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1 Executive Summary

Early observations

This work was motivated by the observation, as early as 2008, that GYRO [1] simulations of
some ITER operating scenarios exhibited nonlinear zonal-flow generation large enough to ef-
fectively quench turbulence inside r/a ~ 0.5. This observation of flow-dominated, low-transport
states persisted even as more accurate and comprehensive predictions of ITER profiles were
made using the state-of-the-art TGLF transport model [2]. This core stabilization is in stark
contrast to GYRO-TGLF comparisons for modern-day tokamaks, for which GYRO and TGLF are
typically in very close agreement [3, 4, 5]. So, we began to suspect that TGLF needed to be gen-
eralized to include the effect of zonal-flow stabilization in order to be more accurate for the
conditions of reactor simulations. While the precise cause of the GYRO-TGLF discrepancy for
ITER parameters was not known, it was speculated that closeness to threshold in the absence
of driven rotation, as well as electromagnetic stabilization?, created conditions more sensitive
the self-generated zonal-flow stabilization than in modern tokamaks.

Need for nonlinear zonal-flow stabilization

To explore the inclusion of a zonal-flow stabilization mechanism in TGLE we started with a
nominal ITER profile predicted by TGLE and then performed linear and nonlinear GYRO sim-
ulations to characterize the behavior at and slightly above the nominal temperature gradients
for finite levels of energy transport. Then, we ran TGLF on these cases to see where the discrep-
ancies were largest. The predicted ITER profiles were indeed near to the TGLF threshold over
most of the plasma core in the hybrid discharge studied (weak magnetic shear, g > 1). Scanning
temperature gradients above the TGLF power balance values also showed that TGLF overpre-
dicted the electron energy transport in the low-collisionality ITER plasma. At first (in Q3), a
model of only the zonal-flow stabilization (Dimits shift) was attempted. Although we were able
to construct an ad hoc model of the zonal flows that fit the GYRO simulations, the parameters
of the model had to be tuned to each case. A physics basis for the zonal flow model was lacking.

Electron energy transport at short wavelength

A secondary issue — the higk-k electron energy flux — was initially assumed to be independent
of the zonal flow effect. However, detailed studies of the fluctuation spectra from recent multi-
scale (electron and ion scale) GYRO simulations [6] provided a critical new insight into the role
of zonal flows. The multiscale simulations suggested that advection by the zonal flows strongly
suppressed electron-scale turbulence. Radial shear of the zonal ExB fluctuation could not com-
pete with the large electron-scale linear growth rate, but the k,-mixing rate of the ExB advection
could. This insight led to a preliminary new model for the way zonal flows saturate both elec-
tron and ion-scale turbulence. It was also discovered that the strength of the zonal ExB velocity
could be computed from the linear growth rate spectrum. The new saturation model (SAT1),

17, Candy, “Progress on TGYRO: The Steady-state Gyrokinetic Transport Code”, TTF 2008 poster, Boulder, CO
2J. Candy, “Gyrokinetic Eigenmode Analysis of High-Beta Shaped Plasmas”, APS 2010 poster, Chicago, Il
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which replaces the original model (SAT0), was fit to the multiscale GYRO simulations as well as
the ion-scale GYRO simulations used to calibrate the original SAT0 model. Thus, SAT1 captures
the physics of both multiscale electron transport and zonal-flow stabilization. In future work,
it the SAT1 model will require significant further testing and (expensive) calibration with non-
linear multiscale gyrokinetic simulations over a wider variety of plasma conditions — certainly
more than the small set of scans about a single C-Mod L-mode discharge. We believe the SAT1
model holds great promise as a physics-based model of the multiscale turbulent transport in
fusion devices.

Correction to ITER performance predictions Finally, the impact of the SAT1 model on the ITER
hybrid case is mixed. Without the electron-scale contribution to the fluxes, the Dimits shift
makes a significant improvement in the predicted fusion power as originally posited. Alas, in-
cluding the high-k electron transport reduces the improvement, yielding a modest net increase
in predicted fusion power compared to the TGLF prediction with the original SAT0O model.
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2 Background and Motivation

Development of an experimentally validated, predictive integrated modeling capability is a key
objective of the US fusion energy program. Fundamental to any such predictive modeling
of magnetic-confinement based fusion devices such as tokamaks is the need for an accurate
model describing the small-scale, gradient-driven plasma microturbulence and its associated
cross-field transport. As this transport determines the relationship between the equilibrium ki-
netic pressure and current profiles of the plasma and various heating sources (both internal and
external), and thus the level of confinement achieved, predictions of fusion gain in any future
device will depend sensitively on the accuracy of the transport model used. Recognizing the
importance of these models for predictions of ITER performance, a 2015 Fusion Energy Science
(FES) theory and simulation performance target has been defined to advance a key issue for
predictive modeling of future reactors.

2.1 Physics Issues

Currently, the quasilinear Trapped Gyro-Landau-Fluid (TGLF) code [2] provides the premieére
transport model for profile prediction in integrated modeling studies of future fusion reactors.
However, the current calibration of TGLF [7, 8, 9] is based upon nonlinear GYRO [1] simulations
which used baseline parameters for which the magnetic safety factor g was well above unity
and plasma gradients well above the linear threshold (i.e., critical) values. Moreover, only a
small fraction of the simulations in the GYRO Transport Database (https://fusion.gat.com/
theory-wiki/gyro/gyro-database.pdf) used to calibrate TGLF include electromagnetic ef-
fects, which are now believed to play an important role in reactor-relevant burning plasma
regimes.

Past experience (in unpublished work) with comparisons of GYRO simulations to TGLF com-
puted fluxes have shown repeatedly that TGLF may overpredict fluxes and therefore under-
predict performance in the reactor core where ¢ is low and the turbulence is very close to the
linear threshold. Two possible reasons for the overprediction of the GYRO fluxes by TGLF in
this regime are related to TGLF underpredicting (a) the linear gyrokinetic thresholds for onset
of ion temperature gradient (ITG) and trapped electron modes (TEM), particularly due to elec-
tromagnetic effects, and/or (b) the stabilizing effects arising from self-generated zonal flows
[10]. With particular regard to point (b), the TGLF approach does not explicitly include zonal-
flow effects anywhere in its saturation model. These effects are included indirectly through the
GYRO Transport Database simulations (which do include these effects) that TGLF is calibrated
against.

ITER modeling [11] has shown that acceptable confinement requires core ion/electron energy
fluxes to be on the order of a single gyroBohm; that is, Q./Qgg,Q;/Qgp = 1, where Qg =
NeTeCs (p s/ a)z is the gyroBohm energy flux, p; is the ion-sound gyroradius, and a is the mid-
plane minor radius of the last closed flux surface. In cases with low levels of equilibrium ro-
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tational shear, previous experience implies this level of transport corresponds to a close prox-
imity to the linear threshold, and GYRO [1] simulations show that nonlinearly-generated zonal
flows are very active under these conditions and lead to turbulence suppression (the so-called
“Dimits-shift” regime [12]) and bursty (intermittent) transport. Linear and nonlinear gyroki-
netic simulation under these conditions are also more problematic and challenging in compar-
ison to cases that sit well above threshold, due to the challenges in obtaining well-converged
near-zero growth rates, and statistically robust estimates of (time-averaged) mean transport
levels.

