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Abstract. Multi-scale turbulence properties are significantly altered in high-beta advanced inductive plasmas as
parameters approach those anticipated in burning plasmas, in particular lower toroidal rotation and near unity
T./T;. Fluctuations are observed to increase by multiple diagnostics in H-mode plasmas on DIII-D as rotation is
lowered and T./T; increases, explaining the consequent local transport increases and global energy confinement
time reduction. The energy confinement time is reduced by about 40% as the toroidal rotation is decreased by
nearly a factor of three, while core turbulence increases in matched advanced-inductive plasmas ($.=2.7,
dos=5.1). Density, electron and ion temperature profiles, as well as relevant dimensionless parameters (8, p*, qos,
T.J/T;, and v*) were maintained nearly fixed. Low-wavenumber (ion gyroradius scale) density fluctuations
measured with beam emission spectroscopy near mid-radius show significant amplitude reduction, while
fluctuations in the outer region of the plasma (p>0.6) exhibit little change in amplitude. Intermediate to high
wavenumber fluctuations measured with Doppler backscattering and phase contrast imaging exhibit a similar
decreasing trend at higher rotation. Linear GYRO calculations are broadly consistent since localized g,y
shearing rates exceed growth rates in this mid-radial zone where fluctuations are suppressed at high rotation,
while this relationship is reversed at lower rotation where wg,; shearing rates are well below local growth rates;
calculated temperature and density profiles with TGLF are similar to experimental measurements. When the
T./T; ratio approaches unity via off-axis electron cyclotron heating, low-k density fluctuations are observed to
increase over the radial range 0.3<p<0.8 as particle, thermal and momentum transport increases. The spatial
correlation properties are slightly modified, suggesting a change in the dominant underlying instability driving
the observed fluctuations. The energy confinement time is correspondingly reduced by 30%. GYRO
calculations indicate increases in linear growth rates and quasi-linear fluxes that are consistent with these
observed changes; TGLF also reasonably accurately reproduces the expected kinetic profiles.

1. Introduction

Transport in burning plasmas will exhibit significantly different characteristics and
parametric dependencies compared with that in modern tokamak experiments, and so it is
crucial to test transport models and validate simulations in regimes that more closely
approach burning plasma conditions in order to gain confidence in the predicted energy and
particle confinement and thus overall performance. Burning plasmas, such as ITER, will
naturally have substantial electron heating from slowing alpha particles, collisionally coupled
electrons and ions, and equilibrated electron, ion and impurity temperatures, while
collisionality (v=v,/wg) will be relatively low at high Greenwald density fraction. In
addition, the applied toroidal torque from beams or intrinsic sources is expected to be
relatively low compared with plasma rotational inertia and thus toroidal rotation and radially
averaged ExB shearing rates are expected to be low, while growth rates of gradient-driven
turbulence will be similar on average to contemporary experiments. Understanding how
relevant dimensionless parameters such as p*, T.T, Y, /®Wggs Vs oss Pr. and impurity
fraction, impact turbulence and the resulting transport as burning plasma conditions are
approached is thus important to accurately predicting burning plasma performance. These
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parameters impact growth rates and alter which instabilities, such as ion and electron
temperature gradient-driven, microtearing, and trapped electron modes, drive fluctuations and
thus determine the saturated turbulence state as well as thermal and particle transport
characteristics.

In the experiments described here,
toroidal rotation and T./T, are systemat-

TABLE 1. DIMENSIONLESS PARAMETERS
Low High Low High

. . . ; P ¢
ically varied in high nor.mahzed arameter |y, Vi TJT, TT,
pressure H-mode plasmas while other

critical dimensionless parameter profiles Mach # 0.18 0.5 0.2 0.2
and gradients are held nearly constant. TJT(0) 0.5 0.5 0.5 0.9

To perform these experiments, it was
critical to employ the co-current and
counter-current neutral beam injection B. 2.7 2.7 2.45 2.45
systems [1], high-power electron

p* 0.016 0.016 0.016 0.016

cyclotron heating (ECH), suite of os >1 >1 >8 >8
advanced fluctuation diagnostics and T.(ms) 105 148 115 75
hlgh—per_formance scenarios on DIII-D. Ho, 136 na) 27 113
Fluctuation measurements were

obtained with beam emission spectro- | DIII-D Shot | 155583 | 155575 | 142019 | 142011

scopy (BES) (low-k density fluctu-
ations), Doppler backscattering (DBS) (intermediate-k density fluctuations), and phase
contrast imaging (PCI) (low to high-k density fluctuations) to obtain multiscale fluctuation
measurements over the wavenumber range for expected instabilities that drive thermal
transport. In order to assess the fidelity of current transport models in accurately predicting
the plasma density and temperature profiles and their responses to changes in applied heating
and torque, predictions of core kinetic profiles made using the quasilinear TGLF transport
model [2] are compared to the experimental measurements; comparisons to nonlinear
gyrokinetic simulations will be reported in future work. As a first step in understanding the
observed changes in fluctuation amplitudes, the results of linear gyrokinetic growth rate
calculations are compared with observed responses in fluctuation spectra and amplitudes.

