. Field-line- —LJ2)%a2. Here,c, i _ _ ;
4 . : « . ,Cq Is set to—enguy, anda=0.5p; . Fig-
following coordinates are ustand (,y,2) are defined by ure 2 shows the total nonlinear saturafed Contours ofA,

X=I""To, y:(ro/qol)(qﬁ_—dg“)l an%. Z=quoﬁ,h where correspond to traces of the magnetic field lines. Figure 3
(r.0.{) are the usual toroidal coordinate, is the major  gp,\5" the nonlinear evolution afA, for the fundamental

radius at the magnegc axi$o IS the minor radius at the ky, integrated over alk. Nonlinear saturation is observed
center of the simulation dF’ma'”z am@:q(lro) the safety and the level agrees fairly well with the theoretical level
f_acto_r. The length Qf the simulation dom?"” along the f_'eldpredicted by Drake and L&8 A nonlinear bounce frequency
line is ZWqORO' Perlqd|c boundary cond|_t|_on_s are US_EdX'n is observed which corresponds to electron motion around the
andy, while the toroidal boundary conditibhis used inz. -4 “\we have developed a linear eigenmode calculation of
By assuming periodicity in radius at fixgdrelaxation of the - 4,5 ¢ qjjisionless microtearing mode. To make the theory trac-
background equm.brlum ten_\perature and density profiles is ble, the ion response is neglected and wefsed, so that
prevented, even if no .part|cle and heat sources are useé‘ is from induction only. This is similar to what was done
However,_spatlal_ly localized perturbations of the temperatur%y Katanuma and Kamimuri. Figure 4 shows excellent
and density profiles are free to ocdand do. agreement between the gyrokinetic simulation and the eigen-
; mode calculation. For all the microtearing mode resuilts
Il. SHEAR ALFVE N WAVE AND TEARING MODE =2.5p;, Ly=6.2&;, $=0.001, m;/m,=1837, andc/wpe
TESTS =0.23; . The width of the current layes, is varied in Fig.
4 keepingky=1.0pi_1 fixed. More details on this tearing
rgfode problem will be reported in a future publicatfon.

vGa=u”aB+vda+vE is the guiding center veIocityB=b
+(8B,)/B, Vgo=(v2+0%/2)/Q,B’BXVB is the drift ve-
locity for low B tokamak plasmas withB<<1, Vg

=/(16k,) and there were 32 electrons per grid cell.

Here, we examine two classic low-frequency electro-
magnetic plasma problems to demonstrate the robustness
the simulation model. First, the linear damping of the sheag
Alfvén wave. Second, the linear and nonlinear evolution of a
collisionless kinetic tearing mode. Here we present how the growth rate and the ion heat

The damping of the shear Alfwewave is primarily due diffusivity scales withR/L; and 3, whereR is the major
to electron Landau damping and is a good test of kineticadius,L+ is the temperature gradient scale length, gnd
electron electromagnetic physics. This test is done in théhe plasma beta. We use typi¢dimode parameters from the
uniform plasma slab limit where exact numerical solution toDIIl-D cyclone base cas€:?’ We set the ion and electron

V. TURBULENCE SIMULATION RESULTS WITH n5,#0
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FIG. 4. Tearing mode growth rate kga. Simulation results are shown as
an asterisk and eigenmode calculation are shown as the solid line.

nonlinear critical gradients are found to be lower with kinetic
electrons relative to the adiabatic electron case. RHe;
scan in Fig. 5 is done using=4x10"3.

