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Understanding and predicting profile structure and parametric scaling
of intrinsic rotation
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1Plasma Physics Laboratory, Princeton University, P.O. Box 451, Princeton, New Jersey 08543, USA
2University of California, San Diego, La Jolla, California 92093, USA

(Received 26 April 2017; accepted 23 July 2017; published online 10 August 2017)

This paper reports on a recent advance in developing physical understanding and a first-principles-

based model for predicting intrinsic rotation profiles in magnetic fusion experiments. It is shown

for the first time that turbulent fluctuation-driven residual stress (a non-diffusive component of

momentum flux) along with diffusive momentum flux can account for both the shape and magni-

tude of the observed intrinsic toroidal rotation profile. Both the turbulence intensity gradient and

zonal flow E� B shear are identified as major contributors to the generation of the kk-asymmetry

needed for the residual stress generation. The model predictions of core rotation based on global

gyrokinetic simulations agree well with the experimental measurements of main ion toroidal

rotation for a set of DIII-D ECH discharges. The validated model is further used to investigate the

characteristic dependence of residual stress and intrinsic rotation profile structure on the multi-

dimensional parametric space covering the turbulence type, q-profile structure, and up-down

asymmetry in magnetic geometry with the goal of developing the physics understanding needed for

rotation profile control and optimization. It is shown that in the flat-q profile regime, intrinsic rota-

tions driven by ITG and TEM turbulence are in the opposite direction (i.e., intrinsic rotation

reverses). The predictive model also produces reversed intrinsic rotation for plasmas with weak

and normal shear q-profiles. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4997789]

I. INTRODUCTION

Plasma flows, toroidal rotation in particular, can play an

important role in controlling plasma macro-stability and

improving confinement performance. Toroidal rotation is

often driven externally through neutral beam injection (NBI)

in current fusion experiments. However, in future large size

devices, the beam torque relative to the moment of inertia of

the plasma will be much smaller than the present experi-

ments. Therefore, ITER, for example, may have to rely on

plasma self-generated intrinsic rotation for controlling

plasma stability and microturbulence.

It is generally believed that there are two key elements

for the generation of intrinsic rotation. The first one is edge

momentum sources and sinks, which can be caused by vari-

ous processes and mechanisms near the plasma boundary,

such as direct particle losses through the last closed magnetic

surface to the scrape-off layer (SOL),1 transport imbalance

between trapped and passing particles coupling with edge

geometry effects,2 boundary stresses,3 and SOL flows.4 The

second key element is momentum transport, which can bring

the edge momentum, either positive or negative, into the

core region, redistribute it, and form a global rotation profile.

In particular, a non-diffusive momentum flux which connects

edge momentum sources/sinks and core plasma flow is criti-

cal. Plasma turbulence provides a key mechanism for driving

toroidal momentum transport. The radial flux of toroidal

angular momentum due to turbulence consists, in general, of

three components as expressed below

Cr;/ / �c1v/
@V/

@q
þ c2VpV/ þPrs

r;/;

e.g., the usual momentum diffusion (first term) and two non-

diffusive momentum fluxes which are momentum pinch

(second term) and residual toroidal Reynolds stress (third

term). Here, v/ and Vp denote the momentum diffusivity and

pinch velocity, respectively; q denotes radial coordinates

(a label of the flux surface); and V/ is the toroidal rotation

velocity. The three components in the turbulence-driven

momentum flux have different physics origins and have dis-

tinct effects on global profile formation. The diffusive trans-

port is well known in the direction opposite to the rotation

gradient, leading to the relaxation of the rotation profile. The

momentum pinch term is a convective flux, which can trans-

port momentum in either direction, up-gradient or down-

gradient. The residual stress is defined as a specific part of

the Reynolds stress, which does not directly depend on the

rotation velocity and its gradient. A spatially non-uniform

residual stress provides a source for intrinsic torque and

intrinsic rotation in the sense that it allows plasma to spin up

from rest.

After more than a decade of intensive experimental, the-

oretical, and computational studies leading to significant pro-

gress in understanding the intrinsic rotation phenomenon, one

central question raised by the fusion community [e.g., from

recent Transport & Confinement Topical Group meetings of

International Tokamak Physics Activity (ITPA)] is if we

have enough knowledge and valid modeling capability for

intrinsic rotation prediction.5 This paper presents an effort to

address this issue. Progress in this direction significantly lags

behind the progress in predicting other plasma profiles such

Note: Paper PI3 6, Bull. Am. Phys. Soc. 61, 281 (2016).
a)Invited speaker.
b)wwang@pppl.gov
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as temperature and density. As a distinct feature, momentum

transport is highly non-diffusive, which plays a critical role in

the formation of the rotation profile. With regard to intrinsic

rotation prediction, both its achievable amplitude and profile

structure are important since each one may result in different

effects on macro- and micro-instabilities. The highly non-

diffusive nature in toroidal momentum transport gives rise to

more complex profile structures of toroidal rotation relative

to the temperature profile. Phenomenologically, intrinsic

toroidal rotation exhibits more often non-monotonic profiles,

profile reversals, etc. A related interesting question is whether

a transport barrier exists for toroidal rotation (if yes, the

underlying dynamics appears more complicated than that for

the barriers of temperature, for which the profile is mostly

determined by the diffusive transport process).

The rest of this paper is organized as follows: In Sec. II,

a brief description of DIII-D rotation experiments and gyro-

kinetic simulations used for this study is given, and general

features of turbulence-driven momentum transport in these

DIII-D plasmas obtained from gyrokinetic simulations are

presented. In Sec. III, a first-principles-based predictive

model is discussed, and the results of predictions of intrinsic

rotation for DIII-D ECH discharges are presented. In Sec.

IV, the predictive model is further used to investigate the

characteristic dependence of the residual stress and intrinsic

rotation profile structure on the multi-dimensional paramet-

ric space with the goal of developing the physics understand-

ing needed for rotation profile control and optimization. A

summary is given in Sec. V.

