
















for the two cases at the quasi steady state after saturation. In

the case with the original edge pressure profile (solid line),

turbulence slightly peaks at the TEM dominant edge region,

but it has spread throughout the simulation domain. In the

case with the outer core ITG only (dashed line), turbulence

reaches the edge region but it still largely concentrates in the

outer core. For everywhere including the ITG dominant

region of 0:7 < q < 0:8, the turbulence intensity with the

edge instability is clearly higher than that without the edge

instability. Therefore, we conclude that the edge instability

has increased the fluctuation level at the outer core region.

This is indeed a significant global effect that it has even

greatly increased the turbulence level at inner boundary of

the simulation domain near q ¼ 0:65, which is linearly stable

in local simulations.

How does the turbulence spreading from the edge affect

the outer core transport? In Fig. 17, we compare Qi at the sat-

uration stage from our global simulations to the flux tube

simulations and the experimental results. Results from the

case of the global simulation without the edge drive qualita-

tively agree with that of the flux tube simulations. Compared

to the flux tube results, the global results are higher for

q < 0:8 and lower for q > 0:8, but the trend is the same. The

transport peaks around q ¼ 0:8 and diminishes in both ends.

When the edge drive is included as in the results shown in

the solid line, the transport at q ¼ 0:75 is strongly increased

to more than twice of the results from flux tube simulations,

apparently an effect of turbulence spreading from edge. The

TEM edge instability also increases Qi in the edge region,

where the ITG is stable. The edge effect, however, is not

strong enough to make up for the Qi shortfall, especially in

the ITG stable regions. The carbon impurity heat flux is

included in the calculation of Qi here but its contribution is

very small.

In Fig. 18 for Qe, edge turbulence also increases the

transport at the outer core, but the increase is not as big as

for Qi. With the pressure gradient drive there is a second

peak of Qe at the edge, where Qe is almost zero in the case

with the flattened edge.

FIG. 17. Qi at the saturation stage from global simulations with the original

edge pressure profile (solid line), the flattened edge profile (dashed line),

flux tube simulations (squares) compared to the ONETWO predictions.

FIG. 18. Qe of the two global cases compared to the ONETWO predictions.

FIG. 19. Density and pressure profile relaxation for ions, quantities are time-

averaged at the quasi steady state after saturation.

FIG. 20. Global simulation profiles Te, Ti, and ne of DIII-D Discharge

145781 (solid line) as compared to Discharge 128913 (dashed line).
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Figure 19 shows the ion profile relaxation as represented

by d ni and d pi. In d f simulations for f ¼ f0 þ d f , we

assume d f 
 f , and Fig. 19(a) indicates that this conditions

is well satisfied even after a very long time on nonlinear run.

Since d ni=ni0 is within 1% and d pi=pi0 < 4%, our d f simu-

lations are valid and this scale of relaxation is physical. Figs.

19(b) and 19(c) show that the relaxation tend to decrease the

pressure gradients at the location with strongest linear insta-

bility (around q ¼ 0:75), and as a result increase the gra-

dients at nearby locations. Lower pressure gradients

correspond to lower instability, therefore profile relaxation is

a mechanism that lowers the transport at the most unstable

region. This phenomenon is consistent with the physical

intuition that transport tends to smooth the particle and

energy distributions. Taking into account for this effect, one

would expect simulations without profile relaxation should

have higher transport levels than the experimental values to

make up the shortfall, yet we did not see this.

We see similar phenomenon in a different DIII-D dis-

charge as well. Figure 20 shows the profiles of Discharge

145781 as compared to the classical shortfall case of 128913.

The 145781 has higher temperature gradients at core, and we

may expect the edge turbulence spreading should be less

effective in increasing the core transport. This is exactly what

we see in the results shown in Fig. 21. The core ITG grows

quickly in the flattened edge case, and the increase of the satu-

ration level with the edge pressure gradient drive is not big.

At the outer core, Qi is still doubled by edge turbulence

spreading, but Qe is almost unaffected. It is clear that the edge

TEM instability has a smaller effect here.

These global results indicate that although the TEM tur-

bulence spreading from the edge can increase the fluctuation

intensity, making it nearly constant throughout the simula-

tion domain, its effect on the transport is not as striking.

Heat flux transport is still largely determined by local pres-

sure gradients. The global effects of the edge TEM are not

enough to explain the transport shortfall. Nevertheless, we

note from the Discharge 145781 results that the enhancement

of the core transport from edge turbulence is related to the

relative strength of the edge instability. A stronger or

additional edge instability that is not modeled in this study,

e.g., any low-n or MHD modes, may increase the core trans-

port more. In fact, it has been reported recently that GAMs

are observed in DIII-D L-mode plasmas.38

Only electron collisions are included in the present sim-

ulations, since the electron collision frequency is bigger than

that of the ions and important for linear physics.39 Zonal

flows are driven by turbulence but also regulated by nonlin-

ear damping.40 It has been reported that ion collisions could

also impact turbulence and transport via zonal flow damp-

ing.41,42 In the present case, we assume that the nonlinear

damping is stronger than the collisional damping, and hence

neglect the ion-ion collision. We note that collisional damp-

ing could occur over larger time scales and therefore should

be considered in future shortfall studies.

VI. SUMMARY

To compliment recent continuum validation efforts,1,2,8,14

we have analyzed L-mode shots from both the DIII-D and

Alcator C-Mod tokamaks using the nonlinear gyrokinetic par-

ticle code GEM.

For the DIII-D L-mode plasmas, the ion heat flow is

comparable albeit smaller than the experimental prediction

at q ¼ 0:5, but is much too low at location q ¼ 0:75. This is

in agreement with earlier GYRO results.2 Linearly, both the

core and edge are dominated by the ITG mode, and there is

little variation of the growth rate with R=LTe
, be, and �e. By

increasing the value of R=LTi by 25% and 30% at the loca-

tions q ¼ 0:5 and q ¼ 0:75, we find satisfactory agreement

with the experimental heat fluxes.

For the Alcator C-Mod L-mode case, the ion heat fluxes

are in satisfactory agreement with earlier GYRO results as

well,8 and also within the range of experimental error. The

electron heat fluxes are also in fair agreement except for the

low power discharge where the electron heat fluxes are much

lower than the experimental values. Linear analysis illus-

trates that the most unstable modes are ITG driven for the

low power discharge, but both the ITG and TEM are present

in the high power discharge case.

It was hypothesized in the earlier studies1 that global

simulations may help reduce the discrepancy between

experiment and nonlinear gyrokinetic simulation. We carry

out a global simulation for the DIII-D L-mode shot with

slightly modified profiles with and without the effect of edge

turbulence. It appears that the core is dominated by the ITG

turbulence in the absence of edge. However, when edge is

included, the TEM turbulence spreading from the edge to the

core enhances the ion heat flux level in the core substantially,

but the overall ion heat flux is still lower than the experimen-

tally predicted level. Therefore, we conclude that the effect

of TEM edge turbulence alone is not sufficient to explain the

observed shortfall in the DIII-D L-mode shots.
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