In the baseline case studied in this report, we observe that for steady-state ITER profiles pre-
dicted by TGLE GYRO simulations do exhibit weak linear instability, but with turbulence subse-
quently reduced by zonal-flow activity at radii inside about r/a = 0.6 (where r is the half-width
of the flux surface). This observation suggests that a better accounting for electromagnetic crit-
ical gradients and nonlinear zonal-flow stabilization in TGLF might lead to improved ITER per-
formance predictions. Thus for the purpose of reactor modeling we are motivated to design new
benchmark/calibration cases for TGLF suitable for reactor parameters, and then subsequently
recalibrate TGLF in this regime.

All profile predictions herein are made using the TGYRO transport solver [13], based on an ITER
hybrid DT scenario with approximately 45 MW of auxiliary power, hollow g-profile, equal D/T
fractions, and thermal *He ash. Impurity ions (Ar, Be, W) and fast-ion populations are also re-
tained in the most complete scenario definition, but we have established that neglect of these
species during TGYRO simulation leads to only small errors in profile prediction. For this rea-
son, we consider only three gyrokinetic ions (D, T, “He) in the subsequent modeling. In TGYRO,
alpha heating to electrons and ions, collisional exchange, and electron radiation are computed
self-consistently. Neoclassical transport for all species is computed by NEO [14, 15] without
approximation. Using 8 TGYRO simulation radii (plus a point on the magnetic axis at which
fluxes equal zero exactly), we compute steady-state temperature profiles such that the corre-
sponding gradients serve as nominal ones. The total alpha (fusion) power for this case, inside
r/a=0.8,is 102 (510) MW. This prediction uses unmodified TGLF as the transport model, with
no direct reference to GYRO simulations. In what follows we define z; = —(a/T;)dT;/dr and
ze=—(alT,)dT,ldr.
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2.2 Performance Target and Milestones

Below, we summarize the official performance target, together with the four quarterly mile-
stones.

Perform massively parallel plasma turbulence simulations to determine expected transport in
ITER. Starting from best current estimates of ITER profiles, the turbulent transport of heat
and particles driven by various micro-instabilities (including electromagnetic dynamics) will
be computed. Stabilization of turbulence by nonlinear self-generated flows is expected to im-
prove ITER performance, and will be assessed with comprehensive electromagnetic gyrokinetic
simulations.

1 Perform linear analysis of ITER standard scenario and preliminary local nonlinear runs at
sequence of minor radii. These runs will use the nominal profiles calculated using the current
version of TGLE Three kinetic ion species will be used (D, T, He ash) and the energetic ions will
be treated as a dilution.

2 Define a reduced case (electrostatic, single kinetic ion) that is representative of the ITER sce-
nario in 1. Perform large series of parameter scans for this reduced case, including nonlinear
g-scans. These scans will be used to recalibrate TGLF to include the stabilizing effect of nonlin-
ear self-generated (zonal) flows.

3 Carry out TGLF recalibration and, using the recalibrated TGLF in TGYRO, recompute best
correction to nominal ITER profiles.

4 Perform nonlinear GYRO simulations on the recomputed profiles. In particular, assess the ef-
fects of transverse and compressional electromagnetic effects, helium concentration and trace
high-Z impurities.
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3 Preliminary Linear and Nonlinear Analysis

3.1 Local parameters for generic ITER scenarios

At the radii r/a = (0.4,0.5,0.6) we summarize the required local parameters for turbulence sim-
ulations. The nominal local gradients are those predicted by TGYRO-TGLF-NEO predictive sim-
ulation. The aim of this work is to recalibrate TGLF for gradients close to and above this range
and, ultimately, repredict ITER performance after recalibration.

Table 1: ITER Scenario Local Geometric Parameters

Local parameter r/a=04 r/a=05 r/a=0.6

Ptor 0.3613 0.4531 0.5480
Ro/a 3.2384 3.2232 3.2051
q 1.5688 1.6961 1.8838

S 0.2253 0.4728 0.6833

K 1.5076 1.5074 1.5194

Sk -0.0218 0.0218 0.0689

0 0.0732 0.0930 0.1176

S5 0.0698 0.1098 0.1617
-A 0.1385 0.1664 0.1942
Bunit(T) 7.6724 7.9257 8.2809

Table 2: ITER Scenario Profile Parameters

Local parameter r/a=04 r/a=0.5 r/a=0.6
T;ITe 0.9698 0.9731 0.9719
Be,unit (%) 1.0638 0.8652 0.6871

Table 3: ITER Scenario Nominal Gradients

Local parameter r/a=04 r/a=0.5 r/a=0.6

alLy, 0.2696 0.2276 0.3429
alLr; 1.1301 1.1379 1.1748
alLt, 1.2262 1.1096 1.1776
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3.2 Linear scans over near-threshold region

Below we summarize linear scans carried out to characterize core stability boundaries. The
scans are shown in Figs. 1, 2 and 3. We remark that near-threshold linear simulations are chal-
lenging because eigenmodes become very extended along a fieldline and require increased
poloidal resolution. To this end, a sample eigenmode is shown in Fig. 4. In addition, slowly-
growing modes take a long time to converge in initial-value simulation, or are subject to velocity-
integration inaccuracy in eigenvalue simulation as the pole corresponding to the marginal mode
approaches the real axis.

We focus on three radii: r/a = (0.4,0.5,0.6), and two wavenumbers: kgp; = (0.3,0.5) The local
parameters corresponding to each of the three radii are summarized in Tables 1-3. For each
of these six cases we run GYRO (1) electrostatically, (2) with transverse electromagnetic fluctua-
tions, and (3) with transverse and compressional electromagnetic fluctuations. The TGLF linear
results are limited to the first two cases.

Conclusion: In virtually every case considered, significant differences are observed between
the GYRO and TGLF predictions of the threshold critical gradient for instability (defined qualita-
tively as either where the growth rate reaches zero exactly, or exhibits a sharp inflection point at
near-zero values), as well as between the electrostatic and electromagnetic GYRO predictions.
In general, GYRO observes a stronger stabilizing effect from inclusion of transverse magnetic
fluctuations (finite A) than TGLF does. However, inclusion of compressional physics (finite
By) is universally seen to be destabilizing, and non-negligible, in some cases almost completely
balancing the stabilization induced by the transverse fluctuations. These results provide strong
support for the hypothesis advanced in the introduction, that atleast some fraction of the differ-
ence between the TGLF and GYRO predictions (even in the electrostatic limit) can be explained
by differences in linear critical gradients predicted by the models. Moreover, they suggest that
electromagnetic effects will need to be carefully considered in the nonlinear simulations to gain
the most accurate predictions, which may well raise new challenges associated with “subcrit-
ical B” effects. Given that significantly increased resolution (relative to standard settings) was
needed to obtain converged GYRO results, the possibility remains that the TGLF predictions
can be brought into better agreement with GYRO using increased resolution as well.
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Figure 1: GYRO linear eigenvalues at r/a = 0.4 showing approach to linear threshold as gra-
dients are decreased. Left panel shows kyps; = 0.3 and right panel shows kyps; = 0.5. GYRO
simulations are shown as solid curves, whereas TGLF results are given as dashed curves. The
region below about (a/c;) y ~ 0.05 is very difficult to resolve numerically and is subject to some
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Figure 2: Linear eigenvalues at r/a = 0.5 showing approach to linear threshold as gradients are
decreased. Left panel shows kyp; = 0.3 and right panel shows kgps = 0.5. GYRO simulations
are shown as solid curves, whereas TGLF results are given as dashed curves. The region below
about (a/cs) y ~ 0.05 is very difficult to resolve numerically and is subject to some error.
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Figure 3: Linear eigenvalues at r/a = 0.6 showing approach to linear threshold as gradients are
decreased. Left panel shows kgp; = 0.3 and right panel shows kgp; = 0.5. GYRO simulations
are shown as solid curves, whereas TGLF results are given as dashed curves. The region below
about (a/cs) y ~ 0.05 is very difficult to resolve numerically and is subject to some error.
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Figure 4: Linear modes structures for the ®, A and B components of the eigenmode at r/a =
0.5 and kyp; = 0.3. Gradients are close to marginal at a/L7; = a/Lt, =2.1
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3.3 Preliminary nonlinear simulations (Q1)