To understand how transport behaves approaching anticipated burning plasma conditions,
advanced inductive (hybrid) plasmas were employed to achieve relatively high normalized
pressure (f3y) with good confinement (1 < Hy < 1.5.) Advanced-inductive plasmas exhibit
several additional advantageous features for performing transport experiments and analysis:
long-duration (Tpyramon/Te > 20), steady parameters, sawtooth-free conditions, and robust,
reproducible operation over a wide parameter range; repeat discharges were run to obtain
fluctuation measurements over a wide radial and wavenumber range. Typically, a benign
m/n=3/2 tearing mode develops that prevents q,,, from falling below 1 [3]. The long-pulse
discharges benefit fluctuation analysis since turbulence amplitudes in these high confinement
discharges are quite low (fi/n<<1% throughout high gradient regions at mid-radii); the long
duration allows for ensemble-averaging of spectral and correlation characteristics over long
time windows, thus increasing signal-to-noise in the extracted small-scale fluctuations.
Several dimensionless parameters for the rotation and T./T; scans are compared in Table I.
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2. Turbulence and Transport Variation with Toroidal Rotation and Shear

The core toroidal rotation was varied by over a factor of two in otherwise well-matched
advanced-inductive plasmas (I,=1.2 MA, B=1.9 T, B.=2.7, qys=5.1) while dimensionless
parameters (B, p*, qos, To/T;, and v*) and temperature and density profiles are held nearly
fixed. The core Mach number, M (=V 14x/Vy)), varied from M =0.2 to nearly M =0.5. Stored
energy and density were held fixed via the Plasma Control System; neutral beam power was
adjusted up or down as necessary as confinement varied with rotation. ExB shear profiles [4]
changed significantly with rotation, with a profile-averaged increase in shearing rate at higher
rotation.

Further reduction in toroidal rotation led
to the onset of m/n=2/1 neoclassical tearing
modes (NTMs), which were avoided for this
transport analysis. Related experiments

(a) I I I Vior (1IO5 m/s) |

N W b

—_

. 0 t t } t
were performed previously [5], although 8} . T (keV)
fluctuation measurements were not avail- 6 = TR 7
able. The global energy confinement time 4 rr———" — .
increases by 40% from low to high rotation. 2o o0t
2.1. Measured and TGLF-predicted 3 e Te (keV)
kinetic profiles o T -
C Tiise.
The toroidal rotation profiles measured with 12 i ]
charge exchange recombination spectro- g
o 8
scopy are shown in Fig. 1(a) for the two )
cases. Experimentally measured profiles of .
ion and electron temperature and density at >
high and low rotation are compared with | soom | | |
profiles predicted by the TGLF transport 0.0 0.2 0.4 0.6 0.8 1.0

model [2] in Fig. 1(b-d). The experimental sqrt. norm. toroidal flux peor

ion temperature profiles are broadly similar,  Fig. 1. Comparison of profiles in high (red) and
however, a significant 10% reduction in the low (blue) rotatign (solid: experiment; dashed:

. . TGLF); (a) Toroidal vel. (CER); (b) T; (CER),
measured ion temperature at low rotation, (c) T. (ECE/TS), (d) n, (Refl/TS).
relative to the high rotation case, is evident
at mid-radius. This difference is outside of the experimental uncertainty and reflects
increased ion thermal transport at lower rotation. The electron temperature profile [Fig. 1(c)]
is somewhat higher at higher rotation, consistent with transport modifications, and also
exhibits a flat structure near p=0.35 that likely results from the benign 3/2 mode. Note the
rotation profile [Fig. 1(a)] also shows a local flattening near the same radius. Why the 3/2
mode leads to such significant changes in V,, and T, gradients at high, but not low, rotation,
remains undetermined.

