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Abstract.

Turbulent transport simulations have been used to develop criteria that
indicate when multi-scale turbulent phenomena are important in tokamak
plasmas. Eleven experimental plasma discharges from the Alcator C-Mod and
ASDEX Upgrade tokamaks are compared to ion- and multi-scale simulations with
the Trapped Gyro-Landau Fluid (TGLF) turbulence code. Multi-scale TGLF
agrees with all available validation constraints (ion heat flux, electron heat flux,
electron temperature fluctuations, and electron perturbative thermal diffusivity)
within uncertainty for all cases analyzed. Ion-scale TGLF agrees in only some
cases. Two criteria based on the ratios of normalized linear growth rates are able
to distinguish cases in which ion-scale simulations are sufficient from cases for
which multi-scale simulations are necessary. The form of these criteria reveal the
key role of zonal flow mixing in moderating multi-scale effects.
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1. Introduction

Understanding the nature of turbulence in fusion
plasmas has been one of the central experimental
and theoretical challenges of fusion research for many
years. Developing accurate models of turbulence
and turbulent transport has the dual aims of
providing insight into the fundamental nature of
turbulent interactions and enabling predictions of
the performance of future machines. Before one
can in good faith use turbulent transport models
to explain turbulent dynamics or predict machine
performance, however, one must ensure that these
models can correctly reproduce the experimentally
measured conditions on existing devices. Validation,
the process of determining how accurately a model
represents reality insofar as is required for the intended
purposes of the model [I], has thus become a key
endeavor in fusion energy research.

While it may seem that for the purposes
of temperature profile prediction the only relevant
parameters for validation are the electron and ion
heat fluxes, it turns out that such comparisons
are susceptible to fortuitous agreement, and that
one must compare many experimentally measured
quantities in order to truly assess the accuracy of the
model [2 [B]. These additional validation constraints
include density fluctuations, temperature fluctuations,
radial correlation lengths, temperature-density cross-
phase, the perturbative thermal diffusivity, and others.
Generally the more of these constraints that can
be applied simultaneously, the more rigorous the
validation study.

The highest fidelity turbulent transport models
presently applied to fusion plasmas are nonlinear
gyrokinetic models, implemented in, for example, the
GENE [] and GYRO [5] codes. These codes can
calculate the nonlinear saturated state of plasma
turbulence from experimental inputs, but can be
quite computationally expensive, requiring hundreds
of thousands to tens of millions of CPU hours for a
single nonlinear run. Quasi-linear gyrofluid models,
on the other hand, use a saturation rule tuned to the
results of nonlinear gyrokinetic runs in order to obtain
heat fluxes and other turbulence properties from linear
growth rates, and require only a few seconds to run
[6, [7, §]. The downside of these codes is that one may
not trust their outputs outside of the parameter range
for which their saturation rule has been tuned.
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In addition to choosing a model when investigating
turbulence or predicting machine performance, one
must also make a number of choices about which
physical phenomena to include in a given model. One
of the most important of these choices is what range
of scales to include in the simulation. For many years,
most gyrokinetic simulations were ion-scale, capturing
plasma dynamics down to approximately the ion gyro-
radius. Recent work, however, has shown that in
some cases, these ion-scale simulations are unable
to accurately reproduce experimental measurements,
and that one requires multi-scale simulations, which
simultaneously resolve the ion- and electron-scales
[9, [10L (111, 12} [13], 14} [15], [16].

Specifically, cases have been identified in which: 1.
Ton-scale simulations miss both heat fluxes and addi-
tional constraints such as temperature fluctuations [17]
and perturbative diffusivity [18], but multi-scale simu-
lations find good agreement. 2. Ion-scale simulations
match heat fluxes, but miss other constraints, while
multi-scale simulations match everything [16]. 3. Ion-
scale simulations simultaneously match heat fluxes and
other constraints, indicating that multi-scale effects are
unimportant [I9). The intent of this article is to out-
line a set of criteria that differentiates these cases, and
in doing so probe the underlying physical phenomena
that govern multi-scale turbulent interactions.