Below we summarize preliminary nonlinear simulations based on initial profiles generated for
ITER and summarized in Tables 1, 2 and 3. Nonlinear simulations in the near-threshold regime
are tedious because — as will be clearly illustrated — the associated turbulence is bursty (in-
termittent) requiring very-long-time simulations to compute a reasonable average. Moreover,
obtaining grid convergence is more troublesome since transport become very sensitive to res-
olution in essentially every dimension. Specifically, two simulations at r/a = 0.4 are shown in
Figs. 5 and 6, one simulation at r/a = 0.5 is shown in Fig. 7 and one at r/a = 0.6 is shown in
Fig. 8.

Conclusion: In every case, the simulations must be run to ¢ = 1500a/ cs — a factor of 5-10 longer
than for typical current-day devices — before reaching something that may plausibly be con-
sidered a reasonable statistical average relevant for benchmarking against other model predic-
tions. Moreover, in each case, the GYRO predictions of the electron heat fluxes are a factor of
2 or more smaller than the equivalent TGLF predictions, with similar underpredictions of the
ion heat fluxes at r/a = 0.4 and 0.5. As these were preliminary simulations, only three thermal
ion species (D, T, 4He) were used and a number of physics effects (electromagnetic fluctuations,
collisions, and equilibrium E x B shear) were neglected. While neglect of collisions, E x B shear,
and dynamical treatments of the heavy impurity and fast “He ions is supported by previous ob-
servations, electromagnetic effects are expected to have a significant effect on these predictions
(for both TGLF and GYRO), based upon the linear studies in the previous section.
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0.0 = ‘ —
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Figure 5: GYRO nonlinear simulation at r/a = 0.4. TGLF results for electron and ion fluxes are
shown in red and black lines, respectively. Gradients are the nominal values shown in Table 3.
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Figure 6: GYRO nonlinear simulation at r/a = 0.4 with both a/Lt; and a/ Lt increased by 10%
above the baseline values in Table 3. Even with increased gradients the nonlinear simulation is
zonal-flow dominated and produces negligible flux.
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Figure 7: GYRO nonlinear simulation at r/a = 0.5. TGLF results for electron and ion fluxes are
shown in red and black lines, respectively. Gradients are the nominal values shown in Table 3.
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Figure 8: GYRO nonlinear simulation at r/a = 0.6. TGLF results for electron and ion fluxes are
shown in red and black lines, respectively. Gradients are the nominal values shown in Table 3.
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4 Nonlinear simulations for recalibration (Q2)

In this section we summarize nonlinear GYRO simulations carried out to serve as a database
for TGLF recalibration. As specified in the milestones, these scans were electrostatic without
impurities. However, we have improved slightly on the realism specified in the milestone by
treating the Deuterium and Tritium as separate gyrokinetic species rather than lumping them
into a single species. Many of the simulations fail to reach a clear steady-state, so tabulation
of steady-state fluxes is not warranted in selected cases. In the figures that follow, we show the
time-traces to give a clear indication of the relative reliability of the average value.

Simulations are carried out varying both the electron temperature gradient, a/ L7, and the ion
gradient a/Lt; (constant for both species). In the milestone, g-scans were specified. To this
end, we carried out simulations for r/a = 0.4,0.5,0.6, noting that g increases monotonically as
r increases. One important aspect of this strategy is that s is also increased in a self-consistent
manner. Finally, in each case, gradients are divided into two groups: "weak gradients” and
"strong gradients”. The former cover the range very close to marginal stability, whereas the latter
cover the range well above threshold where good steady-states of turbulence are expected. The
simulation parameters for each radius are those given in Tables 1 and 2. In addition, we assume
np = nt = n./2. To automate the GYRO scans, we used the Integrated Plasma Simulator (IPS)
framework. Also, note that in these results, the Tritium energy flux is consistently lower (by a
small amount) than the Deuterium flux. This result was noticed by Estrada-Mila as early as
2005 [16]. The simulation results are summarized as a scatter plot in Fig. 9. We also show the
time-traces of all simulations in Appendix A.
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Figure 9: Comparison of the TGLF and GYRO (a) electron particle flux, (b) electron energy flux,
(c) deuterium energy flux, and (d) tritium energy flux for the 72 ITER cases.
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5 TGLF Recalibration

5.1 Comparison of TGLF with the 72 GYRO Q2 ITER Simulations

As part of the 2nd quarter milestone, and as summarized in the previous section, GYRO [1] sim-
ulation results for 72 scans around three different radii (r/a = 0.4,0.5,0.6) of an ITER base case
were presented. Scatter plots of the TGLF vs GYRO fluxes for these 72 GYRO Q2 runs are shown
in Fig. 9. Because nearly all of the simulations are above the linear threshold, at first glance the
results appear to indicate that GYRO predicts, on average, more transport than TGLE While this
is true of most of the simulation cases, it is not true of the cases very close to the GYRO thresh-
old. Indeed, looking in the region close to the vertical (TGLF) axis, we see a cluster of points
which are stable according to GYRO but nevertheless remain well above the stability threshold
according to TGLE This is the relatively small region of parameter space we are interested in. In
addition to the difference near the GYRO marginal stability region, note also that the electron
particle flux (Fig. 9a) from TGLF has a stronger pinch than GYRO, and the electron energy flux
(Fig. 9b) from TGLF has an unusually large amount of scatter. Examination of these cases shows
that this is partly due to a much stronger electron energy flux from TGLF when a/Lt, > a/Lr,
near the threshold for a/L7,. Additional simulations (not shown) indicated that the TGLF fluxes
are a better match to GYRO when the temperature gradients are equal. The deuterium (Fig. 9c)
and tritium (Fig. 9d) energy fluxes are systematically on a lower slope for TGLF than for GYRO
but do not show the same scatter as the electron energy flux. As expected [16], both TGLF and
GYRO show that each hydrogenic ion species has about the same energy flux. Some additional
analysis shows that the strong shaping (x = 1.5) in these runs appears to be the reason why the
TGLF ion energy fluxes are suppressed compared to GYRO.