The TGLF model is used to calculate self-consistent temperature and density profiles
from independently calculated power and particle sources via the NUBEAM module, rotation
(and shear) profile, magnetic geometry, and boundary conditions (profiles match data at
p=0.8.) Flux-matched simulations were performed using the TGYRO code so that calculated
profile gradients drive the necessary thermal and particle transport to match experimental
fluxes. The resulting calculated profiles for high and low rotation were compared to
measurements in Fig. 1. The calculated ion temperature profiles match generally well, though
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mid-radial T; is slightly under-predicted, while the T, and n, profiles are correspondingly
over-predicted. This may result partially from the 3/2 mode near p=0.4. The electron
temperature is significantly lower than ion temperature in these neutral beam-heated
discharges, which results in significant electron-ion collisional exchange, such that the power
balance analysis indicates electron thermal transport dominates the ions. However, linear
analysis (discussed further in Sec. 2.3) indicates that the ion temperature gradient (ITG) mode
(which tends to drive equal amounts of ion and electron thermal transport) is the dominant
instability at low k in such both plasmas. This imbalance leads to the increased T, and n,
predictions, with the predicted steady-state profiles having reduced collisional exchange
(self-consistently calculated in TGYRO) and 4"10'9?(5')' T
roughly equal ion and electron thermal fluxes. Both
Thomson scattering and electron cyclotron emission
(ECE) measurements are employed in the fits.
Electron density profiles are measured with the
reflectometer and Thomson scattering, which are
0 155578,155586, Ch-$0,ALTCF |

. . A YA e A
largely in agreement and show a good density 0 100 200 300 400 500
match Frequency (kHz)

—— High Rotation
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W
T
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T

-
T

LR LR UL UL UL L LU LN L
—— High Rotation
' Low Rotation

10x10°°p

2.2 Variation of turbulence characteristics with of
rotation
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Core density fluctuations were measured over the
range 0.5<k,<10 cm™ with BES [6] at low-k, DBS
[7] at intermediate-k, and PCI [8] at low to high-k. oo rsonres .
The fluctuation spectra at two radial locations from 0 100 200 300 400 500
BES are compared in Fig. 2(a) and 2(b) for high and
low-rotation plasmas. At p=0.5, a broad fluctuation
spectrum is observed at low rotation, peaking near
230 kHz (k ps=0.3), while fluctuations are largely
suppressed in the high rotation discharge. In
contrast, similar amplitude spectra are obtained for R
both high and low rotation at p=0.75. The shift in s 0 0 08
the peak frequency of the spectra from about Minor Radius ()
160 kHz to 240 kHz is explained by the change in A
the measured fluctuation poloidal velocity.
Figure 2(c) compares the amplitude profile for the
two rotation conditions. The fluctuation amplitudes
are rather similar over much of the outer core region
(p>0.55); the main differences arise at and inside of | | O_BES——CER- Low Rotation \BC
p=0.55, where a clear reduction in fluctuation ettt BT TIAY
. . . . . 04 05 06 07 08 095 10
amplitude is observed in the high rotation plasmas. Minor Radius ()
Higher toroidal rotation leads to higher ExB shear
and Furbulence suppression, but this is a radially 510%1 ie&fﬁéxzzfﬁgl;}rgggSiirtlyh?glilctalllr?c_l
localized effect. low rotation discharges over 3 repeated
Figure 2(d) compares the poloidal velocity of  discharges each: (a) spectra at p=0.5,
density fluctuations measured with BES to the ExB (b) spectra at p=0.75, (¢) amplitude profile

; . . ] (log scale), (d) poloidal ExB velocity from
velocity obtained with charge exchange recombin-  BES (points) and CER (curve).
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ation (CER) measurements. The BES measurements were obtained via time-lag cross-
correlation between the multiple poloidally-displaced channels in the 2D array. The measured
E, profile comes from a radial force balance analysis that uses CER measurements of the
carbon ion pressure, toroidal rotation, poloidal rotation, and the local magnetic field (from an
EFIT reconstruction which uses both measured pressure and current [via motional Stark
effect (MSE) as constraints]. The close agreement reflects consistency between the
independent measurements and indicates that the propagation of fluctuations in the plasma
frame is small compared with the ExB velocity. This is similar to observations obtained in a
set of L-mode plasmas [9,10] employed for validation studies. While the velocities compare
well over much of the profile, a notable deviation occurs at high and low rotation towards the
outer radial zone, with the turbulence velocity higher in magnitude than the ExB velocity;
this difference may reflect turbulence advection in the ion diamagnetic direction in the
plasma frame; a similar observation was made in the outer radial regions of L-mode

