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T.L. Rhodes et al. Validation Studies of Gyrokinetic Turbulence Simulations via Multi-scale/Multi-field
Turbulence Measurements on the DIII-D Tokamak

ABSTRACT

A series of carefully designed experiments on DIII-D have taken advantage of a broad set
of turbulence and profile diagnostics to rigorously test gyrokinetic turbulence simulations. In
this paper the goals, tools, and experiments performed in these validation studies are
reviewed and specific examples presented. It is found that predictions of transport and
fluctuation levels in the mid-core region (0.4<p<0.75) are in better agreement with
experiment than those in the outer region (0=0.75) where edge coupling effects may become
increasingly important and multi-scale simulations may also be necessary. Validation studies
such as these are crucial in developing confidence in a first-principles based predictive
capability for ITER.

General Atomics Report GA—A26889 iii
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1. INTRODUCTION

First principles predictive simulation of plasma confinement and performance is one of
the over-arching goals of fusion research today [1,2]. Numerous experiments, measurements,
and simulation codes from across the world are focused on this goal. A series of carefully
designed experiments on DIII-D have taken advantage of a broad set of turbulence and
profile diagnostics to address this ‘grand challenge’. In this paper the goals, tools, and
experiments performed in these validation studies are reviewed and specific examples
presented. Although still in the early days, this effort has found that predictions of transport
and fluctuation levels in the mid-core region (0.4<0p<0.75) are often in better agreement with
experiment than those in the outer region (0=0.75). One explanation of this is the increasing
importance of edge effects as the plasma boundary is approached. Results such as these are
noteworthy as they point to significant research paths. Validation studies are crucial in
developing confidence in a first-principles based predictive capability for ITER and other,
future burning plasma experiments.

Validation studies are defined as that process which compares measurements to simulated
values in order to assess the underlying physics modeling accuracy of the simulation. A
related branch of study is that termed ‘verification’ which deals with the question of whether
a simulation accurately solves the equations upon which it is based. Verification does not
address whether the underlying equations adequately represent the real world. Thus a
simulation may be verified as correctly solving the equations contained within it but it may
fail validation if it does not adequately predict relevant measurements. The present study
deals only with validation questions and therefore assumes that the codes have been
adequately verified [e.g. see Refs. [3-5] and references therein for further discussions
relating to these two different endeavors].

The question of what constitutes agreement (or alternatively disagreement) arises early in
the process. For these purposes, agreement is defined to occur when the predicted values lie
within the uncertainties of the measured values. Complexity quickly arises as agreement
often occurs in one set of parameters while significant disagreement is seen in others (e.g.
agreement between measured and predicted electron thermal energy fluxes but disagreement
between experiment and simulations for the ion thermal energy flux). Various complex
measures or metrics have been proposed that deal with this issue which address multiple
parameters, radii, and uncertainties [5]. However, these metrics are outside the scope of the
present paper.

Given that experimental measurements are the foundation of this work, it is extremely
useful to obtain multiple measures of the same or similar quantities to cross compare for
potential bias and error. For example, on DIII-D two measurements of density and electron
temperature are obtained via Thomson scattering, electron cyclotron emission (ECE), and
reflectometry. In the case of a diagnostic failure, a second measure is invaluable. In addition,
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errors and bias are potentially resolvable via multiple measurements and in the case of
disagreement the experimentalist is alerted to potential issues. Typical validation experiments
involve multiple repeat discharges and/or plasma ‘jogs’ (small rigid body shifts of the
plasma) to both scan the fluctuation diagnostics as well as to obtain multiple measures of the
background density, temperature, safety factor, etc. profiles for statistical analysis. These
repeat shots and profiles are used to quantify the profile uncertainty and to provide some
insight into uncertainties in the resulting
transport calculations. Figure 1 diagrams this Ic;m:'_PaErgﬂeterS:

ps Bts Pinj» , Shape

comparison process. The process is fairly

straightforward and natural, however it is 7 ‘
worth pointing out the red horizontal arrow
marked ‘profiles, flux surface shape, ...”. This “_ Tokamak
is the necessary experimental input to the i i
simulations, thus the predictions are only as Profiles. [
good as these inputs and any uncertainties flux surface g

. Codos and shape, ... Experimental
should be propagated through in order to sintiitions measurements,
provide an accurate determination of the Diagnostics
validity of the comparison.