5.2 [Equal-temperature, circular nonlinear GYRO Q3 Simulations

The critical realization, then, is that because of the relatively poor agreement of TGLF with
GYRO even for high gradients, it is difficult to assess the role of the Dimits shift in the differ-
ences. In order to obtain better agreement between TGLF and GYRO at moderate gradient
(above threshold but not far above) to allow us to focus on the Dimits shift at low gradient,
equal-temperature-gradient scans with a few adjustments to the plasma conditions were made
in Q3. The flux-surface shape was set to a Miller circle with zero Shafranov shift. A finite electron
collision frequency was added based on the core value for ITER. A summary of the input plasma
parameters (held fixed in the scans) is given in Table 4. Three species are included kinetically:
electrons, 50% deuterium, and 50% tritium. The same spectrum of poloidal wavenumbers is
used for TGLF as for the GYRO turbulence simulations. A python script was written to convert a
GYRO input file (input . gyro.gen) to one for TGLF (input.tglf) to facilitate these runs. This
python script (tglf_input_gyro.py) is now part of the GACODE release version.
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Table 4: Fixed plasma parameters for Q3 equal-temperature, circular nonlinear simulations

Parameter r/a R/a (alcgdvee TilTe ¢q s allLy,
Value 04 3.2 0.015 1.0 12 0.6 0.44

5.3 The Dimits Shift Regime

The results of a temperature gradient scan about the reference case in Table 4 with equal tem-
peratures for all species is shown in Fig. 10. Since the tritium energy flux is nearly the same as
the deuterium energy flux for both TGLF and GYRO, we plot only the latter in Fig. 10c. Overall,

Electron Particle Flux a/LTE=a/LTi 10 Electron Energy Flux a/LTE=a/LTi Deuterium Energy Flux a/LTE=a/LTi
(a) (b) 14 ()
8 12 ,
0.5
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6
800 '\ S 3°
4 6
-0.5 4 /
2
2
-1.0 0 0
05 10 15 20 25 3.0 05 1.0 15 20 25 3.0 05 1.0 15 20 25 3.0

a/LTl a/lLTI a/lLTl

Figure 10: (a) Electron particle flux, (b) electron energy flux, (c) deuterium energy flux for GYRO
(blue), TGLF (red) and 1.447 times TGLF (green) for the Q3 equal-temperature, circular case
defined in Table 4.

the match of TGLF (red) to GYRO (blue) is not exceptional for the scan in Fig. 10. However,
rescaling the TGLF deuterium energy flux by a factor of 1.447 to match the highest gradient
GYRO point (green) gives a good fit to GYRO and clearly shows the drop in the GYRO flux near
the linear threshold. The upshift of the critical gradient (Dimits shift) for the GYRO runs is not
very large (approximately from a/L7 = 0.8 to 1.4) even for this low-¢g case. Rescaling the elec-
tron energy flux by the same 1.447 factor is not enough to match the slope of the GYRO flux.
The GYRO electron energy flux is also more curved upward in shape than TGLE The evolution
of the RMS zonal (n = 0) and finite toroidal mode number (n > 0) electric potentials for the
GYRO simulation for the lowest three temperature gradients is shown in Fig. 11. For the lowest
gradient (a/Lt = 1.2) in Fig. 11a, the zonal and finite-n potential fluctuations have large oscil-
lations but then settle into a zonal-flow-dominated state characteristic of the Dimits shift, or
flow-dominated, regime. As the gradient is increased, the zonal and finite-n electric potential
fluctuations exchange dominance in the long-time-average state. The long-time average en-
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Figure 11: RMS zonal (n = 0) and finite-n (n > 0) electric potential fluctuation amplitudes for (a)
al/Lt =1.2, (b) 1.4 and (c) 1.6. These time-traces are samples from the Q3 equal-temperature,
circular case simulations.

ergy of the fluctuating electric field (9E-dE) in gyroBohm units for the zonal (Ey) and finite-n
(E1) contributions is shown in Fig. 12. The latter figure clearly illustrates the rapid transition
transition to the flow-dominated regime at low driving gradient.
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Figure 12: Fraction of long-time-average electric field energy for the zonal (Ey) and finite-n (E;)
components for the GYRO Q3 simulations.
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5.4 Initial recalibration attempt

To describe the transition effect illustrated in Fig. 12, an initial recalibration attempt was made
in which an ad hoc model for the Dimits shift regime was constructed and applied to TGLF in
order to fit GYRO [1] temperature gradient scans at two different magnetic shears. Different
values of the fit parameter in the model were needed in order to fit each simulation. The po-
tential impact of the Dimits shift on ITER fusion performance prediction was then tested using
the strongest value for the fit parameter. A dramatic potential impact was found, motivating a
deeper study of the physics behind the Dimits shift. The Dimits shift is known to be triggered
by zonal (axisymmetric) electric field fluctuations. While zonal flows normally play a strong
role in regulating turbulence, near the instability threshold they can become so large that they
quench the ion-scale turbulence entirely. The original turbulence simulations by Dimits used
the adiabatic electron approximation. With kinetic electrons, a complete quenching of the tur-
bulence is not found but rather the turbulence is reduced to a low level. The TGLF saturation
rule models the zonal flow damping represented by the curvature drift. The main impact in the
saturation rule is a geometric mean of the linear growth rate and the curvature drift. This sim-
ple model does not capture the nonlinear upshift of the effective critical temperature gradient
(Dimits shift) seen in the turbulence simulations.

As the overarching result of the 2015 Theory and Computation performance target, we will sub-
sequently present a new model of the saturated turbulence intensity that captures well the role
of zonal flows in saturating the turbulence at all scales from ion to electron. This new model
is based on the properties of independent extreme-scale simulations of multiscale turbulence
[17] performed by Howard et al. [6] with the GYRO code. The new model will be shown to si-
multaneously solve two outstanding problems with transport modeling. First, it captures the
Dimits shift near marginality (the original motivation). Second, it describes the dependence of
the high-k transport on the low-k turbulence that is observed in multiscale simulations. Both
can have an impact on ITER performance. The Dimits shift improves the fusion performance,
but the strong increase in electron energy transport, observed when the low-k turbulence is
weak, could potentially exert a negative influence on ITER performance. With the new model,
we will assess the impact of both mechanisms on ITER fusion power predictions.

The results of the new model for ITER show that it is potentially misleading to simulate only the
low-k turbulence. The high-k part of the fluctuation spectrum also contributes to ITER energy
transport and requires much more comprehensive (and computationally expensive) multiscale
simulation to determine the correct transport (and thus fusion performance) in ITER.