discharges [9]. 5 PCl spectra averaged over 4.0-4.5 s — ELMs discarded

Low-to-high wavenumber fluctua- 197 — High torque 185576
— Low torque 155583

tions from PCI are compared for high
and low rotation in Fig. 3(a). PCI mea-
sures the spatially integrated fluctuations
along a vertical chord located at R=194-
202 cm, (p=0.3). Fluctuations are
Doppler-shifted at high rotation and the
line-integrated  fluctuation power is
approximately 3 times higher at low
rotation (note log-scale). In addition, the o 015»“’) /V\ Low rotation, 155583
m/n=3/2 core tearing mode and harmon- \ High rotation, 155576
ics are observed, which were not
included in fluctuation power.
Intermediate-wavenumber  fluctua-
tions (2.4 < k ps < 3.6) were measured 0.005
with DBS and are compared in Fig. 3(b) “\\\\WA
near p=0.7 for the low and high rotation 1000 2000 3000 4003\ 5000
plasmas. These illustrate a change in f (kHz)
Doppler shift and show a substantial Fig. 3. Comparison of density fluctuation spectra at
reduction in integrated fluctuations at  high and low rotation: (a) PCI (vertically line-averaged,
higher rotation. This result contrasts with 10_"6 t70)high-k), and (b) DBS (intermediate-kp~2.5-3.5,
the BES measurements at a similar =
radius, which indicated a similar magnitude of fluctuations, reflecting a wavenumber
dependence to the suppression.

PSD (au)

0.000

Pnanef) (au)

2.3 Linear growth rates calculations with GYRO

Calculated linear growth rates from GYRO are compared with shearing rates and qualitative
aspects are compared to turbulence measurements. The growth rates are shown in Fig. 4
along with the corresponding wy,; shearing rates for the two radii at which spectra were
displayed in Fig. 2(a) and 2(b). The calculations include electromagnetic effects (dA,z0,
dB,=0), electron-ion collisions, and geometric effects through a generalized Miller
representation.
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At p=0.75, the growth rates exceed the shearing rates and are similar to each other. The
growth rates peak close to where the fluctuation spectra peak, when frequency is converted to
normalized poloidal wave number, kgps, via the measured local poloidal velocity as
ko = 2nf/vg and ps = /2T.M; /eB. Also, the peaks of both measured spectra and calculated
growth rates are slightly downshifted in poloidal wavenumber at high rotation. At p=0.5, the
high rotation plasma exhibits a low growth rate that is below the local shearing rate, and
turbulence is correspondingly measured to be minimal (noise level), while at low rotation, the
growth rate peak is comparable to the shearing rate and turbulence was much higher. Recall
also from Fig. 1(b) that the T, profile is somewhat higher at high rotation, consistent with
lower growth rates and turbulent transport.

70 i ' 135575 4200 ms 025 I T T T
ol Tin (KHE) Pror =05 s Yin (€5/2) pror = 0.75 R AT
(a) high rot. e 0.20 (1) hiah rot. -
50+ |
40} i 0.15F .
low rot. Ye,g low rot.
30F - S ] i |
" Y | 0.10 low rot. Ve
L RN R / """" Agh Tot. Yo \
J ‘q
; Y 0.05F+
10 ,"' hlgh rot. Ylin “\‘ -
,o'd' “\‘
o] b ! bo—co—d 0.00 I ! ! !
0.0 0.2 0.4 0.6 0.8 00 02 04 06 08
Kops Kops

Fig. 4. Growth rates from GYRO compared with experimental ExB shearing rates from CER
(E; force balance) for (a) p=0.5 and (b) p=0.75.

3. Turbulence and Transport Variation with Electron to Ion Temperature Ratio

In related experiments that were also performed in advanced inductive discharges, the effects
of the electron to ion temperature ratio, T./T; where systematically investigated. It’s been
previously demonstrated that as the T./T, ratio increases towards unity, transport increases
and confinement is typically degraded [11,12]. Here, we relate fluctuation measurements,
GYRO growth rates and profile predictions. The electron to ion temperature ratio was
systematically increased by 25% via application of 3.5 MW of off-axis electron cyclotron
heating, while core ion temperature and rotation were held fixed via feedback. The T, profile
is uniformly increased to maintain a similar electron temperature gradient scale length
profile. Dimensionless parameters (8, p*, qos, M,) are held nearly fixed as T./T, is varied
(collisionality also changed with T,). Particle transport was increased at higher T./T..
Measured profiles for high and low T./T; plasmas are compared in Fig. 5 with predicted
profiles from TGLF. T,(0) is maintained nearly fixed, but the profiles do change modestly at
mid radius as a result of increasing transport at higher T/T,, TGLF most accurately
reproduces the 7, profile at low T/T, but overestimates it at higher T.,/T,. The electron
temperature profiles increases uniformly by about 25% in the ECH-heated discharge, and
TGLF flux-matched profiles are consistent. TGLF also over-predicts the density profile,
particularly at low T./T;; this result is insensitive to uncertainties in the wall-recycling source.
Low-k density fluctuations were measured with BES over the radial range 0.3<p<0.8
with the 2D array. Fluctuations are observed to increase as the T./T; ratio is increased. The
spectra, displayed in Figs. 6(a) and 6(b), indicate a fairly uniform increase as a function of
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142019 4500 ms| | | |
0.0 0.2 0.4 0.6 0.8 1.0

