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II. Gyrokinetic simulations
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The direct quantitative correspondence between theoretical predictions and the measured plasma
fluctuations and transport is tested by performing nonlinear gyrokinetic simulations with the GS2
code. This is a continuation of previous work with gyrofluid simulatibbsW. Rosset al, Phys.
Plasmas9, 177 (2002], and the same L-mode reference discharge in the DIII-D tokarak.

Luxon and L. G. Davis, Fusion Technd, 441 (1985] is studied. The simulated turbulence is
dominated by ion temperature gradiefdTG) modes, corrected by trapped-electron,
passing-electron and impurity effects. The energy fluxes obtained in the gyrokinetic simulations are
comparable to, even somewhat higher than, those of the earlier work, and the simulated ion thermal
transport, corrected fde X B flow shear, exceeds the experimental value by more than a factor of

2. The simulation also overestimates the density fluctuation level. Varying the local temperature
gradient shows a stiff response in the flux and an apparent up-shift from the linear mode threshold
[A. M. Dimits et al,, Phys. Plasmag, 969 (2000]. This effect is insufficient, within the estimated
error, to bring the results into conformity with the experiment.2802 American Institute of
Physics. [DOI: 10.1063/1.1518997

I. INTRODUCTION AND SUMMARY threshold, and the gyrokinetic energy fluxes can exceed those
given by the gyrofluid code. One reason for this could lie in

In the previous work we presented gyrofluid simula- the approximations used to represent the trapped particles in
tions of turbulence and comparison with experiment usinghe gyrofluid code(Most benchmarking of the various non-
the GRYFFIN code. Here we turn to fully nonlinear gyroki- linear codes has been carried out with adiabatic electfons.
netic simulations of the same L-mode discharge on DIII-Din that limit for our example the gyrofluid and gyrokinetic
using the GS2 cod&.® This code treats both electrons and codes agree fairly closely.
several species of ions gyrokinetically in a five-dimensional ~ Varying the input ion temperature gradient we do see a
phase space continuum. In particular, trapped and passirgtiffer” response and evidence of a Dimits shift in the gy-
electron dynamics and pitch-angle scattering are includedokinetic results. However, just as in the gyrofluid case the
The code is fully electromagnetid, but we present only results remain larger than the experimental values for any
electrostatic examples here. It is a flux tube code, employingemperature gradient that is consistent with the experimental
magnetic field-line coordinatésand is coupled to an EFIT values within the uncertainties of the measurement. We de-
equilibriun® that describes the shaped tokamak geometry. Iiscribe the GS2 code and its properties in Sec. I, and briefly
the range of wave numbers that we consider heegp( review the experimental datélhe paper is meant to be read
<1), the dominant instabilities are ion temperature gradient" conjunction with Ref. 2.In Sec. Il we compare the simu-
(ITG) modes, but their growth rates can be strongly modifiedations with the data and with the previous simulations, and
(usually increasedby the presence of trapped electrons andin Sec. IV we reflect on the results and speculate on how
impurities. they might be improved.

It is expected that the gyrokinetic turbulence levels and
associated transport fluxes will be lower than those generatdd THE CODE, SIMULATION OUTPUT, AND
by the gyrofluid code, principally because of improved treat-EXPERIMENTAL DATA

ment of zonal flow dynamics. That is, gyrokinetics preserves  GS2 is a nonlinear gyrokinetic code that computes tur-
an undamped component of the zonal flows that suppressggilence in a flux tube centered at the chosen raditist

the turbulencé? This is especially true near marginal stabil- makes use of ballooning formalism, taking the sheared mag-
ity, where an effective upshift of the critical temperature gra-netic geometry from an EFIT equilibriuthinput consists of
dient, known as the “Dimits shift,** occurs. For our ex- fixed background values and gradients that are experimen-
amples, however, the ion temperature gradient is well abovgally determined, and grid and mode distributions commen-
surate with the expected dominant turbulence. In five-

aEjectronic mail: dwross@mail.utexas.edu dimensipnal phgse space the codg calcylates the evolution of
PPresent address: The University of Maryland. a main ion species, one or more impurity species, and elec-
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trons on drift-wave time scales. The electron response inIABLE I. Experimental transport losses through the surfaee0.7 att

cludes nonadiabatic trapped- and passing-electron contrib —=1160 ms of the reference shot, 98777. Hére,37.6 nt is the area of the

tions. Thus, transport of both energy and particles is ux surface.
calculated, and trapped electron modes and impurity drift Energy fluxes Loss through surface MW
waves are included along with their coupling, both linearly™, ="~ cion GA=1.3
and nonlmearly, to the ITG modes. _ lon thermal convection 3 T,A=0.2