5.5 Multiscale impacts on ITER and final GYRO Q4 simulations

In ITER, the electron and ion energy fluxes (expressed in gyroBohm units) is small over a much
larger region of the core plasma than in present day tokamaks. This is illustrated in Fig. 13. This
weak energy flux means that a large fraction of the ITER minor radius is near the turbulence
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threshold. Therefore, it is important to model the near-threshold region as accurately as possi-
ble. In Fig. 14, a new Q4 temperature gradient scan for an ITER-like case is shown. In this plot,

4.0

350 — Q7" /Qcs
so0l| — QP/Qacn

Figure 13: Power balance electron and ion energy fluxes in gyroBohm units for an ITER case.

the TGLF and GYRO electron and deuterium energy fluxes are compared. Three kinetic species
are included: electrons, 50% deuterium, and 50% tritium. An important difference is that for
the final Q4 simulations work we used significantly higher radial resolution (more gridpoints
per gyroradius) than in previous simulations, as will be clarified shortly. The same spectrum
of toroidal wavenumbers is used for TGLF as for the GYRO simulations. A clear up-shift of the
effective critical gradient is seen in the GYRO fluxes compared to TGLE Regarding the radial res-
olution, the GYRO simulations were found to be sensitive to the radial grid spacing (or equiv-
alently, the maximum radial wavenumber resolved). The impact of repeating the GYRO scan
done in the third quarter at higher radial resolution is shown in Fig. 15. The lowest resolution
case, Ar/p; = 0.56 (ky,max ~ 5.6), is that shown in the Q3 report. In the present report we have
repeated simulations at Ar/p; = 0.37 (kx,max ~ 8.4) and Ar/p; = 0.28 (kymax ~ 11.2). We observe
that the flux drops with increasing radial resolution, an effect consistent with the observation
the under-resolution of the poloidal or radial directions gives rise to a small, spurious numeri-
cal flux. The effect of higher resolution has saturated for the lowest temperature gradients but
there could be further drops at higher gradients. In general, the simulations for the lowest gradi-
ents have very long transients and/or intermittency and require very-long-time simulations to
obtain good statistics. The highest toroidal wavenumbers (k) are most impacted by the radial
wavenumber (k) maximum since ky max/ ky is smallest at high k. As the temperature gradient
is increased the flux spectrum increases at higher k, so higher radial resolution is required.

These GYRO simulations only include ion-scale low-k;, wavenumbers. There is also a problem

with the fidelity of TGLF to GYRO at high-k, wavenumbers where electron temperature gradi-
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Figure 14: Q4 temperature gradient scan for an ITER-like case comparing GYRO and TGLF en-
ergy fluxes in gyroBohm units.
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Figure 15: Convergence of the GYRO Q4 scan in Fig. 14 with radial wavenumber resolution.
Cases G, H and I show simulations for ky max ~ 5.6, 8.4, and 11.2, respectively.

ent (ETG) instabilities exist. The most extreme example of this is in the high-§, regime. The
electron temperature predicted by TGLF is far above the experimental temperature as shown
in Fig. 16. It will be shown, that the electron energy transport can be due to ETG modes that
are undamped by zonal flows because the low-k turbulence is weak. Such an extreme electron
energy flux enhancement over the TGLF prediction for ITER in the baseline H-mode regime is
not seen in present tokamak experiments. However, understanding the physics of the multi-
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scale interaction of ETG modes is a high priority so that the conditions under which the ETG
enhancement occurs can be predicted with confidence.
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Figure 16: Ion and electron temperature profiles measured in a DIII-D high-f, discharge and
predicted by TGLE

5.6 Properties of the electric potential turbulence spectrum

It is well established that the quasilinear weights of the fluxes agree with the ratios of the tur-
bulence driven fluxes (electron and ion energy, particle and momentum). These quasilinear
weights need to be multiplied by a model of the electric potential fluctuation spectrum in order
to compute the magnitude of the fluxes. In order to complete the quasilinear transport calcu-
lation in TGLE the k,-spectrum of the potential fluctuation intensity at the peak ky-value is
needed [18]. Accurately modeling the properties of the potential spectrum are the key to pro-
duce a more accurate quasilinear model. Fortunately, the nonlinear spectrum of the potential
fluctuation has some simple properties that can be exploited in building a model. The time
and flux surface average 2-D (ky, ky) spectrum of the electric potential intensity is well repre-
sented by a shifted Lorentzian shape in k, [18]. Note that this k, does not include the radial
wavenumber contribution from the eikonal and is independent of magnetic shear. It is just the
Fourier transform of the radial grid in GYRO. The peak of the spectrum in k, at each k, is at
K shife = (P> k) 1 (¢p?). Here (f) is a sum over the ky-spectrum of d k, f where d k, is the spacing
between wavenumbers. The width of the potential spectrum in ky is

2 kx_kxs i 2
kxyRMS:\/@( shif)?) 0

(9%
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This width scales with ky such that, atlow k) (ky < 1), k) / kx,rms is nearly constant as illustrated
in Fig. 17. Many low-k, cases have been examined, finding that the variation of ky/ky rms from
a constant is weak except at the lowest k;, where it goes to zero. Defining an effective nonlin-
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—

0.51 ]
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Figure 17: ky/ky rms for the GA-STD case parameters.

ear growth rate by yefr = kx,RmsKkyP(ky shifi, Ky) it is found that the linear growth rate has more
variation with k), than this effective growth rate. This is illustrated in Fig. 18. Examining many
cases, the common property of the effective growth rate is that it rises from zero at k), = 0 more
quickly than the linear growth rate and is relatively flat compared to the linear growth rate for k,
greater than some value. We will come back to these properties of the low-k potential spectrum
shortly, but now let us examine the high-k properties. Extremely computing-intensive GYRO
simulations with both ions and electrons with the physical mass ratio have been performed for
C-Mod L-Mode edge region discharges [6]. In Fig. 19, we plotted the TGLF and GYRO electron
and deuterium energy fluxes for three multiscale GYRO simulations that scan the ion temper-
ature gradient at fixed electron temperature gradient. The TGLF deuterium energy flux is a
reasonable match to GYRO, but the electron energy flux is too high at high ion temperature gra-
dient because the high-k (k, > 1) contribution is too large. The nonlinear saturation rule in
TGLF for the high-k ETG modes was fit to a single multiscale GYRO simulations of the GA-STD
case with a reduced electron mass [17]. The TGLF high-k electron energy flux does not cap-
ture the coupling of the high-k transport to the low-k turbulence driven by the ion temperature
gradient. It is clear from the multiscale GYRO simulations that the ETG high-k contribution is
suppressed by an increase in the ion temperature gradient. In Fig. 20 we plot the effective non-
linear growth rate and the linear growth rate vs k), for the multiscale simulation at the highest
ion temperature gradeint. The linear growth rate far exceeds the effective growth rate at high
k. The effective growth rate is limited to approximately the same value at high k as it has for
the low-k sector for this case. The nonlinear saturation of the electric potential produces this
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Figure 18: Linear growth rate spectrum (red) compared to the effective non-linear "growth rate"
determined from the saturated potential spectrum (blue)
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Figure 19: GYRO and TGLF-SATO electron, ion and high-k, electron energy fluxes for three of
the multiscale cases of Howard [6].

flat effective growth rate spectrum. What can compete with the large high-k linear growth rate?
The answer can be seen in the nonlinear time derivative including the fluctuating ExB convec-
tion. The Fourier transform in ky, k, of the convective derivative for the fluctuating distribution
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Figure 20: yefr and Yiinear V8 ky for the GA-STD case.

function f(ky, ky) can be written symbolically as

af(kXJ ky)