First principles based simulations predict

transport levels due to simulated turbulence Comparison*®

induced transport. For this reason, validation
studies are focused upon comparisons of both
fundamental level fluctuation parameters
(amplitudes, cross-phases, spectra, etc.) and
higher level transport quantities (e.g. thermal FIG. 1. Validation procedure highlighting experimen-
and particle fluxes). Comparisons of thermal tal input to the simulations.

and particle fluxes require that the simulated fluxes include the same components included in

Are results within requirements?

the experimental fluxes (e.g. convected and conducted terms). Arguably greater care must be
taken to accurately compare turbulence measurements to simulation values. Fluctuation
measurements have specific wavenumber, frequency, and spatial ranges and resolutions that
must be accurately represented when comparing to simulation data. For example, it is
insufficient to extract electron temperature fluctuations from a non-linear simulation and
compare it directly to a correlation ECE measurement of 7,. The simulation data must be
analyzed in a manner analogous to the measurement technique, taking into account
wavenumber, time, and spatial resolutions, as well as any particular measurement nuances
such as cross correlation of multiple spatial volumes (as is done with CECE T~e ). The codes
used in this type of analysis are termed synthetic diagnostics. Specific examples and full
descriptions of synthetic diagnostics used at DIII-D can be found in Refs. [6,7].

2 General Atomics Report GA—A26889



T.L. Rhodes et al. Validation Studies of Gyrokinetic Turbulence Simulations via Multi-scale/Multi-field
Turbulence Measurements on the DIII-D Tokamak

In the next section, the approach used by validation studies at DIII-D is described
followed by an overview of the experimental and simulation tools utilized and validation
experiments performed at DIII-D. A detailed examination of a recent 7,/7; scan L-mode
experiment is then provided along with non-linear calculations and comparisons. A summary
and conclusion follows.
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2. APPROACH TO VALIDATION STUDIES

The validation studies approach at DIII-D is two-fold, addressing both qualitative and
quantitative aspects of comparisons. The simulations should at the very least replicate the
qualitative variations while deviations at the quantitative level can shed light on the
underlying physics model limitations. Typically a single plasma variable is chosen with the
choice based upon a known and ideally strong response. Examples of such variables are
plasma elongation (k), safety factor (g), electron to ion temperature ratio 7,/T;, gradients in 7,
and T, etc. A strong plasma response facilitates these studies by providing clear changes for
comparison and also by raising the results out of naturally occurring noise and fluctuation
levels. These qualitative/quantitative variations include radial variations as well as changes
due to the just discussed parametric variations. Figure 2 uses data from a plasma elongation
(k) experiment conducted on DIII-D to illustrate this qualitative/quantitative approach.
Plasma elongation is a useful parameter due to its known strong effect on plasma
confinement in tokamaks [8]. The figure shows turbulent electron temperature fluctuations
over the frequency range 0—200 kHz for two plasma elongation shapes, k=1.4 and 1.1. The
fluctuation levels are significantly larger for the low x shape. In addition, it was found that
the energy confinement is also lower for the lower k shape. For this example, a simulation
prediction that has high fidelity (defined here as the degree to which the simulation
accurately reproduces experiment) will predict both the qualitative variation of Te with x and
the qualitative increase of fe with radius as well as the quantitative values. Note that in
validation studies, comparisons are made with as large a range of measurements as possible
(discussed further in the next section). In so doing, the study seeks to reveal aspects of the
simulation code that require further investigation.

1.2
1.0 [ Te/Te (%)

0.8
0.6
0.4
0.2

0.0 . . .
0.5 0.6 0.7 0.8

p

FIG. 2. Demonstrating experimental change in radial 7,
profile due to change in plasma elongation.