Figure 6 shows the ion heat diffusivitisquares and

0 % Ly linear growth ratécircles versusg for the cyclone base case
parameters. Only weak finitg-stabilization is observed and
FIG. 2. Contour plot of totah(x,y) showing the tearing mode. there is not much reduction in ion heat transport as well. This

result is interesting because it is in contrast to the previously
published results in Ref. 2 where ion heat transport was
temperature gradient scale lengths equal to each dtver greatly reduced with increasing when ».,=0 (and for 8
17.=7;) where p,=L,,/Lt,. In past results reportedy,  below the kinetic ballooning limjt This indicates that one
was set to zerd? The equilibrium gradient scale lengths are might see reduced transport with increasjhgnly when the
Ro/Lp=2.2, Ry/Lj=Ry/L1c=6.9, T4=Tge, Tro/Ry ion temperature profile is more peaked relative to the elec-
=0.18,09=1.4,s=(ro/qp)(dg/dr)=0.78. Figure 5 shows tron profile so thaty,<7;.
the ion heat diffusivity (squareps and linear growth rate The ion heat diffusivity,y; , is calculated in Figs. 5 and
(circles versusR/Lt with 7.=7;. A supercriticalR/Lt is 6 from the ion heat flux [ dvf-vel/2mp?5f;) divided by
still present with electromagnetic perturbations and kineticl/L). For these results the perpendicular box size was
electrons as was found in adiabatic electron simulatfiéfS. 65.3;X 64p;, the grid number was 6464x32. The number
However, with kinetic electrons, the trapped electron driveof particles per species was 4,194,304, and the time step was
cause both the linear growth rate and the nonlinear ion heat;At=3. The collisionality was set to,L,/v=0.136,
flux to be much higher. Both the linear and the upshiftedand the mass ratio was, /m,=1837.

Q.005F T T T T T T T T T T T sk T T T s _'0’30
: ' [ 10.25
12| ]
J 0.004 [ ]
s 10F 10.20
= N [ ]
c [ Q [ ] =
2 : - L ] >
S 0.003F > 8f Jo.15
o ~ [ o« <
5 - 6F . : &
i : < 1 o 10.10
> 0.002f ar ]
I R Joos
2 5 ) *
o 0.001p [ - ]
Qq_, - 01.'!..I. PP P [P Posaas . 0.00
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0.000b. ./ o 4 R/LT
0 20 40 60 80 100 120
Time FIG. 5. lon heat diffusivity(squares and linear growth ratécircles vs
R/L+ scan withn.= %; . A subcriticalR/L is still present with electromag-
FIG. 3. Nonlinear evolution 06A(k,=2m/L,). netic perturbations and kinetic electrons.
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FIG. 6. lon heat diffusivity(squares and linear growth ratécircles vs g
with 7= 7; . Weak finite stabilization and not much reduction in ion heat
transport are observed.

FIG. 7. Two-dimensional power spectrum in the adiabatic electron limit
showing the dominance of the zonal flows.

The experimentally measured ion heat diffusivity for the

DIII-D shot (shot No. 81499 at timé=4000 ms, on which change. This diagnostic is obtained by choosingadia)
the base case parameters are bpiseg =0.16"in the units andz (along the field ling to be in the center of the domain.

shown in Figs. 5 and 6. This is lower than the adiabatic_. . ; . : : .
electron level and much lower than the results presented heflgure 7 is the result with adiabatic electrons and Fig. 8 is
eﬁectromagnetic with8=0.4% and kinetic electrons with

W'th kmet'(.: electrgns. The value gf aft R/L.T 6.91n Fig. 5 ne.=_0. This value ofg is chosen so that the overall fluctua-
is three times higher than the adiabatic electron éase. ' . . .
Lo . ion level is the same for both cases due to firitstabili-
Hence, the effects of kinetic electrons are clearly important _.. S . .
X . ation. The results with kinetic electrons in the electrostatic
and tend to increase the growth rate and ion heat transporf. . - . ;
When comparing directly to experiment. other effects ma limit are similar, but the overall amplitudes are much higher
parnng y P ' Ydue to trapped electron drive without any fingestabiliza-

be playing a rolg !ncludlng prof|le'\./ar'|at|on, equnlbrl.u'm tion. We will refer to the electromagnetic case with kinetic
shear flows, realistic magnetic equilibrium and impurities. . . , o

) - electrons as the “electromagnetic case,” but it is important to
Allthese effects are not modeled here. Magnetic eqUIIIbrIumno'[e that the electrostatic kinetic electron case shows similar
effects tend to be stabilizing, such as the Shafranov %hift.