To address this question, this work performed
a mnovel type of validation study, validating the
same code on a large number of plasmas from
two different machines in order to observe broader
trends of when the simulations do and do not agree
with experimental measurements. In particular, this
work validated TGLF in both ion- and multi-scale
configurations in order to investigate when multi-scale
effects are important and when ion-scale simulations
are sufficient. This validation work utilizes data from
eleven discharges on two machines, Alcator C-Mod
and ASDEX Upgrade, and applied four validation
constraints to each discharge: ion heat flux, electron
heat flux, electron temperature fluctuations, and
perturbative thermal diffusivity. In addition to
developing criteria that describe when multi-scale
effects are important, this paper will also validate the
most recent incarnation of TGLF, which incorporates
the results from multi-scale gyrokinetic simulations [7],
in a variety of plasma conditions. Greater detail on the
methodology of this validation study is given later in
this paper.
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The remainder of this paper is organized as
follows. Section describes the two tokamaks
used in this study, as well as all of the various
diagnostic and analysis techniques used in order
to obtain the experimental measurements of the
validation constraints. Section [B] then describes the
methodology used in this validation study, including
a brief description of the eleven plasma discharges and
how TGLF was determined to be in or out of agreement
with experiment for each plasma condition. Section
presents the results of this validation study, as well
as the criteria that were developed to determine when
multi-scale effects are important. This section also
presents profile predictions using ion- and multi-scale
TGLF for a few of the discharges. Finally, Section
discusses the interpretation and implications of these
results.

2. Machines and Experimental Measurements

This section describes the experimental hardware
(tokamaks and diagnostics) and analysis techniques
used to obtain the experimental inputs to and
validation constraints for the TGLF simulations.

All experimental measurements in this study
were made on Alcator C-Mod and ASDEX Upgrade.
Alcator C-Mod [20] is a high field (typical toroidal
magnetic field By = 5.4 T), compact (major radius
R = 0.67 m and minor radius a = 0.22 m), metal-
walled (molybdenum), diverted tokamak. ASDEX
Upgrade [21I] is a moderate field (typical toroidal
magnetic field By = 2.6 T), medium size (major radius
R = 1.65 m and minor radius @ = 0.5 m), metal-
walled (tungsten), diverted tokamak. Note that for
typical plasmas on both Alcator C-Mod and ASDEX
Upgrade, ps/R ~ 5 x 107*, where p, is the ion gyro-
radius evaluated at the sound speed.

Experimental inputs to TGLF include magnetic
equilibria, electron and ion temperature profiles,
electron density profiles, plasma rotation profiles,
and plasma effective charge (Z.sr). Each of the
measurements described below is accompanied by some
level of uncertainty, which is discussed in further detail
in Section

On Alcator C-Mod, the electron temperature
profile was measured with a electron cyclotron emission
(ECE) grating polychrometer (GPC) [22,23]. Electron
density (and also temperature) was measured with
Thomson Scattering [24]. Ion temperature and toroidal
plasma rotation were measured with an x-ray imaging
crystal spectrometer (XICS, also called HiReX) [25].
The effective charge was measured with a visible
Bremsstrahlung spectrometer [26]. Magnetic equilibria
were reconstructed with EFIT [27].

On ASDEX Upgrade, the electron temperature
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profile was measured with a heterodyne ECE ra-
diometer [28]. Electron density (and also tempera-
ture) was measured with Thomson Scattering [29] [30].
Ton temperature and toroidal plasma rotation were
measured with charge exchange recombination spec-
troscopy (CXRS) [3I]. The effective charge was mea-
sured with CXRS [31] and Bremsstrahlung spectrome-
ters [32]. Magnetic equilibria were reconstructed with
CLISTE [33].

Heat fluxes are not measured directly, but are
calculated using the power-balance solver TRANSP
[34. TRANSP takes as inputs all of the profiles
that were described above as inputs to TGLF, as
well as external heating power and the radiated power
profile. Bolometer arrays were used to measure the
radiated power profiles on both Alcator C-Mod [35]
and ASDEX Upgrade [36]. TRANSP calculates heat
fluxes by balancing all power sources (ohmic heating,
auxiliary heating, etc.) and sinks (radiated power,
convection, electron-ion exchange, etc.) in both the
ions and electrons. By propagating the uncertainties
in the inputs through the governing equations of
TRANSP, one is also able to obtain uncertainties in
the experimental heat fluxes.