II. CHARACTERISTICS OF TURBULENCE-DRIVEN
MOMENTUM TRANSPORT IN ECH PLASMAS

Understanding and predicting the intrinsic rotation pro-

file structure present a great challenge and opportunity to test

the physics of turbulence-driven intrinsic rotation and vali-

date the first-principles-based models. In this paper, we focus

on electron-heated plasmas without momentum torque injec-

tion for our study. A set of DIII-D deuterium discharges

heated by electron cyclotron waves (ECH) with different

ECH input powers are simulated using global nonlinear

gyrokinetic simulations. Figure 1 shows how plasma profiles

of density, electron temperature, ion temperature, and toroi-

dal rotation change as the ECH power increases. More

detailed descriptions of these experiments and measurements

are given in Ref. 6. The toroidal rotations observed in those

discharges are essentially the plasma self-generated intrinsic

rotation since the momentum torque associated with ECH

injection is negligible. We use those ECH discharges for this

study for several reasons. First, ECH discharges are quite

relevant to ITER since ECH power directly goes to electrons

and ITER plasmas are expected to be dominated by electron

heating. Second, intrinsic rotations observed in those ECH

plasmas show very interesting features in global profile

structures. Specifically, they are non-monotonic with an

off-axis peak in the core region. A core-hollowing rotation

profile was also observed in off-axis ECH-heated helium dis-

charges on DIII-D.7,8 Such off-axis peaked, non-monotonic

profiles cannot be generated through a pure momentum dif-

fusion process, and it is a clear indication of the importance

of non-diffusive momentum transport. One unique feature of

those DIII-D experiments is that the measurements of toroi-

dal rotation are directly obtained from bulk ions of helium8

and deuterium9,10 rather than merely from impurities as in

most previous experiments. Finally, these well-diagnosed

DIII-D discharges provide high fidelity experimental plasma

profiles, which is critical for the purpose of validation.

In this work, our global turbulence simulation studies are

carried out using the Gyrokinetic Tokamak Simulation (GTS)

code.11,12 The GTS code performs gradient-driven turbulence

simulation based on a generalized gyrokinetic simulation

model using a df particle-in-cell approach. GTS simulations

of DIII-D discharges for this study take into account the com-

prehensive influence of many physics effects, including fully

kinetic electrons, realistic geometry constructed using experi-

mental data, real electron and ion collisions, toroidal flow,

and equilibrium electric field. All the plasma profiles and the

equilibrium radial electric field are directly read from experi-

mental database. Global simulations cover a wide region of

FIG. 1. Time history of ECH power and short neutral beam pulses (for the main ion rotation measurement) (left) and radial profiles of ne, Te, Ti, and ion toroi-

dal rotation (right) from the DIII-D ECH power scan experiments.
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minor radii, from r=a ¼ 0:05 to 0.9. A large number of simu-

lation particles (60–100 particles per cell per species) are used

in order to achieve good statistics. The spatial grid size in the

perpendicular direction is approximately equal to or less than

the local ion gyroradius qi. The wavenumber range that is

simulated is k?qi�2, which covers the typical low-k turbu-

lence due to ion temperature gradient (ITG) mode and trapped

electron mode (TEM).

In order to separate the three components of the toroidal

momentum flux, three independent, nonlinear simulations

are performed for each experimental discharge, using zero

toroidal rotation, a rigid toroidal rotation, and the realistic

toroidal rotation profile, respectively. Correspondingly, the

simulated toroidal momentum fluxes in the three simulations

are, by definition, purely residual Reynolds stress, both resid-

ual stress and momentum pinch, and all three components. It

is important that the three simulations use the same equilib-

rium radial electric field which comes from experimental

data. This assures that underlying turbulence and fluctuations

for driving residual stress, momentum pinch, and diffusion

are roughly identical when calculating each component of

the momentum flux and that the underlying turbulence and

fluctuations correspond to that of the specific experimental

case being considered. On the other hand, for a typical intrin-

sic rotation, the rotation profile is well below the threshold

for exciting Kelvin-Helmholtz instability.13 Therefore, the

use of three different toroidal rotations produces negligible

influence on the simulated turbulence but allows us to calcu-

late residual stress, pinch, and diffusion separately in the

same turbulence state corresponding to the experimental dis-

charge being considered.

Because of the relatively low temperature and suffi-

ciently high density of those ECH discharges, there is strong

collisional coupling between electron and ion species, such

that electron cyclotron resonance heating raises both electron

and ion temperatures through collisional energy exchange.

Therefore, direct electron heating in these plasmas increases

both electron and ion pressure gradients that can drive insta-

bilities. The simulation results show that significant turbulent

fluctuations, which are mainly driven by ion temperature

gradient (ITG) instabilities, are present in the core region of

those DIII-D ECH discharges from 0.4 to 0.8 in the minor

radius. The spatiotemporal evolution of turbulence intensity,

defined as hðedU=TiÞ2i with dU and Ti being the potential

fluctuation and ion temperature, respectively, is displayed in

the left panel of Fig. 2, which shows that fully developed tur-

bulent fluctuations peak at around r=a ¼ 0:55� 0:6, close to

the location of the rotation profile peak. The simulated turbu-

lence is dominated by low-k fluctuations with normalized

poloidal wavenumber khqs � 0:1� 0:3, and correspond-

ingly, dominated by toroidal mode numbers from 20 to 60

(the right panel of Fig. 2). It is not surprising that the modes

of saturated fluctuations are observed to cluster along the

line of a resonant surface in the wavenumber (m, n)-space,

which is specified by m=n ¼ qðrÞ. Here, (m, n) are the poloi-

dal and toroidal mode numbers, respectively, and q(r) is the

safety factor.