T

Sensitivity level

l§
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3. TOOLS AVAILABLE AT DIII-D

The DIII-D tokamak has a significant number of profile and fluctuation diagnostics
available for validation studies. Profile diagnostics include charge exchange recombination
(CER) for T, impurity density, toroidal and poloidal rotation, and electric field profiles;
motional Stark effect (MSE) for core safety factor profiles; Thomson scattering for 7, and n,;
electron cyclotron emission for 7,; and reflectometry for n, profiles. Fluctuation diagnostics
include beam emission spectroscopy (BES) for low-k 7 and turbulence flows, Doppler
backscattering (DBS) for turbulence flows and intermediate-k 7, millimeter wave
backscattering for high-k 7, correlation ECE for low-k electron temperature fluctuations T~e,
and phase contrast imaging (PCI) for low through intermediate-k 7i. These diagnostics have
differing operational requirements as well as differing wavenumber, spatial, and temporal
resolutions. The individual diagnostic requirements and limitations must be accounted for in
the design of the experiment as well as in the design of the synthetic diagnostic used to
interpret the simulation predictions. The available diagnostics are diagrammatically related to
various instability wavenumbers of interest in Fig. 3. This figure shows wavenumber ranges
and available measurements. For example, in the trapped electron mode (TEM) wavenumber
range both PCI and DBS make measurements. Other overlapping measurements include BES
and reflectometry for low-k 7. As with multiple measures of equilibrium parameters (e.g.
ECE and Thomson scattering for 7,) these provide checks and verifications of the fluctuation
measurements. Recently added measurements include local, wavenumber resolved TEM
scale 7, fluctuating turbulence flows, and density-temperature (n.7,) turbulence cross-phase.
The novel measurement of the n,7, crossphase is important in gyrokinetic validation studies
since it represents the relationship between different fluctuating fields — density and

Indicative 0.1 kg Ps 1.0 10.0
turbulence i i i
scales 0.4 kg (cm1) 4.0 40.0
ITG
Turbuler)ce TEM
mechanisms
ETG r/a Ar(cm) System
A 41 60  (FIR)
i 025-1+ 1  (BESrefict)
i 04-1 110 (PC))
- i 01+ 1 (DBS)
Gapabilitios ) f 0-1+ 1,20 (DBS, HKBS)
Te 0-0.9 1 (CECE, ECEI)
F|03NS, GAMs, ZF 0-1t 1 (BES,DBS)
fieTe phase 0-09 1  (DBSICECE)

FIG. 3. Multi-field and multi-scale fluctuation diagnostics on DIII-D. Comparing wavenumber ranges of
representative instabilities to diagnostic wavenumber range. Diagnostic system, measurement, approximate
spatial coverage, and spatial resolutions are indicated.
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temperature (it is also closely related to the crossphase that determines the turbulent
transport) and since it can be directly compared to simulation at a fundamental level. The
unique array of multi-field, multi-scale turbulence measurements has been utilized to study a
wide range of target plasmas with excellent spatial coverage (the typical radial range of these
studies is /a~0.55-0.85 although a larger range is possible).

The DIII-D tokamak is a medium sized tokamak, with major radius R~1.7 m, minor
radius a~0.6 m, magnetic field B=0.6-2.1T, plasma current 1-2 MA, elongation x~1-2,
~17.5 MW neutral beam injection, ~3.5 MW electron cyclotron heating, and <3.6 MW fast
wave heating. Plasma shaping and control are very flexible with a large range in size,
triangularity, elongation, etc. possible. This parameter range, shaping flexibility, heating
choices, and broad diagnostic coverage combine to make DIII-D an excellent choice for
validation studies.