As has become increasingly clear in recent years,
it is important to include more than just heat fluxes
in validation studies, in order to avoid fortuitous
agreement between the simulation and experiment
[2, B]. For this reason, this study includes electron
temperature fluctuations and the electron perturbative
thermal diffusivity as validation constraints [I7], in
addition to electron and ion heat fluxes.

Low-k (keps < 0.3, where ky
wavenumber) electron temperature fluctuations, T /T,
are measured with correlation electron cyclotron
emission (CECE) diagnostics on both Alcator C-
Mod [37, B8] and ASDEX Upgrade [39, [40]. CECE
diagnostics correlate signals from two closely spaced
radiometer channels in order to resolve turbulent
temperature fluctuations in the plasma down to a few
tenths of a percent while removing thermal noise. The
total experimental temperature fluctuation level and
its uncertainty, calculated as in Reference [40], are
compared to TGLF.

The final validation constraint used in this study
is the electron perturbative thermal diffusivity, x?¢"*,
which is defined as [41]:

Xpert _ 1 6Q€

°  n.OVT, S
where n. is the electron density, Q. is the electron
heat flux, and 7T, is the electron density. The
perturbative diffusivity therefore measures the extent
to which a change in the electron temperature gradient
changes the electron heat flux.

is poloidal
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This study wuses the propagation of partial
sawtooth generated heat pulses in order to measure
the perturbative diffusivity [I8, [19]. In particular,
the Extended-Time-to-Peak calculation method [42] is
used on heat pulses generated by partial sawteeth, as
these avoid complications associated with full sawteeth
[43]. The region in which the perturbative diffusivity
is measurable is constrained by the sawtooth mixing
radius and the radius beyond which the heat pulse is
too small to distinguish from noise.

3. Experimental Plasmas and Validation
Methodology

This section describes the eleven experimental plasma
discharges that were used in this study, as well as the
methodology used in the validation study.

The eleven L-mode plasma discharges analyzed in
this study are summarized in Table [I}] All Alcator C-
Mod discharges operated at 5.4 T magnetic field on axis
and were heated with hydrogen minority ion cyclotron
resonance heating. All ASDEX Upgrade discharges
operated at 2.5 T on axis and were heated with electron
cyclotron heating, with neutral beam blips for charge
exchange measurements.. The first four Alcator C-
Mod discharges had both T'/T and x2¢"* measurements
at the same radius, while the fifth had only TV/T
measurements. All six ASDEX Upgrade discharges
had T/T and x2°"* measurements at different radii
(always T/T at the outer radius and y?¢! at the
inner radius), so validation is performed at two radial
locations for each of these discharges. Plasma current,
heating power, and density was varied between the
discharges, as is listed in Table

The large number of discharges and the goal
of developing broader criteria for the importance of
multi-scale effects dictate a methodology that differs
from past validation studies. For each validation
case, TGLF is run in both ion- and multi-scale
configurations. The multi-scale TGLF configuration
includes modes from kgps = 0.1 to 24.0 (the standard
wavenumber spectrum in TGLF). The ion-scale TGLF
configuration includes modes from kgps = 0.08 to 1.0.
Note that both of these settings are run with the ‘SAT-
1’ turbulence saturation rule [7].