Before further discussion of the physics results, it is

interesting to examine the property of toroidal momentum

conservation in our gyrokinetic simulations. Figure 3 plots

FIG. 2. Spatiotemporal evolution of the turbulence intensity (left) and potential fluctuation spectrum at a minor radius r=a ¼ 0:57 (right). The time on the left

plot is normalized by LTi
=vth;i, the ratio of the ion temperature gradient scale length, and ion thermal velocity.

FIG. 3. Radial profile of the toroidal momentum change rate �DV/=Dt and

intrinsic torque density �� hr �Prs
/i due to residual stress from the same

simulation of Fig. 2 using no toroidal rotation.
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the rate of toroidal momentum change and the divergence of

residual stress (namely, fluctuation-driven intrinsic torque)

during a phase of turbulence development from the simula-

tion using no toroidal rotation. These correspond to the two

terms in the following local momentum conservation equa-

tion (with no diffusion and pinch in the momentum flux,

respectively),

@

@t
minihRV/i
� �

þ hr �Prs
/i ¼ 0: (1)

Here, R, mi, and ni are the major radius, ion mass, and den-

sity, respectively. The two curves are on the top of each

other, indicating that the local momentum conservation is

well satisfied.

The ITG turbulence in these ECH plasmas is found to

drive a significant anomalous thermal transport of the experi-

mental level as shown in the left of Fig. 4 which compares

the ion energy flux between simulation and experiments in

the core region. In addition, the turbulence is also found to

drive a substantial, quasi-stationary toroidal momentum flux

in the core region in the situation of zero toroidal rotation, as

shown in the middle and right of Fig. 4. The radial flux of

ion toroidal momentum is calculated in the simulations

according to hC/ � rqi � h
Ð

d3vmiRv/ðvE � rqÞdfii, where

v/ and vE are the toroidal velocity and turbulence-perturbed

E� B velocity, respectively; dfi is the turbulence perturba-

tion of the ion distribution function; and h i denotes the flux

surface average. In the situation of no toroidal rotation, the

simulated momentum flux is merely the residual stress hPrs
/ �

rqi by definition (because V/ and its gradient are zero). The

amplitude of the residual stress is seen to be comparable to

that of momentum diffusion in Fig. 4.

One outstanding feature of turbulence-driven residual

stress found here shows an anti-gradient, dipole structure, as

illustrated in Fig. 5, which plots the steady-state radial profile

of residual stress, diffusive momentum flux, and the sum of

residual stress and momentum pinch calculated using the

three simulations described previously. As is generally done

for calculating transport fluxes in this type of turbulence

simulation studies where simulations are run well beyond

the linear growth phase of the instability to reach a well-

saturated, stationary turbulence state, the momentum flux

profiles plotted in Fig. 5 are obtained by time average in the

saturated turbulence state over a long period. Generally, the

interval of time averaging should be some time scale

between the correlation time and the profile evolution time.

More specifically, an averaged transport flux is calculated

over a period of many turbulence growth times.

As shown in the figure, the simulated residual stress (red

curve in Fig. 5) is found to switch sign at r=a � 0:6. On the

other hand, the simulated turbulence-driven momentum dif-

fusion (blue curve in Fig. 5) is shown to follow the gradient,

as it should be. The black curve represents the sum of resid-

ual stress and momentum pinch, which is obtained from the

simulation using a finite, uniform rotation frequency. The

result that the black curve is almost on the top of the residual

stress profile indicates that the momentum pinch due to turbu-

lence is negligibly small. The anti-gradient, dipole structure

in the residual stress is found to be critical for the formation

of the off-axis-peaked core rotation profile observed in ECH

experiments. As shown in Fig. 5, the momentum flux associ-

ated with the residual stress is outward in the inner core

region and inward in the outer core region, which provides a

counter-balance against the momentum diffusion. This is

exactly what is needed in order to hold a steady state off-

axis-peaked core rotation profile.

We now discuss the physics mechanisms driving the

residual stress. A major contribution to the residual stress is

parallel Reynolds stress h~vr ~vki, which needs a finite parallel

FIG. 4. Radial profile of simulated turbulence-driven ion energy flux compared with experimental values from TRANSP analysis (left); spatiotemporal evolu-

tion of simulated residual stress (middle); and time history of residual stress and diffusive momentum flux at r=a ¼ 0:5 (left) for a DIII-D ECH discharge. The

time on the middle and right plots is normalized by LTi
=vth;i.

FIG. 5. Radial profile of simulated residual stress, momentum diffusion, and

the sum of residual stress and momentum pinch at the steady state.
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wave number kk (on average) to be nonvanishing.14 Indeed,

our simulation results confirm that the toroidal residual stress

is generally dominated by the parallel Reynolds stress. For

most drift-wave instabilities, the modes with positive and

negative kk are equally excited in ideal situations. Namely,

there is a perfect reflection symmetry in the kk spectrum and

a zero average kk. Therefore, a critical factor for turbulence

to drive residual stress is the presence of physics effects

which can break kk-symmetry. Several physics mechanisms

that may cause such symmetry breaking and thus the genera-

tion of residual Reynolds stress have been studied. These

include finite shear in the E� B velocity,15,16 turbulence

self-generated low frequency zonal flow shear,17 up-down

asymmetry in equilibrium geometry,18 radial gradient in the

turbulence intensity,19 poloidal tilt of the global mode struc-

ture,20 and diamagnetic level velocity shear21 arising from

the profile shearing and magnetic shear effects on the turbu-

lence spectrum.22 Most of these mechanisms are enabled in

the presence of global turbulence effects. Higher order terms

in the gyrokinetic equation are also being investigated as

possible drivers, which are needed to break the structural

symmetry of gyrokinetics in the local flux-tube limit23 and

then produce residual stress (which otherwise vanishes

because of the structural symmetry in the local limit).