Validation studies are focused on the testing and validation of a wide range of gyrokinetic
turbulence codes/simulations. The simulation code most extensively utilized to-date is
GYRO [9] and more recently GENE [10], GEM [11], GTC [12], and GYSELA [13] have
begun to enter the process. To date the most complete simulations of DIII-D validation
experiments has been performed by GYRO. GYRO is a physically comprehensive nonlinear
gyrokinetic code containing: ion temperature gradient (ITG) physics, trapped and passing
electrons, electron-ion pitch angle collisions, electromagnetic effects, ExB and parallel flow
shears, real geometry, ExB and magnetic flutter transport. GYRO and GEM can be run in
either a local flux tube or a global simulation mode. Here flux tube generally means that the
gradients of interest (L,, L, etc.) do not vary across the simulation domain whereas in a
global simulation they are allowed to vary.
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4. EXPERIMENTS PERFORMED

A series of plasma experiments were performed for validation studies at DIII-D. The
target plasmas are selected to address plasma parameters that have a large plasma response
such that both experiment and simulation show significant variations. Table 1 illustrates the
range of plasma parameters addressed, percentage parameter variation achieved, and the
plasma confinement regime utilized. Note that the largest variations achieved are of order
50% with some as small as 25%. Planned future studies include scans of safety factor g and
collisionality. In the next section the results from the L-mode 7,/T; scan experiment shown in
Table 1 is examined in detail and compared to simulation.

Table 1
Parameters Utilized and Variation Achieved
in Validation Studies at DIII-D

Parameter Variation Plasma
Elongation, k 30% L-mode [14]
T.T, 30% L-mode [this paper]
T,T, 25% Hybrid H-mode
T,T, 50% QH-mode [15]
Local L, 50% L-mode [16]
ii,—T, cross phase 50% L-mode [17]

General Atomics Report GA—A26889 9
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5. L-MODE T./T; SCAN EXPERIMENTAL MEASUREMENTS
AND COMPARISON TO SIMULATION

Plasma Description. The effect of varying 7,/7; in an L-mode, diverted plasma was
examined by applying ECH heating to an NBI heated plasma. The base case was a sawtooth-
free upper single null plasma, chord averaged density n,,, = 2.3x10" m”, toroidal magnetic
field B, = 2.05 T, plasma current /,= 1 MA, and neutral beam power Py, = 2.5 MW. T, was
increased via approximately 3.3 MW of electron cyclotron heating applied near radial

location p=0.2. The experi—-mental ——NBI  ----NBI+ECH

goal was to keep the other plasma "'3;‘ 4 (@) 3 ()
parameters of interest as similar as 2 K- 2 .
possible, with the exception of the <= ® 1 e
desired change in T,T, between the = O0L128 s k=’

two cases. Figure 4 shows profiles of = 8F. (b); . 8 o)
interest for the two cases, lower T, 5; 4: % 4: e DR
(heated by Ohmic and NBI only), and = of 6, TS 0 . ]
higher 7, (Ohmic, NBI, and ECH). An  _, 3

increase is observed in the electron E = 2

temperature with some variation in the =10 < 1

other parameters as well. The radial 2 :
range of interest for these validation 1

studies is =0.5-0.8. In this range the 10""// < 2 P
ratio 7,/T; is seen to increase by ~30% 0' 0 2=

in the radial range 0=0.5-0.8, with the 61 e (T T ITIT) @ =04 (i)
largest variation in other parameters < 4\9”;'\j S A&
occurring in the inverse ion tempera- 2 s il :60'2 3
ture scale length a/Ly, and collision- 557704 06 08 1.0 00 02 0.4 06 08 1.0
ality. Changes in these parameters rla rla

affect the stability calculations for the FIG. 4. Experimental radial profiles of (a) n,, (b) T,, (¢) T, (d)
q, (e) T,/T, ratio, and normalized inverse scale lengths (f) a/L,,,

various instabilities of interest (e.g. o) i e dingyler. ()
. e g) alLy, a/Ly;, (i) magnetic shear s=dlng/dlnr,
ITG, TEM, ETG instabilities) and collisionality, v,/C,. Here a is the minor radius on the

must be accounted for. Although it is midplane, and ¢, is the ion sound velocity. NBI and NBI +
preferred and simpler if only one ECH casesshown.