The code is fully electromagget?ci;)ut the calculations Total ion thermal flux QA=qA+ 3ITA=15
presented here are electrostatic, ilg= A, =0. Electromag- Electron thermal conduction qeA=1.2
netic results, which require much more computer time, have Electron thermal convection STTA=0.2
been reportét! and will be discussed more fully  Total electron thermal flux QA=QA+ ST TA=1.4
elsewheré? At the low values of3=2u,nT/B? in this dis- Total thermal flux Qe+ Q)A=29

charge, we expect the electromagnetic effects to be smalt.
The linear growth rates for the present case are, in fact, re-

duced by a small amourihich we judge to be inconse- tota| electron and ion energy lossé,=Q,A, through the
quentia) from the electrostatic ones. In nonlinear electro-agjal positionp=0.7, whereQ; is the flux andA is the
magnetic simulations of other dischardese have found gyrface area.

that the electrostatic energy flux€¥*=3(pTg)/2 are not The density fluctuation level estimate of Ref. 1 at this
significantly changed, nor is there a significant contributionr(,:ujius is|ﬁ/n|$0 4% to[fi/n|<0.6%

to the electromagnetic ion energy Q™= (gj;B,)/B,. We

have observed, however, a modest but theoretically interesﬁ-I SIMULATION RESULTS AND COMPARISON WITH
ing contribution in the electron channel fronQc™  pata

=(Te B, )/B,. This effect, which is still under investigation,
would not improve the results of the present paper.

A principal saturation mechanism, which is accounte
for by the code, arises from the toroidally and poloidally
symmetric modes, i.e., the zonal floWsBackgroundE x B

Figure 1 shows the time dependence of the total ion
d(including impuritie3 and electron transport fluxes, pre-
sented in dimensional units as total enefyyW) crossing
the surface ap=0.7 vs time(us). After the initial transient,
the transport settles down to a near steady state with fluctua-

flow shear, however, is not included, nor are equiIibriumtions and occasional bursts. The average valifes. P
radient variations across the computational donfiain. ' imp
g P =4.9 MW and P.=3.8 MW exceed the observed experi-

Other features of the code input are similar to those of : .
the gyrofiuid code reported previously, except that the mid_mental values listed in Table | by factors 3.3 and 2.7, respec-

plane half-diametela replaces the density gradient scaletlvely' Figure 2 ShO.WS the normahzgd potenltlal fluctuation
length L in  the normalizations.  where L spectrum as a function of the normalized poloidal wave num-
ne 1 ne

=a(dns/dp) 1, andp is the normalized flux-surface label. berkp; (omitting thekyp; =0 component, which represents

. the zonal flows This resembles both the experimental and
For example, the energy fluxes are normalized to . . . . .

2 5 2 2 the simulated-gyrofluid density fluctuation spectra shown in
NeTipivy/as rather than ngTipivy/Lye, Where v

— JT./m; and p;=vri/wg . The cases presented here WereFigs. 5 and 6 of Ref. 1, respectively, but shifted to slightly
I I I I cl*

. . . ) lower wave number.
run dW'th 114§§I0|dal modeﬁv\:ttk;] k(_’l_p igclooélgndtsti ral\clj al To investigate the stiffness of the response to the ion
modes on processors of tne CM )a_ € Na- temperature gradient, we variedT;/dp, while holding
tional Energy Research Scientific Computing Cente

r . . . .

. . dT./dp fixed. The resulting dependence is compared with
(NERSOQ. A typical runlreqwred about 5.7 hours per ProCeS that of the gyrofluid results of Ref. 1 and to the maximum
sor to calculate 9000 time steps.

. . . . normalized linear growth rate in Fig. 3. Plotted against
We believe the poloidal and radial box size and resolu- g g g

tion are adequate to describe the ITG modes. The poloidal
wave number spectrum is smooth, peaks at abq; 20
=0.35, and should be well covered by 11 modes Witp;

=<1.0. This does not preclude interaction with higher wave "
number electron modes, which we do not investigate here

The radial mode distribution and box size are chosen as ir

the GRYFFIN code, to achieve higher radial mode numbersP o
for higher kgp; in the ballooning representation, i.e,

=8k,0. Resolution studies by Mikkels&h support our 8

n"
choices, and will be reported elsewhere. //\\/W //\\
We compare with the same data described in Ref. 1: 4 ‘ A Wl
energy fluxes derived from a TRAN&Fanalysis and density W PW
fluctuations from BES measuremetiton shot 98777 in . ©
DIlI-D. This is a reference L-mode discharge used for com- 0 100 200 300 400 500 800 700
parison with a neon injection experiméfit?'Here, in Table e

I, we repeat only a portion of Table | of Ref. 1 showing the FIG. 1. Electron and total ion energy flow throughk:0.7.
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FIG. 2. Potential fluctuation spectrum vs normalized poloidal wave numberFIG. 4. lon energy flow vs ion temperature gradient, with and without
omitting the axisymmetri¢zonal flo) component. “quench rules.”