The GTS simulations used for this study take into

account the global turbulence effects and the effect of up-

down geometric asymmetry needed for symmetry breaking

and turbulence-driven toroidal momentum flux. Such global

effects have proven to be significant for turbulence to drive

residual stress in many previous gyrokinetic studies. The left

panel of Fig. 6 displays the spatiotemporal evolution of

spectrum-averaged kk defined as17

hkki rð Þ � 1

qR0

X
nq� mð ÞdU2

mnX
dU2

mn

;

where Umn is the mode amplitude of the Fourier component

of the mode number (m, n), and R0 is the major radius. It

clearly shows the generation of significant finite kk due to

symmetry breaking in saturated turbulence. The radial profile

of the averaged kk shows a dipole structure which is consis-

tent with the dipole structure observed in the directly calcu-

lated residual toroidal Reynolds stress (see Fig. 4). In the

middle panel of Fig. 6, a parallel Reynolds stress estimated

via h~vr ~vki � hkhkkd/2
ki in terms of the quasi-linear theory

shows a similar spatiotemporal structure as the directly simu-

lated residual stress (see the middle of Fig. 4). Further quan-

titative analysis indeed shows strong correlations of the

toroidal residual stress with the spectrum-average kk and the

parallel Reynolds stress in the steady state turbulence phase

(the right panel of Fig. 6).

Further investigation is carried out to identify the cause

of kk-symmetry breaking needed for generating residual

stress among various mechanisms previously mentioned.

First, it is quite suggestive that the spatiotemporal structure

of the turbulence self-generated zonal flow shearing rate

cZF
E�B and fluctuation intensity gradient dhdU2i=dq (the left

and middle of Fig. 7) looks similar to that of the spectral

averaged kk. The zonal flow shearing rate is calculated

FIG. 6. Spatiotemporal evolution of spectral averaged hkki (left), parallel Reynolds stress based on the quasi-linear estimate (middle), and correlation coeffi-

cients of simulated toroidal residual stress with hkki and the parallel Reynolds stress (right).

FIG. 7. Spatiotemporal evolution of the zonal flow shearing rate (left) and turbulence intensity gradient (middle) and the time history of correlation coefficients

of spectral averaged hkkiðrÞ with the turbulence intensity gradient and zonal flow shearing rate (right). Note that the absolute value of the correlation coefficient

measures the correlation strength.
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according to cZF
E�B ¼

R2B2
p

B
@
@Wp

EZF

RBp

� �
,24 where B and Bp are the

total and poloidal magnetic field strengths, and Wp is the

poloidal magnetic flux. Indeed, the strongest correlations are

found for hkki with both of them as shown in the right panel

of Fig. 7, which displays the correlations of three radial pro-

files: hkki vs. dhdU2i=dq and hkki vs. cZF
E�B as a function of

time. This result suggests that both the turbulence intensity

gradient and zonal flow E� B shear are major contributors

to the kk-symmetry breaking needed for residual stress gen-

eration. On the other hand, the effect of equilibrium E� B

shear is shown to be less significant compared to that of

zonal flow. Here, the simulation is performed using the up-

down symmetry equilibrium, and thus, there is no contribu-

tion to kk-symmetry breaking due to up-down asymmetry

effects. The simulation using the up-down asymmetric equi-

librium is also performed which, however, results in minor

differences in the calculated residual stress and the predic-

tion of the intrinsic rotation profile, indicating that the effect

of up-down asymmetry equilibrium on kk-symmetry break-

ing is not important in those plasmas. This result is presented

in more detail in Sec. III. The up-down asymmetry in the

biased poloidal tilt of the global mode structure due to equi-

librium profile shearing may lead to kk-symmetry breaking.

However, this eigenmode feature appears mostly in the linear

phase and the poloidal tilt is largely diminished by nonlinear

physics, such as the zonal flow shearing effect. Therefore, its

effect on kk-symmetry breaking is weakened in the fully

developed turbulence state. Finally, the magnetic shear effect

on the turbulence spectrum also provides a mechanism for

kk-symmetry breaking by causing a radial shift of poloidal

harmonics. However, this effect is significant in the low

magnetic shear regime and appears weak in those ECH plas-

mas which have normal magnetic shear in the core region.

As one prominent feature, the simulated turbulence and

transport of these DIII-D ECH plasmas are characterized by

burstings, which emerge regularly in time and ballistically

propagate in the radial direction, as shown by the strip struc-

tures in the spatiotemporal evolution of various observables

including turbulence intensity, transport fluxes (e.g., residual

stress), zonal flows, etc. Such avalanche-like events are

widely observed in various type of gyrokinetic turbulence

simulations.12,25–28 These include flux- and gradient-driven

turbulence simulations and global and local simulations. The

quasi-periodic excitation of burstings and avalanches appear

due to the dynamical interplay between turbulence-driven

transport fluxes and local plasma profile modulations. For

the DIII-D ECH case simulated here, the avalanches are ini-

tialized in both the left and right sides (near r=a ¼ 0:4 and

0.8) of the turbulence region, where the local ion temperature

gradient is dynamically enhanced due to turbulence-induced

thermal transport. In contrast, the local ion temperature gra-

dient is mostly weakened in the central area of the turbulence

region. The avalanches propagate radially toward the center

of the region near the deposition peak of ECH (see, for

example, the middle of Fig. 4). Radially inward propagating

avalanches in the outer side of the turbulence region appear

stronger (with a larger size and amplitude). As suggested by

the previous studies, the characteristics of avalanches appear

to closely depend on the underlying zonal flow dynamics.