Y = Yiinear (ky) f + ky [kx(p(kx,o)] * f+ [kykx(P(kx, ky)] *f 2)

where * denotes a convolution. The first term is the linear growth. The second term is the
E xB convection from the fluctuating zonal (k) = 0) electric field. The third term is the convec-
tion from the finite k) fluctuating electric field. We have seen in Fig. 20 that the linear growth
rate far exceeds the effective nonlinear growth rate. The peak value of the third term in Eq. (2),
kxkyp(ky, ky), is bounded by the effective growth rate so it is not able to compete with the linear
growth rate at high k. The zonal electric field spectrum ky¢p(ky,0) (which is also the normalized
ExB velocity or zonal flow) has the same value independent of k,. However the effective decor-
relation rate of these zonal flows k) k ¢ (ky,0) increases with the ky, of the distribution function
f. The strength of the zonal radial electric field (E xB velocity in these normalized units) must
compete with Yjinear/ ky. Since the strength of the zonal electric field is independent of k), it
should be balanced by the peak in yjinear/ ky. The spectrum of the zonal radial electric field is
basically Lorentzian in shape but has spikes at single values of ky, so the local peak value may
not be the best measure of the strength. We define the strength of the zonal electric field as
Ex = /{¢(kx,0)2|k|). For a Lorentzian-shaped spectrum ¢(ky,0) = ¢(0,0)/ [1+ (apk,)?], this
gives Ey = ¢(0,0)/ap and max [ky¢(ky,0)] = 0.5E,. This strength is about equal to the low-k
peak of yiinear/ ky for 24 diverse GYRO simulations as shown in Fig. 21, including 4 of the new
multiscale simulations and the 4 low-k simulations of the same cases, the 8 GYRO simulations
of Fig. 14 and 8 other high-k, resolution GYRO simulations varying parameters about the GA-
STD case. The low-k peak of yijnear/ ky is the relevant one since the peak of the finite-k, drive
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Figure 21: Ey and Ymax/ ky,max for 18 GYRO simulations.

term for the zonal distribution function in Eq. (3) peaks at low k.

a kX!O .kx

The properties of the nonlinear potential spectrum can be modeled with a simple formula. If
kymax is the value of ky at which yiinear/ k) is maximum for k, < 1 and if ymay is the value of
Yiinear at Ky max, then the strength of the zonal electric field is modeled by

Ey= aZFYmax/ky,max (4)

The effective nonlinear growth rate is modeled by

C2p ky,maxEx +max [Ylinear —C2 kyEx; 0] ky > ky,max

. )
max [Ylinear - C'Zl Ex(ky,max - ky)r 0] ky =< ky’max

Ymodell = {

The zonal flow damping of the mode at kymax is zero for the models since this mode exactly
matches the zonal flow decorrelation rate. The modell formula for ky < k) max can be written
in the form

Ymodell = Max [(_Czl)ky,maxEx + Ylinear — (—€21) ky Ex, 0] ) (6)

which shows it close relation to the ky > kjmax formula (cz; = —cz). For ky < kj,max, the non-
linear y¢f spectrum is observed to drop to zero faster than the linear growth rate in general. The
coefficient cz; = 0.48 is determined by minimizing the error for 83 low-k GYRO simulations that
were used to determine the orignal TGLF saturation model. If the zonal flow damping was not
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needed, this parameter would not improve the fit. The coefficient cz, = 1.0 is determined by
approximately fitting to the multiscale GYRO simulation with the largest electron energy flux.
The formula for ky, > ky max gives a flat effective growth rate if the linear growth rate is less than
czp times the zonal flow decorrelation rate k, E, which agrees with the high-ion-temperature-
gradient multiscale simulation in Fig. 20. If the high-k linear growth rate exceeds the zonal flow
decorrelation rate then the effective growth rate can increase above ynax. This is what happens
in the lower ion-temperature-gradient multiscale simulations. In Fig. 22 are shown the effec-
tive growth rate and the modell (red) versus ky for the same multiscale simulations as in Fig. 19.
The highest ion-temperature-gradient case (Fig. 22a) has a low-k peak in yjinear/ ky that is also a
global maximum so the model gives a flat growth rate spectrum that matches the GYRO result.
As the ion temperature gradient is lowered (Figs. 22b,c) at fixed electron temperature gradient,
a second high-k peak in yjinear/ ky becomes the global maximum which exceeds the strength of
the zonal electric field. The model well-matches the location in k, and magnitude of the bump
in the effective growth rate spectrum as the ion temperature gradient, and hence the strength
of the zonal electric field, is lowered (Figs. 22 b,c). The modell does not match the smoothing of
the the bump in ky, which is due to the third term in the convective derivative (k) — k), coupling).
This effect can be included by making a weighted average of the modell growth rates. This k-
mixing version of the effective model2 growth rate is shown in Fig. 22 as the green curves. The
width of the weight function (2.0) was choosen to fit the GYRO spectrum for the highest peak
case. The coefficient cz; needed to be lowered to cz, = 0.92 in order for model2 to fit the spec-
trum.

fk5/>ky,max Ymodell (k;/) W(kyy k;,) / Wnorm ky > ky,max

. @)
Ymodell ky < kymax

Ymodel2 = {

where

kZ
Wky, kL) = 4 W, :f w 8
(ky ) = 75 50, — 2 worm ®)

There is an overall normalization coefficient for the potential intensity model that is determined
by minimizing the offset between the GYRO and TGLF effective energy diffusivities. All 83 of
the Miller geometry cases are shown in Fig. 23. The statistical error between TGLF and GYRO
for the new model (17% for Q; and 22% for Q,) is very close to the original TGLF model for
this data set [8]. The statistics for the particle flux are not used to determine the fit since the
particle flux is near zero for most cases and changes sign. Nevertheless, the particle diffusivities
in Fig. 23b are close to the equality line with GYRO demonstrating the viability of the quasilinear
particle flux weights. Before testing the new model there is one more feature of the multiscale
simulations that needs to be considered. Unlike the low-k GYRO simulations the multiscale
simulations have a radial wavenumber width that is not proportional to k) but rather to \/k7y
at high k. This is shown in Fig. 24 where ky/kyrms Vs ky is plotted. The time average for the
multiscale simulations is sufficient for high k but is not long enough to average out all of the
low-k fluctuations so, at low-k, ky/kyrms will be modeled by a constant as found for low-k
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Figure 22: yefr (blue), Ymoden (red) and ymodel2 (green) vs ky, for three multiscale simulations.

simulations. The model for ky rms is

Kx,model = 0 : 9)

A value of kygrg = 2.2 is determined by fitting the electron energy flux for the lowest ion tem-
perature gradient multiscale simulation but you can see this value gives a reasonable fit to
ky/kxrvs as shown in Fig. 24. Putting these models together, the new multiscale saturation
rule for TGLF-SAT1 is given by ¢model = CnormYmodel2/ (Kx,modelky). The constant ¢, can be ab-
sorbed into cporm. The value of ¢, = 1/1/0.56 is important for the spectral shift model of the
equilibrium E xB shear impact but that is not yet been integrated with the new model. Instead,
the Waltz quench rule will be used to reduce the linear growth rates by the equilibrium E xB
shear before computing the new model potential. Applying the new model the to multiscale
simulations, a very good agreement for all cases is found as shown in Fig. 25. The fit to highest
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Figure 23: Fit of TGLF-SAT1 to GYRO for 83 low-k Miller geometry cases. Energy fluxes are
shown on the left and particle fluxes on the right.
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Figure 24: ky/ky rus Vs ky for SIM3.