R/Lyi, the gyrokinetic power flux is steeper, i.e., “stiffer,” 5ng using the GS2 maximum growth rate at the nominal
than either the growth rate or the gyrofluid result, both Oftemperature gradient of,,.,=8.7x 10* s 1 (corrected as the
which tend toward the same threshold as the gradient deemperature gradient varieswe plot the estimates of the
creases. Thus, there is evidence for the “Dimits shift” in the corrected energy flux in Fig. 4, together with the experimen-
gyrokinetic simulation. Interestingly, the GS2 result is actU-ta|ly measured value VB/L+;. To reconcile the simulations

ally higher than the gyrofluid one at the nominal gradientyith the experiment, we must choose a temperature gradient
value. This may be in part a linear effect, owing to the dif- petween 65% and 75% of the nominal value. Recall that we
ferent treatment of electron dynamics. With both trapped ang\aye deliberately chosen a plasma radius where the measured
passing electrons and a more accurate treatment of thgyy shear is smaft.At other radiiwg is significantly larger,

trapped electrons, the GS2 code yields somewhat larger linsince this a relatively low field §=1.6 T) and therefore
ear growth rates than GRYFFIN. The real frequencies are ijgp (p:1~120) discharge.

good agreement between the codes, as are the growth rates 1q infer that the simulation results are not within the

with adiabatic electrons. In nonlinear runs with adiabaticexperimental error, we first invoke the assumption that the
electrons GRYFFIN yieldsP; + Pin,=2.4 MW, while the  eyperimental profiles are smooth. This is done in most trans-
GS2 result isP;+ Pin,=2.0 MW. Both results are closer to ot analyses. If it were not so, then our theoretical compari-
the experimental value than those obtained with the completgyns would be even more difficult. Since the ITG modes in
electron dynamics, and the gyrofluid result is the larger ofyyr simulation are well above threshold, the nonlinear fluxes
the two as expected from earlier Wdﬂ‘ must be smooth functions of the variables. Therefore, if we
To take into account the equilibriuax B flow shear, \ere to compute the fluxes at multiple radii, using the nomi-
we apply the “guench rule” of Waltzt al*in the same way pa| plasma profiles, we would consistently be high in our
as in Ref. 1, that is we multiply the power flux by (1 estimates. On the other hand, if we were to flatten the local
— we/Yma), Wherewg is the shear rate. Here, again evalu- profiles atp=0.7, within the error estimates of the local
ating the Hahm-Burrell shear frequency asg=2.5 gradients, we could achieve agreement with the measured
x10* s™* and the Waltzet al. value aswg=9.7X10° s™%,  flyxes at that radiud This would require the profiles to be
steeper at a nearby radial location to be consistent with the

0.42 5.0 global profile, which would in turn require one to recalculate
/:I the profile ofwg. Becausewg is a sensitive function of the
0.35 | —mambags o 74 40 profile shape, it is difficult to conclude with certainty that the
T e ental _ /—’ ' experimental data would be inconsistent with simulations
0.28 —=—== //. that includedwg physics directly. Moreover, the simulation
Y ,z‘ 13° results also depend on other parameters, e.g., the magnetic
0.21 r":).// P (MW) shear and safety factd@,andq, which are also uncertain. We
014 120 have not completely ruled out the possibility of generally
' o ‘ improving the fit. A full study of these variations, like the
0.07 |:|/ 110 one begun by Mikkelsenetal. for Alcator C-Mod
discharge$?® will be presented in a future publication. Be-
0.00 0.0 cause of the potential importance et physics, a similar
4.0 5.0 6.0 FI/LT.m 8.0 9.0 analysis with a global or flux-ribboffinite annulu$ code
1

may ultimately be required for large, cases like this.

FIG. 3. lon energy flow vs temperature gradient, compared with the gyro- Fina”)_/a at_the nominal temp_erature gradient, we estimate
fluid result, the experimental value, and the normalized linear growth rate.the gyrokinetic density fluctuation level #8./ng=1.5%,
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2.5E-04 | [ which assumean adiabatic electron response are in consid-
—omGS2 ()2 /: erably bette_r agreement with the_experimenta_\l data. Nonlin-
5 0E-04 —E&gnlitz Bl . ear simulations which include this physics directly will be
Te (/) experimental (7 reported elsewhere. In either case, further tests and bench-
A /A marking are required to determine whether these particular
1.5E-04 A e_xperimental results can be reproduced with first principles
(Fim)>2 ,4/ ,// simulations.
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