Figure 8 shows the radial profile of the total E� B shearing

rate including contributions from both the turbulence self-

generated zonal Er and the equilibrium Er. The zonal flow

E� B shearing rate is obtained by time-averaging the left

plot of Fig. 7 in the stationary turbulence phase from t¼ 400

to 700. The zonal flow shear is shown to be dominant in this

case. The sign of the total E� B shear switches at a radial

location near the deposition peak of ECH. The propagation

direction of avalanches shows a close dependence on the

sign of the E� B shear. This is consistent with the observa-

tions of the previous simulations. This dependence is estab-

lished through (i) the radial propagation mechanism of tilted

turbulence due to E� B shear27 and (ii) the E� B-shear-

mediated directional mode coupling.28 Furthermore, the radial

extent of avalanches is bounded by the radial scale of E� B

shear with the same sign. More specifically, the radial extend

of the avalanches in the outer region (r=a > 0:55) is about

60qi. The avalanche propagation velocity is estimated to be

ð2� 3Þqivth;i=R, and the estimated avalanche frequency is

�0:9vth;i=R which is lower than the GAM frequency. All these

are consistent with the results of previous simulations.12,27,28

Avalanche-like radial-temporal structures are widely

observed in turbulence simulations. It would be interesting

to identify such structures in fusion experiments in order to

validate the associated physics and simulation results and

further to study the effect of the avalanche-type non-diffu-

sive transport process on plasma confinement. Turbulence-

driven particle flux may be directly measured with a heavy

ion beam probe. The data of particle flux measured at two or

more radial locations may allow to search for the long range

radial correlation (much longer than the turbulence correla-

tion length) that characterizes the avalanche-like transport.

However, it is generally more difficult to detect such struc-

tures in transport fluxes than in potential, density, and tem-

perature fluctuations. The electron cyclotron emission (ECE)

and reflectometer diagnostic for fluctuation measurements

may have relevant temporal and spatial resolution for this

purpose. Beam emission spectroscopy (BES) should be

another diagnostic that may be able to measure the large

FIG. 8. Radial profile of the time-averaged total E� B shearing rate. Also

plotted is the equilibrium E� B shearing rate (blue curve).
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density fluctuation structure with good temporal resolution.

Actually, avalanche-like phenomena are detected in experi-

ments in both the edge and the SOL region using Langmuir

probes29 and a wide cross section of the plasma using the

ECE measurement.30 The power spectra of electrostatic

potential, density, and electron temperature fluctuations are

found to exhibit f�1-scaling, which is a fingerprint of

avalanche-like phenomena associated with self-organized

criticality (SOC).31 The radial propagation of avalanches is

also observed. In particular, the effective radial propagation

velocity is estimated from the ECE data of Te fluctuations to

be 2 orders of magnitude below the sound speed in the DIII-

D core plasmas.30 This is within the same range of our simu-

lated avalanche propagation velocity for the DIII-D ECH

discharges [�ð2� 3Þqivth;i=R � q�cs]. However, for the

DIII-D ECH experiments of intrinsic rotation studied here,

BES measurements were not available as the BES beams can

strongly disturb intrinsic rotation, and we do not have suffi-

cient fluctuation data needed for the search of evidence of

avalanche-like structures as suggested by our simulations.

Nevertheless, this will be a highly interesting issue for future

studies.

III. FIRST-PRINCIPLES-BASED MODEL AND
INTRINSIC ROTATION PREDICTION

We have shown that a significant residual stress is gen-

erated by ITG turbulence in these ECH plasmas. However,

how does residual stress affect the formation of the global

rotation profile? We now discuss a first-principles-based

model for intrinsic rotation prediction, which will also help

clarify this question. We start from the ion toroidal angular

momentum transport equation in the absence of external tor-

que and neglect the torque from neoclassical toroidal viscos-

ity in the presence of broken toroidal symmetry in magnetic

geometry

@

@t
minihRV/i
� �

þ hr � C/i ¼ 0; (2)

where C/ �
Ð

d3vmiRv/vEdfi is the total toroidal angular

momentum flux. The steady state condition (also taking into

account boundary conditions) requires

hC/ � rqi / �c1v/
@V/

@q
þ c2VpV/ þPrs

r;/ ¼ 0:

This equation states that at the steady state, the plasma will

self-organize to form a global intrinsic rotation profile so as to

make the total momentum flux vanish everywhere radially. We

have shown that the turbulence-produced momentum pinch is

small (negligible). Thus, the steady state equation reduces to

the balance between momentum diffusion and residual stress:

miniv/ qð ÞhR2jrqj2i dx/

dq
¼ Prs

r;/ � hPrs
/ � rqi

� �
: (3)

Here, x/ is the toroidal rotation frequency. This is a one-

dimensional ordinary differential equation for determining

the intrinsic rotation profile when the residual stress Prs
r;/,

momentum diffusivity v/, and a boundary condition are

given. The first-principles-based global gyrokinetic simula-

tion provides the residual stress on the right hand side. The

momentum diffusivity v/, in principle, is unknown since in

order to calculate v/ using gyrokinetic simulations, we need

to know the toroidal rotation which, however, is what we

want to predict. Moreover, in the presence of a region of flat

toroidal rotation, v/ cannot be determined. Instead, we use

the well-known relation, v/ðqÞ ¼ PrviðqÞ, to relate v/ with

the thermal diffusivity vi, which can be obtained by our

gyrokinetic simulations without using the toroidal rotation as

an input (but keeping the same equilibrium electric field

from TRANSP analysis). Here, Pr is the intrinsic Prandtl

number, which is well established both theoretically and

experimentally, with a value close to or less than unity.32,33

With regard to the boundary condition needed for solving

the equation, we directly use the experimentally measured

toroidal rotation frequency x/ in the edge region, which is

determined by edge physics near open field lines and outside

the scope of this study.

The range of the Prandtl number associated with turbu-

lence has been extensively studied both theoretically and

experimentally. We should stress that the choice of the

Prandtl number in our predictive model is not arbitrary but

based on our simulation results for justification. Figure 9

shows the simulated vi and v/ for the DIII-D ECH discharge.

We can see that v/ is slightly smaller than vi in regions of

the finite rotation gradient, where v/ is well defined. On

average, the Prandtl number, v/=vi, is about Pr ¼ 0:7, which

is also consistent with the results of previous studies.33,34 A

typical Prandtl value Pr¼ 0.7 is widely used in such studies

of intrinsic rotation (see, for instance, Ref. 35). We should

clarify that, in Fig. 9, the simulation uses experimental toroi-

dal rotation as input for calculating momentum diffusivity,

the purpose of which is to validate that the Prandtl number

in those DIII-D ECH plasma conditions indeed falls into

the range of the Prandtl number, which has been established

theoretically. This average Prandtl number as expected is

then used in the predictive model to calculate the toroidal

rotation.