parameter is varied, the plasma simulations will take into account all measured changes
allowing a consistent comparison. The decrease in a/L;; with ECH will generally result in
lower ITG growth rates while the decrease in collisionality with ECH will result in higher
TEM growth rates. The situation in a real plasma, where the various instabilities are coupled
via the background plasma, can be more complicated.
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Fluctuation Measurements. Electron temper-
ature fluctuations (fe from CECE) showed the lar-
gest response to the additional ECH. Profiles of
electron temperature fluctuations covering the radial
range p=0.5-0.8 are shown in Fig. 5(a). The normal-
ized fluctuation levels are typical of the core of
L-mode plasmas being in the range 0.5 to 3%. The
fluctuation level increases by as much as 70% with
ECH. In contrast, the low-k density fluctuations
(from BES) showed little or no response within the
error bars, [Fig.5(b)]. Radial profiles of inter-
mediate-k density fluctuations (from DBS) show no
discernable change with ECH [Fig. 5(c)]. Exami-
nation of wavenumber spectra of these intermediate-
k i (k~3.5-6 cm™, from DBS) at 0=0.55 (not shown)
show some signs of redistribution of power in k
space however the levels remain roughly un-
changed. High-k density fluctuations (k ~35 cm™)
from millimeter wave backscattering (not shown)
indicate little change with ECH. Figure 6 sum-
marizes the observed changes in fluctuations due to
the additional ECH. Interestingly, the temperature
fluctuations have a much stronger response as com-
pared to the density fluctuations.

Non-linear Gyrokinetic Predictions. The non-
linear GYRO code [18] was used to examine the
fluctuations and transport at ©=0.6 for the two
plasma conditions shown in Fig. 4. Flux-tube
runs were performed resolving wavenumbers
kyo, < 1.1, where p,= 0.21 cm and 0.25 for
NBI and NBI + ECH cases respectively. The
measured ExB shear was included in the
simulations. The runs were electromagnetic,
with mass ratio (M,,/m,)"* = 40, where m, is
the electron mass and M, is the main ion
(deuterium) mass. A

single impurity

T.L. Rhodes et al.

—— NBI —— NBI+ECH
3.0 T

L Low-kT/T (%) i

==

Sensitiviiy level

1 1 1 1 1 1

(a)

Low-k fi/n (%)

-
o

05F .

(b)
0.0 b

t Intermediate-k fi/n (au)
0.12 C (4_6 cm"‘)

0.08 | :

0.04 | :

(o)
0.9

0.00
0.5

0.6 0.7 0.8
Radial Location (p)
FIG. 5. Experimental radial profiles of (a)
low-k T, (CECE), (b)low-k ii (BES), and (c)
intermediate-k /i (DBS) for NBI only and NBI
+ ECH cases.

Low-k
80.0 TelTe

Change in fluctuation levels

Low-k fifn Nt-k A/n High-k fi/n

(carbon) species was included in the calcula-
tions. Electrons are drift kinetic so that the
effect of finite electron Larmor radius was
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excluded. Figure 7 shows predicted electron tempera-
ture and electron density fluctuations for the two cases.
Note that the figure shows power spectra vs. wave-
number normalized to the local 7, and n values respec-
tively. For reference and comparison to experiment, the
predicted normalized RMS fluctuation levels after pre-
liminary processing of the spectra via synthetic

P77 (au)

diagnostics is indicated in Fig. 7. It is seen that the pre-
dicted temperature fluctuations increase with ECH by a
factor of ~2.6, from 0.86% to 2.2%, and the predicted
n/n increases by a factor of ~1.15 from 0.41% to
0.47%. The predicted low-k fe /T variation is qualita-
tively similar to the experimental variation but differs s
quantitatively while the predicted low-k 7n/n variation Q;_E
appears to differ qualitatively from experiment. The
simulation of 7i/n at higher wavenumbers is underway.