In addition to running TGLF in both ion-
and multi-scale settings for each discharge, this
study will change which inputs are allowed to
vary within experimental uncertainty, and which
validation constraints are applied to each simulation.
Traditionally, only the ion temperature gradient, or
the ion and electron temperature gradients, are varied
as inputs within experimental uncertainty in order to
see if the simulations can match the electron and ion
heat fluxes within experimental uncertainty. Generally,

4
Ne
. . Ip Poua .
Machine| Discharge Radius|(101°
(MA) [(MW)
/)
1120706008| 0.8 1.2 0.75 | 6.52
1120706017 0.8 1.2 0.75 | 8.83
Alcator 1120706018| 0.8 1.2 0.75 | 10.0
C-Mod : - : :
1120706019| 0.8 1.2 0.75 | 6.28
1120706030| 0.8 4.5 0.75 | 6.74
. 1.41
33585 1.0 0.7 0.75
0.49 |1.99
0.70 | 1.99
34301 0.8 0.3
0.39 | 2.46
34303 0.6 0.3 0.70 | 1.58
ASDEX ' ] 030 270
Upgrade 0.70 |1.85
34309 1.0 0.6
0.50 | 2.47
0.70 | 1.80
34508 0.6 0.5
0.30 |2.91
0.65 | 2.50
34623 0.6 0.6
0.27 | 3.90

Table 1: Summary of plasma parameters for the five
Alcator C-Mod and six ASDEX Upgrade discharges
used in this study. All of the Alcator C-Mod discharges
operated at 5.4 T magnetic field on axis, and all of the
ASDEX Upgrade discharges at 2.5 T.

the gradients are input in the form of normalized
gradient scale lengths, a/L, = —(a/y)(dy/dr), where
y is the parameter of interest and a is the plasma
minor radius. This study, however, will also vary the
density gradient (a/L,, ) and the effective charge Z.
within experimental uncertainty in order to see if the
code can match the validation constraints. These four
parameters were chosen due to their independence. In
particular, for each discharge and each scale setting
(ion or multi) of TGLF, either only temperature
gradients, or temperature gradients, density gradient,
and effective charge were varied (either two inputs were
varied or four inputs were varied). Input variations
were all performed within the VITALS framework [44],
which efficiently optimizes inputs in order to match
constraints.

Finally, as described above, this work uses four
validation constraints: electron heat flux, ion heat
flux, electron temperature fluctuations, and electron
perturbative thermal diffusivity.

Ton and electron heat fluxes are calculated as



Multi-Scale Criteria

standard outputs from TGLF [6, [7]. The perturbative
thermal diffusivity is calculated by artificially varying
the input electron temperature gradient in TGLF up
and down by 12%, and then calculating the slope
of the resulting change in the electron heat flux
[18, [19]. Finally, the electron temperature fluctuation
level is calculated by integrating the output fluctuation
spectrum up to the appropriate wavenumber for each
case. For the ASDEX Upgrade cases, a correction
is applied to this integrated value in order to
account for differences between total and perpendicular
temperature fluctuation levels [45]. This correction
is necessary since CECE measures perpendicular
temperature fluctuation levels, but TGLF outputs
total temperature fluctuation levels.  The higher
collisionality of the Alcator C-Mod cases make this
correction unnecessary.

All told, the variations in inputs and outputs are
summarized as follows: ion- or multi-scale TGLF, two
inputs (a/Lt, and a/L7,) or four inputs (a/Lr., a/LT,,
a/Ly, and Z.s¢), and four different combinations of
constraints (Q. and Qy; Qe, Q;, and T/T; Qe, Q;,
and xP°; or Q., Qi T/T and xPer).  This totals
16 separate studies for each radius of each discharge
(though some discharges or radii had only T/T or
XPe"t) but not both simultaneously).

In summary, the turbulent transport code TGLF,
run through the VITALS framework, will be validated
in 17 plasma conditions from 11 discharges on 2
machines (6 discharges have 2 locations). At each
radial location, ion- and multi-scale TGLF will be
validated, varying either two or four input parameters.
Depending on the measurements available at each
location, either two sets of constraints or four sets of
constraints will be applied to both TGLF models and
sets of inputs.

4. Validation Results

Consider frist the straightforward validation results
of this study, concerning whether or not a given
simulation was able to match a given set of
experimental constraints within uncertainty. Table
shows the full validation results for each combination
of scale, varied inputs, and applied constraints for
each plasma condition. In this table, a green
checkmark indicates agreement between the simulation
and experiment within experimental uncertainty. A
red X indicates disagreement. An empty grey box
indicates that the particular set of experimental
measurements for that column was not available at
that radial location for that discharge. Inputs were
only varied within experimental uncertainty.