FIG. 9. Radial profiles of simulated ion heat and momentum diffusivity for

the DIII-D ECH plasma, indicating a Prandtl number Pr � 0:7 (note that v/
cannot be determined in the region of rx/ � 0).
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Now, we have all the elements that we need in the

model for calculating intrinsic rotation profiles. The results

for the two ECH discharges of 1.0 MW and 1.7 MW heating

power are presented in Fig. 10, which show quantitatively

good agreement between the predicted intrinsic rotation pro-

file and experimentally measured main ion toroidal rotation.

It is worth noticing that the fluctuation level and turbulence

driven transport, including residual stress at the saturated

steady state, display some variations (see, for instance, the

middle of Fig. 4). The Prandtl number may also vary within

a certain range under different plasma conditions. As shown

in Fig. 9, the time averaged Prandtl number exhibits some

radial variation around its average value. How do all these

impact the rotation prediction? To address this issue, we

have carried out uncertainty quantification analysis, and the

results are presented in the left panel of Fig. 10. First, differ-

ent time windows are used for calculating the time-averaged

steady state residual stress profile Prs
r;/ðrÞ and thermal diffu-

sivity profile viðqÞ that are needed in Eq. (3) for calculating

the rotation profile. As indicated by the solid magenta curve

and solid black curve in the plot, corresponding to using a

time window starting from t¼ 400 and t¼ 500, respectively,

the result of predicted rotation is not sensitive to the time

window used for time average. Moreover, the impact of

uncertainty in the value of the Prandtl number on intrinsic

rotation prediction is also assessed. Also plotted on the left

of Fig. 10 are intrinsic rotation profiles reconstructed with

variations of the Prandtl number Pr ¼ 0:760:1 incorporating

reasonable ranges around the averaged value observed in the

gyrokinetic simulations. It is shown that quantitative agree-

ment between the prediction and the measurement is insensi-

tive to the Prandtl number variation over a reasonable range

that is physically expected.

These DIII-D ECH discharges are formed with an

upper-single-null shape. The up-down asymmetry in the

magnetic geometry may cause a shift in turbulence maxi-

mum away from the low field side mid-plane, which breaks

the odd symmetry in the momentum flux between the upper

and lower parts of the plasma in the local limit, leading to a

non-vanishing, net momentum flux.18 In the right panel of

Fig. 10, predictions are made for both up-down symmetry

and up-down asymmetry magnetohydrodynamical (MHD)

equilibria in order to examine the effect of up-down asym-

metry associated with the upper-single-null geometry. The

up-down symmetric MHD equilibrium is generated using the

same experimental profiles of pressure and current as that of

the up-down asymmetric equilibrium but with the up-down

asymmetry on the last magnetic surface boundary (from

experimental data of the magnetic measurement) removed.

The minor difference observed in the predicted intrinsic rota-

tion profile suggests that the effect of up-down asymmetry in

the equilibrium on turbulence driven residual stress is insig-

nificant in those DIII-D plasmas. It is possible that stronger

up-down asymmetry may enhance its effect and, in particu-

lar, in the edge region.

The intrinsic rotation developed in the low power phase

of ECH heated plasmas is significantly different than that in

the higher power phase, as shown in the left panel of Fig. 11.

More specifically, the core intrinsic rotation in the 0.5 MW

phase is low and with a flat profile. Our gyrokinetic simula-

tion and analysis have been extended to the low power

phase, attempting to understand the underlying causes for

the difference. The right panel of Fig. 11 presents the result

of total low-k mode intensity in the linear phase (after modes

grow for many e-foldings in amplitude) from a global GTS

simulation that includes all low-k modes in the ITG-TEM

range. It is found that the low-k modes are mostly stable

over a wide range of plasma minor radii except in a narrow,

deep-core region around q ¼ 0:25. The consistent result is

also shown in the TGLF analysis of this plasma.6 The low-k

linear stability is due to the flatter ion temperature profile at

0.5 MW (see Fig. 1), and this observation is well outside of

experimental error bars. In fact, the ion thermal transport

inferred from the experiment for this plasma is near the

FIG. 10. Radial profile of predicted intrinsic rotation compared with experimentally measured main ion toroidal rotation for two DIII-D ECH plasmas at input

powers of 1.0 MW (left) and 1.7 MW (right). In the left panel, also plotted are predictions using a different time window for obtaining steady state residual

stress and thermal diffusivity and using Prandtl numbers Pr ¼ 0:760:1 (within a variation of GTS simulation). In the right panel, red and green lines are pre-

dicted intrinsic rotations based on GTS simulations using up-down symmetry and asymmetry equilibrium, respectively.
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neoclassical level within experimental error bars, which is

consistent with the lack of low-k instability observed in both

GTS and TGLF simulations. Given that the momentum

transport (both diffusive and non-diffusive) produced by

low-k turbulence is needed to bring momentum from the

edge to the core and to redistribute it, and thus to form a

global rotation profile, it seems quite reasonable that the lack

of specific low-k turbulence, which is presented in the higher

power phase, would result in a weak core intrinsic rotation

generation during the low power phase. When turbulence is

negligible, neoclassical physics can play a role. While it is

well known that the neoclassical toroidal momentum flux is

very small compared to the neoclassical heat flux,17,36 the

neoclassical toroidal viscosity, however, may come into play

when the toroidal symmetry is broken by magnetic perturba-

tions (driven either internally or externally). This should be

further investigated in the future.