Figure 8 shows a comparison of the ion and elec-
tron thermal fluxes (normalized to the gyro-Bohm flux
at that radius, Q,; = n.c,T,) at p=0.6 from experiment

— NBI

— NBI + ECH

1.2
1.0
0.8
0.6
0.4

0.0 M .

(a)
TolTe = 2.2%

0.10F

0.08}
0.06
0.04
0.02

" fe/ng = 0.47%]

fie/ne = 0.41%

-

11,1 R R O
0.0 0.2 04 0.6 0.8 1.0 1.2

KoPs

FIG. 7. GYRO simulated power spectra

and simulation. The normalization by Q,; ~ T,* ob- for (a) T, and (b) electron 7. NBI and
scures the amount of increase in absolute Q, with ECH NBI + ECH cases.

(also note that absolute Q, increases with ECH, where-

as the normalized quantity decreases due to the Q~T,"
variation). The fluxes are plotted vs. the nominal plasma
condition and show similar qualitative behavior between the
experimental and predicted values. The quantitative values
for the electron fluxes also compare favorably. In contrast
the quantitative ion fluxes for the NBI case differ by a fac-
tor of two between simulation and prediction while being
similar for the NBI+ECH case. Note that these simulations
use the profiles shown in Fig. 4 with no attempt at thermal
flux matching or profile variation. These flux matching and
variation studies are underway and some improvement in
the agreement may occur.

Non-linear GYRO simulations were attempted for radial
location p=0.8. However, physically meaningful solutions
have not been obtained to date at this location, with the
simulations exhibiting an unphysical accumulation of fluc-
tuation energy at the highest simulation wavenumbers

30

N
o

Qe/Qe'gB

Simul.

Expt.

Qe/Qe,gB

Expt.

Qi/Qigs
> o

Simul.

o O

Qi/Qigs

NBI

NBI+ECH

Condition

FIG. 8. Simulation and experiment
(a) electron and (b) ion thermal
fluxes at p=0.6 normalized to gyro-
Bohm flux, Q.= n.c,T,. NBI and
NBI + ECH cases.
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(kgp,~1. to 1.5). This phenomenon is known to correlate with strong intermediate to high-k
growth rates, suggesting a need for multi-scale simulations (e.g. coupled ITG-TEM-ETG)
and is currently under further investigation. The radial location where this effect begins to
manifest itself is also of importance and studies are underway to determine this as well.

These observations fit a general trend for validation studies at DIII-D in that predictions
of transport and fluctuation levels in the mid-core region (0.4<p<0.75) are often in better
agreement with experiment than those in the outer region (0>0.75) [6,14,16,17,19]. As a fur-
ther illustration, Fig. 9 shows experimental profiles and simulations from shot 128913, an L-
mode shot used extensively in validation studies [6,16]. The integrated energy flows through
the local surface area (P, and P;) from both a transport model (TGLF [20]) and non-linear
GYRO show qualitative and some quantitative similarity to experiment in the radial range
0<0.6. However, as p increases, significant under prediction of the fluxes [Fig. 9(c,d)] begins
near p=0.6 and approaches a 50% or larger under prediction near p=0.7 and beyond. These
flows are based on the experimental profiles shown in Fig. 9(a). These observations indicate
a possible research path that addresses this edge under-prediction in a systematic way.

25 =
20BN X
1.5
1.0

0.5
0.0
2.0

1.5

70.00 0.25 0.50 075 1.00
p

Fig. 9 (a) Experimental T,, 7T, (b) experimental and
predicted electron energy flow through the local surface
area (P,), (c) experimental and predicted ion energy flow
through the local surface area (P)).
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6. SUMMARY

Validation studies on DIII-D are focused on the testing of a wide range of gyrokinetic
turbulence codes/simulations. Through this ongoing validation activity, where experimental
measurement is compared in detail with simulation prediction, the design of suitably rigorous
experiments for testing code predictions has steadily improved. An example of this process
was described where it was found that predictions of temperature fluctuation levels and
transport fluxes are in qualitative agreement with experiment at p=0.6 but were not
obtainable at p=0.8. Further investigations of this are underway. These observations appear
similar to other observations from validation studies on DIII-D where predictions of transport
and fluctuation levels in the mid-core region (0.4<p<0.75) are in better agreement with
experiment than those in the outer region (p>0.75) where edge coupling effects may become
increasingly important and multi-scale simulations may also be necessary.
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