While this table contains a somewhat overwhelm-
ing amount of information, a few trends are highlighted
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before going into more detailed analysis. First, as
one would expect, for a given model and discharge,
adding more constraints reduces the chance of agree-
ment, while varying more inputs increases the chance
for agreement.

One significant result of this validation study
is that, when one allows all four inputs to vary
within uncertainty, the multi-scale TGLF simulations
matched all available validation constraints for every
plasma condition.  This can be seen by looking
at the furthest right colored cell in each row (the
multi-scale model varying four inputs and with as
many constraints as are available). In this sense,
this study has successfully validated TGLF on 11
plasma discharges on 2 machines, using four validation
constraints. This is discussed further in Section [Gl

On the other hand, the ion-scale model agreed
with all available constraints in some cases, but not
others, as seen in the right-most filled cells in the
ion-scale column for each row. The question of
when multi-scale effects are important for turbulent
transport simulations is exactly the question of why
some ion-scale simulations can match the validation
constraints while others cannot. This question is
addressed quantitatively later in this section using two
criteria developed as part of this work.

Finally, note that in nearly all cases, the multi-
scale model performs better than the ion-scale model.
This is perhaps not surprising, as it contains more
physics and one would expect it to perform better.
There are a few exceptions to this, particularly
when only temperature gradients are varied and only
heat fluxes are matched, but it is likely that these
represent exactly the fortuitous agreement that one
uses additional validation constraints in order to avoid.

4.1. Validation Metric and Criteria for Importance of
Multi-Scale Effects

In order to analyze the question of when multi-
scale effects are important in turbulent transport
simulations, a quantitative validation metric is used
to evaluate the performance of the ion- and multi-scale
simulations.

This study wuses a modified version of the
Ricci validation metric, Xrgicei [46], to quantify the
differences between the ion- and multi-scale models/[f]
For each case, YRicei IS essentially a weighted sum of
the differences between the simulated and experimental
constraint values, normalized by the uncertainty of
the experimental measurements. No one constraint
dominated the total Xpgice;i in the cases considered
here. This Ricci metric is bound between 0 (perfect

1 To address a possible confusion, note that xRricc; is not a
diffusivity (unlike XZE'EM) and is unitless. The symbol x is only
used to connect with past literature [46].
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agreement) and 1 (disagreement). In order to analyze
the difference between an ion- and multi-scale case, one
takes the difference between the x gice; values:

AXRicci = Xion — Xmulti (2)

where Xjon is the Ricci metric calculated for the
ion-scale run and ¢ is calculated for the multi-scale
run of a plasma condition.

With this definition, a value of Axgices = 0
indicates that the ion- and multi-scale models match
experimental constraints equally well (though they
may do so using different input parameters). A value
of 1 indicates that the multi-scale model performs
better than the ion-scale model (multi-scale effects
are important). It is also possible to have negative
values of AXRicei, indicating that the ion-scale model
performs better, though, outside of small variations in
optimization, the multi-scale model should in theory
perform better in all cases. This particular study
chooses Ax ricei = 0.1 as the cutoff between multi-scale
effects being important or unimportant.

In the analysis that follows, Axgice; Will only be
calculated for the simulation cases where all available
validation constraints have been applied and all four
inputs have been allowed to vary within uncertainty
(the furthest right colored set of boxes in Table [2)).
Each plasma discharge and position will therefore have
a single value of AxRricei-

This quantification was used to develop criteria
with which one is able to determine whether or not
multi-scale effects will be important in a plasma
discharge, without performing nonlinear simulations.
These criteria are based on properties of the linear
growth rates of the plasmas, similar to some past work,
which suggested that Ynigh-k/Viow-x might be one such
criterion [I3] [16, 19]. In this criterion, Yypigh-x is the
peak linear growth rate in the electron scales (kyps 2
2.0), and Yjou-r is the peak linear growth rate in the
ion scales (kyps S 2.0). Other work suggested that one
should instead use (MAX(v/E)nign)/(MAX(V/E)iow);
for which one takes the peak of the linear growth
rate spectrum normalized by the wavenumber above
kyps > 1.0, divided by the peak at low wavenumber
[8]. Those studies, however, were based on a limited
set of discharges, and so it was difficult to draw any
broad conclusions.