sqgrt. norm. toroidal flux pyer

Fig. 5. Comparison of measured profiles at
lower T./T; (blue, solid) and higher T./T; (red,
solid) and TGLF calculated profiles (dashed)
for: (a) electron temperature, (b) electron
temperature, and (c) density.

frequency, which is nearly equivalent to poloidal
wave-number. Figure 6(c) shows the amplitude
profile, which shows a relatively uniform
increase across the profile, unlike in the rotation
experiments. Commensurate with this fluctuation
amplitude increase with T./T;, transport increases
in all channels (Y, % %. D), while energy
confinement time is reduced by 35% as T./T,
increases by 25%.

Growth rates and plasma frame frequency for

low to intermediate-wavenumber instabilities are calculated with GYRO (Fig. 7) at p=0.65.
Higher kgps growth rates increase [Fig. 7(a)] with T/T,, while for kgps < 0.5, there is little
change. This reflects increasing turbulence from TEM and ETG modes, which also chanes
the real frequency, which shows advection in the ion diamagnetic direction for low T./T; and

electron direction at higher T /T..

G.R. McKee, et al.

gE T L L A |
3.0x107 K (a) —High To/T, (0.171%)
= o5f! - Low T/T; (0.135%)
£ 3 ;
o F o\
28 20 EY e, /a=053
> 5 E
© 5 \ ]
g 1.0F E
8 F \\ ]
& osf ]
[ 142014(ECH)/142021(NoECH),ST 2300\‘»\\ ]
0.0bNeRBsZER00sDOEE A0 | (o

50 100 150 200 250 300

Frequency (kHz)
4x10"3:----.--............,....3
_ - (0) ~High TJ/T, (0.204)
T 3 - Low T/T, (0.153)
x : -
o ™
(6] =
2 TN, t/a=0.72
Z 2 _\“\ /’J -y 3
o E N\ E
8 i ]
o3 1 Ny E
n F N ]
3 142011(ECH)/142023(NoECH),ST:2800 \\“~_\ E
NPABSIZSZIOOSOCEMETA0 |, |, ,

50 100 150 200 250 300

Frequency (kHz)

0.25:‘_.........|....|....|........._‘:

< B ]
s o020f © { 3
E - ! ]
S oisf t -
< r ﬁ f ]
§ otof . E
g : ]
i r [0 Low Te/Ti ]
0.00:ann|I|||||||||I|||||||||I||||‘l:

0.2 0.4 0.6 0.8

Minor Radius ()

Fig. 6. Turbulence measurements with
BES: (a) density fluctuation spectra at
p=0.53 for high T./T; (red) and low T./T;
(blue), (b) same at p=0.72, and (c) profile
comparison of fluctuation amplitude.
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Fig. 7. GYRO calculations of (a) linear growth rates and measured ExB shearing rates, and
(b) plasma frame frequencies at p=0.65 for high and low T./T; plasmas.

4. Discussion and Conclusions

These experiments and analysis establish the turbulence mechanisms, including increases in
amplitude and changes in wavenumber, behind transport modifications approaching burning
plasma-relevant conditions. These results point towards reduced energy confinement as
burning plasma relevant parameters of lower injected torque, and consequently lower rotation
and average ExB shear, and near unity T./T,; are approached. These initial experiments and
comparisons with TGLF and GYRO show generally consistent trends, though some notable
discrepancies were identified. Experimental studies will also seek to identify potential
mitigating factors that may offset the deleterious effects of low rotation/shear and near unity
T./T,, such as the effects of radiative impurities, Shafranov shift and low collisionality.

This material is based upon work supported by the U.S. Department of Energy, Office of
Science, Office of Fusion Energy Sciences, using the DIII-D National Fusion Facility, a DOE
Office of Science user facility, under Awards DE-FG02-08ER54999, DE-FG02-89ER53296,
DE-FG02-07ER54917,  DE-FG02-08ER54984, DE-FC02-04ER54698,  DE-FGO02-
04ER54235 and DE-AC02-09CH11466.
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