Realistic magnetic equilibria has recently been added to th](‘aeatures. It is the fact that there are kinetic electrons that

simulation model discussed here and is found to be stabiliz-
ing for the DIlII-D base case with adiabatic electrons. More 5
importantly, the radial profile variation and strong equilib- |6"(x. ky, @) a.u. - Electromagnetic
rium shear flows in DIlII-D plasmas are stabilizing and must
be included to better agree with experimental transport lev-
els. These effects have been modeled in recent global simu
lations, showing good agreement with the ion heat diffusivity
for DIlI-D L-mode plasma$’

V. SPECTRAL ANALYSIS OF TURBULENCE DATA

Next, we discuss the spectral features and characteristic
of the turbulent fluctuations observed in the simulations. We
use the GKV data analysis tools developed by Neirghe
various spectral data will be described in terms of field quan-
tities which are functions ofx,y,z,t) where the coordinates
(x,y,z) are the field line following coordinates defined in
Sec. Il

Figures 7 and 8 show the two-dimensional power spec-
trum of electrostatic potential for both adiabatic electrons
and kinetic electrons. The parameters are the same as in Se..

IIl, but 16 777 216 particles were used. Similar analysis hag; . g. Two-dimensional power spectrum for electromagnetic kinetic elec-
been done using 33554 432 particles and the results do nebn turbulence showing a more turbulent spectrum overall.
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FIG. 9. Two-dimensional power spectrum of the flux-surface-averaged eIeCFIG 11. The flux-surface-averaged electrostatic potential for electrostatic
P P J diabatic electron turbulence. Zonal flows are near stationary.

trostatic potential for electrostatic adiabatic electron turbulence. The zoneﬁ1
flow spectrum is narrowly peaked abauit=0.

(ky,w). This diagnostic is easily obtained by averagitbn
makes the spectral features different. From these power speg-andz Figure 9 is the adiabatic electron case and Fig. 10 is
tra, one can clearly see the presence of the geodesic acoustiie electromagnetic kinetic electron case. The adiabatic elec-
mode(GAM) and the zonal flo#* at zerok, . The turbu-  tron case has zonal flows that are very peaked=a0, and
lent spectrum is also observed at negative phase velocity, iextremely coherent GAMs as well. On the other hand, the
the ion diamagnetic drift direction. The electromagnetic cas&lectromagnetic case has quite turbulent zonal flows peaked
has more energy in the turbulence region kof ) and less  at w=0. The width of the zonal flow spectrum corresponds
in the zonal flow region relative to the adiabatic case. Figuresvith the correlation time of the driving turbulence. Figures
7 and 8 are contour plots using the same scale. “a.u.” in thel1l and 12 show the flux-surface-averaged electrostatic poten-
figure signifies that the units are arbitrary, but the same unitsial as a function of ,t). Figure 11 is the adiabatic electron
are used in all spectral plots reported here. case, where it is observed that the zonal flow is near station-

Figures 9 and 10 show the two-dimensional power specary after initial, fairly long lived, transients. The time axis for
trum of the flux-surface-averaged electrostatic potential irFigs. 11 and 12 correspond to a total time of 1290c,.

The fast oscillations correspond to GAM oscillations. In con-

|<¢>|2( k o ®) a.u. - Electromagnetic

<¢>(x,t) a.u.- Electromagnetic
1 5x10
B .

kxpi

x/p;

FIG. 10. Two-dimensional power spectrum of the flux-surface-averaged
electrostatic potential for electromagnetic kinetic electron turbulence showFIG. 12. The flux-surface-averaged electrostatic potential for electromag-
ing a more turbulent zonal flow spectrum. netic kinetic electron turbulence. Zonal flows are more turbulent.
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