The work presented here shows plasmas must si-
multaneously satisfy two criteria for ion-scale simula-
tions to be sufficient.

The first of these two criteria is similar to that
proposed in Reference [8], defined here as:

(Ynigh-k/Enigh)/ (Mow-k/Kiow) (3)

where kp;qp is the wavenumber of the peak high-k
linear growth rate, and kj,,, is the wavenumber of the

Fhigh/low =

7
0.8
0.7 Multi-Scale Required
|
0.6 m
05
3
£0.4
=
<03 HE
02} m |
0.1 B o
lon-Scale Sufficient
0.0 .- E B
0.0 0.5 1.0 1.5 2.0
Fhigh/low
Figure 1: The importance of multi-scale effects,

represented by Ay gricei, plotted against the ratio of the
wavenumber-normalized peak growth rate ratio, given
by T'high/iow- Each square is one validation case. The
blue highlighted region, below Axgicci = 0.1, indicates
that ion-scale simulations are sufficient.

peak low-k linear growth rate. For instances where
there was no clear peak at low wavenumber (for a
monotonically increasing linear growth spectrum), the
linear growth rate at kyp, = 2 was used as Yjow-k-

Figure [I| shows the results of plotting AxRgicei
against I'ign 100, Where each point represents one of
the 17 plasma conditions described above. With a
few exceptions (which are addressed by the second
criterion), cases for which T'hign/iow < 1.0 have
AxXRicei < 0.1 and the ion-scale TGLF model is
sufficient. On the other hand, as I'yigp /100 increases
above 1.0, AxRgicei steadily increases, indicating that
multi-scale effects become increasingly important.

The form of this criterion reveals which physical
phenomena are dominantly responsible for the impor-
tance of multi-scale effects. It is generally accepted
that larger linear growth rates at electron scales lead
to more significant electron-scale contributions to the
overall heat flux and turbulence characteristics. In
addition to contributions from purely electron-scale
phenomena, multi-scale simulations also include cross-
scale coupling between the ion- and electron-scales,
moderated by zonal flows [7, [8] 10, 11].

A normalization of 1/k indicates that zonal flow
mixing and its role in coupling ion- and electron-
scales is the most important physical mechanism in
determining when multi-scale effects are important
[8]. In contrast, a 1/k? normalization would have
indicated that the mixing length of a given turbulent
mode was dominantly important [7]. The form of
this criterion therefore reveals that coupling between
ion- and electron-scales, instead of the inclusion of
purely electron-scale transport, is most relevant to
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Figure 2: Criteria for the importance of multi-scale
effects, Thigh iow and Xiep, /itg, With color scale showing
AXRicci- Values below 0.1, indicating that ion-scale
simulations are sufficient, are turquoise. The shaded
regions indicate that multi-scale effects are important
due to the breaking of one or both criteria.

the importance of multi-scale simulations. This is
consistent with past work revealing that linearly
adding ion- and electron-scale simulations is not
equivalent to running a multi-scale simulation.

The second criterion is based on the relative
importance of ITG (ion temperature gradient) and

TEM (trapped electron) modes at ion-scales. This
criterion is defined as:
_(yrEM/kTEM 1_0)2
D L virc/kirc 4
tem/itg exrp 0.09 ( )

where yrgy is the peak linear growth rate of
the TEM at low-k, krga is the wavenumber of this
peak, ~vrre is the peak linear growth rate of the
ITG, and kjp¢g is the wavenumber of the peak. This
measures how close the peak ITG and TEM growth
rates (normalized by the wavenumber) are to one
another, with 1 indicating that they are very close,
and 0 indicating that one dominates. At the cost of
mathematical simplicity, the metric was constructed
such that it varies from zero to one, and the 0.09 in
the denominator was chosen such that the cutoff of
AXRicei = 0.1 oceurs at Xyep, /irg = 0.5.