electron energy flux value was tuned by the model fit ky g1 = 2.2 but all of the other fluxes and
cases are were not adjusted. The excellent agreement with the ion energy flux shows that the
quasilinear ratio of electron to ion energy flux is accurate even when a large part of the electron
energy flux is coming from the high-k modes. The high-k portion of the electron energy flux is
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shown in Fig. 25 and the model reproduces the correct high-k flux. The agreement is good for
both variation in the ion temperature gradient (Fig. 25a) and the electron temperature gradient
(Fig. 25b). In applying the new model to predicting the temperatures for the high-$,, discharge,
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oo QSYRO/Qqp

e o QCYRO-ETG /0
e o QUELFM/0
oo QUELFM/Gg0

.o Q;FGLF_M_ETG/QGB
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055930313233 343530 3.7

Figure 25: GYRO and TGLF-SAT1 fluxes for the multiscale simulations.

a significant improvement is obtained as shown in Fig. 26. In addition, the density and ExB
toroidal velocity has also been predicted in good agreement with the measurements. Very lit-
tle particle or momentum transport was predicted by the original TGLE For this discharge, the
neoclassical ion energy transport is dominant due to the high safety factor. The ion tempera-
ture gradient is near the threshold for the ITG mode so the low-k peak of yjnear/ ky is small or
zero. The damping of the high-k modes due to zonal flows is small, allowing the high-k ETG
modes to become very large. The multiscale model lets the effective growth rate rise to the lin-
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ear growth rate when there are no zonal flows which is a very large increase (see Fig. 24). The
ky-scaling of the radial wavenumber width ky rus is also favorable to increasing ETG transport.
The electron temperature profile is still predicted to be above the measurement. Reducing the
zonal flow decorrellation of the high-k modes (cz f>) can bring the predicted electron tempera-
ture into agreement with the data. Multiscale simulations of this type of high-f,, discharges are
needed in order to see if ETG modes do indeed explain the electron energy transport. Although
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—
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— N : — Viun
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Figure 26: New TGLF-SAT1 predictions for the electron (a) and ion (b) temperatures, and for the
electron density (c) and E x B toroidal velocity (d) for the high-§,, case of Fig. 24.

the new model has not explicitly tried to improve the fit to the GYRO scan of Fig. 14, the fit is
greatly improved as shown in Fig. 27. Even the nonlinear upshift of the effective critical gradi-
ent is captured by the new model. This remarkable result is due to two effects. First, the new
model has fluxes that are quadratic in the linear growth rate as the threshold is approached.
The original TGLF saturation model had a linear dependence on the growth rate near thresh-
old. Second, the zonal flow decorrelation model makes the model low-k, potential spectrum
narrower, which accelerates the drop in the fluxes as the threshold gradient is approached from
above.

The new model of zonal flow saturation of the turbulence has improved the fit of TGLF-SAT1 to
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Figure 27: Multiscale TGLF-SAT1 predictions for the electron and ion energy fluxes compared
to GYRO for the scan of Fig. 14.

GYRO at both extremes of the k) -spectrum. The new TGLF-SAT1 is able to model the explosive
growth of ETG modes when the low- k turbulence is weak so that zonal flows are also weak. This
effect, seen in the multiscale simulations, could have a negative impact on ITER predictions
since the turbulence is weakly driven over much of the ITER core. The new model is also able
to capture the near threshold upshift of the critical temperature gradient due which is due in
part to zonal flows. This upshift was shown in the last quarter report to potentially yield a large
improvement in ITER fusion power. Now that both of these effects are well modeled by TGLF-
SAT1 we can find out which one influences the predicted ITER performance.

5.7 ITER Profile Prediction

The predicted electron and ion temperature and density profiles for an ITER case ref Budny are
shown in Fig. 28 for both the original TGLF and TGLF-SAT1 with the new multiscale zonal flow
saturation model.

The net impact of the new model is a 19% increase in the predicted fusion power for ITER
(465 MW for TGLF versus 555 MW for TGLF-SAT1) at fixed pedestal pressure. Since the fusion
power production increased for the new model the positive impact of the Dimits shift wins over
the potentially large ETG energy transport. If the high-k contribution to the TGLF-SAT1 fluxes
are eliminated by including only low-k modes, the gain in the fusion power compared to the
original TGLF is even larger 44% (470 MW for TGLF verses 676 MW for TGLF-SAT1). Hence, ETG
modes are predicted to have a non-negligible impact on electron transport in ITER. One im-
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Figure 28: Predictions of a) electron temperature, b) ion temperature and c) electron density
from TGLF and the new multiscale TGLF-SAT1 for an ITER case with 50% D-T + helium.

portant fact about ITER that contributes to the net positive outcome is that the neoclassical ion
thermal transport is small compared to the turbulent transport from the magnetic axis to the
pedestal. In present tokamaks this is not the case. There is typically a region near the magnetic
axis where ion neoclassical thermal transport is large enough to remove the power at an ion
temperature gradient below the ITG mode threshold. This stable low-k turbulence condition is
just what is needed reduce the zonal flow decorrelation of the high-k ETG turbulence, allowing
it to become large. This does not happen in this ITER case because the low-k turbulence is ac-
tive all the way to the magnetic axis. The energy flux in ITER is also low in gyroBohm units as
shown in Fig. 13. This means that the temperature gradients are close to stability threshold over
much of the core. Therefore, even if there was no low-k turbulence, the electron temperature
gradient threshold for ETG modes would not be greatly exceeded. The presence of the active
low-k turbulence produces a nonlinear upshift in the effective critical electron temperature
gradient for ETG modes through the zonal flow decorrelation.

USE OR DISCLOSURE SUBJECT TO RESTRICTIONS ON TITLE PAGE OF THIS DOCUMENT
36 General Atomics Report GA-A28239



TGLF RECALIBRATION FOR ITER STANDARD CASE PARAMETERS, J. Candy
FINAL REPORT

6 Discussion

Two conditions where the TGLF quasilinear model failed to agree with nonlinear GYRO turbu-
lence simulations were resolved. The first was in the flow-dominated, near-threshold regime,
and the second was for the electron transport in the high-k range of multiscale simulations.
The impact of these effects on the fusion performance of ITER was investigated by developing
a better model for the way zonal flows saturate the turbulence. The new zonal flow saturation
model is conceptually very simple. Zonal flows are driven by low-k turbulence to a strength
were they are able to saturate all of the low-k modes, thus distributing the turbulence spectrum
in ky-space in a self-similar way for each k. This results in a Lorentzian shaped k-spectrum
with a saturated effective growth rate that is nearly the same for all k, modes above the peak in
ky. The zonal flow saturation is effective even at high-k,, where the linear growth rate is far in
excess of the effective growth rate but nor in excess of the zonal flow decorrelation rate, ky Ey.
High-k modes, that have growth rates above the zonal flow decorrelation rate, can saturate at
a higher amplitude. This gives rise to a potentially large increase in the ETG transport, a phe-
nomenon observed in multiscale GYRO simulations. This reinforces the observation that it is
not possible to determine the ETG transport without simultaneous (i.e., multiscale) simulation
of the ion-scale turbulence. The zonal flows provide the nonlocal coupling between the low-k
and high-k turbulence. Fortunately, the proximity to the temperature gradient threshold, and
the low neoclassical transport in ITER, conspire to suppress the ETG transport. In the end, the
improved representation of the GYRO fluxes near threshold given by the new zonal flow sat-
uration model in TGLF results in a 19% increase in the predicted ITER fusion power at fixed
pedestal pressure for the present test case. Nevertheless, ongoing calibration, using low-k as
well as multiscale simulation, of the new TGLF-SAT1 saturation model with data is required.