Finally, we point out that the quantitative agreement

obtained between the first-principles-based predictions and

experimental measurements for a set of discharges with vary-

ing ECH power is non-trivial and meaningful. To a certain

extent, it provides a test and verification for the physics mech-

anism of turbulence-driven intrinsic rotation, key mechanisms

for kk-symmetry breaking for turbulence to generate residual

stress, and global gyrokinetic simulation model for calculating

momentum transport.

IV. CHARACTERISTIC DEPENDENCE OF INTRINSIC
THE ROTATION PROFILE STRUCTURE

The rotation amplitude and profile structure (e.g., rota-

tion gradient) have different effects on MHD stability and

microturbulence. One important question to ask is what

determines the radial structure of the residual stress and asso-

ciated intrinsic rotation profile. Through the well-known

radial force balance relation, Er ¼ 1
ne
@p
@r þ 1

c BhV/ � B/VhÞ
�

,

both the pressure gradient and toroidal rotation contribute to

the equilibrium radial electric field Er. In terms of E� B

flow generation, it is then highly interesting to know whether

intrinsic rotation works against or in concert with the pres-

sure gradient and/or externally driven rotation, in contribut-

ing to the mean E� B shearing rate. As a typical example, it

has been long observed in experiments that the addition of

ECH to co-injection NBI-driven plasmas results in an appar-

ently ECH-induced “counter-torque.”37 The experimental

observations which are considered to be associated with the

effects of ECH-induced turbulence-driven intrinsic torque

include a reduction in toroidal rotation velocity and flatten-

ing of the rotation profile38,39 relative to that of purely NBI-

driven plasmas. Therefore, understanding the characteristic

dependence of the residual stress profile structure will help us

develop a possible approach for flow control and optimiza-

tion. In particular, understanding the intrinsic rotation reversal

phenomenon, which has been widely observed in various

experiments,40–42 is of great interest.39 Given that there are

multiple physics mechanisms for kk-symmetry breaking,

which may coexist and compete with each other in different

parametric regimes, one general remark is that the radial

structure of residual stress and intrinsic rotation seem to show

a complicated dependence on multiple physics parameters,

such as the turbulence type (for example, ITG vs TEM), q-

profile structure (magnetic shear, q-value), and collisionality.

Here, we first use the predictive model described above

to examine the magnetic shear effect on intrinsic rotation

reversal. Experimental observations in lower hybrid current

drive (LHCD) plasmas on Alcator C-MOD suggest that an

intrinsic rotation reversal can be linked to the change in the

q-profile.42 The underlying mechanism may be linked to the

effect of magnetic shear on the turbulence spectrum.22,43

Figure 12 presents the results of two simulations of collision-

less TEM (CTEM) turbulence using the same density and

temperature profiles for electrons (ions) but different equilib-

ria with key differences in the q-profile. More specifically,

one equilibrium has normal shear, while the other has a

weak, close to zero, shear in the inner core region (see the

right panel of Fig. 12). The pressure profile and boundary

surface used for generating the two equilibria are the same.

FIG. 11. Radial profiles of measured main ion toroidal rotation at different ECH input powers (left) and the radial profile of total low-k mode intensity in the

linear phase (after modes grow for many e-foldings in amplitude) from a global GTS simulation of the low ECH power phase (0.5 MW) (left).
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As shown in the left panel of Fig. 12, the CTEM-driven resid-

ual stress is found to bifurcate in the inner core region as the

q-profile changes from normal to weak (or zero) shear.

Correspondingly, the CTEM-driven intrinsic rotation reverses

in that region (see the middle panel of Fig. 12). The underly-

ing physics is linked to magnetic shear effects on the turbu-

lence spectrum. It is found that the global eigenmodes of ITG

and TEM show a radial shift in poloidal mode harmonics due

to the synergic effect of toroidal coupling and intensity gradi-

ent.22,43 This results in kk-symmetry breaking and is a distinct

mechanism from that of the E� B-shear induced radial

shift.16 Because weaker magnetic shear makes the radial shift

more significant, this new mechanism becomes important in

the low magnetic shear regime and may lead to intrinsic rota-

tion reversal as magnetic shear changes. As a result, it intro-

duces a critical value of magnetic shear for the reversal of the

residual stress orientation and consequently the reversal of

intrinsic rotation. The critical magnetic shear for intrinsic

rotation reversal is found to be �0:3 in the CTEM regime.43

Furthermore, Fig. 12 shows that the intrinsic rotations gener-

ated in the two cases are almost the same in the outer core

region, while the amplitude of CTEM-driven residual stress is

significantly lower in the normal shear case. This result high-

lights the fact that it is the ratio of Prs
r;/=v/ (or Prs

r;/=vi) rather

than the magnitude of the residual stress itself, which is criti-

cal for determining the intrinsic rotation. Based on this, one

may anticipate that any effects of fluctuations that influence

turbulence-driven ion thermal flux and residual stress in a

different way can strongly impact intrinsic rotation profile for-

mation. Finally, another interesting observation is that intrin-

sic rotation developed in the core region with weak magnetic

shear tends to have a flatter profile (smaller gradient) relative

to the normal shear case. This can be seen in the middle panel

of Fig. 12 for CTEM-driven rotation. This seems to be the

case for ITG-driven intrinsic rotation as well, as indicated in

Fig. 13, which plots the radial profiles of Prs
r;/=vi obtained for

ITG turbulence from two simulations. The two ITG simula-

tions are carried out using the same two equilibria as for the

CTEM simulations presented in Fig. 12. Since the rotation

gradient is proportional to Prs
r;/=vi, the significantly smaller

amplitude of Prs
r;/=vi observed for the flat q-profile relative to

the normal shear q-profile indicates that the ITG-driven rota-

tion shear is significantly smaller for the flat q-profile.

The change in underlying turbulence, e.g., from ITG to

TEM, is also considered as a possible mechanism responsible

for the intrinsic rotation reversal observed in experiments.

This is mostly based on quasilinear arguments and the prop-

erties of linear modes. More specifically, the intrinsic rota-

tion reversal is linked to the properties that i) the poloidal

tilt of global mode structure switches orientation and ii) the

mode propagation changes from the ion to electron diamag-

netic direction as turbulence changes from ITG and TEM.