Figure [2] shows each plasma condition on a two-
dimensional plot of I'yigh/iow and Xiep /itg, With the
value of Axpgicei represented by color. Turquoise
represents cases where ion-scale simulations are
sufficient (AxXRgicei < 0.1), and green, red, and
black represent increasing importance of multi-scale
effects. This figure reveals that ion-scale simulations
are sufficient for all plasmas in the lower left quadrant
(Chighjiow < 1.0 and Xiepm/ig < 0.5). If either
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criterion is broken, however, multi-scale effects become
important.

The second criterion’s interpretation also concerns
the importance of cross-scale coupling in determining
the final turbulent state of the plasma. Specifically,
even in cases with less strongly driven electron-scale
turbulence (that don’t break the first criterion), if the
ion-scale turbulence has no clearly dominant mode
(ITG and TEM compete for dominance), cross-scale
coupling is still important and multi-scale simulations
are necessary. In other words, when there is no clearly
dominant mode at ion-scales, a small amount of cross-
scale coupling can determine which mode becomes
dominant.

Taken together, these criteria mean that if either
electron-scale turbulence is sufficiently driven, or ion-
scale turbulence is particularly susceptible to cross-
scale coupling contributions, then multi-scale effects
are important, and ion-scale simulations do not
adequately model the plasma.

4.2. Profile Prediction

As an example of the practical implications of these
criteria, consider using TGLF to predict temperature
profiles. This is done iteratively through the TGYRO
framework [47], adjusting local temperature gradients
until the simulated heat flux matches the experimental
heat flux, and then integrating to get the full
profile. Unlike in the validation above, effective charge
and density gradients were not changed. Profiles
are predicted using both the ion- and multi-scale
configurations of TGLF for two plasmas: one in
which the criteria just derived suggest that ion-scale
simulations should be sufficient, and one in which
these criteria suggest that multi-scale simulations are
necessary. These two plasmas are ASDEX Upgrade
discharges 33585 and 34623, both of which were
included in the validation study and are described in
greater detail above.

Each of these profile predictions was performed
with TGLF simulations at 8 radial points, ranging
from por = 0.2 or 0.3 to pgor = 0.8, depending on
how large the sawtooth mixing radius was. Inside
of pior = 0.2 or 0.3 transport is heavily influenced
by the sawtooth oscillation, which is not included in
the TGLF simulations as they are implemented here.
Outside of p;o = 0.8 edge effects become important,
and transport cannot be treated with traditional
core turbulence modeling without considerable care.
The predicted profiles are therefore pinned at the
experimentally measured profile at pgo, = 0.8.

Figure shows the results of profile predic-
tions for two of the ASDEX Upgrade discharges con-
sidered in the wvalidation study above, 33585 and
34623. Discharge 33585 had T'high/ionn = 0.18 and
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Figure 3: Temperature profile predictions for two ASDEX Upgrade discharges. Top row is discharge 33585,
bottom is 34623. Left column in electron temperature, right is ion temperature. Experimental profiles are shown
in turquoise, with uncertainty represented by the shaded region. Multi-scale TGLF predictions are shown in
green and ion-scale in red. The inner sawtooth region and outer edge region are shaded out.

Ytemyity = 0.26 at por = 0.50. This discharge satis-
fies both criteria. Discharge 34623 had I'y;gh /10w = 1.7
and Xyepm /ity = 0.001 at pyor = 0.27. This discharge
violates the first criterion.

As this figure shows, multi-scale TGLF was able
to predict the ion and electron temperature profiles to
within experimental uncertainty for both discharges,
with only a small deviation from the experimental
electron temperature of discharge 34623 around p;,, ~
0.7. Allowing the density gradient or effective charge
to vary would likely resolve this discrepancy. On the
other hand, ion-scale TGLF predictions agreed fairly
well with experimental measurements in 33585, only
slightly outside of uncertainty, but were significantly
higher than the experimental electron temperature in
discharge 34623. These predictions were robust to the
spatial resolution of the TGYRO run and to the edge
pinning location (moved in or out by 0.05 pior).