6.1 Final Calibration Check via GYRO Comparisons

Using the recalibrated TGLF (TGLF-SAT1), we recomputed the ITER temperature and density
profiles using TGYRO, and subsequently used this as a new baseline for comparison with GYRO.
In this final comparison case we used TGLF with transverse but not compressional electromag-
netic effects. This reflects the default TGLF setting. For the comparison we chose the radial loca-
tion r/a = 0.5. We emphasize that for this test, the uncalibrated TGLF would have produced an
ITER profile for which GYRO simulation fluxes would be zero (subcritical) at r/a = 0.5. After all,
this was the fundamental motivation for the present research. The choice of radial location for
the comparison can be justified by noting that inside this radial value, the fluxes are extremely
close to zero. For example, at r/a = 0.4 the deuterium flux is Qp/Qgp = 0.14. At r/a = 0.3, this
drops to Qp/Qgp < 0.1. Conversely, moving to r/a > 0.5 reduces the importance of zonal flow
stabilization and thus of the recalibration.

For the GYRO simulations, we carried out 6 simulations characterized by three types of fluc-

tuation physics and two level of ion physics. For the fluctuation physics, we performed sim-
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ulations with electrostatic (denoted by @), electromagnetic with transverse fluctuations (de-
noted by @, A) and electromagnetic with transverse and compressional fluctuations (denoted
by ®, Ay, B)). For the ion physics, we carried out simulations with and without gyrokinetic He-
lium. All results in terms of average fluxes are summarized in Fig. 29. As explained repeatedly
in this work, in the core of ITER the fluxes are weak (compared to modern tokamaks) and thus
highly intermittent. Thus, the GYRO datapoints are subject to significant statistical uncertainty.
The effective target for GYRO is the TGLF result shown as a red dot. Here, it is important to em-
phasize that the TGLF-SAT1 model includes extra high-k electron transport that is not retained
in the low-k GYRO simulations. The point that includes the high-k electron flux is represented
by a black dot in the figure. Indeed, there is good clustering of the electromagnetic GYRO sim-
ulations about the TGLF-LOW result, which is a significant improvement over the uncalibrated
TGLF result. This clearly shows that TGLF-SAT1 is a significantly better predictor of ITER per-
formance than the original TGLE and that the ITER performance improvement seen in the pre-
vious sections is corroborated post hoc by these final GYRO simulations.

3.0
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v
2.0} A (D) ]
A
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< 15 ]
3 o (®4,B)
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Figure 29: Comparison of full TGLF-SAT1 (black circle) and low-k TGLF-SAT1 (red circle) results
compared with GYRO low-k nonlinear simulations. Downward-pointing triangles show GYRO
with kinetic (D, T) whereas upward-pointing triangles show GYRO with kinetic (D, T,He). GYRO
results are subject to statistical uncertainty due to intermittency. Because TGLF was run with
transverse but not compressional fluctuations, the pink triangles are the most appropriate point
of comparison with the red TGLF-SAT1 dot.

USE OR DISCLOSURE SUBJECT TO RESTRICTIONS ON TITLE PAGE OF THIS DOCUMENT
38 General Atomics Report GA-A28239



TGLF RECALIBRATION FOR ITER STANDARD CASE PARAMETERS, J. Candy
FINAL REPORT

7 Appendix: Summary of GYRO Q2 nonlinear simulations

USE OR DISCLOSURE SUBJECT TO RESTRICTIONS ON TITLE PAGE OF THIS DOCUMENT
General Atomics Report GA-A28239 39



TGLF RECALIBRATION FOR ITER STANDARD CASE PARAMETERS, J. Candy

r/a = 0.4, weak gradients

FINAL REPORT
2 423.0 < (cy/a)t < 847.0
— ion-1: 1.205
sl ion-2: 0.982 | |
—~ — elec: 0.389
£
= 10}
<
<o
5F
0

0 100 200 300 400 500 600 700 800
)t

429.0 < (c,/a)t < 860.0

20 :
— ion-1: 4.875
5l — ion-2: 4.248 ||
—~ — elec: 1.26
3
= 10t
&)
<
<
5,
00~ 100 200 300 400 500 G600 700 800
(cs/a)t
2 387.0 < (cg/a)t < 776.0
— ion-1: 2.533
15k — ion-2: 2.114 ||
— — elec: 1.009
3
= 10}
&)
<
<
5,
%

Q/Qas (total)

Q/QGB (total)

Q/Qas (total)

20

10

20

10+

20

10+

425.0 < (cy/a)t < 852.0

— ion-1: 2.365
— ion-2: 2.059 | |
— elec: 0.676

378.0 < (cy/a)t < 758.0

— ion-1: 1.396
— ijon-2: 1.131
— elec: 0.723

369.0 < (cy/a)t < 740.0

— ion-1: 4.33
— ion-2: 3.752 | |
— elec: 1.552

Figure 30: Transport at r/a = 0.4 for weak gradients. Ion 1 is deuterium, ion 2 is tritium.
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r/a = 0.4, weak gradients (continued)
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Figure 31: Transport at r/a = 0.4 for weak gradients (continued). Ion 1 is deuterium, ion 2 is

tritium.
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r/a= 0.4, strong gradients
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Figure 32: Transport at r/a = 0.4 for strong gradients. lon 1 is deuterium, ion 2 is tritium.
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r/a = 0.4, strong gradients (continued)
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Figure 33: Transport at r/a = 0.4 for strong gradients (continued). Ion 1 is deuterium, ion 2 is
tritium.
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Figure 34: Transport at r/a = 0.5 for weak gradients. Ion 1 is deuterium, ion 2 is tritium.
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r/a = 0.5, weak gradients (continued)
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Figure 35: Transport at r/a = 0.5 for weak gradients (continued). Ion 1 is deuterium, ion 2 is
tritium.
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Figure 36: Transport at r/a = 0.5 for strong gradients. Ion 1 is deuterium, ion 2 is tritium.

USE OR DISCLOSURE SUBJECT TO RESTRICTIONS ON TITLE PAGE OF THIS DOCUMENT

46

General Atomics Report GA-A28239



TGLF RECALIBRATION FOR ITER STANDARD CASE PARAMETERS,

FINAL REPORT

J. Candy

r/a = 0.5, strong gradients (continued)
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Figure 37: Transport at r/a = 0.5 for strong gradients (continued). Ion 1 is deuterium, ion 2 is

tritium.
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r/a = 0.6, weak gradients
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Figure 38: Transport at r/a = 0.6 for weak gradients. Ion 1 is deuterium, ion 2 is tritium.
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Figure 39: Transport at r/a = 0.6 for weak gradients (continued). Ion 1 is deuterium, ion 2 is

tritium.
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Figure 40: Transport at r/a = 0.6 for strong gradients. Ion 1 is deuterium, ion 2 is tritium.
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r/a = 0.6, strong gradients (continued)
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Figure 41: Transport at r/a = 0.6 for strong gradients (continued). Ion 1 is deuterium, ion 2 is
tritium.
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