Figure 14 shows the radial profiles of residual stress pro-

duced by the ITG and CTEM modes in the linear phase of

two GTS simulations with the same MHD equilibrium.

Indeed, the residual stress profiles of ITG and CTEM

modes show the opposite orientation. However, nonlinear

physics may significantly change the properties of turbulent

fluctuations, and it is not clear whether such quasilinear

properties of residual stress are still applicable in the non-

linear turbulence state. Our nonlinear, global simulations

show that the switch of underlying turbulence from ITG to

TEM does not generally induce an intrinsic rotation rever-

sal. A rotation reversal during an ITG ! TEM transition

also depends on other plasma conditions. Figure 15 shows

an ITG!TEM induced intrinsic rotation reversal which is

observed in weak magnetic shear regime (not generally

observed). The underlying dynamics is again associated

with the sign change of finite kk (the right panel of Fig. 15)

and the fluctuation-generated stress (middle panel) during

ITG!TEM transition in weak magnetic shear.

FIG. 12. Radial profiles of CTEM turbulence driven residual stress (left), intrinsic rotation (middle) from two simulations using different q-profiles in equilib-

ria, and magnetic shear of the two equilibria (right).

FIG. 13. Radial profiles of Prs
r;/=vi obtained for ITG turbulence from two

simulations using the same two equilibria with different q-profiles as that of

Fig. 12.
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V. SUMMARY

This paper reports on progress in studying intrinsic rota-

tion physics in magnetic fusion through global nonlinear

gyrokinetic simulations and the development of a first-

principles-based model for predicting the intrinsic rotation

profile in experiments. The validation study carried out here

focuses on understanding the profile structure of intrinsic

rotation in electron heated DIII-D experiments through ECH.

A non-monotonic intrinsic rotation profile with an off-axis

peak is typically observed to form in the core region of those

ECH plasmas. It is shown for the first time that turbulent

fluctuation-driven momentum transport can account for both

the shape and magnitude of the observed intrinsic toroidal

rotation profile. Specifically, nonlinear, global gyrokinetic

simulations show that significant ITG turbulence is driven in

those ECH plasmas as ECH input power increases. Although

ECH directly heats electrons, strong collisional coupling in

low temperature situations can effectively transfer core-

injected ECH power to ions and build up sufficient free

energy in the ion temperature profile to excite ion turbulence

in the core region. The ITG turbulence, while producing

anomalous thermal transport of the experimental level in

those ECH discharges, is also found to drive a substantial

non-diffusive momentum flux along with the diffusive

momentum flux around a mid-radius-peaked intrinsic toroi-

dal rotation profile. The non-diffusive momentum flux is

comparable to the momentum diffusion in amplitude and

dominated by the residual stress with a negligible contribu-

tion from the momentum pinch. Importantly, the residual

stress profile shows a robust anti-gradient, dipole structure in

a set of ECH discharges with varying ECH power, which is

essentially a mirror image of the simulated diffusive momen-

tum flux profile. Such interesting features of non-diffusive

momentum fluxes, in connection with edge momentum sour-

ces and sinks, are found to be critical to drive the non-

monotonic core rotation profiles observed in the experi-

ments. Simulation results indicate that the major contribution

to the toroidal residual stress is from the parallel Reynolds

stress, through which various physics effects play a role in

producing kk-asymmetry in the fluctuation spectrum. It

appears that the residual stress profile structure formed in

those ECH plasmas is largely determined by the dipole struc-

ture presented in the spectral-averaged kk of fluctuations.

Both the turbulence intensity gradient and zonal flow E� B

shear are identified as major contributors to the generation of

the kk-asymmetry needed for the residual stress generation.

By balancing the residual stress and the momentum diffu-

sion, a self-organized, steady-state rotation profile is calcu-

lated. The predicted core rotation profiles agree well with the

experimental measurements for a set of ECH discharges with

varying input power. Quantitative analysis has been carried

out to assess the impact of errors in the Prandtl number and

the simulated, time-averaged steady-state transport fluxes on

the rotation prediction. It is shown that the agreement

between the simulation predictions and the experiments is

not sensitive to the errors in those parameters over the range

observed in simulations.

The structure of the residual stress profile depends on

the details of the fluctuation spectrum, which can reverse,

depending on, e.g., the type of turbulence and q-profile struc-

ture and thus can naturally lead to intrinsic rotation reversals

as observed in many experiments with different plasma con-

ditions. The characteristic dependence of the residual stress

structure on the multi-dimensional parametric space cover-

ing the turbulence type, q-profile structure, and up-down

asymmetry in magnetic geometry has been studied using our

first-principles-based predictive model with the goal of

developing the physics understanding needed for rotation

profile control and optimization. It is shown that the up-

down asymmetry in magnetic equilibrium associated with

the up-single-null divertor geometry in the DIII-D ECH

FIG. 14. Radial profile of residual stress produced by ITG and CTEM modes

in the linear phase from two simulations with the same equilibrium.

FIG. 15. Radial profile of fluctuation driven intrinsic rotations (left), the ratio of residual stress and thermal diffusivity (middle), and spectral averaged hkki
(right) due to ITG and CTEM turbulence with a flat-q profile in equilibrium.
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experiments does not significantly affect the turbulence-

driven residual stress in the core region and the associated

core intrinsic rotation structure (given that the edge rotation

velocity remains unchanged). It is found that CTEM-driven

intrinsic rotation can bifurcate (namely, reverse) when the q-

profile changes from weak to normal shear in the core

region. Furthermore, the switch of the underlying turbulence

from ITG to TEM does not necessarily result in an intrinsic

rotation reversal as suggested by simple quasilinear argu-

ment. On the other hand, an intrinsic rotation reversal

induced by ITG-TEM transition is observed in the flat-q pro-

file regime.
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