The results of these predictions are consistent
with what one would expect based on the two criteria
developed in this paper. Discharge 33585 satisfies both
criteria, indicating the ion-scale simulations should be
sufficient, and the ion-scale prediction is accordingly
fairly close to the experimental measurement. On the
other hand, discharge 34623 violates the first criteria
with T'yigniow = 1.7 > 1.0, indicating that multi-scale

effects are important and that one should not trust the
result of ion-scale simulations. This is consistent with
the poor performance of the ion-scale model.

5. Implications and Discussion

Turbulent transport models have improved enormously
over the last decade or so, and are now in some
cases able to accurately model experimental behavior.
The validation effort for these models is, however, far
from complete, and only after these models have been
exhaustively validation on current machines should
one trust them to predict the performance of future
machines.  The work presented here described a
new type of validation study, validating a turbulent
transport model on many discharges on multiple
machines using multiple validation constraints. In
some sense this is a breadth approach, rather than
depth into a single discharge. In order to get a better
sense of where current turbulent transport models
fare well, and where they fail to capture experimental
results, it is likely that future validation studies will
also follow the pattern of looking at many discharges
and many machines. This approach will give a clearer
sense of whether or not current models can be trusted
to predict future machines.
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One of the concrete results of this study is
that multi-scale TGLF matched all of the validation
constraints applied in this study within experimental
uncertainty on all discharges on both machines.
This is clear evidence of the strength of the TGLF
model, but there is of course much more work to
be done. The discharges analyzed here were all
relatively standard, electron-heated L-mode plasmas.
To validate TGLF more broadly, one must work
with additional discharges that cover a much larger
parameter space, including H-modes, I-modes, high
B plasmas, ion-heated plasmas, etc. In addition,
while this study included two machines, such validation
efforts must also expand to other machines, in order to
take advantage of the variety of experimental facilities
around the world.

Another product of the work presented here is a
set of criteria to determine when multi-scale effects are
important in turbulent transport. From a practical
perspective, one may ask why it isn’t always better
to just run a multi-scale simulation, and to forget
ion-scale simulations all together. In the case of
TGLF, this is a valid point. Running multi-scale
TGLF takes only marginally longer than running ion-
scale TGLF, and the results are clearly superior. If
one wants to predict the performance of a future
machine that is far away in parameter space from
current machines, however, it may be that a full
nonlinear gyrokinetic simulation is far more reliable
than a quasi-linear model such as TGLF that requires
a tuned nonlinear saturation rule. For this reason, it
is likely that the most trusted simulations of future
machines will involve nonlinear gyrokinetic models,
at least for the time being, and not a quasi-linear
model. For gyrokinetic codes, the cost of running a
multi-scale simulation is significant, and can in some
cases be prohibitive. The criteria developed in this
work allow one to determine whether or not multi-scale
gyrokinetic simulations are necessary, before actually
running them. Such knowledge ensures that one
doesn’t unnecessarily run multi-scale simulations if
they are not required, while remaining confident in the
results of ion-scale simulations in those cases.

6. Conclusions

This work presented a validation study of the TGLF
turbulent transport model on 11 plasma discharges
from Alcator C-Mod and ASDEX Upgrade, and used
these results to develop criteria to differentiate cases
where multi-scale effects are important and where
ion-scale simulations are sufficient. The validation
study showed that multi-scale TGLF agreed with
all available constraints within uncertainty for all
of the experimental conditions, after varying the
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input electron temperature gradient, ion temperature
gradient, density gradient, and effective charge within
uncertainty.  Future work will include additional
discharges that cover a much larger parameter space,
including H-modes, I-modes, additional tokamaks, etc.
The results led to a set of two criteria with which one
can determine the importance of multi-scale effects,
one based on the ratio of normalized high-k and low-
k growth rates, and the other based on the ratio
of normalized ITG and TEM growth rates at low-
k. Example profile predictions were made for two
discharges, one which violates the first criterion and
one which satisfies, illustrating the importance of using
the correct model when the criteria are violated. This
work has provided further insight into the fundamental
nature of multi-scale turbulent interactions and will
guide model selection for predictions of future fusion
devices.
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